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HIV continues to spread globally, mainly through sexual contact. Despite advances in treatment and care,
preventing transmission with vaccines or microbicides has proven difficult. A promising strategy to avoid trans-
mission is prophylactic treatment with antiretroviral drugs before exposure to HIV. Clinical trials evaluating the
efficacy of daily treatment with the reverse transcriptase inhibitors tenofovir disoproxil fumarate (TDF) or Truvada
(TDF plus emtricitabine) are under way. We hypothesized that intermittent prophylactic treatment with long-
acting antiviral drugs would be as effective as daily dosing in blocking the earliest stages of viral replication
and preventing mucosal transmission. We tested this hypothesis by intermittently giving prophylactic Truvada
to macaque monkeys and then exposing them rectally to simian-human immunodeficiency virus (SHIV) once a
week for 14 weeks. A simple regimen with an oral dose of Truvada given 1, 3, or 7 days before exposure followed
by a second dose 2 hours after exposure was as protective as daily drug administration, possibly because of the
long intracellular persistence of the drugs. In addition, a two-dose regimen initiated 2 hours before or after virus
exposure was effective, and full protection was obtained by doubling the Truvada concentration in both doses. We
saw no protection if the first dose was delayed until 24 hours after exposure, underscoring the importance of
blocking initial replication in the mucosa. Our results show that intermittent prophylactic treatment with an
antiviral drug can be highly effective in preventing SHIV infection, with a wide window of protection. They
strengthen the possibility of developing feasible, cost-effective strategies to prevent HIV transmission in humans.

INTRODUCTION

More than a quarter century after the description of the first cases of
AIDS, HIV has spread to virtually every country in the world, infecting
65 million people and killing 25 million (1). An effective HIV vaccine
remains elusive, although the recent finding of a modestly successful
two-vaccine prime-boost vaccination strategy gives new hope to vac-
cine development (1, 2). A multicomponent approach that includes be-
havioral, structural, and biomedical interventions will likely be essential
to curb the HIV epidemic (3, 4).

Daily preexposure prophylaxis (PrEP) with antiretroviral drugs is a
promising intervention to protect high-risk HIV-negative people from
becoming infected. Multiple lines of evidence favor this approach.
Antiretroviral drugs effectively prevent HIV transmission at birth, during
breastfeeding, and after occupational exposure (5–7). Daily PrEP with the
HIV reverse transcriptase inhibitors tenofovir (TFV) disoproxil fumarate
(TDF), emtricitabine (FTC), or Truvada (an FTC-TDF combination) can
prevent or delay simian immunodeficiency virus (SIV) or simian-human
immunodeficiency virus (SHIV) transmission in macaques in a dose-
dependent manner (8–10). These observations have provided the basis
for evaluating the efficacy of daily PrEP in preventing HIV transmission
in humans, and several clinical trials to evaluate HIV transmission with

TDF or Truvada are now ongoing in high-risk populations (3, 4). Al-
though these trials will provide the first proof-of-concept data on the ef-
ficacy of PrEP in humans, intermittent drug administration is a far more
feasible strategy than daily PrEP. Intermittent PrEP (iPrEP) is likely to be
more practical to implement and more cost-effective; it may reduce the
risk of drug toxicities and potentially increase adherence andminimize the
emergence of drug resistance.

We hypothesized that intermittent dosing designed to deliver
long-acting drugs at the viral entry sites will be as effective as daily
dosing in blocking the earliest stages of virus replication and pre-
venting mucosal transmission. We based our rationale on the proved
efficacy of short-course prophylaxis with the long-acting drug nevir-
apine in preventing HIV transmission at birth (7), the relatively small
size of founder virus populations that initiate an HIV infection in the
mucosa (11–13), and the high FTC and TFV concentrations achieved
in the male and female genital tract after oral administration (14, 15).
Our recent findings in macaques showing complete protection from
rectal SHIV exposures by a two-dose subcutaneous regimen contain-
ing a high dose of TFV with FTC provided the first proof of concept
for iPrEP as a chemoprevention strategy against sexual transmission
(8). However, the high drug doses and subcutaneous drug delivery sys-
tem used may produce an overestimation of iPrEP efficacy. Therefore,
more studies with orally administered drugs that provide drug expo-
sures and distribution kinetics similar to those in humans are necessary
to better evaluate iPrEP efficacy and inform clinical trial designs.

Here, we repeatedly exposed macaque monkeys rectally to SHIV to
assess the efficacy of different iPrEP dosing regimens with oral Truvada
and to define windows of protection for preexposure or postexposure dos-
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ing. The macaque model resembles human HIV transmission in many
ways (16). First, the SHIV challenge dose is lower and more physiologic
than what is conventionally used in the single high-dose challenge models.
This SHIV contains an R5-tropic HIV-1SF162 envelope similar to naturally
transmitted viruses. Second, exposures to virus are repeated up to 14 times
tomimic high-risk human exposures. The single-dose approach onlymea-
sures protection against one transmission event per animal, whereas the
repeated-challenge model evaluates protection against multiple transmis-
sion events and may be a more robust model for testing biomedical inter-
ventions (8, 9, 17). We show that significant protection can be achieved
with a single dose of Truvada given 1 to 7 days before exposure followed
by a second dose 2 hours after exposure. We also show that drug admin-
istration around the time of exposure may be effective but that protection
is lost if the first dose is delayed 24 hours after exposure.

RESULTS

Effect of preexposure and postexposure doses on
iPrEP effectiveness
We recently showed that an intermittent regimen consisting of two sub-
cutaneous doses of FTC (20 mg/kg) and TFV (22 mg/kg) given 2 hours
before and 22 hours after virus exposure was fully protective in the
repeat-exposure macaque model of rectal transmission (8). Although
the dose of TFV used in these animals was higher by factors of 3 to 4
than that used in humans, these findings demonstrated that an iPrEP
strategy might be effective. To explore whether the preexposure dose
was sufficient for full protection and to assess the contribution of the post-
exposure dose, we gave a group of six macaques the same subcutaneous
FTC-TFV dose 2 hours before each rectal exposure without the +22-hour
postexposure dose. We also evaluated, in a second group of six macaques,
the effectiveness of this regimen when given at 24 and 48 hours after each
exposure [postexposure prophylaxis (PEP)] without the preexposure dos-
ing. Protection from 14 weekly rectal virus challenges with SHIV162p3
was evaluated against 32 untreated controls; 5 were real-time controls
and 27 were recent or historic controls from experiments done with
the same virus stock, inoculum size, and inoculation protocol (8).

A single subcutaneous FTC-TFV dose given 2 hours before exposure
(−2 hours) was not fully protective, and two of the six macaques were
infected during the 14 challenges (challenges 8 and 13) (Fig. 1). This
result indicates that protection can be achieved by the preexposure
dose but that the treatment after exposure is necessary for maximal
iPrEP effectiveness. In contrast, three of the six macaques receiving
PEP were infected during the first two challenges; the challenge series
was stopped at this point after an interim analysis showed absence of
efficacy relative to untreated controls (P > 0.5, log-rank test for differ-
ences in survival curves). These findings show the inability of this
short-course PEP regimen to control virus spread after mucosal infec-
tion occurs (Fig. 1). Overall, these results indicate that a preexposure
drug dose that can block the initial establishment of infection is critical,
highlight the importance of drug availability before virus exposure, and
suggest that both a preexposure and a postexposure drug dose are nec-
essary for maximum effectiveness.

Protection by preexposure dose followed by a second
postexposure dose
To define the window of protection of the preexposure dosing, we de-
signed several interventions in which we administered FTC and TDF

at different times relative to the virus challenge. To better model the
situation in humans, we gave FTC and TDF orally at doses that resulted
in exposure to Truvada similar to that in humans (FTC, 20 mg/kg;
TDF, 22 mg/kg) (Fig. 2A) (8). Macaques received the first dose of
Truvada 22 hours (group 1), 3 days (group 2), or 7 days (group 3)
before each virus exposure followed by a second dose 2 hours after
exposure. An additional group of nine control macaques was main-
tained without drug administration at the same time. All animals were
exposed weekly to SHIV162p3 rectally for up to 14 weeks.

Consistent with previous data, all nine controls became infected
within one to five challenges. In contrast, all three iPrEP regimens
showed protection (Fig. 2B). Five of six animals from group 1 (−22
hours/+2 hours), five of six animals from group 2 (−3 days/+2 hours),
and four of six animals from group 3 (−7 days/+2 hours) remained
uninfected after the 14 weekly challenges [P < 0.0001 for each group
relative to 32 untreated control macaques (9 real-time and 23 recent
and historic controls)]. Relative to all untreated controls, the risk of
infection by these three interventions was reduced by factors of 16.7
(group 1, P = 0.006), 15.4 (group 2, P = 0.008), and 9.3 (group 3, P =
0.003).

To better understand the relation between protection and drug
pharmacokinetics, we performed a separate experiment with different
animals to calculate the half-lives of active TFV-diphosphate (TFV-
DP) and FTC-triphosphate (FTC-TP) in peripheral blood mono-
nuclear cells (PBMCs). FTC-TP and TFV-DP were measured in four
macaques for 12 days after oral administration of a single dose of Tru-
vada. The estimated mean half-life for TFV-DP was 115 hours (range,
78 to 170 hours), similar to that seen in humans (150 hours; range, 60

Fig. 1. Protection by subcutaneous FTC-TFV administered before and/or
after virus exposure. Each survival curve represents the cumulative percent-
age of uninfected macaques as a function of weekly (−2-hour/+22-hour,
−2-hour, and control groups) or biweekly virus exposures (+24-hour/+48-
hour group). Uninfected animals remained negative after 14 exposures and
a mean washout observation period of 13 weeks. The challenge series in
the +24-hour/+48-hour group was stopped after an interim analysis done
at week 2 showed absence of efficacy (P > 0.5). The full protection
conferred by the −2-hour/+22-hour FTC-TFV regimen has been reported
(8). The group of control animals includes 5 real-time controls and 27 his-
toric and recent controls exposed to the same virus stock and dose with
the same inoculation method. The five real-time controls were infected at
challenges 1, 2 (two animals), and 3 (three animals).
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to >175 hours) (18, 19) (Fig. 3). FTC-TP concentrations declined at a
higher rate (half-life, 24 hours; range, 15 to 49 hours) and followed
kinetics that were also similar to those seen in humans (20). These
findings suggest that the high level of protection by the different pre-

exposure dosing strategies may be related to the long persistence of
TFV-DP and FTC-TP in PBMCs.

Protection by prophylaxis related to viral exposure
To investigate the effectiveness of drug administration around the
time of exposure, we administered orally to two groups of macaques
a two-dose Truvada regimen starting 2 hours before (group 4) or 2
hours after (group 5) exposure (Fig. 2A). Animals from both groups
received a second dose of Truvada 24 hours after the first dose. The
−2-hour/+22-hour regimen conferred significant protection [hazard
ratio (HR) reduction by a factor of 4.1, P = 0.02], with three of the
six macaques protected during the 14 challenges (P = 0.0004 relative
to controls) (Fig. 2B). Infection of these three macaques was not as-
sociated with lower plasma drug concentrations at exposure or with
delayed or reduced drug absorption, as indicated by the analysis of
area under the curve (AUC24 hours) and plasma drug half-life values
(figs. S1 and S2). Significant protection was also seen in group 5 ma-
caques that received the +2-hour/+26-hour PEP regimen (HR reduc-
tion by a factor of 4.0, P = 0.03), with three of the six animals protected

Fig. 2. Protection by exposure-independent and event-driven prophy-
laxis with Truvada. (A) Study design and interventions with oral Truvada.
All macaques received two weekly doses of Truvada by oral gavage and
were exposed once a week at the indicated time points, with the excep-
tion of macaques from group 5. Group 5 macaques were exposed and
treated every 2 weeks to minimize residual drug exposure due to long
intracellular FTC and TFV persistence. Truvada was administered at the
indicated times (short black bars) relative to viral exposure. (B) Reduc-
tion in the risk of infection (HRs) by intermittent prophylaxis with oral
Truvada. Each survival curve represents the cumulative percentage of
uninfected macaques as a function of virus exposure. For comparison,
the previously reported survival curve showing protection of daily PrEP
with oral Truvada (continuous red line) is shown (8). The group of con-
trol animals includes the 9 real-time controls and 23 historic and recent
controls exposed to the same virus stock and dose using the same in-
oculation method. The nine real-time controls were infected at chal-
lenges 1 (six animals), 3 (two animals), and 5 (one animal).

Fig. 3. Intracellular FTC-TP and TFV-DP concentrations in macaque PBMCs.
The mean (±SEM) FTC-TP and TFV-DP concentrations observed in four ma-
caques after administration of a single dose of FTC and TDF by oral gavage
are shown. Mean half-lives (t1/2) of FTC-TP and TFV-DP are also indicated.
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during the 14 challenges (P = 0.0004 relative to controls) (Fig. 2B). We
also explored whether a higher dose of Truvada could increase the
effectiveness of exposure-driven iPrEP by orally administering to a
group of six macaques (group 6) twice the human equivalent dose
of both FTC (40 mg/kg) and TDF (44 mg/kg) 2 hours before and
24 hours after exposure. Five of the six animals were protected and
only one was infected at challenge 4 (P < 0.0001 relative to
controls) (fig. S3). An examination of plasma drug concentrations
in the infected animal showed consistently low FTC and TFV con-
centrations during the first 7 to 9 weeks, which suggests that in this
particular macaque, infection might have been facilitated by sub-
optimal drug absorption (fig. S3).

Pharmacokinetics of FTC and TFV in rectal secretions
and tissues
Optimal drug concentration at the mucosa is essential for effective
iPrEP. We evaluated the pharmacokinetic profiles of FTC and TFV
in both plasma and rectal secretions by administering to four ma-
caques a single dose of Truvada orally followed by collection of blood
and secretions at 2, 5, and 24 hours (Fig. 4A). Concentrations of TFV
at 2 and 5 hours in secretions were low or undetectable but increased
substantially in all animals at 24 hours (median = 1186 ng/ml, range =

279 to 59,920). In contrast, FTC was detected in secretions in all ma-
caques at 2 hours (median = 100 ng/ml, range = 41 to 618) and in
three of the four animals at 5 hours (median = 114 ng/ml, range = 95
to 240), albeit at lower concentrations than in plasma (Fig. 4A). Simi-
lar to that observed with TFV, FTC concentrations in secretions also
increased considerably at 24 hours (median = 743 ng/ml, range = 243
to 28,504) (Fig. 4A). Thus, the pharmacokinetic profile of FTC and
TFV in rectal secretions was different from that seen in blood in which
drug concentrations peaked around 2 hours and substantially de-
creased at 24 hours. At 24 hours, median FTC and TFV concentra-
tions in secretions were higher by factors of 17 and 50 than those seen
in plasma, respectively (Fig. 4A).

The kinetics of TFV-DP and FTC-TP were further evaluated in rec-
tal tissue by orally administering to seven macaques a single dose of
Truvada followed by necropsies to collect tissues after 2 hours and 1,
2, 3, or 7 days. Intracellular drug concentrations were compared to
those seen in blood and axillary, mesenteric, and inguinal lymph node
specimens collected in parallel. TFV-DP concentrations at 2 hours were
similar in blood, rectal tissue, and lymphoid tissue (Fig. 4B). However,
TFV-DP concentrations in rectal tissues collected from four macaques
at 1 day (361 and 156 fmol per 106 cells), 2 days (1131 fmol per 106

cells), or 3 days (882 fmol per 106 cells) were substantially higher than

Fig. 4. Extracellular and intracellular FTC
and TFV concentrations in macaques af-
ter oral administration of a single dose
of Truvada. (A) Extracellular FTC and TFV
concentrations in plasma and rectal secre-
tions from four macaques. Secretions were
collected at three time points with rectal
wicks as detailed in the Supplementary Ma-
terial. Data represent the median (range)
FTC and TFV concentrations seen in four
animals. (B) TFV-DP concentrations in
mononuclear cells from blood, rectal tissue,
and axillary, mesenteric, and inguinal lymph
nodes collected from seven macaques that
received Truvada 2 hours and 1, 2, 3, or 7
days before scheduled necropsy. Individual
TFV-DP concentrations in each specimen
are shown. The number of animals evalu-
ated at each time point is also indicated.
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those seen in blood or lymph nodes, a finding that was consistent with
the high extracellular TFV concentrations in rectal secretions at 24
hours and long TFV-DP persistence in mononuclear cells (Figs. 3
and 4A). Degradation of FTC-TP during tissue processing was evident
by the detection of FTC diphosphate, FTC monophosphate, and FTC
and precluded an accurate analysis of FTC-TP concentrations. Never-
theless, we were able to measure FTC-TP in rectal tissues from two
animals at 2 hours (358 fmol per 106 cells) and 24 hours (390 fmol per
106 cells).

Plasma virus loads and drug resistance emergence
in iPrEP failures
The mean peak viremia was significantly lower in iPrEP failures (5.6 log10
RNA copies per milliliter) relative to untreated controls (7.1 log10 RNA
copies per milliliter) (P = 0.009) (Fig. 5). Virus loads also declined sig-
nificantly faster in iPrEP failures (0.32 log10 per week) during continued
treatment (median = 13.5 weeks; range, 9 to 16) than in control animals
(0.13 log10 per week, P < 0.0001) (Fig. 5). None of the animals infected
during iPrEP developed the K65R or M184V mutations associated with
TFV or FTC resistance during a median follow-up period of 13 weeks
on PrEP. A detailed description of the infection kinetics for each iPrEP
failure is shown in fig. S4.

DISCUSSION

We used macaque monkeys repeatedly exposed rectally to SHIV to
investigate the effectiveness of intermittent treatment schedules with
the antiretroviral drug Truvada orally administered at human equiva-
lent doses. We tested dosing regimens initiated 1, 3, or 7 days before
exposure and showed that, as with daily PrEP, all were protective
against infection (8). We selected these drug-dosing intervals to eval-

uate whether one to two weekly doses of Truvada followed by a
booster dose after exposure to the virus were sufficient to prevent trans-
mission. We attribute the extended window of protection to the long
intracellular persistence of FTC and TFV in PBMCs; drug half-lives
were within the range of those observed in humans (18–20). We fur-
ther show efficacy for prevention when drug treatment is initiated
within 2 hours of virus exposure, thus providing evidence that event-
driven drug dosing might also be effective. We saw increased protection
in this scenario when the dose of Truvada was doubled. Together, these
findings indicate a range of possible iPrEP designs and highlight the
promise of this strategy as an alternative to daily PrEP in preventing
HIV transmission. If the ongoing daily PrEP clinical trials show ef-
ficacy in humans, intermittent dosing such as described here may
provide a next-generation chemoprevention strategy with potential
benefits, including cost-effectiveness, greater patient adherence,
and reduced risks of drug toxicities.

Our observations with a potent subcutaneous FTC and high-
dose TFV combination suggested that treatment is needed both
before and after exposure for maximum protection. We admin-
istered FTC and TFV subcutaneously to these animals to facilitate
a rapid tissue distribution. The finding that a single subcutaneous
dose of this regimen given 2 hours before exposure was protective
highlights the importance of efficiently blocking early replication in
the mucosa, an observation that was confirmed by the lack of pro-
tection seen when the first dose was delayed until 24 hours after
exposure. The inability to protect these macaques further demon-
strates that founder virus populations are rapidly established mu-
cosally, as previously noted in macaques exposed vaginally to
SIVmac251, and, importantly, the difficulty in controlling virus
spread from productively infected cells (13, 21, 22). Thus, waiting
24 hours after exposure to provide FTC and TFV may have allowed
the earliest mucosal infections to proceed because reverse tran-
scription can be completed in 4 to 6 hours in activated T cells (23).

With the exception of one animal that showed unusually low
drug concentrations, we could not establish an association be-
tween infection outcome and plasma drug concentrations. However,
our analysis was limited because the number of drug measure-
ments associated with infection was small and only a few animals
were infected in our studies. Our observation that the efficacy of
exposure-related iPrEP can be increased by doubling the Truvada
dose suggests that drug concentrations may correlate with protec-
tion and also strengthens the possibility of using iPrEP tied to viral
exposure if the risks of drug toxicity do not increase when the dose
of Truvada is doubled. It will be important to define the threshold
for plasma and intracellular drug concentrations that are asso-
ciated with protection.

It is noteworthy that we found that FTC and TFV concentrations
in rectal secretions were low during the first 5 hours and were highest
at 24 hours. Low tissue drug concentrations shortly after drug admin-
istration may increase risks of infection and partially explain the ap-
parent lower effectiveness seen when treatment was contingent on
exposure (6 of 12 animals from groups 4 and 5 infected), although a
lower efficacy of these regimens could not be statistically ascertained.
The high TFV and FTC concentrations in rectal secretions 24 hours
after oral drug administration may partially originate from degradation
of TDF to TFV by esterases in the intestines and from elimination of
FTC in feces (24). A combination of local and systemic drug absorption
may protect more susceptible target cells at the mucosa and contribute to

Fig. 5. Blunted acute viremia in macaques infected during iPrEP. Indi-
vidual virus load kinetics in breakthrough infections under continued
drug exposure (n = 6, red lines) and in untreated control macaques with
sufficient follow-up (n = 22, black lines) are shown. Time 0 indicates the
peak plasma virus load. Mean peak viremia was significantly lower in
iPrEP failures (P = 0.009). Virus loads also declined significantly faster
in iPrEP failures than in control animals (P < 0.0001).
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iPrEP effectiveness. High drug concentrations in rectal secretions at 24
hours may increase intracellular drug concentrations in rectal tissues
and explain the higher (by factors of 3 to 5) intracellular TFV-DP con-
centrations at 24 hours in rectal lymphocytes when compared to PBMCs
and the presence of TFV-DP in tissues 2 to 7 days after administration of
TDF. We also show that FTC was more rapidly detected than TFV in
rectal secretions, indicating more rapid absorption and tissue distribution.
Together, these findings suggest that the rapid FTC distribution in tissues
and the long intracellular TFV persistence complement each other to max-
imize iPrEP effectiveness.

We recently found that macaques failing daily PrEP with FTC or
Truvada had lower acute viremias than untreated macaques (8). We
also show here attenuated viremias in animals infected during iPrEP
with only two doses of Truvada per week, likely reflecting the extended
antiviral activity of FTC and TDF resulting from their long intracellular
half-life. Such decreased acute viremias may have clinical and public
health implications. Acutely infected persons with very high viral loads
may play a key role in the epidemic spread of HIV-1 because they are
more infectious than chronically infected persons who have lower virus
loads (25–27). Therefore, a reduction in acute viremia during iPrEP
treatment may contribute to decreases in HIV-1 transmission in the
population and could add to the overall effectiveness of PrEP. Substan-
tial reductions in virus loads during acute viremia could also reduce
CD4+ T cell depletion, help preserve immune function, and attenuate
the course of HIV infection (28).

Notably, none of the animals that failed iPrEP had detectable re-
sistance even with sensitive testing for minority M184V or K65R
mutants associated with FTC or TFV resistance, a finding that diff-
ered from our earlier observations in macaques that failed daily PrEP
with FTC or Truvada in which two of six failures acquired M184V/I
(8). The lack of resistance seen in all seven macaques failing iPrEP
is encouraging and suggests that two weekly doses of Truvada may
minimize selection of drug-resistant viruses. However, our data need
to be interpreted cautiously because it is not known whether the risks
of resistance emergence would increase with more frequent exposure
to drug resulting from more frequent administration of Truvada (29).
In addition, our study cannot test the emergence of resistance after
prolonged (>12 weeks) intermittent drug exposure, because viremias
in animals infected with SHIV162p3 tend to decrease to low or un-
detectable values over time.

Our study is subject to several limitations. First, all viral chal-
lenges were nontraumatic and were done in the absence of semen
or semen-derived factors that may enhance HIV infection in vitro
or other cofactors that may increase transmission risks, such as sexually
transmitted infections. Our use of the less pathogenic SHIV162p3 iso-
late might also potentially overestimate efficacy. However, SHIV162p3
is easily transmissible to macaques at low [10 TCID50 (tissue culture
infectious dose)] infectious doses both rectally and vaginally (8, 9, 16)
and, thus, is well-suited for transmission studies. Second, we used a
wild-type virus that is fully susceptible to both TFV and FTC. Because
circulating drug-resistant viruses may be common, more work should
be done to define PrEP efficacy on drug-resistant viruses. Third, our
study was not powered to evaluate statistical differences between the
different iPrEP modalities or between daily PrEP and iPrEP because
of the limited number of animals per group. Finally, it is important to
confirm the efficacy of these PrEP regimens against vaginal transmis-
sion in appropriate macaque models. Although many biologic simi-
larities exist between rectal and vaginal HIV transmission, some

differences in the early events of mucosal infection or changes in
susceptibilities associated with the menstrual cycle and thinning
of the epithelium are possible (13, 30, 31). The pharmacokinetic
profiles of FTC and TFV in the female genital tract may also be
different from those in rectal tissues and could potentially affect
iPrEP effectiveness.

In macaques repeatedly exposed rectally to SHIV, intermittent
prophylaxis with Truvada may be highly effective for preventing
infection with a wide window of protection. All current PrEP trials
are based on daily drug-dosing intervals that were selected because
they are effective for treatment. The protection seen in our ma-
caques suggests that Truvada might prevent transmission in humans
if taken on the basis of exposure events or after a fixed weekly
schedule of one to two doses with a booster dose after any exposure
to virus. Less frequent drug administration would reduce cost and
might decrease drug toxicities and foster adherence by reducing
unnecessary drug exposure and frequency of mild side effects.
Ongoing clinical trials with daily PrEP will shed light on the effi-
cacy of PrEP as a prevention strategy. If the human daily PrEP
trials prove effective, additional trials would be needed to evaluate
whether iPrEP modalities may be ultimately sufficient to prevent
HIV transmission.

MATERIALS AND METHODS

Drug preparation and administration
For oral administration, TDF was first suspended in phosphate-
buffered saline (PBS) and dissolved with NaOH followed by the
addition of FTC. Drugs were given orally by gavage to anesthetized
macaques via a gastric feeding tube (8). For subcutaneous injec-
tions, stock solutions of TFV and FTC were prepared in deionized
water or PBS, respectively (8). TDF, TFV, and FTC were provided
by Gilead Sciences.

Repeat-exposure macaque model
The efficacy of different iPrEP modalities was evaluated with a repeat-
exposure macaque model of rectal transmission previously described
(8, 9, 16). Rhesus macaques were exposed rectally once weekly or every
2 weeks (group 5 only) to a SHIVSF162P3 chimeric virus that contains
the tat, rev, and env coding regions of HIV-1SF162 in a background of
SIVmac239 [National Institutes of Health AIDS Research and
Reference Reagent Program (32)]. The SHIV162p3 challenge dose
was 10 TCID50 or 7.6 × 105 RNA copies, which is within the range
of HIV-1 RNA concentrations in semen (103 to 106 copies per milli-
liter) during acute infection in humans and higher than the concentra-
tions (102 to 104 copies per milliliter) seen after primary viremia (33).
Virus exposures (up to 14) were done by nontraumatic inoculation of
1 ml of SHIVSF162P3 into the rectal vault via a sterile gastric feeding tube
of adjusted length (16). Macaques were anesthetized with standard
doses of ketamine hydrochloride. Anesthetized macaques remained re-
cumbent for at least 15 min after each intrarectal inoculation. Virus ex-
posures were stopped when a macaque became SHIV RNA–positive.
Macaques infected during PrEP continued treatment for a median of
13.5 weeks (range, 9 to 16). All experiments were done under highly
controlled conditions by the same personnel using the same virus stock,
inoculum dose, and inoculation method. The animal handlers who
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administered drug or performed the virus challenges were not blinded.
The Institutional Animal Care and Use Committee of the Centers for
Disease Control and Prevention approved this study.

Infection monitoring by molecular and serologic testing
Plasma SHIV RNA was quantified with a real-time reverse transcrip-
tion polymerase chain reaction (PCR) assay as previously described (9).
This assay format has a sensitivity of 50 RNA copies per milliliter. De-
tection of low-frequency K65R and M184V mutants in plasma was per-
formed with sensitive allele-specific real-time PCR methods as
previously described (8, 34). Virus-specific serologic responses (immuno-
globulins G and M) were measured with a synthetic peptide enzyme
immunoassay (Genetic Systems HIV-1/HIV-2, Bio-Rad). Animals in
the iPrEP arms were considered protected from systemic SHIV in-
fection if they remained seronegative and negative for SHIV plasma
RNA and SHIV DNA in PBMCs during PrEP and during the follow-
ing 70 days of washout in the absence of any drug treatment (35).

Measurement of drug concentrations in plasma, PBMCs,
and tissues
FTC and TFV concentrations in plasma and rectal secretions were
measured by high-performance liquid chromatography–tandem mass
spectrometry (MS/MS) (36). Intracellular FTC-TP and TFV-DP concen-
trations were measured with an automated online weak anion exchange
solid-phase extraction method coupled with ion-pair chromatography–
MS/MS. Procedures are detailed in the Supplementary Material.

Statistical analysis
The Cox proportional hazards model was used to estimate instanta-
neous risk for infection, as a HR, in controls relative to treated ani-
mals, assuming constant risk at all inoculations. Graphical methods of
model assessment supported the use of Cox proportional hazards re-
gression. The two-sided Fisher’s exact test was used for a categorical
analysis of number of infections per total exposures in each group rel-
ative to controls. Plasma FTC and TFV concentrations were compared
with a mixed-effect model, with a random intercept and unstructured
covariance to account for within-subject correlated measurements.
Mean area under the curve (AUC24 hours) and plasma terminal elimi-
nation half-life (HL lz) values among infected and protected animals
were compared with the Wilcoxon-Mann-Whitney test (two-sided).
The WinNonlin software (version 5.2; Pharsight) was used to calculate
AUC24 hours and HL lz values. The Wilcoxon rank-sum statistic was
again implemented to test for group differences in magnitude of peak
virus load; mixed-effects regression was used to assess differences be-
tween treatment and control groups in the rate of decline after peak
virus load. All statistical analyses were performed with SAS software
(version 9.1; SAS Institute).

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/2/14/14ra4/DC1
Materials and Methods
Fig. S1. Plasma FTC and TFV concentrations in macaques treated with Truvada 2 hours before
and 24 hours after virus exposure.
Fig. S2. Longitudinal FTC and TFV concentrations in plasma from protected and infected macaques.
Fig. S3. Efficacy of iPrEP with a double dose of Truvada and plasma drug concentrations.
Fig. S4. Dynamics of infection in macaques infected during iPrEP.
References

REFERENCES AND NOTES

1. UNAIDS/WHO, Report on the global HIV/AIDS epidemic 2008 (UNAIDS, Geneva, 2008);
www.unaids.org/en/KnowledgeCentre/HIVData/GlobalReport/2008.

2. S. Rerks-Ngarm, P. Pitisuttithum, S. Nitayaphan, J. Kaewkungwal, J. Chiu, R. Paris, N. Premsri,
C. Namwat, M. de Souza, E. Adams, M. Benenson, S. Gurunathan, J. Tartaglia, J. G. McNeil,
D. P. Francis, D. Stablein, D. L. Birx, S. Chunsuttiwat, C. Khamboonruang, P. Thongcharoen,
M. L. Robb, N. L. Michael, P. Kunasol, J. H. Kim; MOPH-TAVEG Investigators, Vaccination
with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand. N. Engl. J. Med. 361,
2209–2220 (2009).

3. N. S. Padian, A. Buvé, J. Balkus, D. Serwadda, W. Cates Jr., Biomedical interventions to
prevent HIV infection: Evidence, challenges, and way forward. Lancet 372, 585–599 (2008)

4. C. Willyard, A preemptive strike against HIV. Nat. Med. 15, 126–129 (2009).

5. D. M. Cardo, D. H. Culver, C. A. Ciesielski, P. U. Srivastava, R. Marcus, D. Abiteboul, J. Heptonstall,
G. Ippolito, F. Lot, P. S. McKibben, D. M. Bell, A case-control study of HIV seroconversion in health
care workers after percutaneous exposure. Centers for Disease Control and Prevention
Needlestick Surveillance Group. N. Engl. J. Med. 337, 1485–1490 (1997).

6. N. I. Kumwenda, D. R. Hoover, L. M. Mofenson, M. C. Thigpen, G. Kafulafula, Q. Li, L. Mipando,
K. Nkanaunena, T. Mebrahtu, M. Bulterys, M. G. Fowler, T. E. Taha, Extended antiretroviral
prophylaxis to reduce breast-milk HIV-1 transmission. N. Engl. J. Med. 359, 119–129 (2008).

7. J. Volmink, N. L. Siegfried, L. van der Merwe, P. Brocklehurst, Antiretrovirals for reducing
the risk of mother-to-child transmission of HIV infection. Cochrane Database Syst. Rev.
CD003510 (2007).

8. J. G. García-Lerma, R. A. Otten, S. H. Qari, E. Jackson, M. E. Cong, S. Masciotra, W. Luo, C. Kim,
D. R. Adams, M. Monsour, J. Lipscomb, J. A. Johnson, D. Delinsky, R. F. Schinazi, R. Janssen,
T. M. Folks, W. Heneine, Prevention of rectal SHIV transmission in macaques by daily or
intermittent prophylaxis with emtricitabine and tenofovir. PLoS Med. 5, e28 (2008).

9. S. Subbarao, R. A. Otten, A. Ramos, C. Kim, E. Jackson, M. Monsour, D. R. Adams, S. Bashirian,
J. Johnson, V. Soriano, A. Rendon, M. G. Hudgens, S. Butera, R. Janssen, L. Paxton, A. E. Greenberg,
T. M. Folks, Chemoprophylaxis with tenofovir disoproxil fumarate provided partial protection
against infection with simian human immunodeficiency virus in macaques given multiple
virus challenges. J. Infect. Dis. 194, 904–911 (2006).

10. K. K. Van Rompay, B. P. Kearney, J. J. Sexton, R. Colón, J. R. Lawson, E. J. Blackwood, W. A. Lee,
N. Bischofberger, M. L. Marthas, Evaluation of oral tenofovir disoproxil fumarate and topical
tenofovir GS-7340 to protect infant macaques against repeated oral challenges with virulent
simian immunodeficiency virus. J. Acquir. Immune Defic. Syndr. 43, 6–14 (2006).

11. B. F. Keele, E. E. Giorgi, J. F. Salazar-Gonzalez, J. M. Decker, K. T. Pham, M. G. Salazar, C. Sun,
T. Grayson, S. Wang, H. Li, X. Wei, C. Jiang, J. L. Kirchherr, F. Gao, J. A. Anderson, L. H. Ping,
R. Swanstrom, G. D. Tomaras, W. A. Blattner, P. A. Goepfert, J. M. Kilby, M. S. Saag, E. L. Delwart,
M. P. Busch, M. S. Cohen, D. C. Montefiori, B. F. Haynes, B. Gaschen, G. S. Athreya, H. Y. Lee,
N. Wood, C. Seoighe, A. S. Perelson, T. Bhattacharya, B. T. Korber, B. H. Hahn, G. M. Shaw,
Identification and characterization of transmitted and early founder virus envelopes in pri-
mary HIV-1 infection. Proc. Natl. Acad. Sci. U.S.A. 105, 7552–7557 (2008).

12. Q. Li, J. D. Estes, P. M. Schlievert, L. Duan, A. J. Brosnahan, P. J. Southern, C. S. Reilly, M. L. Peterson,
N. Schultz-Darken, K. G. Brunner, K. R. Nephew, S. Pambuccian, J. D. Lifson, J. V. Carlis, A. T. Haase,
Glycerol monolaurate prevents mucosal SIV transmission. Nature 458, 1034–1038 (2009).

13. C. J. Miller, Q. Li, K. Abel, E. Y. Kim, Z. M. Ma, S. Wietgrefe, L. La Franco-Scheuch, L. Compton,
L. Duan, M. D. Shore, M. Zupancic, M. Busch, J. Carlis, S. Wolinsky, A. T. Haase, Propagation
and dissemination of infection after vaginal transmission of simian immunodeficiency virus.
J. Virol. 79, 9217–9227 (2005).

14. J. B. Dumond, R. F. Yeh, K. B. Patterson, A. H. Corbett, B. H. Jung, N. L. Rezk, A. S. Bridges,
P. W. Stewart, M. S. Cohen, A. D. Kashuba, Antiretroviral drug exposure in the female genital
tract: Implications for oral pre- and post-exposure prophylaxis. AIDS 21, 1899–1907 (2007).

15. M. S. Cohen, C. Gay, A. D. Kashuba, S. Blower, L. Paxton, Narrative review: Antiretroviral
therapy to prevent the sexual transmission of HIV-1. Ann. Intern. Med. 146, 591–601 (2007).

16. R. A. Otten, D. R. Adams, C. N. Kim, E. Jackson, J. K. Pullium, K. Lee, L. A. Grohskopf, M. Monsour,
S. Butera, T. M. Folks, Multiple vaginal exposures to low doses of R5 simian-human immuno-
deficiency virus: Strategy to study HIV preclinical interventions in nonhuman primates. J. Infect.
Dis. 191, 164–173 (2005).

17. B. F. Keele, H. Li, G. H. Learn, P. Hraber, E. E. Giorgi, T. Grayson, C. Sun, Y. Chen, W. W. Yeh,
N. L. Letvin, J. R. Mascola, G. J. Nabel, B. F. Haynes, T. Bhattacharya, A. S. Perelson, B. T. Korber,
B. H. Hahn, G. M. Shaw, Low-dose rectal inoculation of rhesus macaques by SIVsmE660 or
SIVmac251 recapitulates human mucosal infection by HIV-1. J. Exp. Med. 206, 1117–1134
(2009).

18. T. Hawkins, W. Veikley, R. L. St. Claire III, B. Guyer, N. Clark, B. P. Kearney, Intracellular
pharmacokinetics of tenofovir diphosphate, carbovir triphosphate, and lamivudine tri-
phosphate in patients receiving triple-nucleoside regimens. J. Acquir. Immune Defic. Syndr.
39, 406–411 (2005).

19. A. Pruvost, E. Negredo, H. Benech, F. Theodoro, J. Puig, E. Grau, E. García, J. Moltó, J. Grassi,
B. Clotet, Measurement of intracellular didanosine and tenofovir phosphorylated metabo-

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 13 January 2010 Vol 2 Issue 14 14ra4 7

 o
n 

Ja
nu

ar
y 

14
, 2

01
0

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 9 of 244 PageID #: 1193



lites and possible interaction of the two drugs in human immunodeficiency virus-infected
patients. Antimicrob. Agents Chemother. 49, 1907–1914 (2005).

20. L. H. Wang, J. Begley, R. L. St. Claire III, J. Harris, C. Wakeford, F. S. Rousseau, Pharmaco-
kinetic and pharmacodynamic characteristics of emtricitabine support its once daily dos-
ing for the treatment of HIV infection. AIDS Res. Hum. Retroviruses 20, 1173–1182 (2004).

21. A. T. Haase, Perils at mucosal front lines for HIV and SIV and their hosts. Nat. Rev. Immunol.
5, 783–792 (2005).

22. J. Hu, M. B. Gardner, C. J. Miller, Simian immunodeficiency virus rapidly penetrates the
cervicovaginal mucosa after intravaginal inoculation and infects intraepithelial dendritic
cells. J. Virol. 74, 6087–6095 (2000).

23. W. A. O’Brien, HIV-1 entry and reverse transcription in macrophages. J. Leukoc. Biol. 56,
273–277 (1994).

24. J. P. Shaw, C. M. Sueoko, R. Oliyai, W. A. Lee, M. N. Arimilli, C. U. Kim, K. C. Cundy, Metabolism and
pharmacokinetics of novel oral prodrugs of 9-[(R)-2-(phosphonomethoxy)propyl]adenine
(PMPA) in dogs. Pharm. Res. 14, 1824–1829 (1997).

25. J. R. Dyer, P. Kazembe, P. L. Vernazza, B. L. Gilliam, M. Maida, D. Zimba, I. F. Hoffman, R. A. Royce,
J. L. Schock, S. A. Fiscus, M. S. Cohen, J. J. Eron Jr., High levels of human immunodeficiency
virus type 1 in blood and semen of seropositive men in sub-Saharan Africa. J. Infect. Dis. 177,
1742–1746 (1998).

26. M. J. Wawer, R. H. Gray, N. K. Sewankambo, D. Serwadda, X. Li, O. Laeyendecker, N. Kiwanuka,
G. Kigozi, M. Kiddugavu, T. Lutalo, F. Nalugoda, F. Wabwire-Mangen, M. P. Meehan, T. C. Quinn,
Rates of HIV-1 transmission per coital act, by stage of HIV-1 infection, in Rakai, Uganda. J. Infect.
Dis. 191, 1403–1409 (2005).

27. E. A. Operskalski, D. O. Stram, M. P. Busch, W. Huang, M. Harris, S. L. Dietrich, E. R. Schiff,
E. Donegan, J. W. Mosley, Role of viral load in heterosexual transmission of human immu-
nodeficiency virus type 1 by blood transfusion recipients. Transfusion Safety Study Group.
Am. J. Epidemiol. 146, 655–661 (1997).

28. S. B. Gupta, L. P. Jacobson, J. B. Margolick, C. R. Rinaldo, J. P. Phair, B. D. Jamieson, D. V. Mehrotra,
M. N. Robertson, W. L. Straus, Estimating the benefit of an HIV-1 vaccine that reduces viral load
set point. J. Infect. Dis. 195, 546–550 (2007).

29. L. W. Tam, C. K. Chui, C. J. Brumme, D. R. Bangsberg, J. S. Montaner, R. S. Hogg, P. R. Harrigan,
The relationship between resistance and adherence in drug-naive individuals initiating
HAART is specific to individual drug classes. J. Acquir. Immune Defic. Syndr. 49, 266–271
(2008).

30. C. R. Wira, J. V. Fahey, A new strategy to understand how HIV infects women: Identification
of a window of vulnerability during the menstrual cycle. AIDS 22, 1909–1917 (2008).

31. A. Couëdel-Courteille, J. L. Prétet, N. Barget, S. Jacques, K. Petitprez, M. Tulliez, J. G. Guillet,
A. Venet, C. Butor, Delayed viral replication and CD4+ T cell depletion in the recto-
sigmoid mucosa of macaques during primary rectal SIV infection. Virology 316, 290–301
(2003).

32. J. M. Harouse, A. Gettie, R. C. Tan, J. Blanchard, C. Cheng-Mayer, Distinct pathogenic sequela
in rhesus macaques infected with CCR5 or CXCR4 utilizing SHIVs. Science 284, 816–819 (1999).

33. C. D. Pilcher, H. C. Tien, J. J. Eron Jr., P. L. Vernazza, S. Y. Leu, P. W. Stewart, L. E. Goh, M. S. Cohen;
Quest Study; Duke-UNC-Emory Acute HIV Consortium, Brief but efficient: Acute HIV infection
and the sexual transmission of HIV. J. Infect. Dis. 189, 1785–1792 (2004).

34. J. A. Johnson, K. K. Rompay, E. Delwart, W. Heneine, A rapid and sensitive real-time PCR
assay for the K65R drug resistance mutation in SIV reverse transcriptase. AIDS Res. Hum.
Retroviruses 22, 912–916 (2006).

35. R. S. Veazey, P. J. Klasse, S. M. Schader, Q. Hu, T. J. Ketas, M. Lu, P. A. Marx, J. Dufour, R. J. Colonno,
R. J. Shattock, M. S. Springer, J. P. Moore, Protection of macaques from vaginal SHIV chal-
lenge by vaginally delivered inhibitors of virus-cell fusion. Nature 438, 99–102 (2005).

36. Z. Kuklenyik, A. Martin, C. P. Pau, J. G. Garcia-Lerma, W. Heneine, J. L. Pirkle, J. R. Barr, Effect
of mobile phase pH and organic content on LC-MS analysis of nucleoside and nucleotide
HIV reverse transcriptase inhibitors. J. Chromatogr. Sci. 47, 365–372 (2009).

37. Acknowledgments: We thank X. Wei and S. Tang for their technical support in processing
monkey specimens and performing virus load testing, Dr. C. Hendrix for providing us with
the procedures for tissue dissociations, Dr. K. Paul for serving as the attending veterinarian
for this study protocol, Dr. N. J. Bryant for performing the necropsies on the macaques,
E. D. Marshall and S. Gumbis for monitoring and maintaining our cohort of macaques, and
J. Rooney at Gilead Sciences for providing TFV, TDF, and FTC through a material transfer
agreement.
Funding: Centers for Disease Control and Prevention.
Author contributions: J.G.G.-L., R.O., L.P., T.M.F., and W.H. designed the research. M.C., J.M., A.S.J.,
Q.Z., S.M., and J.L. performed the experiments. A.M., Z.K., A.H., C.-P.P., and J.R.B. developed new
analytical tools for drugmeasurements and quantified drug concentrations in blood, secretions,
and tissues. D.L.H. performed the statistical analyses. J.G.G.-L. and W.H. wrote the paper.
Competing interests: J.G.G.-L., R.O., T.M.F., and W.H. are named in a U.S. Government patent
application related to methods for HIV prophylaxis. The findings and conclusions in this
study are those of the authors and do not necessarily represent the views of the Centers
for Disease Control and Prevention.

Submitted 16 September 2009
Accepted 18 December 2009
Published 13 January 2010
10.1126/scitranslmed.3000391

Citation: J. G. García-Lerma, M. Cong, J. Mitchell, A. S. Youngpairoj, Q. Zheng, S. Masciotra, A. Martin,
Z. Kuklenyik, A. Holder, J. Lipscomb, C.-P. Pau, J. R. Barr, D. L. Hanson, R. Otten, L. Paxton, T. M. Folks,
W. Heneine, Intermittent prophylaxis with oral Truvada protects macaques from rectal SHIV infection.
Sci. Transl. Med. 2, 14ra4 (2010).

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 13 January 2010 Vol 2 Issue 14 14ra4 8

 o
n 

Ja
nu

ar
y 

14
, 2

01
0

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 10 of 244 PageID #: 1194



EXHIBIT 35

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 11 of 244 PageID #: 1195



CCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

 CURRENT
OPINION Animal models of antiretroviral prophylaxis for

HIV prevention

J. Gerardo Garcı́a-Lerma and Walid Heneine

Purpose of review

Oral and topical pre-exposure prophylaxis (PrEP) with antiretroviral drugs are novel biomedical
interventions recently found to prevent HIV transmission among high-risk populations. In this review, we
outline lessons learned from animal studies and discuss next steps in preclinical PrEP research including
the study of new PrEP modalities, pharmacologic correlates of protection, and biological factors that may
modulate PrEP efficacy.

Recent findings

Studies using macaque or humanized mice models of mucosal simian immunodeficiency virus (SIV), HIV,
or simian/human immunodeficiency virus (SHIV) transmission have provided efficacy data against rectal and
vaginal infection. A multitude of oral and topical PrEP regimens including drugs such as tenofovir (TFV),
tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC) were tested against either wild-type or drug-
resistant viruses. These models have also helped define prophylactic windows of protection of nondaily
dosing and are being used increasingly to study pharmacokinetic and pharmacodynamic relationships.

Summary

As human data from PrEP trials validate animal models or help fine tune them, it is expected that these
models will play increasingly important roles in PrEP development as the field extends into new drug
classes and combinations, episodic dosing, and novel long-acting drug formulations. By providing both
efficacy and pharmacologic information these models can define correlates and mechanisms of protection,
inform dose selection, and advance the most promising PrEP candidates and dosing modalities.

Keywords

macaque models, microbicides, preexposure prophylaxis, tenofovir, emtricitabine

INTRODUCTION

Oral and topical antiretroviral (ARV) pre-exposure
prophylaxis (PrEP) with tenofovir (TFV), tenofovir
disoproxil fumarate (TDF), and Truvada [a combi-
nation of TDF and emtricitabine (FTC)] is a novel
biomedical intervention recently found to prevent
HIV transmission among high-risk populations.
Several clinical trials have demonstrated the efficacy
of PrEP in preventingHIV transmission. In the iPrEX
trial amongmenwho have sex withmen (MSM) and
transgender women, the incidence of HIV-1 was
reduced by 44% in participant taking daily Truvada
compared with placebo [1]. The Centers for Disease
Control and Prevention (CDC) TDF-2 trial among
HIV-negative heterosexualmen andwomen showed
an overall efficacy of 63% with daily Truvada
compared with placebo [2

&&

]. The Partners PrEP trial
among serodiscordant couples found a strong
HIV-prevention effect with daily TDF (62% fewer
infections) or daily Truvada (73% fewer infections)

[3
&&

]. A fourth trial (FEM-PrEP) with Truvada among
high-risk women was stopped due to futility as a
result of low adherence [4

&&

]. Results of the CAPRISA
004 trial demonstrated for the first time that
women, who used a vaginal gel containing 1%
TFV in a coitus-dependent before-and-after (BAT)
modality were 39% less likely overall to contract
HIV than those, who used a placebo gel [5]. The
VOICE trial recently discontinued the daily oral TDF
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and the 1% TFV gel arms due to futility although the
reasons for the lack of efficacy are not yet known.

Animal models of simian immunodeficiency
virus (SIV), HIV, or SHIV (a SIV/HIV chimera) trans-
mission have provided important proof-of-concept
information regarding the prophylactic efficacy
of oral and topical PrEP with ARV drugs through
different routes of mucosal exposure. These models
also allow dissection of parameters that may affect
prophylactic efficacy of ARVs including drug
pharmacokinetics and pharmacodynamics, tissue
drug penetration, drug resistance, and cofactors
that increase HIV susceptibility. In this review, we
provide an overview of preclinical animal data with
TFV, FTC, and other promising drug candidates, and
discuss next steps including the study of correlates
of protection and biological factors that may modu-
late the efficacy of PrEP.

EARLY EVENTS IN HIV TRANSMISSION
AND IMPLICATIONS FOR PRE-EXPOSURE
PROPHYLAXIS

The success of sexual HIV transmission is dictated by
the balance between virus and host vulnerabilities.
Innate immune defenses limit the efficiency of
HIV to initiate an infection mucosally but host
vulnerabilities are dynamic and may be enhanced
by factors such as concomitant STIs or compromised
mucosal epithelium as with microabrasions [6].
Virus vulnerabilities are highest during the first days
of infection at the mucosa when replication is
limited to extremely small numbers of productively
infected cells in rare foci [7–11]. Thus, the first hours
or days of infection when virus vulnerability is
highest represent a window of opportunity for inter-
ventions with microbicides or PrEP.

Mucosal HIV infection can be prevented by a
rapid and efficient host immune response or by
limiting the size of founder populations of infected
cells to a theoretical threshold under which infec-
tion cannot be established. HIV vaccines have so far
been unable to elicit highly protective immune
responses. Anti-inflammatory agents that interfere
with innate host responses and limit expansion of
founder populations have shown promising results
in macaques, although the existence of occult infec-
tions is still a possibility [9]. However, by inhibiting
key steps in HIV replication such as entry, integ-
ration, or reverse transcription, ARV drugs delivered
oral or topically may conceivably block the estab-
lishment of founder populations of infected cells,
or prevent their expansion leading to a dead-end
infection. Effective delivery of drugs at the mucosa
might therefore exploit the brief period of greatest
virus vulnerability and block HIV from establishing
a persistent infection. The highly relevant macaque
and humanized mice models of SHIV or HIV infec-
tion have shown that PrEP with ARV drugs can take
advantage of such vulnerabilities and effectively
prevent infection.

PRECLINICAL ORAL PRE-EXPOSURE
PROPHYLAXIS RESEARCH WITH
EMTRICITABINE AND TENOFOVIR

The use of FTC and TFV for HIV prophylaxis has
been studied extensively in nonhuman primate
models of mucosal and parenteral SIV or SHIV
transmission and, more recently, in humanized
mice models (Table 1) [12–20,21

&

,22–24,25
&&

]. Early
work with subcutaneous TFV in macaques showed
the first proof-of-concept data on the efficacy of ARV
prophylaxis against intravenous virus inoculation
[12]. Subsequent work showed that postexposure
prophylaxis with TFV can protect against intrave-
nous SIV inoculation and helped define the optimal
timing for initiating ARV therapy and the need for
a 4-week treatment to achieve protection [12,26].
Indications that ARV drugs administered before
exposure could also prevent oral SIV infection came
from studies that used different doses of TFV [13–
15].More recently, repeat low-dosemacaquemodels
of rectal and vaginal transmission have been devel-
oped and used to assess PrEP efficacy of different
ARV regimens and modalities [27,28]. These models
closely mimic human transmission of HIV in many
aspects including the use of an R5-tropic HIV-1SF162
envelope similar to naturally transmitted viruses,
and the use of lower and more physiologic virus
inoculum than that used in conventional single
high-dose challenge models. Virus exposures are
repeated to mimic high-risk human exposures,

KEY POINTS

� Macaque and humanized mouse models of oral and
topical pre-exposure prophylaxis (PrEP) provide efficacy
measurements of daily and episodic regimens against
mucosal transmission.

� Macaque models can define the impact of sexually
transmitted infections (STIs), hormonal contraception,
and drug resistance on PrEP efficacy.

� Macaque models can assess combinations of PrEP and
vaccine modalities for increased efficacy.

� Macaque or mouse models maybe useful for
pharmacometrics development to better understand
relationships between drug exposures
(pharmacokinetic) and protection (pharmacodynamic),
and for generating predictive pharmacologic models.

Pre-exposure prophylaxis

506 www.co-hivandaids.com Volume 7 � Number 6 � November 2012

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 13 of 244 PageID #: 1197



CCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Ta
b
le

1
.
P
re
cl
in
ic
a
l
a
ni
m
a
l
st
u
d
ie
s
w
it
h
em

tr
ic
it
a
b
in
e,

te
no

fo
vi
r,

a
nd

te
no

fo
vi
r
d
is
o
p
ro

x
il
fu
m
a
ra

te

A
ni
m
al

D
ru
gs

an
d
do

se
D
ru
g
do

si
ng

V
ir
us

ex
po

su
re

an
d
do

se
In
te
rv
en

tio
ns

M
ai
n
fin

di
ng

s

Ts
ai
,
1
9
9
5
[1
2
]

Lo
ng

-ta
ile

d
m
ac

aq
ue

s
TF
V
,
2
0
m
g
/k

g
Su

bc
ut
an

eo
us

Si
ng

le
in
tra

ve
no

us
ex

po
su
re

to
SI
V
m
n
e
(1
0
3
TC

ID
5
0
)

TF
V
in
iti
at
ed

-4
8
h
an

d
co

nt
in
ue

d
fo
r
4
w
ee

ks
Fu
ll
pr
ot
ec
tio

n

V
an

Ro
m
pa

y
et

al
.
1
9
9
8
[1
3
]

Rh
es
us

m
ac

aq
ue

s
TF
V
,
3
0
m
g
/k

g
Su

bc
ut
an

eo
us

O
ra
lS

IV
m
ac

2
5
1
(1
0
5
TC

ID
5
0
)

Tw
o
do

se
s
g
iv
en

at
�4

h/
þ2

4
h

Fu
ll
pr
ot
ec
tio

n

V
an

Ro
m
pa

y
et

al
.
2
0
0
2
[1
4
]

Rh
es
us

m
ac

aq
ue

s
TD

F,
0
.0
1
–0

.0
2
m
g
/k

g
O
ra
l

M
ul
tip

le
or
al

ex
po

su
re
s
to

SI
V

m
ac

2
5
1
(1
0
4
TC

ID
5
0
)

TD
F
in
iti
at
ed

–
2
4
h
an

d
m
ai
nt
ai
ne

d
du

ri
ng

vi
ru
s
in
oc

ul
at
io
ns

N
o
pr
ot
ec
tio

n;
lo
w

do
se
s
of

TD
F

V
an

Ro
m
pa

y
et

al
.
2
0
0
6
[1
5
]

Rh
es
us

m
ac

aq
ue

s
TD

F,
1
0
m
g/

kg
O
ra
l

O
ra
le

xp
os
ur
es

to
SI
V
m
ac

2
5
1

(1
0
5
TC

ID
5
0
)

Re
pe

at
ed

cy
cl
es

of
da

ily
TD

F
in
iti
at
ed

1
–
2
da

ys
be

fo
re

ex
po

su
re

Pa
rti
al

ef
fic

ac
y;

in
fe
ct
io
n
as
so
ci
at
ed

w
ith

lo
w

dr
ug

le
ve
ls

Su
bb

ar
ao

et
al
.
2
0
0
6
[1
6
]

Rh
es
us

m
ac

aq
ue

s
TD

F,
2
2
m
g/

kg
O
ra
l

Re
pe

at
ed

lo
w
-d
os
e
re
ct
al

ex
po

su
re
s
to

SH
IV

1
6
2
p
3

(1
0
TC

ID
5
0
)

D
ai
ly

or
w
ee

kl
y
TD

F
In
fe
ct
io
n
de

la
ye

d
in

tre
at
ed

an
im

al
s

D
en

to
n
et

al
.
2
0
0
8
[1
7
]

H
um

an
iz
ed

m
ic
e

FT
C
,
3
.5

m
g
;

TD
F,

5
.2

m
g

In
tra

pe
ri
to
ne

al
Si
ng

le
va

g
in
al

ex
po

su
re

to
H
IV
-1

JR
-C
S
F
(1
7
0
ng

)
D
ai
ly

FT
C
/T

D
F
in
iti
at
ed

4
8
h
pr
io
r
to

ex
po

su
re

an
d
co

nt
in
ue

d
fo
r
7
da

ys

C
om

pl
et
e
pr
ot
ec
tio

n

G
ar
cı́
a-
Le
rm

a
et

al
.
2
0
0
8
[1
8
]

Rh
es
us

m
ac

aq
ue

s
FT
C
,
2
0
m
g
/k

g
TD

F,
2
2
m
g
/k

g
;
TF
V
,

2
2
m
g
/k

g

O
ra
lo

r
su
bc

ut
an

eo
us

Re
pe

at
ed

lo
w
-d
os
e
re
ct
al

ex
po

su
re
s
to

SH
IV

1
6
2
p
3

(1
0
TC

ID
5
0
)

D
ai
ly

FT
C

(s
ub

cu
ta
ne

ou
s)
;

D
ai
ly

or
al

Tr
uv
ad

a;
da

ily
or

in
te
rm

itt
en

t
FT
C
/T

FV
(s
ub

cu
ta
ne

ou
s)

Ri
sk

of
in
fe
ct
io
n

re
du

ce
d
w
ith

FT
C

an
d
Tr
uv
ad

a.
N
o

in
fe
ct
io
n
w
ith

hi
g
h

TF
V
do

se
s

G
ar
cı́
a-
Le
rm

a
et

al
.
2
0
1
0
[1
9
]

Rh
es
us

m
ac

aq
ue

s
FT
C
,
2
0
m
g
/k

g
;

TD
F,

2
2
m
g
/k

g
O
ra
l

Re
pe

at
ed

lo
w
-d
os
e
re
ct
al

ex
po

su
re
s
to

SH
IV
1
6
2
p3

(1
0
TC

ID
5
0
)

In
te
rm

itt
en

tP
rE
P:

fix
ed

do
si
ng

an
d
ev
en

t-d
ri
ve
n

Ef
fic

ac
y
w
ith

tw
o

w
ee

kl
y
do

se
s
of

Tr
uv
ad

a
gi
ve
n
at

di
ffe

re
nt

in
te
rv
al
s

D
en

to
n
et

al
.,
2
0
1
0
[2
0
]

H
um

an
iz
ed

m
ic
e

FT
C
,
3
.5

m
g
;

TD
F,

5
.2

m
g

In
tra

pe
ri
to
ne

al
Si
ng

le
in
tra

re
ct
al

or
in
tra

ve
no

us
ex

po
su
re

to
H
IV
-1
JR
-C
SF

(5
8
–
1
7
0
ng

)

D
ai
ly

FT
C
/T

D
F
fo
r
7
da

ys
Pr
ot
ec
tio

n
re
g
ar
dl
es
s

of
th
e
ro
ut
e
of

ex
po

su
re

C
on

g
et

al
.,
2
0
1
1
[2
1

&
]

Rh
es
us

m
ac

aq
ue

s
FT
C
,
2
0
m
g
/k

g
;

TD
F,

2
2
m
g
/k

g
O
ra
l

Re
pe

at
ed

lo
w
-d
os
e
re
ct
al

ex
po

su
re
s
to

FT
C
-re

si
st
an

t
SH

IV

Tw
o
do

se
s
g
iv
en

2
4
h
pr
io
r

an
d
2
h
af
te
r
vi
ru
s
ex

po
su
re

Fu
ll
pr
ot
ec
tio

n

C
ra
na

g
e
et

al
.,
2
0
0
8
[2
2
]

Rh
es
us

m
ac

aq
ue

s
1
%

TF
V

Re
ct
al

g
el

Re
ct
al

ex
po

su
re

to
SI
V
2
5
1
/3

2
H
(1
0
4
TC

ID
5
0
)

G
el

ap
pl
ie
d
1
5
m
in

to
2
h
be

fo
re

ex
po

su
re

Pa
rti
al

(6
/9

)
pr
ot
ec
tio

n

Pa
ri
kh

et
al
.,
2
0
0
9
[2
3
]

Pi
g
ta
il
m
ac

aq
ue

s
1
%

TF
V
;
1
%

TF
V

an
d
5
%

FT
C

V
ag

in
al

g
el

Re
pe

at
ed

va
g
in
al

ex
po

su
re
s
to

SH
IV
1
6
2
P3

(1
0
TC

ID
5
0
)

G
el

ap
pl
ie
d
3
0
m
in

be
fo
re

vi
ru
s
ex

po
su
re

Fu
ll
pr
ot
ec
tio

n

D
en

to
n
et

al
.,
2
0
1
1
[2
4
]

BL
T
m
ic
e

1
%

TF
V

V
ag

in
al

g
el

Si
ng

le
va

g
in
al

ex
po

su
re

to
H
IV
-1
JR
-C
SF

(1
7
0
ng

of
p2

4
)

G
el

ap
pl
ie
d
4
h
be

fo
re

an
d

4
h
af
te
r
vi
ru
s
ex

po
su
re

(B
A
T2

4
)

H
ig
h
pr
ot
ec
tio

n
(7
/8

)

D
ob

ar
d
et

al
.,
2
0
1
2
[2
5

&
&
]

Pi
g
ta
il
m
ac

aq
ue

s
1
%

TF
V
g
el

V
ag

in
al

g
el

Re
pe

at
ed

va
g
in
al

ex
po

su
re
s

to
SH

IV
1
6
2
P3

(1
0
TC

ID
5
0
)

G
el

ap
pl
ie
d
3
da

ys
be

fo
re

vi
ru
s
ex

po
su
re

Pa
rti
al

(4
/6

)
pr
ot
ec
tio

n

FT
C
,
em

tri
ci
ta
bi
ne

;
Pr
EP

,
pr
e-
ex

po
su
re

pr
op

hy
la
xi
s;

SH
IV
,
si
m
ia
n/

hu
m
an

im
m
un

od
ef
ic
ie
nc

y
vi
ru
s;

SI
V
,
si
m
ia
n
im

m
un

od
ef
ic
ie
nc

y
vi
ru
s;

TD
F,

te
no

fo
vi
r
di
so
pr
ox

il
fu
m
ar
at
e;

TF
V
,
te
no

fo
vi
r.

Animal models of antiretroviral prophylaxis for HIV prevention Garcı́a-Lerma and Heneine

1746-630X � 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins www.co-hivandaids.com 507

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 14 of 244 PageID #: 1198



CCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

thereby providing the opportunity to measure
protection against multiple transmission events in
each animal [27,28]. Using a model of rectal infec-
tion to assess the efficacy of TDF, FTC, or TDF/FTC
combination at human equivalent dosing, it was
found that, for rectal transmission, daily TDF pro-
vided little protection whereas FTC reduced risks of
infection by 3.8-fold [16,18]. In contrast, TDF/FTC
combination was found to be more protective
whereas a higher FTC/TFV dose afforded full pro-
tection in the macaques [18]. These experiments
showed a dose-response relationship and suggested
that, for rectal infection, TDF/FTC may be more
effective than either TDF or FTC alone. These find-
ings prompted the iPrEX and the TDF-2 trial inves-
tigators to reconsider and modify the trial design
from daily TDF to daily Truvada. Importantly, the
efficacy data of oral TDF/FTC in this macaquemodel
was similar to that observed in the iPrEX trial among
highly adherent participants, thus providing the
first validation of this PrEP model against rectal
infection. As drug exposures and activity and their
roles in PrEP protection against rectal or vaginal
transmission may be different, it is hard to extra-
polate rectal efficacy to vaginal protection. Thus, it
is important to independently generate validated
vaginal PrEP macaque models that recapitulate
the daily TDF and TDF/FTC efficacy among humans.

A recent study evaluated the prophylactic effi-
cacy of a second-generation TFV prodrug (GS7340)
whose increased stability allows for further enhance-
ment in the delivery of TFV into cells, thusmaking it
an attractive candidate for PrEP [29,30]. As with
TDF, the active intracellular metabolite of GS7340
is TFV-diphosphate (TFV-DP), which competes with
the natural deoxyadenosine triphosphate (dATP)
substrate for incorporation by the HIV reverse tran-
scriptase and acts as a chain terminator. GS7340 has
shown potent anti-HIV activity in culture, with an
EC50 value for HIV that is 1000-fold greater than
that of TFV [30]. However, in a macaque challenge
experiment GS7340 failed to protect against SHIV
transmission despite resulting in high rectal and
systemic TFV-DP levels. The lack of prophylactic
efficacy was explained by high dATP content in
rectal lymphocytes that might have rendered TFV-
DP less effective in preventing infection [31

&

]. These
findings demonstrated that for nucleoside reverse
transcriptase inhibitors, high systemic drug levels
and potent antiviral activity may not be sufficient
to prevent rectal SHIV transmission, and suggested
that natural substrate concentrations in mucosal
target cells may potentially modulate the pro-
phylactic efficacy. More importantly, these results
stressed the need to understand potential pharma-
codynamic differences thatmightmodulate efficacy

of the same drugs against different routes of
transmission. For instance since the frequency of
activated lymphocytes with high deoxyribonucleo-
tide triphosphate (dNTP) concentrations in intact
vaginal mucosa is generally lower than that in
rectal mucosa, it is not known what role substrate
competition will play in modulating efficacy of oral
PrEP against vaginal transmission. However, vaginal
lymphocyte activation and dNTP levels can increase
by factors that promote local inflammation such as
concomitant STI.

Vaginal evaluations of PrEP efficacy are more
challenging than rectal evaluations and require
careful selection of appropriate models that closely
mimic physiological changes associated with the
normal menstrual cycle in women. Rhesus maca-
ques are seasonal breeders and are not the most
appropriate species for vaginal studies of PrEP.
In contrast, pigtail macaques have normal lunar
menstrual cycles and changes in hormone levels
similar to humans [32]. The pigtail macaque men-
strual cycle averages 32.8 days and also recapitulates
potential fluctuations in susceptibility to SIV infec-
tion associated with the follicular and luteal phase
of the menstrual cycle [33–35]. A recent study in
pigtails found that a simplified two-dose Truvada
regimen was sufficient to prevent vaginal SHIV
infection over multiple menstrual cycles [36]. These
studies also showed that levels and ratios of FTC
and TFV in vaginal tissues after oral administration
of human-equivalent doses mimicked vaginal drug
exposure seen in humans. The efficacy seen in the
macaque model expanded upon an earlier study
in humanized mice showing that daily Truvada
administered intraperitonealy also prevented vagi-
nal HIV transmission [17,20].

Animal models have also been used to explore
the efficacy of intermittent oral dosing with TFV or
Truvada. Both FTC-TP and TFV-DP have long (40 to
>100h) intracellular half-lives in humans and can
potentially achieve extended prophylactic activity
when administered intermittently. Intermittent
PrEP regimens with Truvada can be designed to be
exposure-driven or to follow a fixed dosing schedule
[19]. Studies in macaques showing protection from
oral or rectal SIV/SHIV exposures by a two-dose
subcutaneous regimen containing TFV or TFV/FTC
have provided the first proof-of-concept for inter-
mittent PrEP [13,18]. However, the high drug doses
and subcutaneous drug delivery might have over-
estimated efficacy in both studies. More recent work
using human equivalent doses of Truvada showed
that macaques can be protected from rectal SHIV
infection by several PrEP modalities including a
single oral dose given 1–7 days before exposure,
followed by a second dose 2h after exposure [19].

Pre-exposure prophylaxis
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Exposure-driven prophylactic modalities initiated
around the time of exposure also maintained
protection against both rectal and vaginal trans-
mission in rhesus and pigtail macaques (Fig. 1)
[19,36]. These studies demonstrated that intermit-
tent PrEP with Truvada can be highly effective and
informed the design of new clinical trials (IAVI,
IPERGAY, HPTN067) in humans with intermittent
dosing. The large HPTN067 trial among MSM and
women who have sex with men is currently evalu-
ating adherence to daily and intermittent Truvada
dosing, and is also exploring intracellular drug levels

at given rates of adherence during direct observed
therapy [37]. This study will define behavioral
aspects associated with intermittent dosing, cover-
age of sex events with pre-exposure and postexpo-
sure dosing, and if intermittent PrEP may achieve
intracellular drug levels that cross the pharmaco-
logical barrier associated with prevention of HIV
acquisition. The later aspect is particularly import-
ant as the same level of adherence might have a
different impact on rectal and vaginal efficacy given
the differences in FTC and TFV penetration among
rectal and vaginal tissues.

In the past few years, new classes of clinically
approved drugs with different modes of action
have gained considerable attention and are being
currently evaluated for oral PrEP. A recent study
with the entry inhibitor maraviroc and the integrase
inhibitor raltegravir has demonstrated that oral
administration of either of these drugs fully protects
against vaginal HIV-1 challenge in the RAG-hu
mouse model [38]. It will be important to confirm
these findings in other animal models and to
explore if maraviroc and raltegravir can also prevent
rectal infection.

IMPACT OF SEXUALLY TRANSMITTED
INFECTIONS, HORMONAL
CONTRACEPTION, AND DRUG
RESISTANCE ON PRE-EXPOSURE
PROPHYLAXIS EFFICACY

Animal models can also help determine if STIs can
diminish the efficacy of PrEP by inducing changes in
rectal or vaginal epithelium or local inflammation
that enhance susceptibility to infection beyond the
protective threshold conferred by PrEP. A pigtail
macaque model of triple vaginal infection with
SHIV, Chlamydia trachomatis and Trichomonas vagi-
nalis has been recently developed and can be used to
explore if these two STIs may reduce PrEP efficacy
[39]. Appropriate models may also shed light on
potential effects of hormonal contraceptives on
PrEP. Recent studies have suggested an increased
risk of HIV acquisition associated with the use
of the injectable contraceptive depo-provera in
women [40]. However, hormonal contraceptives
such as depo-provera have been conventionally
used at high doses in macaques to maximize infec-
tion of animals. These doses may not be appropriate
for preclinical PrEP evaluations as they do notmimic
themoderate changes in vaginal epithelial thickness
seen in women [41–43]. Thus, studies on inter-
actions between hormonal contraceptives and
PrEPwill benefit from a careful selection of hormone
doses that recapitulate human exposure and bio-
logical effects [41,44].

Controls 
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FIGURE 1. Protection by exposure-independent and event-
driven prophylaxis with Truvada (adapted from [19]).
(a) All macaques received two weekly doses of Truvada by
oral gavage and were exposed once a week at the
indicated time points, with the exception of macaques from
group 5 which were exposed and treated every 2 weeks to
minimize residual drug exposure due to long intracellular
emtricitabine and tenofovir persistence. Truvada was
administered at the indicated times (short black bars) relative
to viral exposure. (b) Each survival curve represents the
cumulative percentage of uninfected macaques as a function
of virus exposure. For comparison, the previously reported
survival curve showing protection of daily PrEP with oral
Truvada (continuous red line) is shown [16].
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As with ARV therapy, drug resistance can limit
the utility of PrEP. Drugs used in PrEP such as TFV
and FTC are widely used clinically and result in
the emergence and transmission of drug-resistant
viruses [45]. Circulating drug-resistant viruses
raise questions about diminished PrEP efficacy
and increased onward transmission. Animal models
using drug-resistant challenge viruses can assess
the impact of drug resistance on PrEP efficacy.
PrEP failures due to drug resistance are difficult to
document in humans because they would require
sampling early during infection as drug-resistance
mutations, particularly those associated with
FTC and TFV resistance, tend to rapidly revert and
become undetectable due to their high fitness costs
[46]. An early study showing that high doses of TFV
protected macaques against oral challenges with
an SIVmac251 mutant carrying the TFV-associated
K65R mutation was reassuring and demonstrated
that exposure to drug-resistant viruses does not
necessarily result in reduced efficacy [47]. In a more
recent study, prophylactic treatment with oral
Truvada protected macaques exposed rectally to a
SHIV isolate containing theM184Vmutation associ-
ated with resistance to FTC [21

&

,48]. In the case of
M184V, increased susceptibility to TFV due to
M184V and possibly other factors including high
tissue FTC concentrations, residual antiviral activity
by FTC and/or reduced virus fitness due to M184V
may have all contributed to the protection observed
in macaques. These results illustrate how PrEP effi-
cacy against drug-resistant viruses can be influenced
by drug pharmacokinetics and pharmacodynamics,
complex phenotypic drug susceptibility profiles,
and virus replicative capacity. It will be important
to see if oral FTC/TDF combination at human
equivalent doses will also retain prophylactic effi-
cacy against rectal and vaginal exposures to K65R
mutants.

Several important observations of potential
relevance to humans have been made from the
analysis of PrEP breakthrough infections in maca-
ques. First, drug resistance can emerge if ARV
therapy continues after PrEP fails. In one macaque
study, two of six animals infected during daily PrEP
with FTC or Truvada showed selection for drug-
resistant viruses [18]. In both animals, the M184V
mutation was selected, thus reiterating the import-
ance of closelymonitoring PrEP failures tominimize
drug resistance emergence. Second, macaques
infected during PrEP generally had low acute
viremias possibly reflecting continuous ARV drug
activity from the PrEP regimen. Several studies have
shown that such attenuated acute viremias are
associated with altered acute immune parameters
including delayed maturation of antibody avidity

against multiple structural and functional antigens,
reduced inflammatory responses, andminimal early
CD4þ T cell losses [49,50]. Drug selective pressures
associated with ARV use for PrEP have also been
found to reduce virus evolution by restricting the
initial explosion of virus replication and diversifi-
cation [51

&&

]. Although the impact of PrEP on early
infection in humans is not known and will likely
depend on both the extent of ARV drug exposure at
the time of infection and prior to HIV diagnoses,
these observations in macaques reinforced the need
to evaluate how PrEP usemay impact early infection
in humans, risks for secondary transmission, and
rate of progression to HIV disease.

TOPICAL ANTIRETROVIRAL PROPHYLAXIS

Microbicides are topical PrEP products such as gels,
tablets, and intravaginal rings (IVR) designed to
deliver HIV inhibitors at the site of HIV entry
in vaginal or rectal mucosa. As microbicides are
applied topically, higher local drug concentrations
can be delivered compared with oral dosing without
significant systemic exposure, thus, reducing the
risk of long-term toxicity. The rationale for topical
PrEP is based on the premise that mucosally
delivered HIV inhibitors, can efficiently block the
earliest infections and blunt transmission. Although
early-generation microbicides containing detergents
or polyanionic products failed to demonstrate effi-
cacy, newer candidates are based on more potent
ARVs. The positive data by the CAPRISA 004 trial of
TFV gel provided the first evidence of the efficacy
of this prevention strategy and represents a pivotal
turning point for the field [5]. An expanding array
of ARVs is being studied as topical PrEP candidates
either singly or in combination. Such candidates
include ARVs from different classes, ranging from
CCR5 and fusion inhibitors to nucleoside and non-
nucleoside reverse transcriptase or integrase inhibi-
tors [52]. Both oral and topical PrEP have benefited
from the successful development of many potent
ARVs for therapy. Potent ARVs often found to
be unsuitable for oral dosing because of low oral
bioavailability have provided additional topical
PrEP candidates. As with oral PrEP, macaque models
have played an important role in several areas of
topical PrEP development by providing data on
efficacy, formulation and safety, and pharmacologic
assessments.

Gels containing drugs fromdifferent ARV classes
have been evaluated in macaques. Gels containing
drugs targeting the HIV co-receptor CCR5 including
RANTES protein analogs, and small molecule inhibi-
tors such as CMPD167 and maraviroc have all been
shown to protect against vaginal SHIV challenge in
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macaque or RAG-hu mice studies [38,53–56].
The high protection achieved by a vaginal gel with
maraviroc in macaques and the wide clinical experi-
ence and safety profile of maraviroc derived from
therapy of infected persons, all make maraviroc
an attractive candidate for microbicide develop-
ment in this class of compounds [56]. Critical data
were also generated in macaques and humanized
mice on gels containing TFV [23,24,25

&&

]. A vaginal
gel with 1% TFV applied 30min before each SHIV
challenge was shown to fully protect pigtail maca-
ques repeatedly exposed to 20 SHIV challenges [23].
The observed protection in macaques was generally
consistent with the findings of CAPRISA 004
although this trial evaluated a coitus-dependent
BAT modality; with one gel application adminis-
tered up to 12h before sex followed by a second
gel application within 12h after sex. Importantly,
effectiveness in CAPRISA 004 was found to be
dependent on reported adherence. Although overall
efficacy in the trial was 39%, efficacy was 54% in
women who self-reported more than 80% adher-
ence, compared with only 38 and 28% in women
who reported 50–80% and less than 50% adherence,
respectively. The reasons for the higher protection
in macaques than in adherent women in CAPRISA
004 are not clear, but it may be explained by over
estimation of adherence in self-reports, or possibly
be related to other model-specific parameters that
are not fully optimized. Nevertheless, the protection
seen in both CAPRISA 004 and pigtail macaques by
coitally applied TFV gel provided the first validation
of this animal model. This highlights the import-
ance of this model for addressing other questions
that are more difficult to study in humans, such as,
assessment of the prophylactic window of protec-
tion and the pharmacologic correlate of protection
of TFV gel. Indeed, a subsequent study in pigtail
macaques demonstrated durable efficacy as signifi-
cant protection was maintained 3 days post gel
application [25

&&

]. Further analysis in this model
showed a strong correlation between intracellular
TFV-DP in vaginal lymphocytes, in-vitro antiviral
activity, and in-vivo protection, suggesting that
TFV-DP above the in-vitro IC95 in vaginal lympho-
cytes is a good predictor of high efficacy [25

&&

]. This
represents the first identification of protective TFV
concentrations, which can facilitate the evaluation
of improved delivery methods of topical TFV such
as IVRs and inform clinical studies. Another study of
rectally applied TFV gel in macaques also showed
efficacy against rectal SIV infection providing
support for the clinical development of rectal gels
[22]. One percent TFV gel also recapitulated the
results of CAPRISA 004 in a humanized model pro-
viding support for this model to gel efficacy studies

[24]. A critical pharmacokinetic study in macaques
further showed that dosing with vaginal gels results
in significant TFV levels in rectal tissues [57

&&

].
This bidirectional dosing raises the potential for
dual protection of vaginal and rectal tissues by
vaginal gels, which can be further evaluated in a
macaque challenge study.

Many nonnucleoside reverse transcriptase
inhibitors (NNRTIs) have undergone preclinical
evaluation as microbicides including dapivirine,
MIV-150, UC781, and MC1220. MIV-150 and
MC1220 have been shown to prevent infection
in macaque studies after vaginal challenge [58,59].
Dapivirine has advanced in its clinical development
as two phase 3 clinical trials of dapivirine-contain-
ing IVRs are underway. No data are available from
macaque studies with dapivirine-containing IVRs.
In addition to NNRTIs, there is increasing interest in
developing microbicides with integrase inhibitors.
A gel with raltegravir has been shown to prevent
SHIV vaginal infection in macaques when applied
3h after challenge [60]. These are the first data that
support the development of integrase inhibitors for
novel postexposure strategies that maybe desirable
for women and improve adherence.

CONCLUSION

Although animal models have traditionally
provided proof-of-concept data on PrEP efficacy,
there are now several macaque or humanizedmouse
models that have been validated by human data
on specific PrEP interventions. As human data from
additional PrEP products become available, they will
help validate further thesemodels or fine-tune them
to be more predictive of protection. By providing
both efficacy and pharmacologic information
animal models will play increasingly important
roles in PrEP development by defining correlates
and mechanisms of protection and by informing
optimal dose selection. As the field extends into
newdrug classes and combinations, episodic dosing,
and novel long-acting drug formulations for either
topical or systemic PrEP, these models will be very
useful in providing critical pharmacologic and
efficacy data that can advance the most promising
PrEP candidates and dosing modalities.
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Prevention of Vaginal SHIV Transmission in Macaques by
a Coitally-Dependent Truvada Regimen
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Abstract

Background: Daily pre-exposure prophylaxis (PrEP) with Truvada (a combination of emtricitabine (FTC) and tenofovir (TFV)
disoproxil fumarate (TDF)) is a novel HIV prevention strategy recently found to prevent HIV transmission in men who have
sex with men and heterosexual couples. We previously showed that a coitally-dependent Truvada regimen protected
macaques against rectal SHIV transmission. Here we examined FTC and tenofovir TFV exposure in vaginal tissues after oral
dosing and assessed if peri-coital Truvada also protects macaques against vaginal SHIV infection.

Methods: The pharmacokinetic profile of emtricitabine (FTC) and tenofovir (TFV) was evaluated at first dose. FTC and TFV
levels were measured in blood plasma, rectal, and vaginal secretions. Intracellular concentrations of FTC-triphosphate (FTC-
TP) and TFV-diphosphate (TFV-DP) were measured in PBMCs, rectal tissues, and vaginal tissues. Efficacy of Truvada in
preventing vaginal SHIV infection was assessed using a repeat-exposure vaginal SHIV transmission model consisting of
weekly exposures to low doses of SHIV162p3. Six pigtail macaques with normal menstrual cycles received Truvada 24 h
before and 2 h after each weekly virus exposure and six received placebo. Infection was monitored by serology and PCR
amplification of SHIV RNA and DNA.

Results: As in humans, the concentration of FTC was higher than the concentration of TFV in vaginal secretions. Also as in
humans, TFV levels in vaginal secretions were lower than in rectal secretions. Intracellular TFV-DP concentrations were also
lower in vaginal tissues than in rectal tissues. Despite the low vaginal TFV exposure, all six treated macaques were protected
from infection after 18 exposures or 4 full menstrual cycles. In contrast, all 6 control animals were infected.

Conclusions: We modeled a peri-coital regimen with two doses of Truvada and showed that it fully protected macaques
from repeated SHIV exposures. Our results open the possibility for simplified PrEP regimens to prevent vaginal HIV
transmission in women.
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Introduction

Daily pre-exposure prophylaxis (PrEP) with oral Truvada,

a combination of emtricitabine (FTC) and tenofovir (TFV)

disoproxil fumarate (TDF), is a novel biomedical intervention

recently found to prevent HIV transmission among high-risk

populations. In the iPrEX trial among men who have sex with

men and transgender women, the incidence of HIV-1 was reduced

by 44% compared to placebo. Efficacy was increased to 73%

among participants who reported adherence to the regimen, and

by more than 90% in those that had detectable drug [1]. The

CDC TDF-2 trial among HIV-negative heterosexual men and

women showed an overall efficacy of 63% compared to placebo

[2]. The Partners PrEP trial among serodiscordant couples found

a strong HIV prevention effect with TDF (62% fewer infections)

and Truvada (73% fewer infections) [3]. A fourth trial (FEM-

PrEP) with Truvada among high-risk women was recently stopped

due to futility because of low adherence [4]. Truvada is now

approved by the Food and Drug Administration for PrEP to

reduce the risk of sexually acquired HIV-1 in adults at high risk.

Simian/human immunodeficiency virus (SHIV) infection of

macaques is a well-established model of HIV transmission that can

be used to investigate the efficacy of oral and topical PrEP in

preventing rectal and vaginal transmission [5,6]. We have

previously modeled the efficacy of daily oral FTC, TDF, and

Truvada against rectal SHIV transmission in rhesus macaques and

found that the combination of FTC and TDF at human equivalent

doses provided a level of protection similar to that recently seen in

the iPrEX trial among highly adherent participants [7]. We also

found that intermittent Truvada regimens containing one dose
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given 1–7 days prior to exposure followed by a second dose 2 h

after exposure, or two peri-coital doses administered within 24 h

were as effective as daily PrEP [8]. While these studies suggested

that intermittent PrEP might be an alternative to daily PrEP, all

were focused on rectal transmission and cannot inform efficacy

against vaginal transmission.

The efficacy of intermittent Truvada against vaginal trans-

mission is difficult to predict from rectal efficacy data due to

physiological and pharmacological differences between vaginal

and rectal tissues. The multilayered squamous epithelium that

covers the vagina differs from the single layer columnar epithelium

of the rectum and has a unique immunological composition that

may influence early establishment and dissemination of infection

[9,10,11]. The vaginal mucosa also undergoes changes during the

menstrual cycle that may influence susceptibility to infection and

potentially affect antiretroviral drug penetration [12]. In humans,

the concentrations of FTC, TFV, and their active intracellular

metabolites (FTC-triphosphate (FTC-TP) and tenofovir-diphos-

phate (TFV-DP), respectively) differ among vaginal and rectal

tissues [13]. In vaginal tissues, the cumulative exposure to TFV is

100-fold lower than in rectal tissues, while exposure to FTC in

vaginal tissues is higher than exposure to TFV [13]. It is therefore

important to explore if the low TFV penetration in vaginal tissues

may potentially reduce the efficacy of intermittent PrEP with

Truvada.

We determined if FTC and TFV concentrations achieved in

vaginal tissues during a simplified 2-dose peri-coital Truvada

regimen administered 24 h before and 2 h after vaginal SHIV

exposures are sufficient to prevent SHIV transmission in pigtail

macaques. We used pigtail and not rhesus macaques because

pigtails have normal lunar menstrual cycles and changes in

hormone levels similar to humans [14]. The pigtail macaque

menstrual cycle averages 32.8 days and recapitulates potential

fluctuations in susceptibility to SIV infection associated with the

follicular and luteal phase of the menstrual cycle [12,15,16]. We

first show that levels and ratios of FTC and TFV in vaginal tissues

after oral administration of human-equivalent doses follow the

same pattern as those seen in humans. We then demonstrate that

these drug levels are sufficient to prevent vaginal SHIV infection in

macaques, thus expanding our previous observations on rectal

efficacy of coitally-dependent PrEP regimens with Truvada.

Methods

Ethics Statement
All the animal procedures performed in this study were

approved by the Institutional CDC Animal Care and Use

Committee (Protocols 2070GARMON and 2061GARMONC).

Macaques were housed at the Centers for Disease Control and

Prevention under the full care of CDC veterinarians in accordance

with the standards incorporated in the Guide for the Care and Use

of Laboratory Animals (National Research Council of the National

Academies, 2010). SHIV infected macaques were humanely

euthanized in accordance with the American Veterinary Medical

Association Guidelines on Euthanasia, June 2007. All procedures

were performed under anesthesia using ketamine, and all efforts

were made to minimize suffering, improve housing conditions, and

to provide enrichment opportunities (e.g., objects to manipulate in

cage, varied food supplements, foraging and task-oriented feeding

methods, interaction with caregivers and research staff).

Drugs and Viruses
TDF and FTC (kindly provided by Gilead Sciences) were

prepared as previously described and were given orally by gavage

based on body weight as a single solution containing 20 mg/kg of

FTC and 22 mg/kg of TDF [8]. Macaques were anesthetized

using standard doses of ketamine hydrochloride. The SHIV162P3

virus challenge stock was obtained from the NIH AIDS Research

repository and expanded in pigtail macaque peripheral blood

mononuclear cells (PBMCs) prior to this study.

Measurement of FTC and TFV Levels in Plasma, Vaginal
Secretions, and Rectal Secretions
FTC and TFV concentrations were measured in 6 pigtails

macaques after a single oral dose of Truvada. Rectal and vaginal

secretions were collected in sponges (Weck-Cel Surgical Spear,

Medtronic Ophthalmic, Jacksonville, FL) using an established

protocol [8,17]. Concentrations of FTC and TFV were measured

by HPLC-MS/MS as recently described [18]. The method

provides simultaneous measurement of FTC and TFV with a limit

of quantification of 5 ng/mL [18]. Final drug concentrations are

expressed as ng per ml of plasma, rectal, or vaginal secretion.

Intracellular FTC-TP and TFV-DP Levels in PBMCs and
Tissues
Intracellular FTC-TP and TFV-DP concentrations were

measured in two groups of macaques. The first group (n= 6)

received a single oral dose of Truvada followed by blood collection

and FTC-TP and TFV-DP measurements in PBMCs. Red blood

cells were lysed to minimize interferences in intracellular TFV-DP

determinations [19]. A second group of animals (n = 6) received

a single oral dose of Truvada followed by necropsy and blood and

tissue collection at 24 h (3 macaques) or 3 days (3 macaques). Drug

levels were measured in cell suspensions, and/or whole biopsies

obtained from vaginal, rectal, and lymphoid tissues (axillary,

mesenteric, and inguinal lymph nodes). Cell suspensions were

prepared from vaginal and rectal tissues using an enzyme cocktail

containing collagenase type II, elastase, hyaluronidase, and DNase

I, and contain mostly mononuclear and epithelial cells [8]. FTC-

TP and TFV-DP levels were measured as described previously

[20].

Repeat Exposure Vaginal SHIV Transmission Model
The efficacy of Truvada in preventing vaginal transmission was

evaluated using an established pigtail macaque model consisting of

repeated vaginal exposures to a low dose (50 TCID50) of an R5-

tropic SHIV162P3 isolate [6,21]. Vaginal exposures were per-

formed once a week for up to 18 weeks by non-traumatic

inoculation of 1 mL of SHIV162P3 into the vaginal vault via a sterile

gastric feeding tube of adjusted length; virus exposures were

stopped when a macaque became SHIV RNA positive [6].

Anesthetized macaques remained recumbent for at least 15 min

after each intra-vaginal inoculation. Six of the pigtail macaques

received a Truvada regimen consisting of an oral dose given 24 h

before each virus exposure followed by a second dose 2 h post

exposure. Six macaques received PBS and were used as placebo

controls. All experiments were done under highly controlled

conditions by the same personnel, and using fresh aliquots of the

same virus stock stored in liquid nitrogen.

Infection Monitoring by Molecular and Serologic Testing
SHIV RNA was quantified in plasma, rectal, and vaginal

secretions. Rectal and vaginal secretions were collected in sponges

only after confirmed infection. Briefly, 2 dry sponges were inserted

5 cm into the rectum or vaginal cavity of recumbent macaques

and maintained during 5 minutes. Sponges were then added to

1 mL of PBS and incubated at room temperature during 15
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minutes. SHIV RNA from plasma (1 mL or 100 uL) and

secretions (1 mL) was quantified by RT-PCR [22]. The amount

of virus in secretions was expressed as RNA copies per sponge

(each containing an average of 30 uL of secretion) and includes

a correction to account for plasma-derived viruses originating from

blood contamination. The correction has been described else-

where [23] and takes into consideration hemoglobin levels in

secretions (measured using Multistix 7 Reagent Strips, Mountain-

side Medical Equipment, Marcy, NY), individual macaque

hematocrit values, hemoglobin concentrations, and plasma SHIV

RNA levels.

Proviral DNA was monitored in PBMCs as previously described

[8]. Virus-specific serologic responses were measured using

a synthetic-peptide EIA (BioRad, Genetic Systems HIV-1/HIV-

2, Redmond, WA) assay. Animals were considered protected from

systemic SHIV infection if they remained seronegative and

negative for SHIV plasma RNA and SHIV DNA in PBMCs

during the 18 weeks of PrEP and the following 18 weeks of drug

washout.

Determination of Progesterone Levels in Plasma
Progesterone levels in plasma were quantified using a pro-

gesterone EIA Kit (Cayman Chemical, Ann Aarbor, MI). Samples

were tested neat or pre-diluted 1:10 in the supplied EIA buffer and

processed as recommended by the manufacturer.

Results

Pharmacokinetic Profile of TFV and TFV in Vaginal
Secretions from Pigtail Macaques
We have shown that an oral dose of 20 mg/kg TDF and

22 mg/kg FTC given to rhesus macaques resulted in systemic

drug exposures that were within the range of those seen in humans

[8]. We explored if the same drug doses administered to pigtail

macaques result in similar drug levels. Figure 1 shows that, at these

doses, peak TFV and FTC levels (median= 113 and 1,920 ng/

mL, respectively), Tmax (median = 2 h), and area under the curve

values over 24 h (AUC0–24 h, median = 1,994 and 12,273 ng/

hNmL) were similar to those in humans [8,24]. In PBMCs, he

estimated intracellular half-life of TFV-DP was 58 h(range, 39–

66 h) and the intracellular half-life of FTC-TP was 29 h (range,

22–32 h) (Figure 1).

We next determined the levels of FTC and TFV in vaginal

secretions and compared it with that seen in rectal secretions

(Figure 1). FTC and TFV concentrations in vaginal secretions

peaked at 5 h (median = 7,230 and 1,135 ng/mL, respectively)

and remained higher than in plasma during 24 h–48 h. In rectal

secretions, FTC and TFV levels were low during the first 5 h and

increased substantially between 24 h and 48 h. The median

AUC0–48 h value for FTC in vaginal and rectal secretions were

194,447 and 427,077 ngNh/mL, respectively. Similarly, the

median AUC0–48 h value for TFV in vaginal and rectal secretions

were 51,235 and 680,336 ngNh/mL, respectively. We calculated

AUC0–48 h ratios as a measure of relative drug exposure in vaginal

and rectal tissues. For FTC, the median vaginal:rectal AUC0–48 h

ratio was 0.46 (range = 0.1–9.8). For TFV, the median vaginal:-

rectal AUC0–48 h ratios was 0.08 (0.02–0.7) demonstrating that as

in humans, TFV exposure in vaginal tissues from pigtail macaques

is substantially lower than in rectal tissues [13]. We also evaluated

the ratios between FTC and TFV concentrations. In vaginal

secretions, the median FTC:TFV AUC0–48 h ratio was 3.8

(range = 0.9–12.8) demonstrating that, also as in humans, FTC

exposure in vaginal tissues is higher than TFV exposure [13]. In

rectal secretions, the median FTC:TFV AUC0–48 h ratio was 0.63

(range= 0.5–1.2). Overall, these findings suggest that 20 mg/kg

TDF and 22 mg/kg FTC administered orally to pigtail macaques

recapitulate the degree of systemic and vaginal FTC and TFV

exposure seen in humans.

Intracellular FTC-TP and TFV-DP Levels in Vaginal Tissues
We next measured TFV-DP and FTC-TP levels in vaginal

tissues by giving a single oral dose of Truvada to 6 macaques

followed by necropsies to collect biopsies and tissues after 24 h (3

animals) or 3 days (3 animals). TFV-DP and FTC-TP concentra-

tions were also measured in rectal tissues and biopsies, and in

axillary, mesenteric, and inguinal lymph nodes. Table 1 shows that

intracellular TFV-DP concentrations in vaginal cells or biopsies at

24 h (24 fmols/106 cells or 4 fmols/mg tissue) were 25-fold (on

a per cell basis) or 40-fold (on a per mg of tissue basis) lower than

those seen in rectal cells or biopsies (634 fmols/106 cells or

166 fmols/mg tissue). Vaginal TFV-DP levels were also lower

than rectal concentrations at 3 days albeit to a lesser degree.

Table 1 show that at 3 days, TFV-DP levels in vaginal cells

(18 fmols/106 cells) or biopsies (2 fmols/mg tissue) were 6-fold

and 13-fold lower than those seen in rectal cells or biopsies

(110 fmols/106 cells or 27 fmols/mg tissue, respectively). Overall,

these data confirm that, as in humans, TFV exposure in vaginal

tissues from pigtail macaques is lower than in rectal tissues.

Efficacy of Intermittent Truvada in Preventing Vaginal
SHIV Transmission
We then investigated if the concentrations of TFV and FTC

achieved in vaginal tissues could prevent SHIV infection.

Macaques were exposed to SHIV162P3 once a week for up to 18

weeks. Because the average menstrual cycle in these macaques was

4.4 weeks or 30 days (see below), the 18 weeks of virus exposures

are equivalent to at least 4 full menstrual cycles. Six of the 12

macaques received two weekly doses of Truvada and 6 received

placebo. The average age (14.5 and 12.5 years), weight (8.5 and

7.91) and peak progesterone levels (1,996 and 1,835 ng/mL)

measured prior to virus challenges did not differ significantly

between the treated and placebo group (p.0.5 for each

comparison, Mann-Whitney two-tailed t-test).

All 6 animals that received two weekly doses of Truvada

remained seronegative and viral RNA and DNA negative during

the 18 virus challenges and a follow-up period of 18 additional

weeks, demonstrating that vaginal and systemic FTC and TFV

levels achieved during this PrEP regimen were sufficient to prevent

infection (Figure 2). Figure 3 shows that all macaques were

protected during at least 4 full menstrual cycles. In contrast, all 6

animals receiving placebo were infected after a median of 1

menstrual cycle (range 1–3) or 3.5 exposures; animals were

infected at exposures 1, 2, 3, 4, 5, or 10 (Figure 2). Figure 4

illustrates the time of first RNA detection during the menstrual

cycle in these six untreated control macaques.

Plasma Viremia and Vaginal and Rectal Virus Shedding in
Infected Macaques
Figure 5 shows viral dynamics in plasma, vaginal, and rectal

secretions from the six placebo controls. Average peak virus load

in plasma was 6.76106 RNA copies/mL (range= 1.96106 and

3.46107). The overall kinetics of virus shedding in vaginal and

rectal secretions were similar to those seen in plasma (Figure 5).

RNA levels in vaginal or rectal secretions correlated with plasma

levels (Pearson correlation coefficient, r=0.745 (95% CI= 0.658–

0.813) for vaginal/plasma, and 0.545 (95% CI=0.405–0.660) for

rectal/plasma, two-tailed p,0.0001 for both comparisons). RNA
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levels in rectal and vaginal secretions also correlated (r=0.292

(95% CI= 0.118–0.448), two-tailed p=0.0013).

Discussion

We demonstrate that oral Truvada administered peri-coitally

protects pigtail macaques from vaginal SHIV transmission. We

used pigtail macaques because they have regular lunar menstrual

cycles and plasma sex hormone changes similar to humans [25].

We show that a simple Truvada regimen consisting of only 2 doses

(one 24 h before and another 2 h after exposure) resulted in

complete protection from infection. These findings expand our

previous observations in rhesus macaques where the same

Truvada regimen was also highly protective against rectal virus

transmission [8]. The high prophylactic efficacy demonstrated

Figure 1. Pharmacokinetic profile of FTC and TDF in pigtail macaques. A: Concentrations of FTC and TFV in plasma, rectal, and vaginal
secretions after a single oral dose of FTC and TDF. Secretions were collected in 6 macaques using sponges at the indicated time points. Median
concentrations and interquartile ranges (vertical lines) are shown. B: Intracellular FTC-TP and TFV-DP concentrations in pigtail macaque PBMCs. Six
pigtail macaques received a single oral dose of FTC and TDF by gavage followed by collection of blood at the indicated time. Median concentrations
and interquartile ranges (vertical lines) for FTC-TP (1) and TFV-DP (2) are shown.
doi:10.1371/journal.pone.0050632.g001

Table 1. Intracellular TFV-DP and FTC-TP concentrations at 24 h and 3 days in vaginal, rectal, and lymphoid tissue after a single
oral dose.

TFV-DP FTC-TP

fmols/106 cells fmols/mg tissue fmols/106 cells fmols/mg tissue

24 h 3 days 24 h 3 days 24 h 3 days 24 h 3 days

Vaginal 24 (22–39) 18 (6–32) 4 (4–5) 2 (2–9) 122 (91–138) 80 (25–183) 151 (145–179) 10 (6–22)

Rectal 634 (11–783) 110 (51–336) 166 (5–697) 27 (18–44) 117 (44–125) 56 (19–169) 72 (24–118) 9 (5–21)

Lymphoid (mesenteric,
axillary, inguinal)

21.5 (14–39) 25 (16–57) 6 (3–17) 7 (3–11) 622 (437–784) 221 (62–345) 76 (25–115) 13 (5–55)

Relative penetration
VT:RT

0.04 0.16 0.02 0.07 1.04 1.42 2.10 1.11

doi:10.1371/journal.pone.0050632.t001
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with a coitally-dependent Truvada regimen against both vaginal

and rectal transmission in macaques suggest that this PrEP

modality might be an alternative to daily dosing, and informs

clinical evaluation of exposure-driven intermittent PrEP regimens

for preventing sexual HIV transmission.

Our analysis of FTC and TDF PK profile was key to ensure that

we are modeling doses of Truvada similar to those used in

humans. The doses of FTC and TDF were adjusted for the weight

and size of macaques since smaller mammals usually eliminate

drugs faster than larger mammals [26]. At these doses, Cmax, Tmax

and AUC values for TFV and FTC in plasma were within the

range seen in humans [24]. Also as in humans, the half-life of

TFV-DP and FTC-TP was long in PBMCs (about 60 and 24 h

respectively). However, several limitations precluded a better

comparison with available human data. First, our FTC-TP and

TFV-DP PK analysis in PBMCs and rectal tissues was done at first

dose and did not allow a direct comparison with human data

which is only available at steady state [13,27,28,29]. It will be

important to compare our absolute drug levels and drug half-life

once first dose kinetics become available in humans. Second,

a direct comparison of drug levels in vaginal secretions between

macaques and humans was not possible due to differences in

collected methods (wicks compared to direct aspiration), sampling

methodologies, and testing procedures. However, we found that,

as in humans, FTC and TFV peaked later in vaginal secretions

than in plasma and remained higher than plasma levels over a 48 h

period [24]. Also as in humans, the concentration of FTC in

vaginal secretions was higher than the concentration of TFV, and

both TFV and TFV-DP levels in vaginal tissues were substantially

lower than in rectal tissues [13]. Interestingly, the differences in

TFV-DP levels between vaginal and rectal tissues appeared to

wane overtime, suggesting that TFV-DP half-life in rectal tissues

might be reduced compared to vaginal tissues. If confirmed in

larger number of animals and in humans, this observation suggests

that rectal efficacy of intermittent PrEP based on fixed drug dosing

Truvada regimens (e.g., weekly), may not necessarily benefit from

higher rectal TFV-DP levels.

The differential penetration of FTC and TFV in the rectal and

vaginal compartments raises questions regarding the relative

contribution of FTC and TFV to the efficacy of daily Truvada

seen in different risk populations [1,2,3,13]. The finding that daily

TDF alone prevented HIV transmission in highly adherent

women demonstrates that the antiviral activity resulting from

daily dosing is sufficient to prevent vaginal transmission [3]. Given

the low vaginal TFV exposure in women, it is possible that both

the systemic and vaginal drug activity contribute to protection.

Additional studies in macaques using for instance vaginal gels that

Figure 2. Complete protection against vaginal SHIV trans-
mission by intermittent PrEP with Truvada. Survival curves
represent the cumulative percentage of uninfected macaques as
a function of the number of months in the study period (4 challenges
per month). Control macaques become infected after a median of 3.5
exposures or about 1 menstrual cycle. Virus challenges in the macaques
receiving Truvada were stopped after 18 SHIVSF162P3 exposures or about
4.5 menstrual cycles. Protected animals remained seronegative and
RNA/DNA negative during a follow up period of 18 weeks.
doi:10.1371/journal.pone.0050632.g002

Figure 3. Plasma progesterone levels in macaques receiving oral Truvada. Animals remained protected from infection for an average of 4
complete menstrual cycles as indicated by the fluctuations in progesterone levels overtime.
doi:10.1371/journal.pone.0050632.g003
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Figure 4. Plasma progesterone levels in placebo control macaques. The red circles indicate the first detection of viral RNA in plasma.
Exposures were stopped when a macaque became SHIV RNA positive in plasma.
doi:10.1371/journal.pone.0050632.g004

Figure 5. Plasma viremia, rectal and vaginal shedding, and seroconversion in infected placebo controls. SHIV RNA levels in plasma (red
circles), vaginal secretions (open circle), and rectal secretions (closed cycles) were measured weekly for up to 38 weeks after the first virus challenge.
Exposures were stopped when a macaque became SHIV RNA positive in plasma. The first detectable antibody response is shown as a green arrow.
doi:10.1371/journal.pone.0050632.g005
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result in tissue TFV-DP levels similar to those achieved after oral

dosing may help to understand the relative contribution of local vs

systemic TFV levels to the observed protection. It will also be

interesting to determine in our monkey model if intermittent

dosing with TDF only is equally protective to Truvada. Although

the efficacy of daily TDF in preventing rectal HIV transmission in

humans is not known, macaque studies with TDF or another TFV

prodrug predict lower efficacy against rectal transmission and

suggest that, for rectal efficacy, Truvada may be required [22,30].

Our study is subjected to several limitations. First, all virus

challenges were non-traumatic and done in the absence of semen

or semen-derived factors that may enhance susceptibility to HIV

infection or other cofactors that may increase HIV transmission

risk, such as sexually transmitted infections. Second, we did not

model fixed-dose intermittent PrEP regimens containing for

instance 2 weekly doses of Truvada followed by a booster post-

exposure dose as in the ADAPT study [31]. Although fixed-dosing

PrEP modalities were highly efficacious against rectal transmission

in macaques, rectal efficacy results cannot be extrapolated to

vaginal efficacy given the differences in drug penetration between

vaginal and rectal tissues [8]. Third, we did not measure drug

levels in the interior iliac lymph nodes. This is important since

these nodes drain both the genital and rectal tract and are believed

to be an important site of early virus replication [32].

Vaginal transmissibility studies in macaques have convention-

ally used the injectable contraceptive Depo-Provera (DMPA) to

maximize infection of animals [33,34,35]. Our experimental

design did not include DMPA because we wanted to fully

recapitulate the variabilities in susceptibility to infection associated

with the menstrual cycle as well as evaluate protection over

repeated virus exposures [16]. However, the use of DMPA may be

useful to model the potential impact of injectable contraceptives on

the efficacy of PrEP with Truvada. This analysis will be important

since recent studies have suggested an increased risk of HIV

acquisition associated with the use of DMPA, and PrEP clinical

trials with different patterns of hormonal contraceptive use have

shown contradictory results [2,3,4,36]. The development of

a biologically relevant macaque model to determine the effect of

DMPA on PrEP efficacy will first require careful selection of

DMPA doses that mimic human exposure and biological effects

[37]. It will also be important to explore if other factors such as

sexually transmitted infections might reduce efficacy among highly

adherent PrEP users.

Our analysis of virus levels in vaginal and rectal tissues showed

high levels of virus shedding accompanying peak plasma viremia

after correcting for blood contamination in secretions. We found

virus levels as high as 16106 copies per wick despite the low

volume of rectal and vaginal secretion contained in a single wick

(30–35 uL). These results are consistent with the increased HIV

transmissibility seen during the acute phase of HIV infection [38].

The acceptability of intermittent PrEP in different high-risk

groups as well as the capacity of individuals to anticipate sexual

activity and consistently adhere to intermittent dosing is not

known [39]. Reported adherence to intermittent PrEP was

recently found to be lower than daily dosing among MSM and

female sex workers [40]. However, only a small number of men

and women participated in this study and measurements of

adherence to coitally dependent regimens using medication event

monitoring systems or short message service was particularly

challenging [40]. An ongoing, larger Phase II trial among MSM

and women who have sex with men is currently evaluating

adherence to daily and intermittent Truvada dosing, and is also

exploring intracellular drug levels at given rates of adherence

during direct observed therapy [31]. This study will better define

behavioral aspects associated with intermittent dosing, coverage of

sex events with pre-and post-exposure dosing, and if intermittent

PrEP may achieve intracellular drug levels that cross the

pharmacological barrier associated with prevention of HIV

acquisition. The later aspect is particularly important since the

same level of adherence might have a different impact on rectal

and vaginal efficacy given the differences in FTC and TFV

penetration among rectal and vaginal tissues.

In summary, we used a pigtail macaque model to evaluate

a before/after exposure prophylactic modality that included 2

doses of Truvada within 24 h, and showed a high effectiveness in

preventing vaginal SHIV transmission. These findings suggest that

Truvada might prevent vaginal transmission in humans if taken

peri-coitally. Less frequent drug administration would reduce cost

and might decrease drug toxicities by reducing unnecessary drug

exposure and frequency of mild side effects. It will be important to

determine the acceptability of coitally-dependent PrEP based on

ongoing studies among different high-risk populations, and if

individuals will be able to anticipate sexual activity and

consistently adhere [39]. Specific populations such as serodiscor-

dant couples planning to conceive a child might particularly

benefit from coitally-dependent PrEP.
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B R I E F R E P O R T

Prophylactic Efficacy of Oral
Emtricitabine and Tenofovir
Disoproxil Fumarate Combination
Therapy Against a Tenofovir-
Resistant Simian/Human
Immunodeficiency Virus
Containing the K65R Mutation in
Macaques

Mian-er Cong, James Mitchell, Elizabeth Sweeney, Shanon Bachman,
Debra L. Hanson, Walid Heneine, and J. Gerardo García-Lerma

Laboratory Branch, Division of HIV/AIDS Prevention, National Center for HIV/AIDS,
Viral Hepatitis, STD, and TB Prevention, Centers for Disease Control and Prevention,
Atlanta, Georgia

Daily preexposure prophylaxis (PrEP) with emtricitabine/
tenofovir disoproxil fumarate (FTC/TDF) is a novel strategy
for preventing human immunodeficiency virus infection.
We investigated in macaques whether FTC/TDF prevents
transmission of a tenofovir-resistant simian/human immu-
nodeficiency virus (SHIV) containing the K65R mutation.
Six macaques received weekly a dose of FTC/TDF 3 days
before rectal SHIV exposures and a second dose 2 hours
after. Six untreated animals were controls. Animals were
exposed rectally to escalating virus doses weekly for up to 28
weeks. PrEP significantly delayed infection with SHIVK65R

(P = .028), although 4 of 6 FTC/TDF-treated macaques were
infected at the end of the challenges. These findings high-
light the need to closely monitor PrEP efficacy in areas with
prevalent K65R.

Keywords. Preexposure prophylaxis; HIV-1 drug resis-
tance; tenofovir disoproxil fumarate; emtricitabine.

Daily preexposure prophylaxis (PrEP) with oral emtricitabine
(FTC) and tenofovir disoproxil fumarate (TDF) is a novel

strategy for preventing Human Immunodeficiency virus type 1
(HIV) infection. Three human clinical trials with daily FTC/
TDF among men who have sex with men and heterosexually
active men and women have provided proof of concept that
daily PrEP can prevent sexual HIV transmission [1–3]. These
results prompted the Food and Drug Administration to
approve the use of FTC/TDF for PrEP to prevent sexual HIV
transmission in high-risk populations [4].

In areas with widespread access to antiretroviral therapy,
drug-resistant viruses are prevalent and frequently transmitted [5].
Resistance to tenofovir (TFV) and FTC are primarily associated
with the K65R and M184V mutations, respectively, in the gene
encoding reverse transcriptase. Exposure to an HIV type 1
(HIV-1) strain that is resistant to TFV and/or FTC is a potential
threat to the success of PrEP with FTC/TDF. However, PrEP
failures due to infection with a drug-resistant virus are difficult
to document in humans and to distinguish from acquired resis-
tance because of the need for sampling and testing early during
infection, which is often not feasible.

Simian/human immunodeficiency virus (SHIV) infection of
macaques is a well-established model of HIV transmission that
can be used to assess the impact of drug-resistant viruses on the
efficacy of FTC/TDF. We recently used a repeat low-dose rectal
SHIV transmission model to investigate whether exposure to
an FTC-resistant SHIV isolate containing the M184V mutation
diminishes the efficacy of PrEP with FTC/TDF [6]. We found
that FTC/TDF maintained full prophylactic efficacy against this
mutant despite the >100-fold resistance to FTC conferred by
M184V. The hypersusceptibility to TFV conferred by M184V
and, possibly, other factors, such as residual FTC activity and
reduced virus replicative fitness, may have played a role in the
observed efficacy [6]. Here, we explored whether the same
FTC/TDF regimen prevents transmission of a TFV-resistant
mutant containing K65R.

METHODS

Generation of a TFV-Resistant SHIV162P3K65R Mutant
Plasmids pVP1 and pSHIVp3gp160 were kindly provided by
Dr Cecilia Cheng-Mayer (Aaron Diamond AIDS Research
Center). We used the SHIV162p3 background since this isolate
and the isogenic FTC-resistant SHIV162p3M184V background
have been extensively used to investigate the prophylactic effi-
cacy of FTC/TDF in macaques [6, 7]. K65R was introduced in
pVP1 by site-directed mutagenesis; we introduced 2 nucleotide
changes (AAA→CGA) to minimize reversion of K65R in vitro
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and in vivo [8]. Reverse-transcriptase mutations N69S and
I118V were also introduced in pVP1K65R. N69S and I118V are
commonly seen in wild-type simian immunodeficiency virus
(SIV), do not increase resistance to TFV, and improve fitness of
SIVK65R mutants in vivo [8]. Infectious SHIV162P3K65R was
generated in HEK-293T cells and expanded in CD8-depleted
rhesus macaque peripheral blood mononuclear cells (PBMCs).

In Vitro Characterization of SHIV162P3K65R
The susceptibility of SHIV162P3K65R to TFV and FTC was
evaluated using TZM-bl cells [8]. The impact of K65R on virus
fitness was evaluated by using a competitive SHIV162p3 repli-
cation assay involving PBMCs [6]. Briefly, an 80:20 mixture of
SHIV162P3K65R and SHIV162P3WT was used to infect 5 × 105

rhesus macaque PBMCs at a multiplicity of infection of 0.002.
Changes in the relative proportion of the 2 competing variants
were monitored over time by sequence analysis of SHIV RNA
from culture supernatants [6].

Efficacy of FTC/TDF in Preventing Rectal Transmission of
SHIV162P3K65R
The efficacy of FTC/TDF in preventing rectal transmission of
SHIV162p3K65R was investigated using a macaque model con-
sisting of weekly virus exposures. Six macaques received a
weekly dose of FTC/TDF (20 and 22 mg/kg, respectively) by
gavage 3 days before each virus exposure and a second dose 2
hours after [7]. Six untreated macaques were used as controls.
Virus exposures were done by a traumatic inoculation of 1 mL
of virus into the rectal vault [7]. We used a repeat-exposure,
virus-challenge dose-escalation design because of the low trans-
missibility of K65R. Exposures were initiated at low doses of
virus (12 tissue culture infective doses [TCID50]) for up to 14
weeks and were then escalated to high doses (120 TCID50) in
uninfected macaques for up to 14 additional weeks after an 8-
week rest period with no drug treatment, to control for poten-
tial residual infectious virus from low challenge doses of virus.
Animals in the FTC/TDF arm were considered protected if
they remained seronegative and had undetectable SHIV RNA
in plasma and SHIV DNA in PBMCs during the virus chal-
lenges and 8 additional weeks. All procedures were done under
anesthesia, using standard doses of ketamine hydrochloride.
The Centers for Disease Control and Prevention Institutional
Animal Care and Use Committee approved this study.

Plasma SHIV RNA was quantified by reverse transcription
polymerase chain reaction (PCR) analysis [7]. Proviral DNA in
PBMCs was quantified using a quantitative double-stranded
primer PCR/nonprobe-based method that uses RNAse P as
an internal standard. Virus-specific serologic responses were
measured using an enzyme immunoassay (BioRad, Genetic
Systems HIV-1/HIV-2, Redmond, WA).

Statistical Analysis
The risk of infection was estimated using the Cox proportional
hazards model while controlling for differences in infectivity by
dose. The protective effect of FTC/TDF at low and high chal-
lenge doses of virus was compared by inclusion of a 2-way in-
teraction term in the Cox proportional hazards model. By study
design, the challenge dose of virus was escalated for animals
that remained uninfected after the maximum 14 weeks of low-
dose exposures. Techniques for analysis of studies with interim
monitoring require adjustment of the type I error rate [9]. The
critical value for concluding the presence of a statistically signif-
icance difference in this 2-phase study design was fixed at a
P value of < .0295 [10]. Acute RNA viremias were compared
using the Wilcoxon rank-sum test.

RESULTS

Characteristics of SHIV162P3K65R
We generated a high-titer SHIV162P3K65R stock as measured
by RNA concentration (1.48 × 109 copies/mL) and virus infec-
tivity level (21 206 TCID50/mL). Similar to HIV-1, SHIV162P3K65R
had moderate resistance to both FTC (11-fold) and TFV (5.6-
fold) (Figure 1A). SHIV162P3K65R was rapidly outcompeted by
SHIV162P3WT in a competitive replication assay, demonstrat-
ing the high fitness cost of K65R in SIV (Figure 1B). Thus, as in
HIV-1, K65R in SIV reduces replicative fitness and susceptibil-
ity to both TFV and FTC.

Efficacy of FTC/TDF Against K65R SHIV
To determine whether FTC/TDF could prevent infection with
SHIV162P3K65R, we administered to 6 macaques 2 weekly
doses of FTC/TDF and exposed them rectally once per week to
SHIV162P3K65R. Drug doses were given 3 days before and 2
hours after each virus exposure. Virus challenges were initiated
with 12 TCID50 of SHIV162P3K65R, a dose that equates to the
dose of SHIV162P3WT commonly used in this macaque mod-
el [7]. The specific study design is shown in Figure 2A. Figure 2B
shows that at 12 TCID50, only 3 of 6 untreated controls and 1
of 6 treated animals were infected after 14 virus challenges. We
therefore increased the virus dose to 120 TCID50 after an 8-
week resting period. At the 120 TCID50 dose, the remaining 3
controls were infected, as were 3 of the 5 remaining FTC/TDF-
treated animals. Infection of PrEP-treated animals was delayed,
compared with infection of untreated controls; the temporal
risk of infection was reduced 5.2–fold (95% confidence interval,
1.2–22.2) by FTC/TDF (P = .0280). The protective effect of
FTC/TDF was similar at low and high challenge doses of virus
(P = .90). Analysis of SHIV reverse-transcriptase sequences at
infection confirmed the presence of K65R in all infected
animals (data not shown).

SHIV-infected PrEP recipients with breakthrough infection
continued to receive FTC/TDF for at least 6 weeks after the first
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RNA detection. The median peak RNA levels were similar in
PrEP recipients with breakthrough infection and untreated
controls (5.88 and 6.28 log10 viral RNA copies/mL, respective-
ly; P = .75), as were the median peak proviral DNA levels (4.98

and 4.49 DNA copies/106 PBMCs, respectively; P = .34). Areas
under the curve over the first 6 weeks of infection were also
similar between the 2 groups for both RNA and DNA (P = .75
and P = .47, respectively). These values were also similar when

Figure 2. Prophylactic efficacy of emtricitabine/tenofovir disoproxil fumarate (FTC/TDF) against tenofovir-resistant simian/human immunodeficiency
virus (SHIV). A, Experimental design. Macaques were exposed to low (12 median tissue culture infective doses [TCID50]) doses of SHIV162P3K65R (phase I).
After an 8-week rest period, the remaining uninfected animals were exposed to a 10-fold higher dose (120 TCID50) of SHIV162P3K65R (phase II). B, Efficacy
of FTC/TDF against SHIV162P3K65R. Each survival curve represents the dose-specific cumulative percentage of uninfected macaques as a function of
weekly rectal exposures. Protected animals remained seronegative and viral RNA/DNA negative during the 28 exposures and an additional follow-up
period of 10 weeks.

Figure 1. Characteristics of simian/human immunodeficiency virus (SHIV) 162P3K65R in vitro. A, Susceptibility of SHIV162P3K65R to tenofovir (TFV) and
emtricitabine (FTC). Values denote the inhibition of the percentage of protection seen in TZM-bl cells at increasing concentrations of drug. Data represent
2 separate experiments done in triplicate. B, Competition dynamics among wild-type (WT) SHIV162P3 and SHIV162P3K65R. The experiment was initiated at
an 80:20 mutant to WT ratio. The two lines denote the proportion of K65R and WT SHIV, over time.
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the animals were stratified according to the virus dose required
for infection (not shown).

DISCUSSION

TDF and FTC are important components of first-line therapy
and have been extensively used for treatment. The M184V mu-
tation associated with FTC resistance is one of the most pre-
valent nucleoside reverse-transcriptase inhibitor resistance
mutations seen in patients who do not respond to treatment [11].
Consequently, M184V-containing viruses are frequently trans-
mitted and commonly seen among drug-naive, recently infect-
ed persons. The overall prevalence of K65R among patients
with no response to antiretroviral treatment has remained low
(3%), although a long duration of suboptimal therapy with
TDF or didanosine led to high frequencies of K65R, particular-
ly in sub-Saharan Africa [12, 13]. The high prevalence of K65R
in these areas raises concerns about secondary transmission of
K65R and its potential impact on PrEP effectiveness.

Using a SHIV isolate with the K65R mutation that reproduc-
es the resistance and replicative fitness profile of HIV-1 con-
taining K65R, we showed that macaques exposed to this virus
and treated with PrEP are not fully protected from rectal infec-
tion, suggesting that K65R has the potential to reduce the pro-
phylactic efficacy of FTC/TDF in humans. These results are
consistent with those of a previous study involving newborn
macaques that demonstrated partial prophylactic efficacy of sub-
cutaneous TFV against oral infection with SIVmac055K65R [14].
Although we found that transmission of K65R was significantly
delayed by PrEP, 4 of the 6 animals were infected at the end of
the challenge series. These findings differ from our earlier ob-
servations involving macaques exposed to SHIV162p3WT,
which showed that the same FTC/TDF regimen and doses pro-
tected most (5/6) of the animals [6]. For SHIV162p3WT, the
temporal risk for infection was reduced 16-fold by FTC/TDF as
compared to the 5.2-fold reduction seen for SHIV162p3K65R [7].
Although our study lacked statistical power to draw statistically
rigorous conclusions about differences in the FTC/TDF effect
according to the virus strain (wild type or drug resistant), this
observation suggests that the efficacy of FTC/TDF against
K65R mutants is somewhat reduced, compared with that
against wild-type virus.

Our results with K65R also differ from those of our earlier
study, which showed full protection by this regimen against an
isogenic FTC-resistant SHIV162p3M184V isolate [6]. The pro-
tection against M184V viruses conferred by FTC/TDF was
most likely due to the 2-fold hypersusceptibility to TFV con-
ferred by M184V that might have rendered TFV more effective
in blocking transmission. In contrast to M184V, K65R confers
5- and 11-fold resistance to TFV and FTC, respectively, and
thus reduces the effective drug concentrations for both drugs at
the rectal mucosa and systemically. Since oral FTC/TDF results

in lower TFV-diphosphate concentrations in vaginal tissues as
compared to rectal tissues, our data suggest that the efficacy of
FTC/TDF against vaginal infection with K65R mutants may be
further reduced [15].

The partial efficacy against K65R seen with only 2 weekly
FTC/TDF doses is encouraging and indicates that drug levels
were near the protection threshold required for K65R. It is pos-
sible that daily FTC/TDF could have had a slightly better pro-
phylactic efficacy against this mutant because of intracellular
FTC-TP and TFV-DP accumulation after daily dosing. Partial
protection with FTC/TDF against K65R, along with the high ef-
ficacy against SHIV162p3M184V noted in an earlier study, also
suggests a less important contribution of FTC to rectal pro-
tection [6]. However, TDF delayed but did not prevent rectal
infection in macaques, while FTC and FTC/TDF were each
protective, suggesting that both drugs are important to maxi-
mize rectal efficacy [16]. A direct comparison of TDF, FTC, or
FTC/TDF against wild-type and mutant SHIV would be
needed to fully define relative roles for FTC or TDF in rectal
protection.

Our macaque challenge experiment included a virus-dose-
escalation design intended for evaluating PrEP efficacy at dif-
ferent virus doses. This experimental design also minimizes the
number of animals used and adds statistical power by reusing
animals at high virus doses and increasing the total number of
per-animal exposures, although a statistical penalty is exacted
by using a more stringent critical post hoc P value for deter-
mining the statistical significance of differences between treat-
ment groups [9]. Using this novel approach, we demonstrate
that the protective effect of FTC/TDF was similar at low and high
doses of virus. While the transmissibility of SHIV162P3K65R was
low at virus doses that efficiently infect macaques with
SHIV162P3WT, we enhanced transmission efficiency by in-
creasing the dose 10-fold on the basis of virus infectivity per
virion particle ratio of K65R as compared to SHIV162P3WT [8].
For SHIV162P3M184V, this dose adjustment also enhanced
transmissibility of this mutant to wild-type levels [6]. Our find-
ings further demonstrate that, as with M184V, transmissibility
of K65R virus is also lower than transmission of wild-type
virus.

In summary, we show that FTC/TDF delays but does not
fully prevent rectal infection with a K65R mutant in macaques.
These results reiterate the need to closely monitor PrEP inter-
ventions in settings where the prevalence of circulating K65R
viruses is high.

Notes
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BRIEF REPORT: BASIC AND TRANSLATIONAL SCIENCE

Depot-Medroxyprogesterone Acetate Does Not Reduce
the Prophylactic Efficacy of Emtricitabine and Tenofovir

Disoproxil Fumarate in Macaques

Jessica Radzio, PhD,* Krisztina Hanley, MD,† James Mitchell, BS,* Shanon Ellis, BS,*
Frank Deyounks, BS,* Leecresia Jenkins, BS,* Walid Heneine, PhD,*

and J. Gerardo García-Lerma, PhD*

Abstract: Concerns that the injectable contraceptive depot-
medroxyprogesterone acetate (DMPA) may increase the risk of HIV
acquisition in women led to questions on whether DMPA could
reduce efficacy of pre-exposure prophylaxis (PrEP) for HIV pre-
vention. We used a macaque model to investigate the impact of
prolonged DMPA exposure on PrEP with emtricitabine/tenofovir
disoproxil fumarate. Twelve pigtail macaques treated with DMPA
were exposed vaginally to simian HIV once a week for up to 5 months
and received either placebo (n = 6) or emtricitabine/tenofovir diso-
proxil fumarate (n = 6). All control macaques were infected, whereas
the PrEP-treated animals remained protected (P = 0.0007). This model
suggests that women using DMPA will fully benefit from PrEP.

Key Words: depot-medroxyprogesterone acetate, injections, contra-
ception, macaques, pre-exposure prophylaxis, simian HIV

(J Acquir Immune Defic Syndr 2014;67:365–369)

INTRODUCTION
Hormonal contraceptive methods are highly effective at

preventing unintended pregnancies and reducing maternal
mortality and pregnancy-related morbidity, particularly in
resource-limited settings. In sub-Saharan Africa where the
HIV prevalence is highest, depot-medroxyprogesterone
acetate (DMPA) represents the most commonly used method

of contraception.1 However, some observational studies have
suggested that women using DMPA may be at higher risk for
HIV infection and may be more likely to infect their HIV-
negative male partner (reviewed in Refs. 2 and 3). Although
observational studies may be confounded by many factors
including differences in sexual behavior, other studies point
to biological mechanisms for increased HIV risk due to
DMPA including changes in vaginal structure and immune
modulatory effects. In some studies, DMPA was found to thin
the vaginal epithelium to luteal phase levels and increased the
number of HIV target cells in vaginal tissues although other
studies found no effect of DMPA on thickness or immune cell
populations.4–7 In pigtail macaques, DMPA reduces vaginal
epithelial thickness and increases the percentage of CD3+

cells in a dose-dependent manner.8

Pre-exposure prophylaxis (PrEP) with tenofovir dis-
oproxil fumarate (TDF), alone or in combination with
emtricitabine (FTC) is a novel HIV prevention strategy that
can reduce the risk of sexually acquired HIV infection in both
men and women (reviewed in Ref. 9). PrEP with daily FTC/
TDF has been approved in the US for HIV prevention in
high-risk populations. Because women using DMPA could
combine DMPA with PrEP to prevent HIV infection, it is
important to understand if biological changes associated with
DMPA may potentially reduce the prophylactic efficacy
of FTC/TDF. We recently developed a pigtail macaque model
of DMPA that recapitulates many of the biological effects of
DMPA seen in women. This model uses a low DMPA dose
that is sufficient to suppress ovulation while achieving reduc-
tions in vaginal epithelial thickness that are moderate in mag-
nitude.8 The DMPA dose was defined through careful DMPA
titration and analysis of several biologic and pharmacokinetic
parameters including plasma MPA concentrations and
changes in the vaginal epithelium. Here, we integrated this
new DMPA model with a repeat low-dose vaginal simian
HIV (SHIV) transmission model that demonstrated efficacy
of FTC/TDF in normally cycling pigtail macaques.10

MATERIALS AND METHODS

Drugs and Viruses
TDF and FTC were kindly provided by Gilead Sciences

and were given orally by gavage based on body weight as
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a single solution containing 20 mg/kg FTC and 22 mg/kg
TDF.10 Macaques were anesthetized using standard doses of
ketamine hydrochloride. The SHIV162p3 virus challenge stock
was obtained from the National Institutes of Health AIDS
Research repository and expanded in pigtail macaque periph-
eral blood mononuclear cells before this study.10

Study Design
The efficacy of FTC/TDF in preventing vaginal trans-

mission was evaluated using an established pigtail macaque
model consisting of repeated vaginal exposures to a low dose
(50 TCID50) of an R5-tropic SHIV162p3 isolate.

10 The specific
study design is shown in Figure 1A. SHIV exposures were
performed once a week for up to 20 weeks by nontraumatic
inoculation of 1 mL of virus into the vaginal vault through
a sterile gastric feeding tube of adjusted length; exposures
were stopped when a macaque became SHIV RNA positive.
Anesthetized macaques remained recumbent for at least
15 minutes after each intravaginal inoculation. Six macaques
received FTC/TDF and 6 received phosphate-buffered saline
(PBS). Drug or PBS was given 24 hours before each virus
exposure followed by a second dose 2 hours after exposure.
The average age (13.1 and 13.7 years), weight (8.3 and
8.8 kg), and peak progesterone levels (4420 and 3763 ng/mL)
before DMPA administration was similar between the treated
and placebo groups (P . 0.5 for each comparison, Mann–
Whitney two-tailed t test).

All 12 macaques received 6 cycles of 3 mg DMPA
starting the month before the first virus challenge. Each
DMPA cycle was 4 weeks in length except the third cycle,
which was 5 weeks in length because of logistics that made it
not possible to administer DMPA at the appropriate time.
Blood samples were collected throughout the course of the
study to monitor for progesterone, medroxyprogesterone
acetate (MPA), and infection status. Progesterone levels were
measured by liquid chromatography/mass spectrometry.
MPA was quantified by a commercial radio immune assay
(Immunometrics, London United Kingdom).8

SHIV RNA was quantified by a reverse transcriptase–
polymerase chain reaction assay with a sensitivity of 50 RNA
copies per milliliter. Proviral DNA was quantified using
a double-stranded primer assay with a detection limit of 3
DNA copies per million peripheral blood mononuclear
cells.10 Virus-specific serologic responses were measured
using a synthetic-peptide enzyme immunoassay.10 Animals
were considered protected if they remained seronegative
and negative for SHIV plasma RNA as well as proviral
DNA during the 20 weeks of PrEP and 16 weeks of
follow-up. All animal procedures were approved by the
CDC Institutional Animal Care and Use Committee.

Effect of DMPA on TFV and
FTC Pharmacokinetics

At study completion, the 6 PrEP-protected macaques
were maintained on DMPA and used to evaluate the effect of
DMPA on FTC and TFV pharmacokinetics. FTC and TDF
were administered by gavage as a single oral dose 2 weeks

after DMPA injection when plasma MPA levels are highest.8

Drug concentrations were measured at 2, 5, 24, and 48 hours
in plasma and vaginal secretions by high-performance liquid
chromatography–tandem mass spectrometry.8 The 6 maca-
ques underwent the same pharmacokinetic study in the
absence of DMPA after a 6-month resting period. Peak drug
concentrations and area under the curve (AUC) values in
DMPA-treated and DMPA-untreated macaques were com-
pared using a two-tailed Wilcoxon rank-sum test.

RESULTS

Plasma Progesterone and MPA in Macaques
Receiving Monthly DMPA Cycles

A total of 12 pigtail macaques received 6 cycles of 3 mg
DMPA starting the month before the first virus challenge. Fig-
ure 1A shows the experimental design. We monitored proges-
terone and MPA concentrations in plasma to ensure
suppression of progesterone production and confirm that
MPA levels with the 3 mg DMPA dose were within the range
seen in women receiving 150 mg. Figure 1B shows that peak
MPA levels in plasma (median = 2.4 ng/mL; minimum to
maximum = 1.4–4.8 ng/mL) were similar to those seen in
women (2.5 ng/mL)11 and sufficient to fully suppress proges-
terone production. The concentrations of MPA and progester-
one in plasma in each of the 12 macaques before and during
administration of DMPA are shown in Figure S1 (see Supple-
mental Digital Content, http://links.lww.com/QAI/A563). In
5 macaques (4 placebos, 1 FTC/TDF), progesterone transiently
spiked coinciding with the missed DMPA dose at week 4 of
the third cycle (week 9 of study). However, subsequent DMPA
administration in these animals at week 10 rapidly suppressed
progesterone (Figure S1).

Prophylactic Efficacy of FTC/TDF in Macaques
Treated With DMPA

All 12 macaques treated with DMPA were exposed
vaginally to SHIV162p3 once a week for up to 20 weeks. The
first dose of DMPA was administered at week-4. The first
SHIV RNA challenge was performed at week 1. Figure 1C
shows that all 6 placebo controls were infected 2 each at
exposures 3, 4, and 6. In contrast, all 6 macaques receiving
FTC/TDF were uninfected despite receiving 14–17 more
SHIV challenges than controls, reflecting a robust protection
by FTC/TDF (P = 0.0007, log rank test).

Effect of DMPA on Systemic and Mucosal FTC
and TFV Concentrations

The pharmacokinetic profile of FTC and TFV was
evaluated in 6 macaques during their regular menstrual cycle
or after administration of DMPA. Figure 2 shows the AUC and
Cmax values for FTC and TFV in plasma and vaginal secretions.
Plasma AUC0–24h and Cmax and values for FTC in the DMPA-
treated animals (median = 12,245 ng$h/mL and 1488 ng/mL,
respectively) were similar to those seen in DMPA-untreated
macaques (median = 17,804 ng$h/mL and 2524 ng/mL,
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respectively) (P = 0.48 and P = 0.31 for AUC0–24h and Cmax

comparisons). Plasma AUC0–24h and Cmax values for TFV were
also similar among DMPA-treated (median = 4122 ng$h/mL
and 267 ng/mL, respectively) and DMPA-untreated animals
(median = 5230 ng$h/mL and 318 ng/mL, respectively) (P =
0.59 for both comparisons) (Fig. 2A).

In vaginal secretions, there was a possible trend toward
higher AUC0–48h and Cmax values for FTC in DMPA-treated
(median = 668,824 ng$h/mL and 57,889 ng/mL, respectively)
than in DMPA-untreated (median = 122,646 ng$h/mL and
7230 ng/mL, respectively) animals (P = 0.09 and P = 0.06
for AUC0–48h and Cmax comparisons). Likewise, AUC0–48h

and Cmax values for TFV in DMPA-treated (median =
179,095 ng$h/mL and 8784 ng/mL, respectively) were 2–3
times as high as those seen in DMPA-untreated (median =
51,235 ng$h/mL and 2577 ng/mL, respectively), although the
difference was not statistically significant (P = 0.39 and P =
0.31) (Fig. 2B). Figure S2 (see Supplemental Digital Content,
http://links.lww.com/QAI/A563) shows the pharmacokinetic
curves for FTC and TFV in plasma and vaginal secretions.

DISCUSSION
Prevention of HIV infection and unintended pregnan-

cies are both public health priorities. The wide use of DMPA
for contraception in women and the new availability of PrEP
with FTC/TDF for HIV prevention underscore the importance
of understanding the interactions between DMPA, suscepti-
bility to HIV-1, and PrEP efficacy.1 Randomized controlled

clinical trials can assess the impact of DMPA on HIV acqui-
sition and PrEP efficacy, but these trials are expensive and
difficult to conduct. We used a macaque model that predicted
FTC/TDF efficacy in women to assess to impact of a physio-
logic DMPA dose on PrEP. We demonstrate that FTC/TDF
maintained high protection under continuous DMPA for 5
months. The efficacy seen in our study was identical to that
seen in macaques with regular menstrual cycles10 and sug-
gests little or no impact of DMPA on PrEP with FTC/TDF.

Our study design incorporates biologically relevant mod-
els of HIV transmission, risk, and prevention. We used pigtail
macaques since they have normal lunar menstrual cycles and
fluctuations in sex hormone levels that are similar to women.12

We modified this model by treatment with a physiologic 3 mg
DMPA dose that effectively suppresses ovulation while resulting
in plasma MPA exposure (AUC and Cmax) within the range seen
in women receiving 150 mg of DMPA every 3 months.8 The 3-
mg dose also results in moderate changes in vaginal epithelial
thickness as opposed to the 30-mg dose historically used in
macaques, which significantly reduces epithelial thickness.8

The vaginal challenge component used physiologic virus doses
and repeated virus exposures to model high-risk human expo-
sure. FTC and TDF were given orally at doses that mimic sys-
temic drug concentrations in humans.10,13 Thus, the high
protection observed in this model strongly suggests that the
impact of DMPA on PrEP with FTC/TDF in women may
be minimal. Because our results were seen with only 2 weekly
doses of FTC/TDF, they suggest that daily dosing resulting in
intracellular drug accumulation will also be effective.

FIGURE 1. Analysis of the effect of DMPA on the efficacy of PrEP with FTC/TDF. A, Experimental design. Female pigtail macaques
(n = 12) received 3 mg of DMPA starting at week-4, and then at weeks 1, 5, 10, 14, and 18. Vaginal virus challenges were initiated
at week 1 and continued for up to 20 weeks. During the virus challenge series, 6 animals received 2 weekly FTC/TDF doses
24 hours before and 2 hours after each virus exposure, and 6 controls received PBS. B, MPA and progesterone concentrations
(median 6 interquartile range) in plasma before and during administration of DMPA. The green line represents MPA concen-
trations and the red line represents progesterone levels. Progesterone levels before week-4 cannot be accurately represented
because menstrual cycles were not yet synchronized. C, Kaplan–Meier plot. Each survival curve represents the cumulative per-
centage of uninfected macaques as a function of the number of vaginal exposures. We assumed an eclipse phase of 7 days to
estimate time of infection from the first detection of RNA in plasma.
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We further conducted pharmacokinetic studies to
examine the effect of DMPA on drug distribution. DMPA
has been associated with increases in HIV target cells and
cellular activation in vaginal mucosa in women.4,5 A high
density of immune cells in the vaginal mucosa might conceiv-
ably require more drug coverage of susceptible target cells
and alter drug protection thresholds by PrEP. Likewise, cel-
lular activation enhances infectivity and is known to increase
intracellular dNTP concentrations, which may reduce the anti-
viral activity of FTC-TP and TFV-DP by increasing compe-
tition with the natural dCTP and dATP substrates.14,15 We
found that DMPA does not diminish vaginal drug exposures
and, in fact, observed a possible trend toward higher drug
concentrations in vaginal secretions but not in plasma.
Although increases in vaginal drug levels due to DMPA
require confirmation, it is tempting to surmise that prolonged
vaginal thinning and increased epithelial permeability
induced by MPA may have resulted in higher vaginal drug
levels and thus, contributed to the high protection despite
possible infiltration of activated target cells. This mechanism
was also proposed as a potential explanation for the high and
sustained vaginal absorption of FTC and TFV from vaginal
gels seen in macaques treated with 30 mg of DMPA.16

We also note potential limitations in our study. First,
virus challenges were nontraumatic and done in the absence of
other cofactors that may increase HIV transmission risk such as
sexually transmitted infections. Second, the shorter half-life of
MPA in macaques compared with humans implied the need for
monthly injections to efficiently model plasma MPA levels
seen in women receiving 150 mg every 3 months. It is not

known if shorter DMPA cycles resulting in more frequent
MPA peaks and valleys might have affected our results.

A recent subanalysis of participants from the Partners
PrEP Study that evaluated the efficacy of TDF or FTC/TDF for
HIV-1 prevention found no evidence for a reduced efficacy of
PrEP among women who used DMPA and men whose female
partners used DMPA.17 Although these findings are not from
a randomized clinical trial of DMPA and PrEP, they help
support our observations in the macaque model, and also sug-
gest that PrEP use in high HIV risk areas might overcome
potential detrimental effects of DMPA on HIV-1 susceptibil-
ity.17 Animal model studies such as the one described here are
well suited to evaluate multipurpose prevention technologies
that incorporate PrEP and contraceptives.
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Topical Integrase Inhibitors
Postexposure Protection of Macaques from Vaginal SHIV Infection by

 
Editor's Summary

 
 
 

acceptability by women.
evaluation of topical integrase inhibitors for HIV prevention and the assessment of after-sex use for improved
macaques when applied 30 min before or 3 hours after vaginal challenge with simian HIV. The study supports 
model to assess efficacy, the authors further showed that a vaginal gel containing an integrase inhibitor protected
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H IV

Postexposure Protection of Macaques from Vaginal
SHIV Infection by Topical Integrase Inhibitors
Charles Dobard,1 Sunita Sharma,1 Urvi M. Parikh,1 Rolieria West,1 Andrew Taylor,1 Amy Martin,1

Chou-Pong Pau,1 Debra L. Hanson,2 Jonathan Lipscomb,1 James Smith,1 Francis Novembre,3

Daria Hazuda,4 J. Gerardo Garcia-Lerma,1 Walid Heneine1*

Coitally delivered microbicide gels containing antiretroviral drugs are important for HIV prevention. However, to
date, microbicides have contained entry or reverse transcriptase inhibitors that block early steps in virus infection
and thus need to be given as a preexposure dose that interferes with sexual practices and may limit compliance.
Integrase inhibitors block late steps after virus infection and therefore are more suitable for post-coital dosing. We
first determined the kinetics of strand transfer in vitro and confirmed that integration begins about 6 hours after
infection. We then used a repeat-challenge macaque model to assess efficacy of vaginal gels containing integrase
strand transfer inhibitors when applied before or after simian/human immunodeficiency virus (SHIV) challenge. We
showed that gel containing the strand transfer inhibitor L-870812 protected two of three macaques when applied
30 min before SHIV challenge. We next evaluated the efficacy of 1% raltegravir gel and demonstrated its ability to
protect macaques when applied 3 hours after SHIV exposure (five of six protected; P < 0.05, Fisher’s exact test).
Breakthrough infections showed no evidence of drug resistance in plasma or vaginal secretions despite continued
gel dosing after infection. We documented rapid vaginal absorption reflecting a short pharmacological lag time and
noted that vaginal, but not plasma, virus load was substantially reduced in the breakthrough infection after raltegravir
gel treatment. We provide a proof of concept that topically applied integrase inhibitors protect against vaginal SHIV
infection when administered shortly before or 3 hours after virus exposure.

INTRODUCTION

HIV-1 continues to spread globally, highlighting the need to develop
efficacious biomedical interventions to limit its transmission. In addi-
tion to vaccine development, there are several antiretroviral (ARV) drug–
based intervention strategies currently being advanced, including oral
preexposure prophylaxis (PrEP) treatment as prevention as well as top-
ical PrEP with gels or other ARV delivery methods such as intravaginal
rings and tablets (1–3). ARV gels have several advantages for HIV pre-
vention. When applied to the mucosal site of virus exposure, gels can
rapidly dose tissues with drug concentrations that are much higher than
those achieved by oral dosing and with minimal systemic drug expo-
sures and drug toxicities (3–9). Topical gels are user-controlled and can
be optimally formulated with a single drug or in combination for both
vaginal and rectal application (4–6, 10).

The CAPRISA 004 trial evaluated the safety and effectiveness of a
vaginal gel containing 1% tenofovir (TFV) and provided the first ev-
idence of efficacy by this intervention strategy. The study demonstrated
a 39% reduction of HIV acquisition in women who applied the gel
pericoitally (1). Effectiveness was dependent on adherence and was found
to increase to 54% in women who reported frequent gel use (>80%
adherence) compared to only 28% in women who were <50% adher-
ent. A subsequent study (VOICE) evaluating the same gel formulation
in a noncoital daily dosing modality was stopped because of the ab-
sence of protection (2). TFV testing in plasma revealed poor adherence
among participants, likely explaining the lack of efficacy (3). These data

and similar findings from oral PrEP studies highlight the challenges of
identifying intervention strategies that have both high biological effi-
cacy and enhanced user compliance (4).

Coitally used topical gels are important HIV prevention methods.
However, to date, all such products rely on a preexposure dose that can
interfere with sexual practices, and may be limited by partner’s accept-
ance and the need to anticipate sex. We reasoned that a topical product
that can be applied by women after sex will have less impact on sexual
practices, have better user control, and circumvent the need for sex
anticipation and partner acceptance. These advantages can all po-
tentially enhance compliance and effectiveness. However, all topical
ARV-based gels in development use entry or reverse transcriptase (RT)
inhibitors that block early steps in the virus infection cycle, which raises
questions about their suitability for postexposure prophylaxis (PEP)
(1, 5–7). Macaque models of rectal or vaginal transmission of the sim-
ian immunodeficiency virus (SIV) or the chimeric simian/human immu-
nodeficiency virus (SHIV) have provided important data confirming
the efficacy of topical gels with RT inhibitors such as TFV and MIV150
when applied before virus challenge, but demonstrated loss or substan-
tial reduction in efficacy when applied 1 to 2 hours after virus challenge
(8–10). These data likely reflect the need to adequately dose mucosal
tissues with RT inhibitors before virus exposure and suggest that drugs
from different classes that target later steps in virus infection may be
more efficacious for PEP.

HIV or SIV integration into the host DNA is the last step before an
irreversible infection of a cell takes place. Integration is a multistep
process catalyzed by the viral integrase that follows reverse transcrip-
tion and starts in the cytoplasm with 3′-end processing of viral DNA,
continues with translocation of the processed DNA to the nucleus, and
is completed by integrating the viral DNA into the host chromosome
by a strand transfer mechanism (11, 12). The integration process can

1Laboratory Branch, Division of HIV/AIDS Prevention, Centers for Disease Control and
Prevention, Atlanta, GA 30333, USA. 2Quantitative Sciences and Data Management Branch,
Division of HIV/AIDS Prevention, Centers for Disease Control and Prevention, Atlanta, GA
30333, USA. 3Yerkes Primate Center/Emory University, Atlanta, GA 30322, USA. 4Merck
Research Laboratories, West Point, PA 19486, USA.
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be inhibited at various stages by three main classes of integrase inhib-
itors: 3′-processing inhibitors (13), strand transfer inhibitors (14), and
macromolecular complex LEDGF/p75-IN inhibitors (15). Strand trans-
fer inhibitors are the most developed and have been validated as po-
tent inhibitors of HIV replication in vitro, ex vivo, in animal studies,
and in clinical trials (16, 17). The mechanism of action of strand transfer
inhibitors is characterized by their ability to chelate the Mg2+ ions in
the catalytic core domain of integrase, thereby disrupting the interac-
tion between the integrase/viral complementary DNA preintegration
complex and the target DNA (18). The only clinically approved integrase
inhibitors licensed for the treatment of HIV-infected persons are
raltegravir (RAL), elvitegravir, and dolutegravir, all of which are strand
transfer inhibitors (14, 19). The compound L-870812 (L-812) is a po-
tent investigational strand transfer inhibitor and has been shown to be
effective in reducing SIV replication in macaques (16). For PEP, block-
ing the last step in virus integration by strand transfer inhibitors can
be advantageous because it can extend the post-coital dosing window
(14, 20). RAL and L-812 are equally potent on both HIV and SIV
integrase, with IC50 (50% inhibitory concentration) in the nanomolar
range (1 to 4 nM), which provides an opportunity to test in macaque
models the concept of topical prophylaxis by this class of drugs for
both pre- and postexposure protection (16, 17).

Here, we used a repeat low-dose vaginal challenge macaque model
to evaluate the efficacy of gels containing L-812 or RAL administered
before or after virus challenge, respectively. This well-established ma-
caque model has several advantages, including the use of pigtailed ma-
caques, which have a menstrual cycle and vaginal anatomy similar to
women, an inoculum dose with viral RNA levels in the range similar to
those detected in seminal fluid, twice-weekly virus challenges to mimic
high-risk human exposure, and an SHIVSF162p3 inoculum that uses an
R5-tropic envelope similar to that of most transmitted HIV (10, 21, 22).
The repeated challenges in this model have the added advantage of
increasing statistical power without requiring large groups of animals
because they allow measurement of protection over more than one
transmission event per animal. We also performed time-of-drug addi-
tion studies in vitro to define the window for strand transfer inhibition
and to better inform in vivo dosing.

RESULTS

Gel formulation and impact of vaginal fluids on antiviral activity
L-812 was successfully formulated in a hydroxyethyl cellulose (HEC)
gel at a maximum solubility of 2.3 mg/ml (0.23%). Because of higher
water solubility, RAL was formulated in a HEC gel at a concentration
of 10 mg/ml (1%). Both gels were clear, viscous, and free of particulates
and remained highly active for up to 1 year at room temperature. To
investigate whether biological factors present in the vagina, including
mucus, enzymes, and microflora, may compromise the stability and po-
tency of RAL gel, we assessed the antiviral activity of RAL gel incubated
in cervicovaginal fluids (CVFs). Figure 1 shows that CVF had no impact
on RAL activity because no difference in IC50 was observed between
RAL incubated in CVF (IC50 = 2.6 ± 1.1 nM) or saline (1.7 ± 1.2 nM).

Time-of-drug addition reveals a wide window for
inhibition by integrase inhibitors
To better define the timing of reverse transcription and integration
and to inform the dosing modality in vivo, we performed time-of-drug

addition experiments using single-cycle infections of TZM-bl cells
with vesicular stomatitis virus (VSV)–pseudotyped HIV-1. The kinetics
of postexposure inhibition by the RT inhibitor TFV was compared with
that of RAL. Figure 2 shows that TFV maintained high (>95%) pro-
tection up to 2 hours after infection, but was only ~50% protective
when added at 5 hours after infection. In contrast, RAL provided high
protection (>90%) at 6 hours and remained above 50% protection for
up to 10 hours after infection. These data suggest that strand transfer
is delayed by at least 4 hours after reverse transcription, providing a
longer window to block infection with integrase inhibitors than inhib-
itors of reverse transcription.

Preexposure protection by a vaginal integrase inhibitor gel
We first evaluated whether topically applied integrase inhibitors ad-
ministered before virus challenge protected macaques from SHIV in-
fection. Three pigtailed macaques received vaginal gel containing 0.23%
L-812 30 min before vaginal SHIVSF162p3 exposure. Infection outcome

Fig. 1. Antiviral activity of RAL gel is maintained in the presence of
vaginal fluids. A TZM-bl reporter cell line was used to evaluate antiviral
activity (IC50) of RAL gel preincubated (24 hours) in saline buffer or CVF.
Data are means ± SE of three independent experiments.

Fig. 2. Kinetics of the window of inhibition by RT and integrase in-
hibitors. Protection of TZM-bl cells from infection with VSV-HIV was eval-
uated after addition of the RT inhibitor TFV or the integrase inhibitor RAL
at the indicated times after infection. Data are means ± SE of three in-
dependent experiments.
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after 14 twice-weekly vaginal challenges was evaluated against 10 un-
treated controls receiving placebo gel (1 real-time and 9 historic con-
trols). All controls received the same placebo gel and were challenged
with the same virus stock under identical experimental conditions. In
this model, pigtailed macaques are more susceptible to infection dur-
ing the late luteal phase of the menstrual cycle (10, 23). As previously
described, the risk for infection was calculated per month or menstrual
cycle (10). Figure 3A shows the infection rates in animals treated with
L-812 and placebo gel. Nine of 10 controls (90%) became infected af-
ter 14 challenges over a 2-month period; seven, including the real-time

control, were infected after eight challenges (1 month), and two were
infected during the second month. In contrast, two of the three ma-
caques treated with L-812 gel remained uninfected after 14 challenges
(estimated efficacy = 76%; P = 0.057, Fisher’s exact test); the break-
through infection occurred after nine challenges (week 5), whereas
both protected animals remained seronegative and had undetectable
SHIV sequences in plasma or PBMCs throughout the 10-week follow-
up period. L-812 gel efficacy was estimated at 76% on the basis of 9 of
13 infections per months (or cycles) at risk among controls and 1 of 6
for treated animals.

Fig. 3. Protection by PrEP and PEP
with vaginal gels containing integrase
inhibitors. Survival curves represent the
cumulative percentage of uninfected
macaques as a function of the number
of months at risk for infection during
the study period (eight challenges per
month). (A) Gel containing L-812 (solid
line) or placebo (dotted line) was ap-
plied vaginally 30 min before each SHIV

exposure (up to 14 SHIV exposures). Controls include one real-time (solid circle) and nine historic controls. (B) Gel containing RAL (solid line) or placebo
(dotted line) was applied vaginally 3 hours after SHIV exposure (up to 20 SHIV exposures).
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Postexposure protection by RAL gel
We next explored the efficacy of 1% RAL gel applied 3 hours after
vaginal SHIV exposure. The 3-hour dosing interval falls within the
dosing window for maximal in vitro inhibition of strand transfer and
is behaviorally feasible for post-coital application. Figure 3B shows in-
fection outcomes in macaques that were challenged twice weekly for
2.5 months (about two menstrual cycles) with SHIVSF162p3 and ad-
ministered placebo (n = 4) or 1% RAL (n = 6) gel 3 hours after each
virus challenge. All four macaques that received placebo gel became
infected by 10 weeks (20 challenges). In contrast, five of six macaques
treated with RAL gel 3 hours after SHIV exposure remained unin-
fected after 20 SHIV exposures and the 10-week follow-up period.
All infected macaques, including the breakthrough infection, exhibited
typical SHIV RNA viremia and detectable proviral DNA in PBMCs
and seroconverted 1 to 3 weeks after first detectable plasma SHIV
RNA was observed. Risk for infection differed by study group (P <
0.05, Fisher’s exact test), with RAL gel efficacy estimated at 84%
on the basis of 4 of 7 infections per months (or cycles) at risk among
controls and 1 of 11 for treated animals. Together, these data sug-
gest that topically applied integrase inhibitors can prevent vaginal in-
fection when administered shortly before or up to 3 hours after SHIV
exposure.

Systemic drug concentrations after vaginal gel dosing
Measuring drug exposure in blood is critical to understanding kinetics
of drug release and systemic absorption after vaginal gel dosing. Sys-
temic drug exposures are also important for determining impact on
acute viremia and emergence of drug resistance in animals that fail gel
prophylaxis and continue receiving gel treatment. We measured L-812
and RAL concentrations in plasma 30 min after each gel administra-
tion to determine systemic drug exposure at time of challenge and also
assessed the impact of the menstrual cycle on vaginal drug absorption.
We have previously noted with gels containing TFV or emtricitabine
(FTC) that systemic drug exposure peaks within 1 hour after gel dos-
ing and is highly influenced by the menstrual cycle with higher drug
concentrations in plasma observed during the progesterone-dominated
luteal phase when the vaginal epithelium is thin (24, 25). We analyzed
longitudinally both progesterone and drug concentrations in plasma
in all macaques that were treated with L-812 or RAL gel (Fig. 4, A
and B). With the exception of one (PMl), all macaques experienced
at least two menstrual cycles during the study period. Plasma drug
concentrations 30 min after vaginal dosing showed similar trends in
all animals with substantially higher concentrations consistently detected
after peak progesterone. The mean concentration of L-812 and RAL
1 week after peak progesterone (late luteal phase) was 115.3 ± 20.8 ng/ml
(range, 74 to 140) and 111 ± 31.3 ng/ml (range, 0 to 260) compared to
only 1.5 ± 0.5 ng/ml (range, 0 to 6) and 5.8 ± 4.9 ng/ml (range, 0 to
39.8) 1 week before peak progesterone (late follicular phase). The data
confirm that both drugs were rapidly released from the HEC-based gel
formulation. The longitudinal analysis of plasma drug concentrations
in the two breakthrough infections (PBg-2 and PSz-1) revealed similar
peak drug levels and absorption trends to animals that were protected.
PSz-1 had detectable RAL in plasma at the estimated time of infection,
7 days (226 ng/ml) to 10 days (259 ng/ml) before the first detectable
SHIV RNA. However, PBg-2 had undetectable L-812 at day 7 and
17 ng/ml at day 10. Although limited to only two animals, these re-
sults do not show a clear association between drug concentrations in
plasma and protection.

Virus replication in breakthrough infections
We next explored the impact of continued vaginal gel dosing on plas-
ma and vaginal virus shedding in macaques PBg-2 and PSz-1, which
became infected despite receiving L-812 or RAL gel, respectively. In-
fected macaques continued to receive twice-weekly placebo (n = 5),
L-812 (n = 1), or RAL (n = 1) gel treatment for up to 8 weeks (16 gel
applications) after the first SHIV RNA was detected in plasma. Plasma
SHIV RNA detected in both breakthrough infections was evaluated
against the five real-time controls. Virus shedding was assessed only in
the RAL failure and controls receiving placebo gel. Figure 5A shows
the virus load kinetics in both breakthrough infections compared to
controls. The peak viremia in PBg-2 (6.08 log10 RNA copies/ml) and
PSz-1 (6.7 log10 RNA copies/ml) was similar to the median peak vi-
remia of the five untreated controls (7.01 ± 0.98 log10 RNA copies/ml),
showing no difference in acute viremia (P = 0.29, Wilcoxon rank sum
test). In contrast, Fig. 5B reveals that the peak vaginal SHIV RNA
(3.5 log10 copies/ml) and the frequency (4 of 15) of SHIV RNA de-
tected in vaginal fluids were both significantly lower in PSz-1 than
in placebo-treated animals that had a median SHIV RNA peak of
5.2 log10 ± 0.42 copies/ml (P = 0.007) and frequency of 36 of 60 (P <
0.0001), respectively. The reduction in vaginal SHIV shedding could
reflect the antiviral activity by RAL gel.

No evidence of emerging drug resistance after continued
gel dosing in breakthrough infections
Because L-812 and RAL were detected in plasma in the breakthrough
infections, it was important to determine whether these systemic drug
exposures led to drug resistance. Sequence analysis of the integrase
region spanning the N-terminal and core domain (amino acids 1 to
234) in virus first detected in plasma showed that both breakthrough
infections were initiated with wild-type virus (fig. S1). Plasma specimens
collected at peak viremia and up to 8 weeks after infection all revealed
wild-type genotypes (Fig. 5A). To examine drug resistance emergence
at the site of gel application, we also genotyped SHIV RNA isolated
from vaginal secretions in the RAL breakthrough infection (fig. S1). Vagi-
nal fluids with detectable SHIV (n = 4) were genotyped, and all found
to be wild type (Fig. 5B). Thus, despite twice-weekly vaginal dosing for
8 weeks after infection, no evidence of drug resistance in plasma or
genital secretions was observed (fig. S1).

DISCUSSION

This study provides a proof of concept that topically applied strand
transfer integrase inhibitors protect macaques against repeated vaginal
SHIV challenges. Protection was observed when the vaginal gel was
applied shortly before and, more importantly, 3 hours after virus chal-
lenge. The protection by postexposure dosing reflects the advantages
of the late-acting strand transfer inhibitors that are needed several
hours after virus entry, thus providing an optimal window for post-
coital dosing that was previously not feasible with entry or RT inhibitors
(8, 9). Because applying gel after sex may interfere less with sexual
practices, our data support exploring new post-coital modalities with
integrase inhibitors for enhanced acceptance and compliance in women.

We used single-round infections to determine the kinetics of re-
verse transcription and integration and show that in the HeLa-derived
TZM-bl cells, strand transfer starts more than 6 hours after infection,
consistent with previous findings in different cell infection systems
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(21, 22, 26, 27). The integration step may take longer in less activated
primary cells that are commonly present in vivo in which reverse tran-
scription and integration proceed more slowly than in transformed
cell lines (26, 28). Thus, it is likely that the dosing window in vivo
may be longer than the 3 hours evaluated in this study. Integrase in-
hibitors, including RAL, are known to bind tightly to preintegration
complexes with dissociation half-lives of >7 hours, which ensures longer
antiviral activity in infected cells even if tissue drug concentrations
subsequently decay to suboptimal levels (19). We also note the detec-
tion of drug in plasma within 30 min of vaginal gel dosing, which
reflects rapid absorption through vaginal tissues. The rapid absorption
of RAL and the lack of intracellular activation suggest that the phar-
macological lag time for in vivo activity may be minimal. Additional
macaque studies of longer postexposure gel applications are needed to
further define the post-coital window of protection by strand transfer
inhibitors.

We also document in pigtailed macaques changes in plasma drug
levels during the menstrual cycle and observe higher concentrations
during the progesterone-dominated luteal phase. These results reflect
a higher vaginal permeability peaking during the luteal phase likely due
to thinner epithelium, increased porosity, changes in mucus composi-
tion, and other factors (23, 24, 29). The influence of the menstrual

cycle on vaginal drug absorption also explains the cyclical changes in
plasma concentrations of TFV and FTC we have previously observed
in pigtailed macaques dosed with gels containing TFV and FTC (6).
We also examined the relationship between plasma drug concentrations
and vaginal efficacy because Cranage et al. previously found a positive
association between TFV concentration in plasma and the degree of
rectal protection by rectal TFV gel (9). With only two breakthrough in-
fections, we were unable to discern any trend because one animal had
high drug concentrations around the estimated time of infection and
one did not. These results likely highlight the added complexity in iden-
tifying pharmacological markers of vaginal protection relative to rectal
protection and the confounding role of the menstrual cycle modulating
both susceptibility to infection and drug permeability (23). Nevertheless,
the data show the usefulness of the pigtailed macaque model that has
a menstrual cycle similar to that of women, and support similar eval-
uations in women to better define the impact of menstrual cycle and
hormonal contraceptives on vaginal pharmacokinetic parameters and
efficacy.

Both L-812 and RAL are potent drugs with IC50 in nanomoles;
however, we found that the concentrations in gels that conferred high,
yet incomplete, in vivo protection were in the micromolar range, or
about 1 million–fold higher than those concentrations needed for

Fig. 4. Longitudinal analysis of plasma drug and progesterone con-
centrations in pigtailed macaques dosed with vaginal gels containing
integrase inhibitors. (A) Three macaques were dosed twice weekly with
L-812 gel (dotted line); shaded areas show progesterone concentrations.

(B) Six macaques dosed twice weekly with RAL gel (dotted line); shaded
areas show progesterone concentrations. All drug concentrations were
analyzed from plasma collected 30 min after each vaginal gel application.
SHIV+ denotes first detectable SHIV RNA in plasma.
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in vitro inhibition. The higher drug concentrations required for in vivo
efficacy have been consistently observed with other gels containing en-
try or RT inhibitors and likely reflect the distribution kinetics of the
drug through the mucosa to achieve concentrations needed to protect
the large surface area of the vagina for a significant period of time
(6, 7, 10). Previous work with TFV gels in macaques has shown that
the pharmacologically active TFV-diphosphate (TFV-DP) concentra-
tions in vaginal lymphocytes predict in vivo efficacy, and topical dosing
by gel or intravaginal ring that achieved TFV-DP concentrations ex-
ceeding the in vitro IC95 values in these lymphocytes was associated
with complete protection (10, 30). Thus, it is tempting to surmise that
a similar pharmacological correlate will also apply to RAL. However,

confirming this correlate will require mea-
suring intracellular RAL concentrations in
vaginal lymphocytes, which could be chal-
lenging because unlike intracellularly bound
TFV-DP, RAL may diffuse out during the
cell purification process as extracellular
RAL concentrations decrease. Thus, alter-
native tissue testing methods are needed.

The potential for drug resistance to
develop when prophylaxis fails raises
concerns, especially with drugs that are
also used for treatment. Prolonged system-
ic treatment of SHIV-infected macaques
with L-812 has been found to select drug-
resistant variants with the integrase muta-
tion (N155H) (20). We show no evidence
of drug resistance emergence in plasma
from either the L-812 or RAL break-
through infection despite continued twice-
weekly gel dosing for up to 8 weeks after
infection. Although larger numbers of ani-
mals are needed to define incidence of
resistance in animals failing prophylaxis,
the finding of wild-type SHIV suggests that
both gel failures are not due to a selection
of a low-frequency drug-resistant variant
in the challenge virus, and likely reflects
insufficient selective pressure by the system-
ically absorbed drug from the twice-weekly
gels. These systemic drug exposures are
much lower than those observed from oral
dosing and likely contribute to lower risks
of drug resistance (20). Indeed, we found
no reduction in the acute viremia in both
breakthrough infections compared to con-
trols, further supporting the minimal sys-
temic antiviral activity. These findings are
similar to TFV gel breakthrough infections
but differ from those in macaques that
fail oral PrEP in which reductions in vi-
rus loads and selection of drug-resistant
variants have been observed (7, 9). Given
that the antiviral activity from gels remains
largely concentrated in the vaginal com-
partment, we also evaluated the viral pop-
ulation in the genital secretions from the

RAL breakthrough infection. We detected only wild-type SHIV, but
noted that, in contrast to plasma virus load, vaginal virus shedding
was substantially reduced in this macaque. The suppression of virus
shedding may reflect the antiviral activity from gel dosing, which may
also have reduced drug resistance selection. These data are only from
one animal and require confirmation, but they do point to broader
implications because reductions in vaginal virus shedding during acute
infection may lower transmissibility.

Our study has several limitations. The virus challenges did not in-
clude cell-associated virus and were done in the absence of semen or
semen-derived factors shown to enhance HIV infection in vitro (18).
However, recent data suggest little impact of semen on vaginal SIV

Fig. 5. Plasma and vaginal virus loads in macaques with breakthrough infection and controls. (A)
Individual virus load kinetics in breakthrough infections under continued twice-weekly dosing with gel
containing L-812 (diamonds) or RAL (circles) compared to median virus loads of controls (n = 5, dotted
black line). Time 0 indicates first detection of SHIV in plasma. (B) Individual virus load kinetics in vaginal
secretions collected twice weekly before dosing with gel containing RAL (solid line; large circles) or pla-
cebo (n = 4, black dotted lines). Filled symbols indicate samples sequenced for drug resistance in plasma
and vaginal fluids. The broken line denotes the limit of quantitation of the virus load assay (50 copies/ml).

R E S EARCH ART I C L E

www.ScienceTranslationalMedicine.org 12 March 2014 Vol 6 Issue 227 227ra35 6

 o
n 

M
ar

ch
 1

2,
 2

01
4

st
m

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 49 of 244 PageID #: 1233



transmission in rhesus macaques (31). Also, SHIV exposures were
made on intact vaginal mucosa without trauma associated with coitus,
concurrent genital ulcers, or bacterial vaginosis, all of which can in-
crease the risk of HIV acquisition (26, 27). As previously noted, only
two breakthrough infections were available to study vaginal SHIV shed-
ding and drug resistance, and thus, these observations require confir-
mation in larger numbers of animals.

In conclusion, we show preclinical in vivo data that support the use
of topical integrase inhibitors for HIV prevention. We highlight the
advantage of using this class of drugs in new post-coital modalities
that were previously not possible with entry or RT inhibitors. This study
supports evaluation of this class of drug for HIV prevention, including
small molecules that do not overlap with clinically approved integrase
inhibitors in optimized gels or other dosage forms such as vaginal rings
or tablets (28, 32, 33). The study also supports further evaluation of post-
coital modalities in women for enhanced acceptability and compliance.

MATERIALS AND METHODS

Gel formulations
L-812 and RAL were provided by Merck and the National Institutes of
Health (NIH) AIDS Research and Reference Reagent Program, respec-
tively. L-812 was formulated at 0.23% (w/w) in a 2% HEC gel contain-
ing 20% propylene glycol, 0.02% propylparaben, 0.18% methylparaben,
and 0.02% EDTA. RAL was formulated at 1% (w/w) in a 2% HEC gel
containing 0.017 M phosphate-buffered saline (PBS) (pH 7.4), 0.02%
propylparaben, 0.18% methylparaben, and 0.02% EDTA. A 2% HEC
gel formulated without drug was used as a placebo control. Gels were
stored at room temperature, and antiviral activity was confirmed through-
out the course of the study with a TZM-bl reporter assay to measure
drug susceptibility.

Virus stock
SHIVSF162P3 (SIVmac239 backbone with an HIV-1 subtype B, CCR5-
tropic envelope) was obtained from the NIH AIDS Research and
Reference Reagent Program and was propagated in peripheral blood
mononuclear cells (PBMCs) from pigtailed macaques as previously
described (34, 35). The virus stock titer was calculated in pigtailed ma-
caque PBMCs and diluted to the challenge dose of 10 TCID50 (median
tissue culture infectious dose) (1.5 × 106 RNA copies per exposure).

Antiviral activity and stability of RAL gel
TZM-bl cells (NIH AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious Dis-
eases, NIH) were used to determine the IC50 of gels containing integrase
inhibitors, and data were analyzed by GraphPad Prism (v5.02) soft-
ware. For stability testing, 1% RAL gel (20 mM) was diluted 10-fold
in PBS or macaque CVF and incubated overnight at 37°C. RAL-saline
and RAL-CVF were then serially diluted (20-0 mM) in complete me-
dium, and 100 ml was added to wells of a 96-well plate in triplicate.
Complete medium (50 ml) containing TZM-bl cells (3 × 106/ml) was
plated in each well. After 15 min of incubation, 50 ml of SHIVSF162p3

stock, diluted to a final concentration resulting in a signal of about 105

relative light units, was added to each well. After 48 hours of incuba-
tion at 37°C, 100 ml of medium was removed and replaced with 100 ml
of Bright-Glo (Promega Corp.), and the luminescence was measured
with PerkinElmer Victor X2 Multilabel Plate Reader. Inhibition was

determined on the basis of reduction from the virus-only control and
presented as the percentage of cells protected (mean ± SEM).

Kinetics of postexposure inhibition
Time-of-drug addition experiments were carried out with single-cycle
infections to determine the inhibition window for RT and integrase
inhibitors. TFV or RAL was added to infected TZM-bl cells at con-
centrations exceeding IC99 (200 mM TFV or 20 mM RAL) at different
times after infection (0 to 24 hours). Briefly, TZM-bl cells were pre-
incubated with VSV-pseudotyped HIV-1 NL4-3-DE-EGFP (VSV-HIV)
for 1 hour to establish infection. A VSV-pseudotyped virus was used
to ensure that all reported infectivity was derived from a single round
of infection. Cells were washed twice with PBS and treated with 0.25%
trypsin (Cellgro) to remove all cell-bound and cell-free viruses. Infected
cells were resuspended in complete medium and plated (3 × 104 per
well) in triplicates in a 96-well plate. Drug was added at 1-hour time
increments up to 24 hours. The percentage of cells protected at each
time point was determined and plotted as % cells protected ± SEM
relative to time when drug was added after infection.

Efficacy studies
The efficacy of integrase inhibitors against vaginal transmission was
evaluated in female pigtailed macaques under conditions similar to
those described in other studies (6, 10). Macaques were administered
gel (3 ml) vaginally and challenged with a low-dose SHIVSF162P3 in-
oculum (10 TCID50) twice weekly (every 3 to 4 days) for up to 10 weeks
(about two menstrual cycles). All animals were anesthetized and re-
mained recumbent for 30 min after each gel application and 15 min
after virus inoculation to minimize leakage. For preexposure efficacy
measurements, macaques received placebo (n = 1) or 0.23% L-812
(n = 3) gel vaginally 30 min before each vaginal SHIV exposure (up to
14 challenges). For postexposure efficacy, anesthetized animals were
challenged with SHIV (up to 20 challenges) and remained incumbent
for 15 min after receiving the virus to minimize leakage and then re-
turned to their cages. After 3 hours, macaques were anesthetized and
administered 3 ml of placebo (n = 4) or 1% RAL (n = 6) gel. For each
study, blood was collected 30 min after gel dosing to monitor for drug
levels and SHIV infection. Virus challenges were stopped when a ma-
caque became SHIV RNA-positive (SHIV+) in plasma. All infected
macaques continued to receive study gel (placebo, L-812, or RAL) twice
weekly for up to 8 weeks after infection. All experiments were done
under highly controlled conditions by the same personnel with the
same virus stock, inoculum dose, and procedures as described in pre-
vious studies (6). These studies adhered to the Guide for the Care and
Use of Laboratory Animals (Institute for Laboratory Animal Research,
1996); all procedures were approved by the Institutional Animal Care
and Use Committees of both the Centers for Disease Control and Pre-
vention (CDC) and the Yerkes National Primate Research Center,
Emory University.

Monitoring systemic infection, virus shedding,
and drug resistance
Systemic infection was monitored twice weekly by screening for SHIV
RNA in plasma with a quantitative real-time reverse transcription poly-
merase chain reaction (PCR) assay with a sensitivity of 50 RNA copies/ml,
as previously described (6, 34, 36). The estimated time of infection was
defined as 7 to 10 days before the first SHIV-positive specimen to ac-
count for the eclipse period between infection and detection of SHIV
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RNA in plasma. Infected macaques were monitored for emergence of
drug resistance in both plasma and CVF by standard sequence anal-
ysis of SIVmac239 integrase reference sequence base pairs 3624 to 4332
(amino acids 1 to 234). CVF specimens were collected by instilling
and recollecting about 5 ml of sterile PBS in the vaginal cavity. CVFs
were centrifuged for 15 min at 400g to pellet cells and debris. Virion-
associated RNA was extracted from CVF supernatant (1 ml) with a
Qiagen viral RNA kit. PCR amplification of PBMC proviral DNA
was done with primers and probes specific for SIVmac239 pol (6, 34).
Serologic testing was performed with a synthetic peptide enzyme im-
munoassay (Genetic Systems HIV-1/HIV-2 Plus O; Bio-Rad). Animals
were considered protected if they tested negative for SHIV RNA in plasma
and SHIV DNA in PBMCs and remained seronegative during the chal-
lenge period of the study and the 10-week follow-up in the absence of
challenge and gel application.

Measurement of drug concentrations in plasma
L-812 and RAL levels in plasma were measured in macaques 30 min
after vaginal administration of 0.2% L-812 and 1% RAL gel, respec-
tively. Briefly, drug was extracted from 100 ml of plasma by protein
precipitation with 350 ml of methanol containing 200 ng of the un-
studied analyte as the internal standard (RAL was used as an internal
standard for L-812 and vice versa). Supernatant containing the drug
from precipitation was evaporated to near dryness under vacuum and
then resuspended in high-performance liquid chromatography (HPLC)
buffer A (9.9 mM acetic acid, 5.9 mM ammonium hydroxide, and
9.4 mM formic acid in H2O). Drug concentrations were analyzed by
HPLC–tandemmass spectrometry method with a Shimadzu Prominence
HPLC (Shimadzu Scientific) system equipped with a 150 × 2.0–mm
Ascentis Phenyl column (Sigma-Aldrich) and an AB Sciex 3200 QTRAP
mass spectrometer. Chromatography was done with a linear gradient of
20 to 90% buffer B (acetonitrile containing 9.9 mM acetic acid, 5.9 mM
ammonium hydroxide, and 9.4 mM formic acid). Mass spectrometer
was run in positive MRM (multiple reaction monitoring) mode, and the
following transitions were monitored: for RAL, mass/charge ratio (m/z)
445.2/109.0 and 445.2/361.5, and for L-812, m/z 354.1/109.0 and
354.1/203.0. The assay had a lower limit of quantification of 5 ng/ml
for both analytes and standard curve R2 values greater than 0.99.

Menstrual cycle and drug absorption monitoring
A longitudinal assessment of drug absorption in relation to menstrual
cycle was done by measuring plasma drug and progesterone levels 30 min
after vaginal gel application throughout the challenge period for each
animal and each cycle. Plasma samples collected twice per week (every
3 to 4 days) were analyzed for drug levels as described above, and
progesterone levels were measured at the University of Wisconsin Na-
tional Primate Research Center with an enzyme immunoassay (37).

Statistical methods
Fisher’s exact test was used to compare the number of infections per
number of months at risk by study group. Risk for infection per month,
or approximately per menstrual cycle, with biweekly challenge doses
throughout each month, considers that cycling pigtailed macaques are
more susceptible to infection during the luteal phase of the menstrual
cycle as previously demonstrated in this model (23). Intervention ef-
ficacy was calculated as 1 − (p1/p0), where p1 and p0 denote the pro-
portion of months with incident infection for intervention and control
animals, respectively (38). SAS version 9.2.1 or GraphPad Prism 5 for

Windows (GraphPad Software, http://www.graphpad.com) was used
for all statistical analyses.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/227/227ra35/DC1
Fig. S1. Analysis of SHIV integrase amino acid sequences in breakthrough infections.
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Objectives: Pharmacokinetic studies in animal models are important for assessing the prophylactic potential of
antiretroviral drugs for HIV prevention. This study sought to identify clinically relevant doses of the marketed
integrase inhibitors raltegravir, elvitegravir and dolutegravir in macaques and investigate drug penetration and
antiviral activity in mucosal secretions.

Methods:Macaques received one oral dose of raltegravir, elvitegravir or dolutegravir alone or in combination with
emtricitabine and tenofovir disoproxil fumarate followed by drug level measurements in blood and rectal and
vaginal secretions. Antiviral activity was investigated in TZM-bl cells exposed to SHIV162p3 in the presence of rectal
secretions collected from treated animals.

Results: Plasma drug concentrations with 50 mg/kg raltegravir or elvitegravir were within the range seen in
humans receiving 400–800 mg of raltegravir or 800 mg of unboosted elvitegravir but lower than with 150 mg
of elvitegravir boosted with cobicistat. AUC0–24 values for dolutegravir increased proportionally with the dose,
with a calculated human-equivalent dose of 20 mg/kg. Elvitegravir showed the highest penetration in rectal
and vaginal fluids despite the absence of pharmacological boosting, followed by raltegravir and dolutegravir.
Rectal secretions collected at 24 h from treated macaques blocked infection of TZM-bl cells by 50% at dilutions
of 1/1000 (raltegravir), 1/800 (dolutegravir) and .1/30000 (elvitegravir).

Conclusions: We defined macaque doses of HIV integrase inhibitors that recapitulate human clinical doses,
which will facilitate efficacy and dose escalation studies in macaques. High and sustained drug concentrations
and activity in mucosal secretions suggest that integrase inhibitors are promising candidates for HIV prevention.

Keywords: integrase inhibitors, non-human primates, antiviral activity

Introduction
Macaque models of simian immunodeficiency virus (SIV) or SHIV
(an SIV/HIVchimera) transmission arewidely used to evaluate the
efficacy of antiretroviral drugs in preventing HIV infection, either
as pre-exposure or post-exposure prophylaxis (PrEP and PEP,
respectively).1 Studies on SIV-exposed macaques receiving PEP
with tenofovir showed that PEP was most effective when initiated
soon after exposure and continued for 4 weeks, and helped define
guidelines to manage occupational and non-occupational HIV
exposures in humans.2–4Oral PrEP with emtricitabine and tenofo-
vir disoproxil fumarate prevented rectal and vaginal SHIV infection
in rhesus and pigtail macaques, and predicted the efficacy
of emtricitabine/tenofovir disoproxil fumarate in humans.5 –9

However, human clinical trials with daily emtricitabine/tenofovir

disoproxil fumarate in humans also highlighted the difficulty par-
ticipants experienced adhering to the daily oral regimen as only
�50%–80% had consistently detectable tenofovir, a marker of
compliance. Very low adherence (,30%) was the likely reason
why two other studies (VOICE and FEM-PrEP) failed to show any
efficacy of daily emtricitabine/tenofovir disoproxil fumarate.10,11

New PrEP regimens that can be given peri-coitally and do not
require daily dosing may potentially increase adherence and
effectiveness of PrEP. Such on-demand emtricitabine/tenofovir
disoproxil fumarate regimens have demonstrated efficacy in
macaques and their acceptability and effectiveness are currently
being evaluated in humans.12,13

The marketed HIV integrase inhibitors raltegravir, elvitegravir
and dolutegravir are all important components of treatment
regimens for HIV-1-infected persons but also are attractive
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candidates for either on-demand or daily prophylaxis. All three
drugs are well tolerated, very potent [protein-adjusted IC95
(PA-IC95) ranging from 16 to 64 ng/mL], and bind tightly to pre-
integration complexes with long (.7 h) disassociation half-lives.14

As strand transfer inhibitors, these drugs block HIV integration into
cellular DNA, a step that occurs after reverse transcription and
.6 h after infection.15 This unique mechanism of action may
extend the coital dosing window of integrase inhibitors beyond
what is afforded by reverse transcriptase inhibitors, and potentially
provide more flexibility for oral dosing and extended protection
from infection. Proof of concept for post-exposure protection by
an integrase inhibitor was recently shown in macaques receiving
a vaginal raltegravir gel 3 h after SHIV exposure.15 In this study,
five of six macaques were protected during 20 vaginal SHIV expo-
sures.15 These data heighten interest in oral raltegravir and other
integrase inhibitors for HIV prevention.

Macaque models provide an invaluable tool to assess the
prophylactic potential of oral integrase inhibitors through phar-
macokinetic and subsequent efficacy studies. Pharmacokinetic
assessments can provide information on systemic as well as rec-
tal and vaginal drug distribution, the sites of early virus replication
during sexual transmission. However, modelling clinically relevant
doses in macaques requires information on the appropriate dos-
ing that reproduces drug exposures observed in humans since
macaques generally metabolize drugs differently from humans.16

Of the three licensed integrase inhibitors, only raltegravir has been
administered orally to macaques, at doses ranging between 20
and 100 mg/kg, mostly in combination with emtricitabine and
tenofovir.17,18 In one study, 50 mg/kg raltegravir given as mono-
therapy consistently reduced plasma viraemia. However, none of
the studies evaluated systemic or mucosal raltegravir concentra-
tions and how they relate to human levels. Likewise, drug distribu-
tion studies with oral elvitegravir or dolutegravir inmacaques have
not been done. Herewe performed a single-dose pharmacokinetic
study with raltegravir, elvitegravir and dolutegravir in rhesus
macaques to identify doses that mimic human drug exposures.
We also measured drug concentrations in rectal and vaginal
secretions and related drug levels to antiviral activity. This study
provides the basis for a rational selection of integrase inhibitors
and doses for efficacy studies in macaques.

Materials and methods

Drug preparation and dosing
Raltegravir (Isentress) and dolutegravir (Tivicay) tablets were ground to
powder and suspended in PBS. Elvitegravir was dissolved in a vehicle con-
taining 65/20/15 PEG 400 (polyethylene glycol)/TPGS (tocopherol poly-
ethylene glycol 1000 succinate)/10 nM phosphate buffer, pH 8. The final
pH was adjusted to 7.

The initial doses of raltegravir, elvitegravir and dolutegravir were
selected to approximate daily human doses of 800 mg of raltegravir,
800 mg of elvitegravir or 50 mg of dolutegravir. Doses were adjusted
based on the differences in weight and BMI between macaques and
humans.19 We calculated human-equivalent doses of �50 mg/kg ralte-
gravir, 50 mg/kg elvitegravir and 3 mg/kg dolutegravir based on Km values
of 37 and 12 for humans andmacaques, respectively. For drug pharmaco-
kinetic studies, raltegravir, elvitegravir and dolutegravir were dosed with
emtricitabine (20 mg/kg) and tenofovir disoproxil fumarate (22 mg/kg).
These emtricitabine and tenofovir disoproxil fumarate doses recapitulate
drug exposure achieved in humans treated with 200 mg of emtricitabine

and 300 mg of tenofovir disoproxil fumarate.5 Analyses of protein binding
and drug activity were done in animals receiving raltegravir, elvitegravir or
dolutegravir without emtricitabine/tenofovir disoproxil fumarate. Drugs
were administered orally by gavage to groups of five macaques followed
by collection of blood and rectal and vaginal secretions over time.

All animal procedures were performed according to NIH guidelines and
approved by the Institutional Animal Care and Use Committee (IACUC) of
the CDC. Macaques were housed at the CDC under the full care of CDC
veterinarians in accordance with the standards incorporated in the
Guide for the Care and Use of Laboratory Animals (National Research
Council of the National Academies, 2010). All procedures were performed
under anaesthesia using ketamine, and all efforts were made to minimize
suffering, improve housing conditions and provide enrichment opportunities.

Analysis of drug concentrations in plasma, rectal
secretions and vaginal secretions
The concentrations of raltegravir, elvitegravir and dolutegravir were mea-
sured by HPLC–MS/MS. Briefly, raltegravir and elvitegravir were extracted
from 100 mL of plasma, 20 mL of secretion eluates or 20 mL of dialysis buf-
fer by protein precipitation using 500 mL of methanol containing 25 ng of
appropriate internal standard; deuterium-labelled raltegravir (RAL-d3)
(Toronto Research Chemicals, Toronto, Canada) was used as the internal
standard for raltegravir and deuterium-labelled elvitegravir (EVG-d6)
(Toronto Research Chemicals, Toronto, Canada) was used as the internal
standard for elvitegravir and dolutegravir. Dolutegravir in plasma
(100 mL) was extracted the same way as raltegravir and elvitegravir,
while dolutegravir in secretions or dialysis buffer was extracted from
20 mL of sample mixed with 80 mL of normal human plasma (Interstate
Blood Bank, Memphis, TN, USA). After a brief centrifugation and removal
of protein precipitates, the supernatant was evaporated to near dryness
at room temperature in a biological cabinet, and re-suspended in
150 mL of mobile phase A (0.2% formic acid in water). Ten microlitres of
the final solutionwas injected onto a 0.5×150 mmHALO Phenyl Hexyl col-
umn (ABSciex, Foster City, CA, USA) connected to an Ekspert MicroLC 200
HPLC system (ABSciex). An aqueous acetonitrile mobile-phase gradient
was used to elute the analytes from the column and into a Model 3200
QTrap MS/MS system (ABSciex). Mass transitions (m/z) were monitored in
positivemultiple reactionmonitoring (MRM)mode. Analyte concentrations
were determined from a standard curve with a range of 1–2000 ng/mL
using Analyst 6.1 software (ABSciex). The limit of quantification for all ana-
lytes was 10 ng/mL in plasma samples and 50 ng/mL in secretion eluates
and dialysis buffer.

Rectal and vaginal secretions were collected in wicks (Weck-Cel
Surgical Spear, Medtronic Ophthalmic, Jacksonville, FL, USA) using a modi-
fication of an established protocol used for the analysis of genital tract
immunoglobulins and cytokines in human cervical secretions.20 Briefly,
dry wicks (four wicks/animal) were inserted 5 cm into the rectum or vagi-
nal cavity of recumbent macaques and maintained for 5 min. Elution of
elvitegravir and raltegravir from sponges was done by addition of 50 mL
of elution buffer as described previously.20 After 15 min on ice to allow
the buffer to diffuse, each spongewas transferred to a PCR purification col-
umn (QIAquick PCR Purification Kit, Qiagen) and then centrifuged at
14000 rpm for 5 min at 48C to remove particulate matter. The total elu-
ates (geometric mean, 95% CI) obtained from four vaginal or rectal
sponges were 129 (127–131) and 146 (134–159) mL, respectively. We
used those values to calculate the total volume of rectal or vaginal secre-
tion collected in one sponge after correction for the volume of elution buf-
fer added to the sponges and the fraction of liquid retained in a sponge.13

On average, a sponge contained 10 (10–11) and 13 (11–15) mL of vaginal
or rectal secretions, respectively. These volumes were then used to calcu-
late the amount of elvitegravir and raltegravir in nanograms permillilitre of
secretion. Elution of dolutegravir from sponges was done directly with
250 mL of methanol per sponge since normal elution buffer interfered
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with assay performance (not shown). The average volume of secretion
contained in a sponge (10 or 13 mL, see above) was then used to calculate
the concentration of dolutegravir per millilitre of secretion.

Pharmacokinetic parameters were estimated using non-compartmental
methods (WinNonlin software version 5.2; Pharsight Corporation). Cmax was
determined visually. Tmax was defined at Cmax. AUC values were calculated
over 24 or 48 h.

Analysis of protein binding
Protein binding was determined by rapid equilibrium dialysis as previously
described (Rapid Equilibrium Dialysis Device System, Thermo Scientific).21

Briefly, a 100 mL volume of plasma or rectal secretions eluted in PBS was
incubated for 10 h at 378C in dialysis cartridges followed by protein precipi-
tation and measurement of total and free drug concentrations by HPLC–
MS/MS.21,22 These values were used to calculate the percentage of drug
bound to proteins according to the manufacturer’s instructions.

Antiviral activity of raltegravir, elvitegravir and
dolutegravir in rectal secretions
The antiviral activity of raltegravir, elvitegravir and dolutegravir in rectal
secretions was investigated by measuring the ability of the secretions to
block infection of TZM-bl cells with SHIV162p3 in vitro. Briefly, macaques
(n¼5 per drug) received a single oral dose of raltegravir (50 mg/kg), elvite-
gravir (50 mg/kg) or dolutegravir (30 mg/kg) without emtricitabine/teno-
fovir disoproxil fumarate followed by collection of rectal secretions at 5,
24 or 48 h. Secretions collected from five macaques at each timepoint
were pooled, serially diluted and then added to triplicate wells containing
3×104 TZM-bl cells and �107 particles of SHIV162p3 (based on genomic
RNA levels). Luciferase activity (relative light units) was measured after
48 h of incubation at 378C and used to quantify the number of infectious
particles per sample. The percentage of cell protection was calculated by
measuring the ratio between luciferase activities in the presence and

absence of secretions. Rectal secretions collected from the same maca-
ques prior to drug dosing were used as baseline controls.

Results

Pharmacokinetic profiles of raltegravir, elvitegravir and
dolutegravir in blood

Figure 1 shows the pharmacokinetic profile of each drug in blood
and Table 1 summarizes the pharmacokinetic parameters. With
50 mg/kg raltegravir, the AUC0–24 and Cmax values [median
(minimum–maximum)] were 3635 (1040–6752) ng.h/mL and
299 (129–924) ng/mL, respectively. In humans, 400 mg of ralte-
gravir twice a day resulted in variable AUC0–24 and Cmax values,
ranging from 1700 to 7000 ng.h/mL and 500 to 2000 ng/mL,
respectively, while 800 mg once a day resulted in similar or 2- to
4-fold higher AUC0–24 and Cmax values.

23–25Thus, the overall ralte-
gravir exposure with 50 mg/kg as measured by AUC values was
within the range of variability seen in humans receiving 400 mg
twice a day or 800 mg once a day.

With 10 mg/kg elvitegravir, plasma AUC0–24 values [420 (269–
1058) ng.h/mL] and Cmax values [69 (25–226) ng/mL] were well
below the values seen in humans receiving unboosted elvitegravir
at 800 mg once a day or 200–800 mg twice a day.26 With the
50 mg/kg dose, AUC0–24 increased to 4012 (829–9353) ng.h/mL,
which is well within the range seen with 800 mg once a day or
twice a day in humans (3570–5510 ng.h/mL)26 However, Cmax

[282 (25–752) ng/mL] still remained lower than in humans (836–
940 ng/mL).26 Plasma elvitegravir concentrations at 24 h (Ctau)
were undetectable with the 10 mg/kg dose and were 53 (32–
61) ng/mL with the 50 mg/kg dose, in accordance with humans
receiving 800 mg twice a day (48 ng/mL) (Figure 1 and Table 1).
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Figure 1. Pharmacokinetic profiles of raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG) in plasma from rhesus macaques. Macaques (n¼5 per
drug and dose) received a single oral drug dose followed by collection of plasma and drug level measurement by HPLC–MS/MS. Broken lines represent
each individual macaque. The continuous line represents median drug concentrations.
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Dolutegravirwas given at 3.5, 10 or 30 mg/kg. Table 1 and Figure 2
show that both Cmax and AUC values increased proportionally within
this dosing range. In humans, a single 50 mg dose of dolutegravir
resulted in AUC0–24 and Cmax values of 38000 ng.h/mL and
3000 ng/mL, respectively.27 A dose–response analysis of Cmax

and AUC values showed that a macaque dolutegravir dose of
�20 mg/kg recapitulated drug exposure achieved with 50 mg of
dolutegravir in humans (Figure 2).

We also evaluated raltegravir, elvitegravir and dolutegravir pro-
tein binding in plasma. As in humans, all three integrase inhibitors
were highly bound to proteins; the percentage of drug bound
(geometric mean, 95% CI) to plasma proteins was 91% (81%–
101%) for raltegravir, 96.7% (93%–100%) for elvitegravir and
99% for dolutegravir. As expected, elvitegravir, raltegravir and
dolutegravir did not affect the concentrations of emtricitabine
or tenofovir in plasma (data not shown).

Raltegravir, elvitegravir and dolutegravir concentrations
in rectal and vaginal secretions

We next measured drug concentrations in rectal and vaginal
secretions after 50 mg/kg raltegravir, 50 mg/kg elvitegravir or

30 mg/kg dolutegravir. Figure 3 shows the concentrations achieved
over time for each drug. In vaginal secretions (continuous line),
peak concentrations (median, minimum–maximum) of raltegra-
vir [9502 (1145–56795) ng/mL], elvitegravir [48296 (870–
335750) ng/mL] and dolutegravir [261 (201–813) ng/mL] were
achieved at 5 (2–24) h, 24 h and 5 (2–24) h, respectively. In rectal
secretions (broken line), peak levels (13000 ng/mL for raltegravir,
98119 ng/mL for elvitegravir and 28915 ng/mL for dolutegravir)
were also high and, in the cases of raltegravir and dolutegravir,
were achieved later (24 h) than in vaginal secretions (Figure 3).

We next calculated the ratio between AUC0–24 values in
rectal and vaginal secretions as a measure of relative tissue
exposure to each integrase inhibitor (Table 2). The raltegravir
AUC0–24 values were similar in rectal (127042 ng.h/mL) and vagi-
nal (153618 ng.h/mL) secretions, while rectal AUC0–24 values for
elvitegravir (2784000 ng.h/mL) were 6.1-fold higher than those
seen in vaginal secretions (458870 ng.h/mL). Rectal AUC values
for dolutegravir were similar to vaginal values with the 10 mg/kg
dose and 40-fold higher than in vaginal secretions with the
30 mg/kg dose (Table 2).

We also calculated the ratio between AUC0–24 values in muco-
sal secretions and plasma as a measure of relative drug

Table 1. Pharmacokinetic parameters of raltegravir, elvitegravir and dolutegravir in rhesus macaques

Drug and dose Cmax (ng/mL) Ctau (ng/mL) Tmax (h) AUC0–24 (ng.h/mL)

Raltegravir
50 mg/kg 299 (129–924) 67 (29–132) 2 (2–5) 3635 (1040–6752)

Elvitegravir
10 mg/kg 69 (25–226) BLQ 2 420 (269–1058)
50 mg/kg 282 (25–752) 53 (32–61) 5 4012 (829–9353)

Dolutegravir
3.5 mg/kg 963 (466–2150) 97 (31–381) 2 (2–5) 10933 (7752–18263)
10 mg/kg 1719 (691–2498) 209 (57–553) 2 (2–5) 26505 (7002–37868)
30 mg/kg 3503 (3125–7055) 847 (433–2268) 2 (2–5) 50994 (39124–106952)

BLQ, below limit of quantification.
All values shown are median (minimum–maximum).
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Figure 2. Dose proportionality between oral dolutegravir and plasma dolutegravir concentrations. Macaques (n¼5 per drug and dose) received orally
3.5, 10 or 30 mg/kg dolutegravir followed by drug level measurements by HPLC–MS/MS. Dose–response relationship between oral dolutegravir dose and
plasma Cmax or plasma AUC0–24 is shown. Each symbol represents an individual macaque.
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penetration. Table 2 shows that overall raltegravir concentrations
in rectal and vaginal secretions were consistently higher than in
plasma (35- and 42-fold, respectively). With unboosted elvitegra-
vir, relative concentrations were also higher at the two mucosal
sites (694- and 114-fold, respectively). In contrast, dolutegravir

penetration in rectal and vaginal secretions was low with the
10 mg/kg dose (0.23 and 0.27 times that in blood plasma,
respectively). Vaginal dolutegravir penetration remained low
(0.13 times that in blood plasma) with 30 mg/kg dolutegravir
while rectal penetration with this high dolutegravir dose was
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Figure 3. Pharmacokinetic profiles of raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG) in rectal and vaginal secretions. Macaques (n¼5 per drug
and dose) received a single dose of raltegravir (50 mg/kg), elvitegravir (50 mg/kg) or dolutegravir (30 mg/kg) followed by collection of rectal and vaginal
secretions in wicks. Results are expressed as median concentrations measured by HPLC–MS/MS. Vertical lines denote the IQR. Horizontal lines indicate
the PA-IC95 value for each drug.

Table 2. Relative penetration of raltegravir, elvitegravir and dolutegravir in rectal and vaginal secretions

AUC0–24 (ng.h/mL)a AUC0–24 ratio

rectal secretions (RS) vaginal secretions (VS) blood plasma (BP) RS:VS RS:BP VS:BP

Raltegravir
50 mg/kg 127042 153618 (12479–718990) 3635 (1040–6752) 0.8 35 42

Elvitegravir
50 mg/kg 2784000 (9121–4236000) 458870 (11172–3190000) 4012 (829–9353) 6.1 694 114

Dolutegravir
10 mg/kg 6085 (3063–16636) 7281 (1390–13496) 26505 (7002–37868) 0.84 0.23 0.27
30 mg/kg 275968 (16708–7342000) 6862 (3026–10477) 50994 (39124–106952) 40 5.4 0.13

The value for raltegravir in rectal secretions represents a single measurement of pooled secretions prepared from five macaques at baseline, 2 h, 5 h,
24 h or 48 h.
aAll values are median (minimum–maximum).
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5.4-fold higher than in blood plasma (Table 2). These results show
that raltegravir, elvitegravir and dolutegravir penetratewith differ-
ent efficiencies into rectal and vaginal tissues.

Antiviral activity of raltegravir, elvitegravir and
dolutegravir in rectal secretions

We next investigated the antiviral activity of raltegravir, elvitegra-
vir and dolutegravir in secretions. We focused on rectal secretions
since drug concentrations were generally higher than in vaginal
secretions and were also sustained for longer periods of time.
For this analysis we dosed groups of five macaques with raltegra-
vir, elvitegravir or dolutegravir and then evaluated the ability of
secretions to block infection of TZM-bl cells with SHIV in vitro.
We first defined background activity in secretions collected prior
to drug dosing. On average, a 1/10 dilution (range 1/25–1/3) of
secretions from untreated animals was able to block infection of
TZM-bl cells by 50% (EC50). After raltegravir dosing, the EC50 was
achieved at a 1/1000 (24 h) or a 1/350 dilution (48 h) (Figure 4).
Similar results were found with dolutegravir; EC50 values were
obtained at a 1/400 dilution at 5 h, a 1/800 dilution at 24 h and
a 1/250 dilution at 48 h. Secretions collected from macaques

receiving elvitegravir protected TZM-bl cells by .90% even at a
1/31000 dilution. These results demonstrate high and sustained
antiviral activity of raltegravir, elvitegravir and dolutegravir in rec-
tal secretions.

We also examined changes in antiviral activity of rectal secre-
tions over time by comparing EC50 values achievedwith secretions
with those seen with drug spiked in PBS or in blank secretions col-
lected from untreated animals. Figure 5 shows that the EC50 value
achieved with secretions collected 5 h after dolutegravir treat-
ment (0.9 nM; 95% CI 0.4–2.0) was similar to that seen with
dolutegravir spiked in PBS (1.2 nM; 95% CI 0.6–2.6). In contrast,
the EC50 values observed with secretions collected at 24 h
(51.1 nM; 95% CI 34.2–76.2) or 48 h (75.3 nM; 95% CI 40.9–
138.8) were 42- to 63-fold higher than that seen with spiked
dolutegravir, and similar to the protein-adjusted EC50 value of
38 nM.28 Overall, these findings demonstrate that all dolutegravir
present in secretions collected at 5 hwas active but only a fraction
of drug detected at 24–48 h retained antiviral activity. We could
not collect secretions at 5 h after raltegravir dosing, although
the analysis of inhibition curves at 24 h or 48 h also suggested a
reduction in activity relative to raltegravir spiked in PBS (Figure 5).
A similar analysis with elvitegravir showed high activity with
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secretions collected at 5 or 24 h and an apparent reduction in
activity at 48 h (EC50 values were outside the linear range)
(Figure 5). Overall, while all rectal secretions exhibited antiviral
activity in vitro, we observed a trend towards lower activity relative
to free drug over time. Possible mechanisms that can contribute
to such changes include variable non-specific activity in rectal
secretions and different degrees of protein binding of drugs.

Discussion
We investigated the pharmacokinetic profiles of raltegravir, elvite-
gravir and dolutegravir in macaques and identified oral doses that
recapitulate systemic drug concentrations achieved in humans
receiving therapeutic doses. As in humans, all three drugs were
highly bound to plasma proteins and differed in their ability to
penetrate mucosal tissues. Dolutegravir levels in rectal and vagi-
nal secretions were only 23%and 27%of those seen in plasma (at
a dose of 10 mg/kg), although rectal concentrations were higher
with a higher dolutegravir dose (30 mg/kg). In contrast, raltegravir
concentrations in rectal secretions were 35-fold higher than in
plasma. These observations are in line with first-dose kinetic stud-
ies in humans, which also noted low mucosal dolutegravir con-
centrations and high raltegravir penetration.27,29 –31 Since high
drug penetration into anatomical sites permissive of early HIV rep-
lication during sexual transmission is likely important to prevent
HIV infection, our observations suggest that raltegravir may

have an added advantage over dolutegravir for PrEP or PEP.
Future macaque virus challenge studies may determine whether
therapeutic or possibly lower doses of dolutegravir or raltegravir
prevent infection.32

In humans, co-administration of elvitegravir with inhibitors of
cytochrome P450 CYP3A enzymes such as ritonavir or cobicistat
boosts systemic elvitegravir levels by �20-fold.26,33 Since our
study was done without a pharmacoenhancer, the plasma drug
concentrations seen with the 50 mg/kg dose were only reflective
of those achieved with unboosted elvitegravir in humans.26

Notably, mucosal elvitegravir levels were very high despite low
systemic elvitegravir levels, as vaginal and rectal concentrations
were 100- to 700-fold higher than plasma levels and remained
well above the PA-IC95 for up to 48 h. High mucosal drug penetra-
tion despite high plasma protein binding has also been noted for
other drugs, such asmaraviroc.34,35As data onmucosal elvitegra-
vir penetration become available in humans, it will be important
to see whether the concentrations of elvitegravir in rectal and
vaginal fluids are also high and sustained and whether they are
increased further by cobicistat.

As in humans, systemic dolutegravir concentrations in maca-
ques increased in a dose-proportional manner.36 We found that
20 mg/kg dolutegravir in macaques recapitulated systemic drug
concentrations achieved with 50 mg in humans. However, the
20 mg/kg dose was much higher than the predicted 3 mg/kg
macaque dose based on dose translation estimates using

RAL
%

 P
ro

te
ct

io
n

%
 P

ro
te

ct
io

n

%
 P

ro
te

ct
io

n

–4 –2 –4 –2

–4 –2

0 2 4 6
0

25

50

75

100

Log10 RAL nM Log10 EVG nM

DTG

DTG in PBS
Rectal secretion (5 h)
Rectal secretion (24 h)
Rectal secretion (48 h)

0 2 4 6
0

20

40

60

80

100

Log10 DTG nM

EVG

100

0 2 4 6
0

25

50

75

EVG in PBS
Rectal secretion (5 h)

Rectal secretion (48 h)
Rectal secretion (24 h)

Rectal secretion (48 h)
Rectal secretion (24 h)
RAL in PBS

Figure 5. Inhibition curveswith raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG) from rectal secretions. Rectal secretions collected from treated
macaques at 5, 24 or 48 hwere evaluated for their ability to bock infection of TZM-bl cells with SHIV162p3. Data represent the percentage of cell protection
as a function of the concentration of drug measured in secretions by HPLC–MS/MS. Inhibition curves obtained with drug spiked in PBS are shown as
reference.

HIV integrase inhibitors in macaques

1479

JAC
 at Stephen B

. Thacker C
D

C
 Library on M

ay 22, 2015
http://jac.oxfordjournals.org/

D
ow

nloaded from
 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 60 of 244 PageID #: 1244



human and macaque Km factors.19 This difference might be due
to reduced dolutegravir absorption in macaques, or the adminis-
tration of dolutegravir to fasting animals; in fasting humans,
dolutegravir absorption can be reduced by up to 66%.37 The
dolutegravir dose identified in this study will likely result in
maximal antiviral activity and also benefits modelling treatment
and cure strategies in macaques, which have previously used a
lower dolutegravir dose.32

Several observations can be made from the analysis of drug
penetration in rectal secretions. First, all three integrase inhibitors
achieved levels that were well above the PA-IC95 for up to 48 h.
High drug concentrations were also associated with potent
and sustained antiviral activity, demonstrating that a significant
amount of drug in rectal secretions remained active. Interestingly,
dolutegravir in secretions collected at 5 h had similar antiviral
activity to dolutegravir spiked in PBS, suggesting that most of the
drug was unbound to proteins. In contrast, dolutegravir at 24–
48 h was less active and showed EC90 estimates close to the
protein-adjusted values.35 It is possible thatmucosal protein binding
at 5 h had not yet reached equilibrium, thus resulting in more free
dolutegravir and greater antiviral effect.

Of the three integrase inhibitors, elvitegravir showed the high-
est penetration in rectal and vaginal fluids despite the absence of
pharmacological boosting. The concentrations of elvitegravir in
rectal secretions were also �6-fold higher than in vaginal secre-
tions. It is not clear whether faecal elimination of elvitegravir
and mucus trapping contributed to the high rectal elvitegravir
concentrations since �95% of the oral elvitegravir dose is
excreted in faeces compared with 50% for raltegravir and dolute-
gravir.38,39 However, elvitegravir concentrations in vaginal fluids
were also the highest among the three drugs, suggesting that
drug distribution from blood plasma is a primary mechanism for
elvitegravir accumulation in mucosal tissues. If confirmed in
humans, the finding of high elvitegravir concentrations and anti-
viral activity in rectal and vaginal secretions is very promising for
HIV prevention particularly for coital dosing, since these are the
two primary sites of HIV infection. The high mucosal elvitegravir
level in the absence of boosting is also promising as it raises the
possibility of using unboosted elvitegravir, which can reduce the
cost and the risk of drug–drug interactions. The data support
challenge studies in macaques to assess whether unboosted
elvitegravir is efficacious.

Our study is an important first step towards evaluating the
prophylactic potential of these drugs in macaque models of HIV
infection. The same approach with emtricitabine and tenofovir
disoproxil fumarate provided proof of concept for efficacy in
humans, and demonstrated that protection in macaques and
humans was achieved at similar intracellular tenofovir diphos-
phate concentrations.5,6,13,40,41However, our study has some lim-
itations. First, we did not model boosted elvitegravir since
macaque doses of CYP3A4 inhibitors are not yet defined. It will
be important to evaluate whether cobicistat or ritonavir can
boost plasma elvitegravir concentrations to levels achieved in
humans. Second, we did not directly measure drug concentra-
tions in rectal or vaginal tissues. While mucosal dolutegravir and
raltegravir levels in humans correlate with tissue drug concentra-
tions, it is important to confirmwhether the same correlation also
occurs in macaques.29,30 The comparison between mucosal drug
levels inmacaques and humansmay be susceptible to differences
in sample collection protocols and drug normalization methods

(weight or volume).29 Additional efforts should thus be focused
on standardizing mucosal sampling procedures in macaques
and humans. These studies may also help to identify surrogates
of protection.

In summary, we defined the pharmacokinetic profiles of the
three FDA-approved HIV integrase inhibitors in macaques and
identified clinically relevant doses based on plasma drug levels.
All three drugs showed high and sustained mucosal drug levels,
suggesting that they may represent good candidates for PrEP or
PEP. The data support efficacy studies with dose escalation
designs in validated SHIV virus challenge experiments to define
the prophylactic potential of this drug class and identify the min-
imal drug dose required for prevention.
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 CURRENT
OPINION Nondaily preexposure prophylaxis for HIV prevention

Peter L. Andersona, J. Gerardo Garcı́a-Lermab, and Walid Heneineb

Purpose of review

To discuss nondaily preexposure prophylaxis (PrEP) modalities that may provide advantages compared with
daily PrEP in cost and cumulative toxicity, but may have lower adherence forgiveness.

Recent findings

Animal models have informed our understanding of early viral transmission events, which help guide event-
driven PrEP dosing strategies. These models indicate early establishment of viral replication in rectal or
cervicovaginal tissues, so event-driven PrEP should rapidly deliver high mucosal drug concentrations within
hours of the potential exposure event. Macaque models have demonstrated the high biological efficacy for
event-driven dosing of oral tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC) against both vaginal
and rectal virus transmission. In humans, the IPERGAY study demonstrated 86% efficacy for event-driven
oral TDF/FTC dosing among men who have sex with men (MSM), while no similar efficacy data are
available on women or heterosexual men. The HPTN 067 study showed that certain MSM populations
adhere well to nondaily PrEP, whereas other populations of women adhere more poorly to nondaily versus
daily regimens. Pharmacokinetic studies following oral TDF/FTC dosing in humans indicate that TFV-
diphosphate (the active form of TFV) accumulates to higher concentrations in rectal versus cervicovaginal
tissue, but nonadherence in trials complicates the interpretation of differential mucosal drug concentrations.

Summary

Event-driven dosing for TFV-based PrEP has promise for HIV prevention in MSM. Future research of event-
driven PrEP in women and heterosexual men should be guided by a better understanding of the importance
of mucosal drug concentrations for PrEP efficacy and its sensitivity to adherence.

Keywords

adherence, cellular pharmacology, HIV prevention, macaque model, microbicides, tenofovir

INTRODUCTION

In 2012, the US Food and Drug Administration
approved daily tenofovir disoproxil fumarate
(TDF) in combination with oral emtricitabine
(FTC) (Truvada) for preexposure prophylaxis (PrEP)
to preventHIV infection inmen andwomen [1]. The
decision to approve daily Truvada for PrEP was based
on efficacy of 44–75% in several placebo-controlled
PrEP trials [2–4]. These trials also highlighted the
importance of adherence to the daily oral regimen as
only �50–80% of active arm participants had con-
sistently quantifiable tenofovir in plasma, a bio-
marker of adherence. Quantifiable drug in plasma
increased the efficacy estimates to �74–92%. Very
low adherence (�30%) likely contributed to why
two clinical trials among young African women
(VOICE and FEM-PrEP) failed to show any efficacy
of either daily TDF or Truvada [5

&&

,6]. The clinical
development of PrEP has benefited from animal
studies that have provided proof-of-concept of
efficacy of this prevention strategy and informed
trial designs.

Following the demonstration of efficacy by daily
TDF/FTC in macaques, attention has shifted to the
assessment of nondaily TDF/FTC regimens as these
regimens might align better with episodic sexual
practices, and result in lower drug toxicities and
reduced costs compared with daily regimens.
Event-driven or on-demand dosing has been the
focus of microbicides development, a related PrEP
strategy delivering topical antiretroviral drugs
through gels or other formulations. Here, we will
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review the preclinical and clinical information on
nondaily PrEP as a strategy for HIV prevention, with
a focus on event-driven dosing.

VIROLOGIC CONSIDERATIONS

The goal of event-driven PrEP is to deliver effective
drug concentrations to HIV-exposed tissues and/or
systemically at the time of potential HIV exposure,
and at a time when HIV is most vulnerable [7]. This
will require strategic dosing relative to the HIV
exposure. This differs from the goal of daily PrEP
which is to sustain effective steady-state drug con-
centrations in HIV-exposed tissues and/or systemi-
cally throughout therapy to protect the individual
should an HIV exposure takes place. HIV is most
vulnerable during the initial hours to days following
an HIV exposure [8]. The events during this vulner-
able time have been elucidated for simian immuno-
deficiency virus (SIV) infection in macaques, as a
model for HIV in humans [7–10]. After SIV inocu-
lation in the vaginal vault, virus is rapidly diluted
and cleared except for some trapping in mucus. A
low number of viruses may cross themucosal barrier
(higher numbers if the mucosa is not intact) where
they may encounter and infect a small number of
CD4-bearing cells creating a founder population in
the mucosal tissue. This process starts within hours
and takes about 1–3 days to become established. It is
thought that the virus is generally localized to the
mucosal tissue during this time, but virus has also
been observed in lymph nodes, so this may not be
absolute [10]. It is during these early events that the
virus is most vulnerable, so event-driven antiretro-
viral prophylaxis will be most effective when drug is
present within the first hours of exposure to HIV [7].

The length of time that the drugmust be present
is less clear for event-driven dosing. It is likely that
the length of timewill be dependent onwhether any
viral replication may have taken place initially.
Theoretically, if effective drug concentrations were
present early, this would prevent any viral replica-
tion compared with a situation where drug concen-
trations were not present or high enough such that
early rounds of viral replication were to have
occurred. In such a case, the duration of drug action
would need to be longer to adequately cover the
time to prevent viral spread. This was manifested in
postexposure prophylaxis (PEP) studies in macaques
in which short treatment of 2–3 days with either
tenofovir or tenofovir/FTC combination initiated
24h after exposure was not protective, whereas
longer treatment durations up to 4 weeks were
needed for efficacy [11,12]. This is a compelling
rationale for preventing early stages of replication
with effective drug concentrations.

PHARMACOLOGIC CONSIDERATIONS

It is important that the PrEP agents distribute and
adequately accumulate in mucosal tissue (e.g. vag-
inal, rectal and penile) where these initial virologic
events are localized [13,14]. The possibility of virus
escaping to lymph nodes at early time points
suggests that systemic drug concentrations may be
important as a ‘back-up’ for this potential scenario.
The relative importance of systemic versus mucosal
drug concentrations has not been evaluated. It is
possible that ‘back-up’ systemic drug may contrib-
ute to PrEP efficacy. For example, PrEP trials of oral
TDF-FTC dosing (e.g. [2,4]) generally performed
better compared with PrEP trials of topical dosing
with tenofovir gel (e.g. [15,16]), wherein mucosal
drug concentrations exceed those of oral dosing by
more than 100-fold [17]. However, it is unclear
whether the lower effectiveness of topical dosing
reflects a lower biological efficacy or simply a gener-
ally lower adherence to the topical product. In
macaques, both oral TDF/FTC and tenofovir gel
were found to be highly protective [12,18–21].

Mucosal drug distribution studies have focused
on cervicovaginal and rectal tissues as these com-
partments aremore accessible compared with penile
tissue. Vaginal and rectal drug distribution has been
elucidated for multiple antiretrovirals (see reviews
[14,22

&

]) including the current oral PrEP agents,
tenofovir and emtricitabine. These agents are nucle-
os(t)ide analogs that require phosphorylation in
cells for pharmacologic activation. The resulti
ng intracellular anabolites, tenofovir-diphosphate
(TFV-DP) and emtricitabine-triphosphate (FTC-TP)
are ion-trapped thereby extending their half-life at

KEY POINTS

� Lower cost, less toxicity and better adherence are
potential advantages of event-driven dosing.

� Animal models support event-driven dosing for rectal
and cervicovaginal exposures, but data for penile
exposures are not available.

� Pharmacology studies show the preferential
accumulation of tenofovir-diphosphate in rectal versus
cervicovaginal tissue.

� Human studies show promise for event-driven dosing in
MSM, but research is needed to guide the field for
women and heterosexual men.

� Event-driven PrEP is likely to have less forgiveness for
missed doses compared with daily dosing.
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the site of action [23]. The longer half-life results in a
build up from the first dose to steady-state concen-
trations. This build up takes several half-lives to
reach the steady state plateau. This is relevant for
event-driven dosing because single (or a few) doses
will result in low concentrations relative to steady-
state concentrations achieved with daily dosing.
These lower concentrations suggest a lower margin
for error in terms of missed doses for event-driven
dosing. Table 1 [24–27

&

] lists half-lives, accumu-
lation factor and time to reach steady state, as
well as genital and rectal distribution relative to
blood for TFV-DP and FTC-TP following oral dosing
[24–26,27

&

]. These pharmacokinetic parameters
appear to be similar in the macaque model [12,28].

TFV-DP accumulates to several-fold higher con-
centrations in rectal compared with vaginal tissue
and cells, suggesting preferential activity for pro-
phylaxis of rectal HIV transmission [22

&

,29,30].
Indeed, high activity has been observed for TDF-
containing PrEP regimens in clinical trials among
MSM [3,31,32]. A potential mechanism for high TFV
in the rectal tissue may be its �30% bioavailability
[33] such that 70% of the dose remains in the
gastrointestinal tract providing high local concen-
trations. Conversely, FTC-TP accumulates quickly
but relatively poorly in rectal tissue and cells (con-
sistent with nearly complete bioavailability) [34],
with better concentrations in vaginal tissue and
cells, suggesting high activity for vaginal trans-
mission. However, the Partner’s PrEP study did
not find an efficacy difference for TDF alone versus
TDF and FTC among the women subgroup [35

&&

].
Penile drug distribution has not been adequately
studied in humans, but limited data in macaques
following oral TDF/FTC dosing show TFV-DP con-
centrations in urethra and foreskin within the range
seen in vaginal tissues (CDC, unpublished data).
Furthermore, the high PrEP efficacy observed in
heterosexual men suggests sufficient drug exposure
from daily oral dosing [2,4,35

&&

].
Although the results of clinical trials suggest

high efficacy against cervicovaginal, rectal and
penile HIV exposures when adherence is high
[4,35

&&

,36,37
&

,38
&

,39], efficacy at lower adherence

levels is difficult to interpret. For instance, the
placebo-controlled iPrEx trial of daily TDF-FTC in
MSM found 42% efficacy [95% confidence interval
(CI), 18–60%] for approximately 44% adherence as
measured by quantifiable drug in blood [36]. The
FEMPREP andVOICE trials inwomen found a lack of
efficacy (95% CIs, –52 to 41% and –49 to 27%) for
quantifiable drug rates of 35 and 29%, respectively
[5

&&

,6]. It is possible that differential drug penetra-
tion in mucosal tissue, as described above, could at
least partly explain these findings, but the confi-
dence intervals are wide and inconclusive [22

&

,40].
Nevertheless, the differences in mucosal pharmaco-
kinetics (PK) may imply that nondaily dosing such
as event-driven dosing may have less pharmacoki-
netic forgiveness for cervicovaginal or possibly pen-
ile exposures compared with rectal exposures. This
should be an area of more research in terms of
nondaily PrEP for vaginal and penile HIV preven-
tion.

ANIMAL MODEL SUPPORT

Macaquemodels of SIV or SHIV (a SIV/HIV chimera)
transmission have been extensively used to investi-
gate the efficacy of tenofovir and FTC in preventing
infection either as preexposure or PEP. Studies on
SIV-exposed macaques receiving PEP with tenofovir
showed that PEP was most effective when initiated
soon after exposure and continued for 4 weeks, and
helped define guidelines to manage occupational
and nonoccupational HIV exposures in humans
[11,41]. Indications that ARV drugs administered
as PrEP could also prevent infection came from
studies with subcutaneous TFV and oral SIV inocu-
lations [42,43]. More recent work using oral doses of
FTC and TDF that recapitulate human therapeutic
doses provided proof-of-concept of efficacy for daily
PrEP with FTC/TDF [19]. In addition to using clin-
ically relevant FTC/TDF doses, these studies used
novel repeat low-dose macaque models that better
mimic human transmission of HIV in many aspects
including the use of a SHIV162p3 isolate containing
an R5-tropic envelope similar to that of most trans-
mitted HIV, an inoculum dose within the range of

Table 1. Pharmacokinetics of tenofovir-diphosphate and emtricitabine-triphosphate relevant for event-driven dosing [24–27&]

Systemic (PBMC)
Rectal Vaginal

T-1/2 (days) Tss (days) AF (fold increase) Ratio with PBMC Ratio with PBMC

TFV-DP 2–4 7–12 5–9 4–30 1–3

FTC-TP 1–2 3–7 2–3 1/6th 1–2

AF, fold accumulation between a single dose and steady-state; PBMC, peripheral blood mononuclear cells; Tss, time to 90% of steady state.
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HIV-1 RNA levels in semen during acute infection
and once or twice weekly virus challenges to mimic
high-risk human HIV exposure [44,45]. PrEP evalu-
ations with the repeat low-dose model generally use
rhesus or pigtail macaques. Although bothmacaque
species are suitable for rectal efficacy studies,
analysis of vaginal efficacy has focused on pigtail
macaques because pigtails have lunar menstrual
cycles and changes in hormone levels similar to
humans [46,47]. The pigtail macaque menstrual
cycle averages 32.8 days and recapitulates potential
fluctuations in susceptibility to HIV or SIV infection
associated with the follicular and luteal phase of the
menstrual cycle [21,47,48]. Pigtails can also be easily
infected vaginally with low virus doses without the
use of exogenous progestins such as depot-medr
oxyprogesterone acetate (DMPA) [21,47,49

&

,50].
Although treatment of rhesus macaques with high
DMPA doses also ensures vaginal infection at lower
virus doses, this DMPA dose does not fully reproduce
the biological effects of DMPA seen in women [50].

Studies with the repeat low-dose model have
assessed the potential for time-driven and event-
driven intermittent PrEP usage as an alternative
to daily PrEP [12]. Time-driven modalities were
selected tomodel regimens containing 1 or 2 weekly
pills followed by a booster postexposure dose. For
these studies, macaques received FTC/TDF orally
either 3 or 7 days before SHIV challenge followed
by a postexposure dose given 2h later. Both
scenarios were highly protective with reductions
in the risk of infection of 15.4 and 9.3 (Table 2)
[12]. Interestingly, protection by the –3 day PrEP
dose was lost when the booster dose 2h after chal-
lenge was not administered to themacaques (Fig. 1),
indicating that the duration of drug action was not
long enough with the single preexposure dose.
Although the superior efficacy in the –3 day/þ2h
group may be explained by the high TFV-DP

concentrations achieved with 2 weekly FTC/TDF
doses [28], these findings also highlighted the
importance of the postexposure dose for efficacy.

In a different design, macaques received two
FTC/TDF regimens modeling event-driven PrEP
usage. These regimens were initiated 24h or 2h
prior to virus exposure and also contained a booster
PEP dose given 24h after the initial PrEP dose. Table
2 shows that the –24h/þ2h modality was highly
protective with a 16.7-fold reduction in the risk of
infection. Although the –2h/þ24h modality also
reduced the risk of infection significantly, efficacy in
this scenario was substantially increased when the
dose of FTC/TDF was doubled (Table 2) [12]. The
efficacy of this double FTC/TDF regimen has
informed the design of the IPERGAY trial described
below.

The aforementioned studies have provided an
extensive proof-of-concept for time-driven and

Table 2. Efficacy of time-driven and event-driven preexposure prophylaxis in macaques

Regimen (number of
FTC/TDF pills)a

Macaque
species

Route of virus
exposure

No. of animals
infected/total

Reduction in risk
of SHIV infectionb

Time-driven

3 days before/2 h after (1 : 1) Rhesus Rectal 1/6 15.4; P¼0.008

7 days before/2 h after (1 : 1) Rhesus Rectal 2/6 9.3; P¼0.003

Event-driven

24 h before/2 h after (1 : 1) Rhesus Rectal 1/6 16.7; P¼0.006

2 h before/24 h after (1 : 1) Rhesus Rectal 3/6 4.1; P¼0.02

2 h before/2 h after (2 : 2) Rhesus Rectal 1/6 15.4; P¼0.008

FTC/TDF, emtricitabine/tenofovir disoproxil fumarate.
aRelative to the time of SHIV exposure.
bCompared with the untreated control group.
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FIGURE 1. Kaplan–Meier analysis and reduction in the risk
of SHIV infection by FTC/TDF (–3 day/þ2h or –3 day
only). FTC/TDF, emtricitabine/tenofovir disoproxil fumarate.
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event-driven PrEP regimens against rectal HIV trans-
mission. Studies with on-demand PrEP against vag-
inal transmission in macaques also demonstrated
high efficacy, but are limited to the evaluation of a
single FTC/TDF event-driven modality (Table 3).
Modifications of this model to assess the impact
of factors that can increase HIV susceptibility such
as sexually transmitted infections (STIs) or DMPA
provided important information. Prolonged admin-
istration of a physiologic dose of DMPAwas found to
have no impact on the efficacy of a –24h/þ2h FTC/
TDF regimen [21,49

&

,50]. The high protection seen
with DMPA was reassuring as DMPA is the most
commonly used method of contraception in sub-
Saharan Africa and has been associated with higher
risk of HIV infection in some studies [51,52]. Assess-
ing the same PrEP modality in macaques coinfected
with Chlamydia trachomatis and Trichomonas vagina-
lis also found protection although infection in some
animals signaled a modest loss of PrEP activity
because of these two STIs [53]. No macaque data
are available against penile SHIV transmission.More
research is needed to develop penile PrEP models in
macaques to inform clinical trials.

HUMAN EXPERIENCE

The HPTN 067 (ADAPT) study compared adherence
and ‘coverage of sex acts’ for three oral TDF-FTC
dosing regimens; daily, twice-weekly (3–4 days
apart) with a postsex dose, or event-driven dosing
(24–48h before and 2h after sex) [54–56]. Coverage
of sex acts was defined as at least one TDF-FTC dose
within 4 days preceding sex and within 24h after
sex. This was determined with drug concentrations
and self-report. The study was conducted in South
African women, Thailand MSM and Harlem MSM.
The study was not powered to compare the efficacy
of the dosing regimens. The initial findings
suggested that MSM may have better adherence to
time-driven and event dosing compared with
women as measured by coverage of sex acts. The
post-sex dose was missed most often, which has
been reported in other studies [57]. As mentioned
above, event-driven PrEP is unlikely to have the
same level of pharmacokinetic forgiveness as daily

dosing. Furthermore, event-driven dosing also
assumes that individuals use advanced planning
for their sexual encounters and that they can predict
which encounters may result in HIV exposure. How-
ever, some studies indicate that over half of MSM do
not plan sex in advance [58]. These considerations
will be important as nondaily dosing studies evolve.

Molina et al. [31] undertook the IPERGAY trial in
414 MSM in France and Canada. IPERGAY was a
placebo-controlled study that evaluated a double
dose of TDF-FTC 2–24h before sex, another tablet
24h later and a fourth tablet 48h after the initial
dose. All participants received full preventive serv-
ices. The relative risk reduction for TDF-FTC com-
pared with placebo was 86% (95% CI 40–99); two
infections in the TDF-FTC arm versus 14 in the
placebo arm. The two infections in the TDF-FTC
arm were in participants who had stopped using
the product and did not have detectable drug in
their plasma at the visit that infectionwas diagnosed
(or the visit before), suggesting that biological effi-
cacy may be even higher than 86%. IPERGAY pro-
vides invaluable information on the duration of
drug action for event-driven PrEP in MSM, as it used
two doses following the last potential exposure.

There has been some question about whether
IPERGAY adequately tested event-driven PrEP,
because many participants had frequent sex such
that they dosed most days of the month [59]. The
median number of tablets used per month in IPER-
GAY was 16 [10–21,22

&

,23], that is four tablets per
week on average, as measured by pill counts. The
high efficacy in IPERGAY supports pharmacology
analyses from the iPrEx trial in MSM that predicted
high protection for four or more tablets per week
on average.

Of the 48 active-arm seroconverters in iPrEx,
only three of 42 (7%) had quantifiable TFV-DP
concentrations in PBMC at the visit with first evi-
dence of HIV infection; concentrations were 4.2,
10.5 and 14.7 fmol/106 PBMC [36]. An inferred
HIV risk-reduction model was fit to the TFV-DP
and HIV acquisition data using cases and controls.
A TFV-DP concentration of 9 fmol/106 PBMC (95%
CI 1–16) was associated with a 75% reduction in
HIV risk (EC75) relative to placebo, the EC90 was

Table 3. Efficacy of pericoital emtricitabine/tenofovir disoproxil fumarate against vaginal SHIV infection

Regimen (number of FTC/TDF pills)� Model characteristics No. of animals infected

24 h before/2 h after (1 : 1) Pigtails with regular menstrual cycles 0/6, P<0.001

24 h before/2 h after (1 : 1) Pigtails treated with a physiologic DMPA dose 0/6, P<0.001

24 h before/2 h after (1 : 1) Pigtails coinfected with C. trachomatis and T. vaginalis 2/6, P¼0.03

DMPA, depot-medroxyprogesterone acetate; FTC/TDF, emtricitabine/tenofovirdisoproxil fumarate.
�Relative to the time of SHIV exposure.
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16 fmol/106 cells (95% CI 3–28) and the EC99 was
33 fmol/106 cells (95% CI 6–60) [36]. A separate
pharmacokinetic study called STRAND [60] used
directly observed dosing in 21 participants and
defined expected TFV-DP concentrations for 2, 4
and 7 tablets per week; median concentrations were
11, 32, 42 fmol/106 cells, respectively. When the
iPrEx model was used to analyze STRAND concen-
trations, the estimated HIV risk reduction was 76%
(95% CI from 56 to 96%), 96% (95% CI from 90 to
>99%) and 99% (95% CI from 96 to >99%) for 2, 4
and 7 doses per week [36].

Similar findings were reported from the iPrEx
OLE study among 1603 MSM participants, of who
1225 received PrEP. Of 28 infections during PrEP, 0
of 28 occurred in participants who had dried
blood spot (DBS) concentration of TFV-DP at least
700 fmol/punch (100% efficacy, 95% CI 86–100%),
and one of 28 occurred in those with a DBS between
350 and 699 fmol/punch (84% efficacy, 95% CI
21–99%) [38

&

]. These concentrations are consistent
with at least four pills per week and 2–3 pills per
week on average based on pharmacokinetic model-
ing [61].

Another analysis with the same iPrEx model
may be more relevant to sporadic event-driven dos-
ing strategies. The study used data from Cell-PrEP,
which analyzed TFV-DP arising from daily TDF-FTC
over the first 7 days [27

&

]. The iPrEx model showed
an inferred HIV risk reduction of 77% (95% CI, 40–
93%) after one dose, 89% (51–98%) after two doses,
96% (95% CI, 60–100%) after three doses and 98%
(67–100%) after four doses. The double dose used
for the first dose in IPERGAY is expected to yield a
doubling of TFV-DP concentrations [24], corre-
sponding with inferred risk reduction of approxi-
mately 89% (51–98%) after the first dose. Maximal
efficacy was predicted to occur after a week of daily
dosing in Cell-PrEP, which was also when TFV-DP
reached the highest level in rectal tissue. Taken
together, these iPrEx analyses are consistent with
the IPERGAY findings, suggesting that high efficacy
with four successive doses in MSM, even if taken for
infrequent sexual encounters.

The efficacy of event-driven dosing with oral
PrEP has not been studied adequately in women
or heterosexual men at risk for HIV. However, two
large placebo-controlled trials in women studied
topical 1% tenofovir gel within 12h before sex
and again within 12h after sex. Topical delivery
results in more than 100-fold higher TFV-DP in
mucosal tissue compared with oral dosing, but
systemic concentrations in PBMC are much lower
[17]. The high local drug concentrations were
expected to yield high efficacy, but this was not
observed. The CAPRISA trial showed 39% efficacy

(95% CI 6–60%) for this topical dosing strategy.
However, the efficacy estimate was increased to
54% if adherence was more than 80% as measured
by returned gel applicators, and 65% for a TFV
concentration of at least 100ng/ml in cervicovagi-
nal fluid [15,62

&

]. The FACTS 001 trial was similarly
designedwith the same dosing strategy, but this trial
showed no efficacy compared with placebo (0%
efficacy, 95% CI –40 to 30%) [16]. This study also
evaluated the effect of adherence on efficacy and
reported an estimated 52% efficacy (95% CI 3–77%)
among womenwho reported sex within 10 days and
who had quantifiable TFV in vaginal specimens.
These studies suggest not only a certain level of
biological efficacy for topical event-driven dosing
of TFV in women particularly with high adherence
but also illustrate the limitations of data and
complexities of inferring efficacy when a high pro-
portion of study participants is nonadherent. These
data also suggest the need to identify more desirable
topical products for women such as rings, fast
dissolving vaginal formulations or similar modal-
ities that are currently under development.

Although event-driven modeling in macaques
demonstrated high vaginal efficacy in cycling and
DMPA-treated macaques as well as in STI-infected
macaques (as described above), it is important to
note that event-driven oral TDF-FTC dosing in
women may be more sensitive to adherence than
inmen given the lower mucosal drug distribution in
vaginal tissue for TFV-DP [22

&

,40]. This potential
lack of adherence forgiveness should be a consider-
ation in testing future PrEP modalities in women.

CONCLUSION

Event-driven dosing may provide an option for
people unwilling to commit to chronic daily oral
therapy, and it would be expected to reduce drug
costs and improve long-term safety. Event-driven
dosing of TDF-FTC for MSM is supported by high
efficacy in well-established animal models, efficacy
in a clinical trial (IPERGAY) and substantial pharma-
cology data including iPrEx and Cell-PrEP that
predict high efficacy for less than daily dosing. It
will be interesting to see the next steps for studying
event-driven TDF-FTC for MSM, such as demon-
stration projects, and how these data might inform
recommendations for event-driven PrEP for MSM.

The potential for event-driven oral dosing of
TDF-FTC for HIV prevention in women and hetero-
sexual men is not yet known but is supported for
cervicovaginal transmission by evidence of efficacy
in macaque models [21]. Future research of event-
driven PrEP in these populations should be guided
by an understanding of the importance of mucosal
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drug concentrations for PrEP efficacy and defining
efficacy sensitivity to adherence.
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HIV-1 Evolution in Breakthrough Infections in aHuman Trial
of Oral Pre-exposure Prophylaxis With Emtricitabine and

Tenofovir Disoproxil Fumarate
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Debra Hanson, MS,†Walid Heneine, PhD,* John T. Brooks, MD,† and José Gerardo García-Lerma, PhD*

Abstract: We describe HIV-1 evolutionary dynamics in the 4
participants from the TDF2-PrEP trial who became HIV-1 infected
while prescribed emtricitabine and tenofovir disoproxil fumarate
(FTC/TDF). At seroconversion, virus diversity in the 2 participants
with detectable drug was only 0.05% (95% confidence intervals: 0.04
to 0.06) and 0.07% (0.06 to 0.08) compared with 2.25% (1.95 to 2.6)
and 0.42% (0.36 to 0.49) in those with no detectable drug and 0.07%–

0.69% in 5 placebo recipients (P . 0.5). At 10 months, diversity in
adherent participants was only 0.37% (0.31 to 0.41) and 0.86% (0.82
to 0.90) compared with 0.5%–1.7% among participants who did not
take FTC/TDF (P . 0.5). Although limited by the small number of
infections that reduced the power to detect differences, we found that
sequences from seroconverters with detectable drug were more
homogeneous than those from placebo or nonadherent seroconverters.

Key Words: single genome amplification, pre-exposure prophy-
laxis, Truvada

(J Acquir Immune Defic Syndr 2016;72:129–132)

INTRODUCTION
Daily PrEP with FTC/TDF is an effective HIV pre-

vention strategy for persons at high risk of infection.1 In
clinical trials, the level of HIV protection by PrEP was strongly
correlated with antiretroviral (ARV) drug adherence.2 Across

trials, infections in active arms were generally seen in
participants with undetectable drug, although some sero-
converters had measurable drug at the time of the first
laboratory evidence of infection. Suboptimal PrEP adherence
and HIV infection create an opportunity for continued drug
activity during undiagnosed infection and raise questions on
the impact of transient ARV drug pressure on early establish-
ment of infection and acute virus dynamics. In some cohort
studies of acute HIV infection, the degree of virus diversity
during early infection was found to be predictive of the
subsequent disease course3,4. The effect of PrEP on virus
evolutionary dynamics and disease course will likely depend
on the extent of ARV drug activity at the time of infection and
before HIV diagnoses.

The TDF2 was a phase III, randomized, double-
blinded, placebo-controlled clinical trial of daily oral FTC/
TDF among sexually active heterosexual men and women in
Botswana.5 In this trial, the overall protective efficacy in the
modified intention-to-treat analysis was 62.2%.5 In the as-
treated analysis, in which follow-up data for participants were
censored 30 days after their last reported study drug dose, the
protective efficacy was 77.9%, with 4 HIV-1 infections in the
FTC/TDF group and 19 in the placebo group.

In this study, we used single genome amplification
(SGA) and phylogenetic and sequence analysis to create
a virological snapshot of HIV-1 in the 4 cases in the FTC/
TDF arm of the TDF2 trial. We defined the number of
transmitted/founder (T/F) viruses in these 4 infections and
compared virus evolution dynamics during the first year of
infection among the FTC/TDF arm cases and 5 seroconverters
who were not taking study drug.

METHODS

Study Samples
We characterized HIV-1 sequences from the 4 partic-

ipants from TDF2 that seroconverted in the FTC/TDF arm
(1069H, 4108P, 3104V, and 1273P) and from 5 seroconvert-
ers that were not taking study drug (1249F, 3184X, 1177E,
3205B, and 4123Y). Table S1 (see Supplemental Digital
Content, http://links.lww.com/QAI/A779) shows the charac-
teristics of these individuals including gender, plasma drug
levels, and virus load at the seroconversion visit. Two of the 4
FTC/TDF-arm cases (1069H and 4108P) had detectable
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tenofovir (TFV) and FTC in plasma at a visit before and
closest to their estimated seroconversion date, and 2 (3104V
and 1273P) did not have measurable drug in plasma.5 None of
these seroconverters had detectable drug resistance mutations
at the first RNA-positive sample or in any of their samples from
subsequent study visits6. The 5 seroconverters that were not
taking study drug were selected based on sample availability,
plasma HIV-1 viral load, and ability to amplify sequences and
perform SGA. For each participant, HIV RNA was extracted
from plasma samples collected at the seroconversion visit and
a median of 10 months (range: 5–12) later, with the exception of
1273P who was lost to follow up. None of the 9 seroconverters
initiated HAART during this period of observation.

SGA and Sequence Analysis
SGA was performed after a standard protocol obtained

from the Center for HIV/AIDS Vaccine Immunology using
primers specific for HIV subtype C. Serial dilutions of the
reverse transcriptase-generated cDNA were made to identify
dilutions of cDNA resulting in ,30% of positive wells by
polymerase chain reaction. Based on a Poisson distribution,
amplifications at this dilution represent sequences derived
from a single cDNA copy.7 Env sequences (;1 kb)
representing the V1-V5 and flanking regions of HIV env
were generated using an ABI3130xl-automated sequencer.
For each participant, we generated an average of 21
sequences from the seroconversion visit specimens (range:
8–28) and 23 sequences (range: 17–27) from the specimens
collected at a follow-up study visit. All sequences clustered with
an HIV subtype C reference sequence (see Figure S1,
Supplemental Digital Content, http://links.lww.com/QAI/A779).

Phylogenetic Analysis
Sequences were aligned and edited using Geneious

software (version 6.1.6). Phylogenetic analysis was performed
using the MEGA (version 5.0) software package. Nucleotide
alignments were prepared using ClustalW; all indels were
removed from the alignments before phylogenetic analysis.
Phylogenetic trees were inferred using the neighbor joining
(NJ) method and Tamura-Nei substitution model and rooted
with reference HIV sequences from multiple subtypes (A to K).
The number of T/F variants that established infection was
determined by exploring the pattern of env diversity at the
seroconversion visit using the highlighter tool (http://www.hiv.
lanl.gov/content/sequence/HIGHLIGHT/highlighter.html). For
this analysis, we excluded hypermutated sequences and gaps,
and we assumed that variants with 2 or less unique nucleotide
changes arise from the same T/F variant.7 The Poisson-Fitter
tool (http://www.hiv.lanl.gov/content/sequence/POISSON_
FITTER/poisson_fitter.html) was used to confirm infection
with single variants and calculate the time since infection.8

Estimates of evolutionary divergence were performed by
pairwise analysis of T/F virus and later time point sequences
using the maximum composite likelihood method in MEGA5.
Results were expressed as number of nucleotide substitutions
per site per year.9,10 A repeated-measures marginal model
with compound symmetry covariance structure was used to

compare differences in virus diversity or diversification
among participants who seroconverted in the FTC/TDF
arm with participants who were not taking study drug.11

Differences in within-subject variation were studied using the
Wilcoxon test.

RESULTS

Virus Diversity and Estimated Time Since
Infection in the 4 Participants Assigned
to FTC/TDF

Both 1069H and 4108P had detectable TFV and FTC in
plasma at a visit before and closest to their estimated
seroconversion date.5 Figure S2 (see Supplemental Digital
Content, http://links.lww.com/QAI/A779) shows the high-
lighter plots for these 2 participants who demonstrates low
diversity at the seroconversion visit consistent with infection
with a single variant. Poisson-Fitter analysis of seroconversion
visit specimens also supported homogeneous infections with 1
T/F variant and provided an estimated time since infection of
24 days [95% confidence intervals (CI): 11 to 37] for 1069H
and 27 days (95% CI: 11 to 43) for 4108P (Table 1).

HIV infection in the 2 seroconverters without detectable
FTC or TFV (3104V and 1273P), was initiated with multiple
variants; 3 in 3104V and 5 in 1273P (Table 1; see Figure S2,
Supplemental Digital Content, http://links.lww.com/QAI/A779).
Poisson-Fitter analysis of sequences from 1273P further sup-
ported heterogeneous infection, which did not allow an
estimation of the time since infection. We could not apply the
Poisson-Fitter tool to 3104V because the number of bases at
which any 2 sequences differed was too high (mean Hamming
distance = 17.23).

Nucleotide Diversity and Estimated Time
Since Infection in Seroconverters Assigned
to Placebo

Infections in seroconverters assigned to placebo were
initiated with 1 (1249F, 3205B, and 4123Y) or 2 T/F
variants (3184X and 1177E) (see Figure S3, Supplemental
Digital Content, http://links.lww.com/QAI/A779). Esti-
mated time since infection was 43 (95% CI: 24 to 62) days
for 1249F, 23 (12–33) days for 3205B, and 18 (5 to 31) days
for 4123Y (Table 1). We could not calculate the estimated
time since infection in 3184X and 1177E due to
heterogeneous infections.

Virus Diversity and Diversification in
TDF2 Infections

Nucleotide sequences derived from the seroconversion
visit specimens from 1069H and 4108P (detectable plasma
drug levels) were very homogenous with mean nucleotide
diversity values of only 0.05% (95% CI: 0.04 to 0.06) and
0.07% (0.06 to 0.08), respectively (Table 1). These values
were higher for the 2 participants assigned to FTC/TDF but
who had no detectable plasma drug levels [2.25% (1.95 to
2.60) in 3104V and 0.42% (0.36 to 0.49) in 1273P] and in the
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seroconverters that were not taking study drug (median =
0.13%; range = 0.07–0.69).

At study follow-up, nucleotide diversity in 1069H and
4108P was 0.37% (95% CI: 0.31 to 0.41) and 0.86% (0.82 to
0.90) compared with a median of 1.37% (min, max = 0.50 to
1.70) in seroconverters that were not on study drug (Table 1).
A comparison of virus diversity among seroconverters with
detectable plasma drug levels with those that were not on
study drug showed no significant differences either at baseline
or at follow-up (P . 0.5 for each comparison), although this
analysis was limited by the small number of individuals in
each group. Figure 1 shows the cumulative frequencies of
nucleotide substitutions per site and illustrates how the 2
FTC/TDF participants with detectable plasma drug levels at
the seroconversion visit (1069H and 4108P) had low virus
diversity both at baseline and at follow-up.

We also investigated nucleotide divergence from the
most recent common ancestor after a median of 10 months of

infection. Mean nucleotide divergences in 1069H and 4108P
fell within the range observed in seroconverters not taking
study drug (P . 0.5) (Table 1).

DISCUSSION
We investigated acute HIV dynamics in participants

who become infected with HIV during the TDF2-PrEP trial.
We defined virus diversity at seroconversion and after 1 year
of infection using SGA and phylogenetic and sequence
analysis. We found that infections in the 2 participants with
measurable FTC and TFV at their seroconversion visit were
more homogeneous and evolved more slowly than those from
participants who became infected while not taking study drug.
These findings are consistent with early observations in
macaques infected with SHIV during intermittent oral PrEP
with FTC/TDF.12,13 In those studies, continued drug exposure
with 1–2 weekly drug doses during acute SHIV infection was

TABLE 1. Nucleotide Diversity and Diversification in Seroconverters From the TDF2 Trial

Number of T/F
Variants

Estimated Days
Since Infection (95% CI)

Mean % Nucleotide Diversity (95% CI) Env Diversification
From MRCA*Seroconversion Visit Follow-up Visit

Participants taking FTC/TDF

Detectable drug

1069H 1 24 (11–37) 0.05 (0.04 to 0.06) 0.37 (0.31 to 0.41) 1.4 · 1022

4108P 1 27 (11–43) 0.07 (0.06 to 0.08) 0.86 (0.82 to 0.90) 0.6 · 1022

Undetectable drug

3104V 3 — 2.25 (1.95 to 2.6) 2.39 (2.23 to 2.52) —

1273P 5 — 0.42 (0.36 to 0.49) n.a. n.a.

Participants not taking FTC/TDF†

1249F 1 43 (24–62) 0.11 (0.10 to 0.12) 1.12 (1.07 to 1.16) 1.0 · 1022

3184X 2 — 0.31 (0.30 to 0.32) 1.37 (1.29 to 1.45) 1.2 · 1022

1177E 2 — 0.69 (0.61 to 0.77) 1.70 (1.56 to 1.83) 1.2 · 1022

3205B 1 23 (12–33) 0.13 (0.12 to 0.14) 0.50 (0.47 to 0.53) 0.3 · 1022

4123Y 1 18 (5–31) 0.07 (0.06 to 0.08) 1.68 (1.60 to 1.77) 3.9 · 1022

Median 1 0.13 1.37 1.2 · 1022

*Nucleotide substitutions per site per year. We could not reliably compute diversification in 3104V because of the existence of 2 very distinct sequences at seroconversion and
preferential expansion of only 1 population.

†Of the 5 seroconverters that were not on FTC/TDF, 4 were in the placebo arm and 1 (1249F) was in the FTC/TDF arm but was infected 30 days after the last reported dose of
study medication.

MRCA, most recent common ancestor; n.a., follow-up samples were not available.

FIGURE 1. Cumulative frequencies of nucleotide substitutions per site in seroconverters from the TDF2 trial. A, Cumulative
frequencies of nucleotide substitutions per site at seroconversion. B, Cumulative frequencies of nucleotide substitutions per site
after a median of 10 (range = 5–12) months.
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associated with limited virus diversity and evolution and
a better preservation of immune responses.12–15 This scenario
in macaques could easily mimic persons who acquire HIV
because of inconsistent PrEP adherence and who continue on
the PrEP regimen until diagnosis. We hypothesize that
transient PrEP exposure may have also limited HIV diversity
in the 2 infections from TDF2 that had detectable FTC and
TDF in plasma. Our estimate of 24 and 27 days from HIV
infection to seroconversion is consistent with the frequency of
HIV testing (monthly) and provides an opportunity for
continuous ARV drug exposure between infection and
diagnoses. Perhaps not surprisingly, viruses for these 2
participants diversified from the most recent common ances-
tor at rates statistically indistinguishable from the rates
observed for the infections that occurred in the absence of
plasma FTC/TDF, likely reflecting FTC/TDF discontinuation
after confirmed HIV diagnoses.

A major limitation of our study was the small number
of seroconversions in the FTC/TDF arm that reduced
statistical power to ,30% and limited our ability to compare
virus diversity and diversification between treatment groups.
Sample size calculations found that for such analysis to have
sufficient power, we would require 12 subjects per group for
a subject-specific comparison of diversity or 6 subjects per
group for a repeated-measures analysis. A recent study also
found statistically insignificant lower viremias in FTC/TDF
seroconverters from TDF2 compared with those assigned to
placebo, although sample size limitations affected the ability
to detect small but potentially significant differences in virus
load set points.6 Thus, although not definitive, all these
findings point to potential virological differences between
PrEP breakthrough infections and HIV infections acquired in
the absence of ARV drugs and stress the need to expand this
type of analysis to other PrEP trials. These studies should also
evaluate if PrEP use at the time of infection may favor single
variant transmission or monospecific expansions of viruses
with fitness advantages in the presence of ARVs.

Our definition of adherence was based on having detect-
able FTC and TFV in the plasma of the seroconversion-visit
blood specimen. All clinical trials of PrEP have demonstrated
that efficacy is strongly associated with adherence, especially
when assessed by plasma drug concentrations.2 A limitation of
this approach is that drug concentrations are measured at
a single time associated with a scheduled clinical encounter,
which may not reflect consistent adherence and is also subject
to a form of social desirability bias whereby less adherent
subjects may be prone to take the study product immediately
before their study visit so as not to disclose their nonadherence.

In summary, we found that among persons who became
HIV-1 infected while taking FTC/TDF PrEP and who at that
time had detectable plasma concentrations of drug, env
sequences were more homogeneous and evolved more slowly
than env sequences isolated from HIV-1 seroconverters who
had no detectable FTC or TFV, or were not taking PrEP. If
confirmed in other PrEP trials, these findings suggest that

transient PrEP exposure during acute infection may have
a measurable effect on virus evolution. Our findings under-
score the need to better understand the potential impact of
PrEP on control of HIV-1 infection.
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Abstract

Background
Pre-exposure prophylaxis (PrEP) with emtricitabine and tenofovir disoproxil fumarate

(FTC/TDF) is a novel HIV prevention strategy. Suboptimal PrEP adherence and HIV infec-

tion creates an opportunity for continued antiretroviral drug activity during undiagnosed

infection. We previously showed that macaques infected with SHIV during PrEP with FTC/

TDF display reduced acute plasma viremias and limited virus diversity. We investigated the

effect of PrEP on acute SHIV DNA dynamics and on the size of the persistent virus reser-

voir in lymphoid tissues.

Design
Cell-associated SHIV DNA levels in PBMCs were measured in 8 macaques infected during

PrEP with FTC/TDF or single-agent TAF and was compared to those seen in untreated

infections (n = 10). PrEP breakthrough infections continued treatment with 1–2 weekly drug

doses to model suboptimal drug exposure during undiagnosed HIV infection in humans.

SHIV DNA was also measured in lymphoid tissues collected from FTC/TDF PrEP break-

throughs after 1 year of infection.

Results
Compared to untreated controls, PrEP infections had reduced plasma RNA viremias both

at peak and throughout weeks 1–12 (p 0.005). SHIV DNA levels were also reduced at

peak and during the first 12 weeks of infection (p 0.043) but not throughout weeks 12–20.

At 1 year, SHIV DNA reservoirs in lymphoid tissues were similar in size among macaques

that received PrEP or placebo.
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Conclusions
Antiviral drug activity due to PrEP limits acute SHIV replication but has only a transient

effect on cell-associated SHIV DNA levels. Our model suggests that suboptimal drug expo-

sure in persons that are taking PrEP and become infected with HIV may not be sufficient to

reduce the pool of HIV-infected cells, and that treatment intensification may be needed to

sustain potential virological benefits from the PrEP regimen.

Introduction
Daily pre-exposure prophylaxis (PrEP) with tenofovir disoproxil fumarate (TDF) in combina-
tion with emtricitabine (FTC) is an effective strategy to prevent HIV infection. In clinical trials,
the level of HIV protection by PrEP was strongly correlated with drug adherence [1]. In the
Partners PrEP trial among heterosexualmen and women, plasma tenofovir (TFV) concentra-
tions consistent with daily FTC/TDF dosing were associated with a protective effect of 91% [2].
A modelling study combining data from the iPrEX trial in men or transgender women who
have sex with men and the STRAND study with directly observeddosing predictedHIV reduc-
tions of 76%, 96% and 99% if FTC/TDF were dosed at 2, 4, and 7 doses per week [3]. Very low
adherence was one of the reasons why two other clinical trials among young African women
(VOICE and FEM-PrEP) failed to show any efficacyof either daily TDF or FTC/TDF [4, 5].
Across trials, analyses of participants with detectable drug levels demonstrated higher efficacy
than analyses that did not include objective adherencemeasurements.

Suboptimal PrEP adherence and HIV infection creates an opportunity for continued antire-
troviral (ARV) drug activity during undiagnosed infection. Transient drug activity between
HIV infection and diagnosis may potentially reduce virus replication. In macaques, infection
with a chimeric simian HIV (SHIV) during concurrent PrEP failure with FTC/TDF resulted in
blunted acute plasma viremias documented sequentially by weekly sampling following first
viral RNA detection [6, 7]. In addition, a geneticallymore homogeneous virus populations was
found in these macaques compared to untreated infections [8]. This virological outcome also
resulted in a better preservation of immune responses [9]. Limited sampling in human PrEP
studies may not allow the demonstration of blunted viremias in persons who fail PrEP, how-
ever, in a small analysis of seroconverters from the TDF2 human PrEP trial, HIV sequences
from participants with measurable FTC and TFV in plasma at their seroconversion visit were
found to be more homogeneous than those from participants who had no detectable FTC or
TFV or who were not taking PrEP [10]. Although not definitive, these findings suggested that
transient drug activity during PrEP breakthrough infectionwith either HIV or SHIV can
decrease virus replication and slow viral evolution.

Emerging evidence shows that early ARV treatment has greater impact in limiting HIV or
SIV reservoirs than later treatment but the long-term effect on virus control or total reservoir
size is not fully clear especially when ARV treatment is stopped [11–14]. Here we used a well-
established SHIV PrEP model with well-definedPrEP regimens and durations of ARV treat-
ment to retrospectively investigate the impact of transient ARV exposuremaintained during
PrEP failure on the size of the cell-associated SHIV DNA reservoir. We first defined acute
SHIV DNA dynamics in PBMCs frommacaques that failed PrEP but continued receiving
ARV treatment with 1–2 weekly doses of FTC/TDF combination or the single agent tenofovir
alafenamide (TAF). We also investigated the long-term effects of PrEP on SHIV DNA pools by
measuring the size of DNA reservoirs in lymphoid tissues late in the infection after ARV treat-
ment was stopped.

PrEP and SHIV DNA Reservoirs
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Material and Methods

Ethics statement
All animal procedures were performed according to NIH guidelines and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the Centers for Disease Control and
Prevention (CDC).Macaques were housed at the CDC under the care of CDC veterinarians in
accordance with the Guide for the Care and Use of Laboratory Animals 8th Ed. All procedures
were performed under anesthesia (10 mg/kg ketamine or 2–6 mg/kg telazol; intramuscular),
and all efforts were made to minimize suffering, improve housing conditions, and to provide
enrichment opportunities. For housing, macaques were maintained in cages that met or
exceeded the minimum size requirements as stipulated in the Guide for the Care and Use of
Laboratory Animals [cage dimensions (inches): 30 (height) x 30 (width) x 30 (length)]. Steps
were taken to reduce animal suffering, which included providing enrichment opportunities
[e.g. cage features like swings/perches and objects for the macaques to manipulate], an assort-
ment of food selections like fruits, vegetables or seeds, suitable feedingmethods (foraging and
task-oriented), and humane interactions with caregivers and research staff. All animals have
access to clean, fresh water at all times. Commercial diets are specifically formulated to meet
vitamin C requirements. Prior to the initiation of virus inoculations, compatible macaques are
pair-housed. Once inoculations are initiated, the macaques are separated into single housing
(while permitting eye-contact) with a cage divider to prevent the possibility of SHIV transmis-
sion between the macaques. If one macaque remained uninfected during the course of a study,
the animal remained separated from other infectedmacaques, and was not be pair-housed
with an infectedmacaque during the follow-up period. Euthanasia of SHIV infectedmacaques
(n = 30 from studies in references [6, 7, 15, 16]) was accomplished in a humane manner (intra-
venous pentobarbital) by acceptable techniques as recommended by the American Veterinary
Medical Association Guidelines on Euthanasia, 2013, and in accordance with CDC-Atlanta
IACUC Policy on Euthanasia. The senior medical veterinarian and/or trained Comparative
Medicine Branch staff verified successful euthanasia by the lack of a heart beat and respiration.
Death was not used as a study endpoint.

Study population
A first cohort of macaques comprised animals enrolled in SHIV transmission studies as PrEP-
treated (n = 8) or controls (n = 10) [6, 7, 15]. These macaques were exposed rectally to
SHIV162P3 once a week for up to 14 weeks until infectionwas confirmedby molecular and sero-
logic testing [6, 7, 15]. The PrEP regimens consisted of two weekly doses of FTC/TDF (n = 6)
or one weekly dose of TAF (n = 2). The doses of FTC/TDF were given i) 24h before and 24h
after (-24/+24h) exposure, ii) 3 days before and 2h after (-3d/+2h) exposure, or iii) 7 days
before and 2h after (-7d/+2h) exposure [6]. The macaques infected during TAF PrEP received
a single dose of TAF 3 days before SHIV challenge (-3d) (Table 1) [15]. All 8 macaques with
PrEP breakthrough infections continued receiving drug for an average of 20 (11–28) weeks
after confirmed infection (Table 1).

A second cohort of 17 animals was used to investigate the long-term effect of early PrEP
treatment. We quantified cell-associated SHIV DNA in lymphoid tissues (mesenteric, axillary,
and inguinal lymph nodes) collected at necropsy approximately 1 year after confirmed infec-
tion. Of these animals, 9 were infected during intermittent PrEP with FTC/TDF and 8 were
untreated controls. Because of limited specimen availability, only a few animals from the first
cohort were included in this second analysis. We thus included additional animals that also
received FTC/TDF (1 or 2 doses everyweek) during the first months (median = 3.7) of

PrEP and SHIV DNA Reservoirs

PLOSONE | DOI:10.1371/journal.pone.0164821 November 2, 2016 3 / 13

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 80 of 244 PageID #: 1264



infection [6, 16] (Table 3). Some of the macaques received a single dose of FTC/TDF or TAF
1–3 days prior to necropsy to measure drug penetration in rectal tissues [6, 15]. Lymph nodes
were collected 11 months (FTC/TDF) and 9 months (untreated controls) after confirmed infec-
tion and were processed as previously described [15]. Briefly, the tissues were homogenized
with a cell strainer (Fine mesh screens #20 and #10; company), washed several times with
RPMI 1640, and then carefully layered over Ficoll (Lymphocyte SeparationMedium (LSM, MP
Biomedicals, Aurora, OH)) to separate lymph nodemononuclear cells (LNMCs). LNMCs were
subsequently washed with RPMI 1640, counted, and stored in liquid nitrogen until use.

Quantitation of total SHIV DNA using a double-stranded primer (DSP)
assay
Rhesus macaque PBMCs were obtained from blood collected in BD Vacutainer1 CPT™ Cell
Preparation Tubes (CPT) containing sodiumheparin, resuspended in 200 ul of PBS, and stored
at -80°C until use. Genomic DNA was extracted from 200 ul aliquots using the QIAamp DNA
Mini and BloodMini kit (Qiagen) and resuspended in 100 ul of elution buffer. Total SHIV
DNA was quantified using a novel DSP assay coupled with co-amplification of RNase P gene
as internal PBMC control [17]. Amplification of SIV LTR (52 bp) was done using primers
pp119F (5’- Cy5/Quas670-GCCCTGGGAGGTTCTCTCCAGC-3’) and pp119R; (5’- GCAGG
GAACACCCAGGCTCTAC-3’) with quencher probe pp119Q (5’- GAGAACCTCCCAGGG
C-3’) with BHQ3 at the 3’ end. The final concentrations of primers and probe were 0.15uM
and 0.37uM, respectively. Co-amplification of RNase P (53 bp) was done using primers cp1116
(5’-FAM-CGGTGTTTGCAGACTTGGACGTG-3’) and cp1118 (5’- GCGCAGAGCCTTCAG
GTCAGA-3’) with quencher probe cp117 (5’- CCAAGTCTGCAAACACCG-3’) with BHQ2 at
the 3’ end. Final primers and probe concentrations for RNase P were 0.07uM and 0.19uM,
respectively. PCR amplification was done in an iQ5 Thermal Cycler (Bio-Rad) using the Quan-
tifast Multiplex Kit (Qiagen, Valencia, CA), and included activation of DNA polymerase at
95°C for 90 seconds followed by 42 cycles of 94°C for 1 second and 63°C for 20 seconds.

SHIV162P3 DNA and cellular RNase P were quantified using standard curves prepared by
serially diluting known copies of plasmid pVP1 and known amounts of macaque PBMCs,
respectively. Plasmid pVP1 contains the 50 portion of SIVmac239 from the 50 long terminal
repeat to a Sph I restriction site at nucleotide 6707, and was kindly provided by Dr. Cecilia
Cheng-Mayer (Aaron Diamond AIDS Research Center). The concentration of pVP1 was deter-
mined using a Nano Drop ND-1000 Spectrophotometer. Control PBMCs were prepared from
uninfected rhesus macaques and counted using the Guava Personal Cell Analysis (PCA) (Milli-
pore, Billerica,MA) system. S1 Fig shows that the DSP assay was able to consistently detect 10
copies of pVP1 plasmid (10/10 replicates positive). Assay reproducibility was investigated by

Table 1. Treatment dosing schedule and duration of treatment in PrEP breakthrough infections.

Treatment Number of weekly drug doses (dosing schedule) Duration of treatment after infection (months)

33053 FTC/TDF 2 (-24h/+24h) 7.0

FCW FTC/TDF 2 (-24h/+24h) 6.5

35838 FTC/TDF 2 (-24h/+24h) 6.0

DK40 FTC/TDF 2 (-3d/+2h) 5.0

34912 FTC/TDF 2 (-7d/+2h) 2.5

35032 FTC/TDF 2 (-7d/+2h) 5.3

DL2L TAF 1 (-3d) 2.8

1784 TAF 1 (-3d) 3.0

doi:10.1371/journal.pone.0164821.t001
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measuring variability in Ct values obtained in 16 separate dilution series prepared from
100,000 to 10 copies of pVP1 plasmid and from 300,000 to 30 rhesus PBMCs. The percentage
coefficient of variation (CV) was<4% for all different SIV DNA or PBMC inputs, demonstrat-
ing the robustness of the DSP assay in quantifying SHIV DNA and cellular RNase P with a
wide dynamic range (S1 Fig).

Quantification of SHIV RNA in plasma by one-step RT-PCR
SHIV162P3 RNA was quantified using a modification of an existing two-step RT-PCR assay
[18] that includes the use of a single RT-PCR reaction. Prior to RNA extraction, plasma sam-
ples (1 ml) were centrifuged at 43,000xg for 30 min to concentrate virus particles. RNA was
extracted from 140 ul virus pellets using the QIAamp Viral RNA kit (Qiagen) and eluted in
100 ul of elution buffer. To control for the efficiencyof extraction, a known amount of virus
particles (3×105) from an HIV-1CM240 virus stock (NIH Reference Reagent Program) was
added to each sample prior to RNA extraction.

Reverse transcription and PCR amplification of SHIV162P3 (gag) and HIV-1CM240 (env)
sequences was done using primers specific for SIVmac239 and HIV-1CM240, respectively. SIV gag
sequences were amplified using primers SIVp15f1 5’ GCCAAC AGG CTC AGA AAA TTT
AA 3’ and SIVp15r (5’ TCC TCA GTG TGT TTCACT TTC TCT TC 3’) with internal probe
P12P HEX (5’HEXAGC CTTTAT AAT(BHQ1) ACT GTC TGC GTC ATC TGG TGC
BHQ1 3’). Control HIV1CM240 was amplified using primers envE2f (5’ -GGA CAG GGCCAT
GTA AAAATG T -3’) and EnvE2r (5’ -TCT TCT GCT AGA CTG CCATTTAAC AG -3’)
with internal probe envEP (5’ FAM CAC ACA TGG AAT(BHQ1) TAA GCCAGT GRT ATC
MAC TCA BHQ1 3’). RT-PCR was done using the Superscript III one-step qRT-PCR kit (Invi-
trogen). The final concentrations of SIVmac239 primers and probe in the reaction were 200 nM.
Likewise, final concentrations of HIV-1CM240 primers and probe were 25nM and 100nM,
respectively. Cycling conditions were 10 minutes at 25°C, 60 minutes at 48°C, and 45 cycles of
95°C for 15 seconds and 60°C for 1 minute. The sensitivity of the RT-PCR assay is 50 RNA
copies/ml [19, 20].

Statistical analysis
Peak RNA and DNA levels, area under the curve (AUC) values for RNA and DNA during 5 or
20 weeks, and tissue DNA levels in PrEP breakthrough and placebo controls were compared
using a two-tailedWilcoxon rank-sum test. All analyses were done in GraphPad software (ver-
sion 5.04). The relationship between plasma RNA and cell-associatedDNA levels was deter-
mined using the Pearson correlation coefficient.

Results

Acute plasma RNA and cell-associated SHIV DNA dynamics in
macaques infected with SHIV162p3

We first defined acute plasma RNA and cell-associated SHIV DNA dynamics in rhesus
macaques (n = 10) infected rectally with SHIV162P3 without any PrEP intervention (Fig 1). The
median (range) peak SHIV RNA viremia was 7.5 (6.5–8.9) log10 RNA copies/ml with RNA levels
reaching a set-point at about 12 weeks of infection. Likewise, SHIV DNA levels peaked at 4.6
(2.8–5.3) log10 DNA copies/106 PBMCs and reached a set-point generally within 5 weeks of
infection.During these 5 weeks, DNA and RNA levels were highly correlated (Fig 1); Pearson
correlation coefficients (ρ) were indicative of a very strong correlation (between 0.93 and 0.98) in
8 macaques, and of a strong correlation (ρ = 0.57) in 1 animal. Thus, infection of macaques with
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SHIV162p3 is characterized by a rapid control of plasma viremia within 12 weeks of infection and
the establishment of a DNA reservoir of about 102 to 104 SHIV DNA copies per 106 PBMCs.

Effect of PrEP on acute SHIV DNA dynamics
To investigate if PrEP can reduce the levels of cell-associated SHIV DNA in PBMCs, we com-
pared acute SHIV DNA dynamics between 8 PrEP breakthrough infections and the 10
untreated controls. These macaques were infected after a median of 5 (range = 2–14) rectal
challenges which was not different from the median of 3 (range = 1–10) rectal challenges
required to infect the 10 control animals (p = 0.099). Six of the 8 breakthrough infections
occurredduring intermittent PrEP with FTC/TDF (2 FTC/TDF doses per week) and two infec-
tions happened during intermittent PrEP with TAF (1 dose of TAF per week given 3 days prior
to virus challenges). The 8 PrEP breakthrough infections continued receiving intermittent anti-
retroviral treatment after confirmed infection for an average of 4.7 months (Table 1). Treat-
ment was originallymaintained to investigate risks of drug resistance emergence although
none of these animals developed the K65R or M184V mutation [6, 7, 15].

Fig 2 shows plasma RNA and cell-associated SHIV DNA levels in the 8 PrEP breakthroughs
infections and also highlights the length of treatment for each individual macaque. As seen in

Fig 1. Acute plasma RNA and cell-associated SHIV DNA levels in macaques infected with SHIV162P3. Time
0 denotes peak plasma viremia. SHIV RNA levels in plasma are shown in red. Cell-associated SHIV DNA levels in
PBMCs are shown in black. Small panels indicate the correlation between plasma RNA and DNA levels seen
between peak viremia and week 5. Pearson correlation coefficients are also shown.

doi:10.1371/journal.pone.0164821.g001
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untreated SHIV162p3 infections, RNA and DNA levels were highly correlated during the first 5
weeks of infectionwith the only exception of macaques 35838 and 33053; Pearson correlation
coefficientswere very strong in 5 macaques (34912, 35032, DK40, DL2L, and 1784) and strong
in 1 animal (FCW).

Table 2 shows the median (range) values for SHIV RNA and DNA observed at peak, as well
as the overall levels of RNA and DNA seen throughout weeks 0–12 or 12–20 of infection
expressed as area under the curve (AUC) values. These intervals were selected to cover the acute
phase of infectionwith SHIV162p3 as well as the more chronic phase when viral RNA set-points
are reached (generally about 12 weeks; Fig 3 and [7]). Peak SHIVDNA levels in PBMCs in PrEP
breakthrough infections (3.6 log10 DNA copies/106 cells; range = 2.0–4.4) were significantly lower
than in untreated controls (4.6 log10; range = 2.8–5.3) (p = 0.043). DNA levels during the first 12

Fig 2. Acute plasma RNA and cell-associated SHIV DNA levels in macaques infected with SHIV162P3 while
receiving PrEP. Time 0 denotes peak plasma viremia. SHIV RNA levels in plasma are shown in red. Cell-
associated SHIV DNA levels in PBMCs are shown in black. The shaded areas denote the length of treatment
(green = FTC/TDF; orange = TAF). Small panels indicate the correlation between plasma RNA and DNA levels
seen between peak viremia and week 5. Pearson correlation coefficients are also shown.

doi:10.1371/journal.pone.0164821.g002

Table 2. SHIV162P3 plasma RNA and cell-associated DNA in PrEP breakthroughs and placebo infections.

PrEP breakthrough infections (n = 8) Placebo Infections (n = 10)

SHIV DNA in PBMCs

Peak 3.6 (2.0–4.4) 4.6 (2.8–5.3) p = 0.043

AUC0-12wks 34.3 (15.4–50.7) 49.3 (25.9–54.3) p = 0.043

AUC12-20wks 11.7 (4.5–25.9) 19.6 (5.2–30.3) p = 0.274

SHIV Plasma RNA

Peak 5.4 (3.1–6.0) 7.5 (6.5–8.9) p 0.0001

AUC0-12wks 37.7 (27.9–48.2) 57.9 (39.8–71.1) p = 0.0003

AUC12-20wks 12.7 (5.1–21.3) 17.2 (8.4–27.6) p = 0.159

doi:10.1371/journal.pone.0164821.t002
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weeks of infectionwere also lower in the animals that received PrEP (AUC0-12wk of 34.3 com-
pared to 49.3 in controls; p = 0.043). (Table 2). However, DNA levels throughout weeks 12–20
were not significantly different from those seen in the control group (AUC12-20wk values of 11.7
and 19.6; p = 0.274) (Table 2). These results demonstrate a transient effect of PrEP on the SHIV
DNA reservoir that is not sustained during intermittent drug treatment and wanes over time. As
noted in previous studies [6, 8, 15], peak RNA levels and early acute RNA viremias (AUC0-12wk)
were also significantly lower in PrEP breakthrough infections compared to untreated infections
(p< 0.0001 and p = 0.0003, respectively, Table 2). The difference in RNA levels was not evident
throughout weeks 12–20, likely reflecting the low RNA set points that are generally achieved in
rhesus macaques infectedmucosally with SHIV162P3 (Table 2 and Fig 3).

We also evaluated if the overall SHIV DNA levels were related to the number of challenges
needed to infect a macaque. No significant correlation was found betweenAUC0-12wk or
AUC12-20wk values and cumulative number of virus challenges (Pearson correlation coefficients
of -0.128 (p = 0.61) and -0.384 (p = 0.115), respectively).

Long-term effect of PrEP on SHIV DNA levels in lymphoid tissues
We next investigated the effect of PrEP on the size of the virus reservoir in lymphoid tissues in
a late-stage of infection.We quantified cell-associated SHIV DNA in mesenteric, axillary, and
inguinal lymph nodes collected from 9 PrEP breakthrough and 8 placebo infections at nec-
ropsy. The specific PrEP interventions and dosing regimens, the length of treatment and time

Fig 3. Acute viral RNA and cell-associated DNA levels in macaques infected with SHIV162P3 while receiving
PrEP of placebo. The two top panels show plasma RNA levels in placebo and PrEP breakthrough infections, and
the two panels at the bottom show cell-associated DNA levels in PBMCs. Time 0 denotes peak viremia. The green
and red lines indicate median RNA or DNA levels, respectively. Horizontal dotted line denotes the limit of detection
of the SHIV RNA or DNA assays.

doi:10.1371/journal.pone.0164821.g003
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between SHIV infection and necropsy, and the levels of SHIV DNA for each lymph node loca-
tion are shown in Table 3. Because of limited specimen availability, only a few animals from
the first cohort were included in this second analysis. However, peak RNA viremias and AUC0-

12wk values in these additional PrEP breakthrough infections were also reduced compared to
untreated controls (p = 0.015 for each comparison).

Overall, SHIV DNA reservoirs in lymphoid tissues were similar in size among macaques
that received PrEP with FTC/TDF (median = 2.65 log10 SHIV DNA copies/106 cells;
range = 1.6–3.7) or placebo (median = 2.98; range = undetectable-4.4) (p = 0.34) (Fig 4). When
individual LN were analyzed, we found lower levels of SHIV DNA in axillary lymph nodes col-
lected from PrEP breakthrough infections (2.6 vs 3.2 DNA copies/106 cells in controls,
p = 0.02). Levels of SHIV DNA in inguinal and mesenteric lymph nodes were comparable
among the 2 groups of macaques (Table 3).

Discussion
We investigated in macaques if transient drug activity during PrEP breakthrough infection has
the potential to alter the pool of SHIV-infected cells. Our analysis includedmacaques that
received non-daily PrEP regimens with either FTC/TDF combination or TAF, and that contin-
ued receiving treatment with 1–2 weekly pills during several months. This scenario can easily
mimic newly acquired HIV-1 in persons receiving PrEP due to inconsistent adherence and
who continue on the PrEP regimen until diagnosis.We found that PrEP significantly reduced

Table 3. SHIV162P3 DNA levels in lymphoid tissues from PrEP breakthrough and placebo infections.

Log10 SHIV DNA copies/106 cells

Number of weekly FTC/TDF doses
(dosing schedule)

Length of treatment
(months)

Months of infection prior to
necropsy

Axillary
LN

Inguinal
LN

Mesenteric
LN

Untreated

G47 - - 6 3.1 2.8 2.9

A2E027 - - 6 3.4 3.3 3.2

A4E037 - - 6 4.4 n.a. 4.4

79R - - 17 3.1 3.0 2.9

19V - - 9 n.a. 0.7 0.7

AG65 - - 17 2.6 2.4 2.7

34F - - 18 3.5 3.2 3.6

RKZ7 - - 9 3.2 2.9 2.9

Median 9 3.2 2.9 2.9

FTC/TDF

1800 2 (-2h/+22h) 4.3 15 2.9 n.a. 3.0

DM91 2 (-2h/+22h) 4.3 16 3.1 3.0 n.a.

DL6V 2 (-22h/+2h) 3.8 16 0.7 2.6 2.4

FCW 2 (-24h/+24h) 6.5 10 0.7 1.8 1.6

DK40 2 (-3d/+2h) 5.0 11 2.6 2.3 2.5

34912 2 (-7d/+2h) 2.5 12 2.7 2.5 2.3

DL2T 1 (-3d) 3.8 8 1.6 0.7 1.6

35489 1 (-3d) 3.5 8 3.2 3.0 3.9

DK2R 1 (-3d) 3.5 6 n.a. n.a. 3.7

Median 3.7 11 2.6 2.5 2.5

p = 0.91 p = 0.02 p = 0.27 p = 0.44

n.a., not available

doi:10.1371/journal.pone.0164821.t003
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peak SHIV DNA levels in PBMCs, although the overall effect on the cell-associatedDNA reser-
voir was only transient and was lost during the first year of infection.Our findings differ from
studies of acute treatment with fully suppressive regimens which have generally observed sub-
stantial reductions in cell-associatedHIV or SIV DNA in PBMCs and lymphoid tissues [11–
14]. We surmise that antiretroviral drug activity when PrEP fails may not provide adequate
drug selective pressure to effectively reduce the pool of HIV-1-infected cells and result in post-
treatment virus control.

Our analysis was retrospective and included a heterogeneous group of macaques that
received FTC/TDF or TAF at different times relative to virus challenges. However, most of the
FTC/TDF failures received 2 weekly drug doses which is sufficient for accumulating TFV-DP
in PBMCs at levels above the prophylactic EC95 in macaques [21]. The dose of TAF given to
two of the animals was also sufficient to sustain high (>1000 fmols/106 cells) TFV-DP concen-
trations in PBMCs for up to 7 days [15]. Thus, although from different PrEP modalities, our
approach effectivelymodels transient antiviral drug activity that originates from failed PrEP
regimens during acute infection.

In contrast to persons who fail PrEP because of low medication adherence and drug levels,
our study included animals who represented rare PrEP failures that had drug concentrations in
PBMCs that were indistinguishable from protected animals [6, 7]. For instance, macaque
DK40 was the only animal infected during a two-dose FTC/TDF PrEP regimen that protected
5 other animals for a cumulative of 70 SHIV challenges [6]. Likewise,macaques 34912 and
35032 became infected while receiving an FTC/TDF regimen that decreased the risk of SHIV
infection by a factor of 9 [6]. Thus, the reductions in peak RNA and DNA levels seen in our
animals may not necessarily occur in HIV infections that are acquired due to low medication

Fig 4. SHIV162P3 DNA levels in lymphoid tissues collected from PrEP breakthrough infections and
untreated controls. Each individual point corresponds to the median SHIV DNA value observed in mesenteric,
axillary, and inguinal lymph nodes from one macaque. Overall SHIV DNA levels in FTC/TDF PrEP breakthrough
infections were not significantly different from those seen in placebo infections (p = 0.34). Horizontal lines are
median values observed in each group. Vertical lines are ranges.

doi:10.1371/journal.pone.0164821.g004
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adherence and substantially lower drug levels at the time of HIV acquisition. At later time
points after infection, continuous intermittent treatment with 1 or 2 weekly doses of FTC/TDF
or TAF effectivelymodels suboptimal drug adherence during undiagnosed infection, and was
the likely reason for the partial reductions in SHIV plasma viremia. Although viremias were
generally suppressed during the period of treatment, the replenishment of the cell-associated
SHIV DNA pool demonstrated expanded virus replication and seeding of virus reservoirs and,
thus, absence of post-treatment virus control despite the early reduction in virus replication.

Although not statistically significant, we found that the number of SHIV challenges required
to infect untreated macaques was smaller than those required to infect the animals that failed
PrEP, which raises questions about the effect of previous SHIV exposures on systemic control
of the virus post-infection. In a large retrospective analysis of 40 rhesus macaques exposed
repeatedly to SHIV162p3, we found no correlation between cumulative exposures to SHIV and
peak plasma RNA levels or AUC values [22]. In our study we also found no correlation
between cumulative SHIV exposures and SHIV DNA levels during the acute or the plateau
phase, suggesting that previous virus exposures have little or no impact on cell-associated
DNA levels in PBMCs.

The present study has several limitations. First, we did not address potential effects of PrEP
on the fraction of DNA genomes that are replication-competent. Reduced virus replication and
evolution due to PrEP might also result in more genetically homogeneous virus reservoirs or
favor preferential seeding of sequences with replication advantages in the presence of FTC or
TFV [8]. Second, we measured total cell-associatedDNA which includes unintegrated DNA
that may degrademore rapidly and contribute little to viral production. Also, we did not assess
reservoir distribution in cell subsets. In humans, early HAART is associated with lower infec-
tion rates of cell subsets with long life span as naïve and central memory T cells and a better
preservation of immune function [11, 23, 24]. Finally, although SHIV162p3 is easily transmissi-
ble at low doses and is thus well-suited for transmissibility studies, infections with this isolate
generally result in low set-point viremias compared to more pathogenic SIV isolates. Also, the
infection course is generally non-pathogenic [25, 26] which limits the ability to define long-
term effects of PrEP after treatment discontinuation.

In summary, we show that transient antiviral drug activity due to PrEP limits acute SHIV
replication but only has a transient effect on the size of the DNA reservoirs. These observations
suggest that suboptimal drug exposure in persons that are taking PrEP and become infected
with HIVmay not be sufficient to durably reduce the pool of HIV-1-infected cells and, there-
fore, not likely to predict good virus control post PrEP interruption.

Supporting Information
S1 Fig. Sensitivity and inter-assay variability of the DSP SHIV DNA assay. A) Serial dilu-
tions of SIV vP1 DNA plasmid were prepared in PBS and tested 10 times in the same run. The
assay consistently detected 10 copies of vp1. (B) Variability in Ct values observed in 16 separate
runs at different inputs of SIVmac239 vp1 plasmid and rhesus PBMCs. In all instances the %
coefficient of variation (CV) was<4%.
(TIF)
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Macaques Harboring Chlamydia
trachomatis and Trichomonas vaginalis
Jessica Radzio,1,a Tara Henning,1,a Leecresia Jenkins,1 Shanon Ellis,1 Carol Farshy,2

Christi Phillips,2 Angela Holder,1 Susan Kuklenyik,3 Chuong Dinh,1 Debra Hanson,1

Janet McNicholl,1 Walid Heneine,1 John Papp,2 Ellen N. Kersh,1 and
J. Gerardo García-Lerma1

1Division of HIV/AIDS Prevention, 2Division of STD Prevention, National Center for HIV,
Hepatitis, STD, and Prevention, and 3Division of Laboratory Sciences, National Center for
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Genital inflammation associated with sexually transmitted infec-
tions increases susceptibility to human immunodeficiency virus
(HIV), but it is unclear whether the increased risk can reduce
the efficacy of pre-exposure prophylaxis (PrEP). We investigated
whether coinfection of macaques with Chlamydia trachomatis
and Trichomonas vaginalis decreases the prophylactic efficacy of
oral emtricitabine (FTC)/tenofovir disoproxil fumarate (TDF).
Macaques were exposed to simian/human immunodeficiency
virus (SHIV) vaginally each week for up to 16 weeks and received
placebo or FTC/TDF pericoitally. All animals in the placebo
group were infected with SHIV, while 4 of 6 PrEP recipients re-
mained uninfected (P = .03). Oral FTC/TDF maintains efficacy in
a macaque model of sexually transmitted coinfection, although
the infection of 2 macaques signals a modest loss of PrEP activity.

Keywords. pre-exposure prophylaxis; pig-tailed macaque;
sexual transmitted infections (STIs); Truvada; FTC/TDF.

Pre-exposure prophylaxis (PrEP) with oral emtricitabine
(FTC)/tenofovir disoproxil fumarate (TDF) is a novel strategy
to prevent human immunodeficiency virus (HIV) infection
that was approved by the Food and Drug Administration in
2012. Although studies have generally shown that drug concen-
trations are highly predictive of protection [1], it is not known
whether the efficacy of PrEP can be diminished in subpopula-
tions at higher risk of HIV infection, such as those with a pre-
existing sexually transmitted infection (STIs). Chlamydia
trachomatis infection and Trichomonas vaginalis infection are

among the most prevalent STIs and have been associated with
an increased risk ofHIVacquisition inwomen [2]. Both STIs can
modulate local immune factors and cause an influx of immune
cells to the vaginal mucosa. These biological changes likely con-
tribute to the increased HIV infection risk and also raise ques-
tions about their effect on the effectiveness of PrEP. For
instance, a high density of immune cells at the vaginal mucosa
might conceivably require more drug coverage of susceptible tar-
get cells and alter drug protection thresholds. Likewise, cellular
activation increases intracellular dNTP concentrations, which
could reduce the antiviral activity of FTC-TP and TFV-DP.

The effect of C. trachomatis/T. vaginalis on PrEP in women
cannot accurately be assessed from subgroup analysis in clinical
trials because the baseline prevalence of C. trachomatis/T. vag-
inalis infection is generally low and because participants are fre-
quently tested and treated for their STIs. Given the difficulty of
addressing this question clinically, during trials or PrEP imple-
mentation, alternative experimental approaches such as animal
models may help assess the effect of STIs on PrEP under well-
controlled experimental conditions. Here we integrated a re-
peat-exposure macaque simian/human immunodeficiency
virus (SHIV) transmission model with a model of coinfection
with C. trachomatis and T. vaginalis to assess potential effects
of C. trachomatis/T. vaginalis on PrEP with FTC/TDF.

MATERIALS AND METHODS

Macaques
All animal procedures were approved by the Centers for Disease
Control and Prevention (CDC) Institutional Animal Care and
Use Committee. Pig-tailed macaques were housed at the CDC
under the care of CDC veterinarians in accordance with the
Guide for the Care and Use of Laboratory Animals.

C. trachomatis and T. vaginalis Infection
Because these infections can self-resolve in humans and ma-
caques, animals were reinoculated every 3–4 weeks to ensure
maintenance of the STIs. Figure 1 shows the experimental de-
sign and the weekly STI infection status. C. trachomatis serovars
D (strain D-LC; provided by H. Caldwell) or E (strain UW/5)
were alternated between inoculations to best represent predom-
inantly prevalent serovars of genital Chlamydia infection.

Efficacy of FTC/TDF in C. trachomatis/T. vaginalis–Infected Macaques
The efficacy of FTC/TDF was evaluated using a repeat-exposure
SHIV transmission model previously described [4].Macaques re-
ceived FTC/TDF (20 and 22 mg/kg, respectively; n = 6) or phos-
phate-buffered saline (PBS; n = 5) orally in a pericoital modality
consisting of 1 dose 24 hours before SHIV challenge and a second
dose 2 hours thereafter. Animals were considered protected if they
remained seronegative and negative for SHIV RNA and DNA
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during the 16 weekly virus challenges and the following 14 weeks
of drug washout [4]. Infected animals in the PrEP-treated group
continued to receive FTC/TDF until week 16. The risk for SHIV
infection in animals receiving PrEP or placebo was compared
using a Wald test and randomization-based inference [5].

Effect of C. trachomatis/T. vaginalis on the Pharmacokinetic Profile of
TFV and FTC and on dATP and dCTP Levels
To understand the effects of inflammation on cellular dNTP
levels in vaginal tissues, we measured dATP and dCTP levels
in vaginal biopsy specimens collected as previously described
[6] from 5 SHIV-infected macaques in a previous study.

Samples were collected before and 1, 2, and 3 weeks following
inoculation with C. trachomatis/T. vaginalis, using methods
previously described [4]. Macaques also received a single oral
dose of FTC/TDF at week 1 to define the pharmacokinetic pro-
file of FTC and TFV and tissue drug penetration in the presence
of STIs. Analytes were measured as previously described [7].

RESULTS

Efficacy of FTC/TDF in Macaques Infected With C. trachomatis/T.
vaginalis
After 16 SHIV challenges, only 2 of 6 PrEP recipients (DC42
and BB495) were infected, while all 5 placebo recipients were

Figure 1. Efficacy of pre-exposure prophylaxis (PrEP) with oral emtricitabine (FTC)/tenofovir disoproxil fumarate (TDF) in animals coinfected with Chlamydia trachomatis/
Trichomonas vaginalis. A, Study design, including weeks of C. trachomatis/T. vaginalis inoculation (shaded columns), weeks of simian/human immunodeficiency virus (SHIV)
challenge (weeks 1–16), and weeks with positive (gray) or negative (black) results of C. trachomatis/T. vaginalis testing. The C. trachomatis inoculum (1 × 106 inclusion-forming
units) was applied directly to the cervical mucosa; infection was monitored with the Aptima Combo 2 test [3]. T. vaginalis (strain Balt-42; 5 × 106 trichomonads) was propagated
in culture and applied directly to the vaginal mucosa; infection was monitored with the in-Pouch culture system and Aptima Combo 2 test [3]. Of the 187 Aptima tests analyzed
for C. trachomatis status, 24 were negative, for a 12.8% negativity rate. Similarly, 33 of 176 In-Pouch cultures were negative for T. vaginalis, resulting in an 18.7% negative rate
over the course of 16 weeks. B, Kaplan–Meier plot representing the cumulative percentage of uninfected macaques as a function of the number of weeks. We assumed an
eclipse phase of 7 days to estimate time of infection from the first detection of SHIV RNA in plasma. Dotted lines denote the weeks of inoculation in animals with sexually
transmitted infections (STIs). Abbreviations: CT, C. trachomatis; TV, T. vaginalis.
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infected after a median of 2 SHIV exposures (Figure 1B). Infec-
tion in PrEP recipients was significantly less likely than in ani-
mals receiving placebo (P = .03). Based on infection rates per
exposure, the efficacy of FTC/TDF in macaques with STIs
(91% [95% confidence interval {CI}, 56.3%–98.7%]) was not
different from that previously seen in animals that also received
FTC/TDF PrEP but were not coinfected with STIs (100% [95%
CI, 54.1%–100%]; P = .69, conditional logistic regression model
2-way interaction term) [4]. The average peak viremia level in
the placebo recipients was 2.8 × 106 copies/mL, compared
with 3.5 × 104 and 2.2 × 104 copies/mL in DC42 and BB495, re-
spectively. Neither DC42 nor BB495 developed K65R, K70E, or
M184V (not shown). Absolute SHIV RNA levels in vaginal and
rectal secretions were reduced in PrEP recipients with break-
through infections, compared with placebo recipients (P = .02
and P = .03, respectively), although the number of weeks with
detectable shedding did not differ among the 2 groups (Supple-
mentary Figure 1).

Intracellular Concentrations of TFV-DP, FTC-TP, and dNTP in Infected
and Protected Animals
We compared TFV-DP, FTC-TP, dATP/TFV-DP, and dCTP/
FTC-TP levels in peripheral blood mononuclear cells
(PBMCs) at the estimated week of infection among animals
with PrEP breakthrough infections (ie, BB495 and DC42) and
the 4 protected animals (Supplementary Figure 2). The concen-
trations of TFV-DP in BB495 and DC42 were 13 and 31 fmol/
106 cells, respectively, compared with 14–22 fmol/106 cells in
protected animals (P = 1.000). Likewise, the concentrations of
FTC-TP in DC42 and BB495 at infection were 188 and 168
fmol/106 cells, respectively, compared with 160–318 fmols/106

cells in protected animals (P = 1.000). The dATP to TFV-DP ra-
tios in DC42 and BB495 at infection (2.1 and 7.3, respectively)
were similar to those seen in protected animals (range, 4.0–4.5;
P = 1.000), as were the dCTP to FTC-TP ratios (P = .518; Sup-
plementary Figure 2).

Effect of STIs on Drug Pharmacokinetics and dNTP Concentrations in
Vaginal Tissues
Mean dATP and dCTP concentrations in vaginal biopsy speci-
mens prior to C. trachomatis/T. vaginalis infection were
1.56 × 104 and 0.34 × 104 fmol/g, respectively, compared with
3.28 × 104 and 1.00 × 104 fmol/g, respectively, after C. tracho-
matis/T. vaginalis infection (P = .02 for both comparisons; Fig-
ure 2). One FTC/TDF dose administered to C. trachomatis/T.
vaginalis–infected macaques resulted in median FTC-TP and
TFV-DP levels in vaginal tissues at 24 hours of 21.5 fmol/mg
(range, 3.8–36.7 fmol/mg) and 3.7 fmol/mg (range, 1.0–7.4
fmol/mg), respectively. The overall pharmacokinetic profiles
for FTC and TFV in vaginal secretions and plasma were similar
to that previously seen in STI-naive animals (Supplementary
Figure 3) [4].

DISCUSSION

We investigated in a macaque model the hypothesis that PrEP
efficacy might be reduced in women with an increased risk of
HIV acquisition due to STI coinfection. Our experimental de-
sign used a validated PrEP model incorporating clinically rele-
vant FTC/TDF pharmacokinetics, repeated SHIV exposures to
model populations at high-risk of HIV infection, and increased
per-exposure SHIV infection risk due to C. trachomatis/T. vag-
inalis infection [3, 4, 8]. We show that the efficacy of FTC/TDF
was not significantly different from that previously seen in
macaques without these 2 STIs [4], although the infection of
2 macaques points to a modest loss of PrEP activity. This pres-
ervation of protection was consistent with a recent subanalysis
of Partners PrEP study participants in which one of the partners
had an STI within 3 months of study visit. In this subpopulation
with a high HIV infection incidence, TDF and FTC/TDF had
consistently high efficacy against HIV acquisition [9]. Although
these findings were from a small number of participants and in-
cluded both men and women, they help support our observa-
tions in the macaque model and suggest that PrEP use in
populations with increased risk for HIV acquisition retains
efficacy.

Our design, using repeated SHIV challenges over several
months, required boosting doses of C. trachomatis/T. vaginalis
to ensure maintenance of the STIs. The resolution of C. tracho-
matis or T. vaginalis infection in some animals and the reinoc-
ulation mimics the natural clinical course in women who are
infected, receive a diagnosis, and are treated and may later be-
come reinfected after subsequent exposures. This approach was
highly effective because the majority of animals maintained

Figure 2. Effect of Chlamydia trachomatis and Trichomonas vaginalis infection on
dATP and dCTP concentrations in vaginal tissues. Concentrations of dATP and dCTP
in vaginal biopsy specimens collected before (open circles) and after (gray circles)
sexually transmitted infection (STI). A total of 3–4 1.8-mm punch biopsy specimens
were obtained from the vaginal wall before C. trachomatis/T. vaginalis coinfection
and then at weeks 1, 2, and 3 after infection. Levels of dATP, and dCTP were mea-
sured in tissue homogenates as described and were compared using a mixed effects
model after controlling for time trend following STI.
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both STIs during the course of the study. However, the STI
status in some instances may have been incorrect owing to in-
sufficient specimen collection via vaginal swabbing. Neverthe-
less, the detection of C. trachomatis/T. vaginalis infection over
the majority (>80%) of the study weeks demonstrates the
robustness of this experimental approach and is also in line
with earlier studies with pig-tailed macaques [10, 11].

Although the protection conferred by FTC/TDF was statisti-
cally significant, 2 macaques became infected with SHIV during
PrEP. In earlier studies, the same FTC/TDF dose and modality
fully protected STI-naive animals, including those treated with
DMPA [4, 12]. We measured TFV-DP and FTC-TP in PBMCs
at the estimated week of infection and found no differences be-
tween infected and protected animals. The 2 infected macaques
also had reduced genital virus shedding, compared with un-
treated animals, which provided evidence for mucosal drug
penetration and local antiviral activity. Our data showing no ef-
fect of C. trachomatis/T. vaginalis on drug penetration into the
vaginal mucosa further suggest little or no effect of C. trachoma-
tis/T. vaginalis on mucosal drug pharmacokinetics. These find-
ings do not clearly point to pharmacologic differences as an
explanation of both PrEP failures, although we did notice that
FTC-TP levels in vaginal biopsy specimens were lower than
those previously reported in STI-uninfected macaques [4].
This observation requires confirmation with additional animals,
using identical biopsy collection methods.

Although C. trachomatis/T. vaginalis infections are nonulcer-
ative, they can induce cervical petechiae, whereas Chlamydia in-
fection can also cause mucosal perturbations such as cervical
erosion or ectropion [13, 14]. Disruptions in tissue integrity
may potentially facilitate virus entry and access to target cells
in the lamina propria. Unfortunately, our study design did
not incorporate colposcopy to understand whether more-severe
clinical signs of STI infection might account for the 2 PrEP
breakthrough infections. C. trachomatis/T. vaginalis infection
of these animals might be related to tissue inflammation and re-
cruitment and activation of HIV target cells, which may provide
an expanded source of highly permissive cells that may be hard-
er to protect by PrEP [3, 15]. Elevated dATP and dCTP concen-
trations in vaginal tissues supports cellular activation, which
may have reduced but not eliminated the antiviral activity of
TFV-DP and FTC-TP, given the observed reduction in SHIV
shedding. The high vaginal dATP and dCTP levels seen after
STI, although confounded by SHIV infection and concurrent
administration of FTC/TDF, which may potentially alter
dNTP pools [7], points to potential modulations of drug activity
due to inflammation. Unfortunately, we did not evaluate wheth-
er higher mucosal inflammation markers were associated with
SHIV acquisition in the 2 PrEP recipients.

This study had several limitations. First, our analysis was
done with nonulcerative STIs, and the mucosal barrier may
be less compromised than with other ulcerative STIs, such as

genital herpes or syphilis. In addition, only vaginal biopsy spec-
imens were collected for mucosal drug and dNTP mea-
surements, whereas C. trachomatis preferentially infects the
columnar mucosa of the cervix. Also, although the analysis of
infection rates per exposure did not demonstrate differences
in the efficacy of FTC/TDF among macaques with and those
without STI, our study was not powered to evaluate differences
in efficacy at the subject level. Finally, we modeled a peri-coital
regimen containing only 2 weekly doses of FTC/TDF. It is pos-
sible that daily FTC/TDF could have had a slightly better effica-
cy because of intracellular FTC-TP and TFV-DP accumulation
after daily dosing.

In summary, we show that a pericoital FTC/TDF regimen is
effective in macaques coinfected with C. trachomatis/T. vagina-
lis, although the infection of 2 animals signals a modest loss of
PrEP activity. Our analysis suggests a possible role for inflam-
mation and cellular activation in PrEP failure and highlights the
need for further studies with other STIs to better define poten-
tial modulations of PrEP activity.

Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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Conference Reports for NATAP

13th CROI 
Conference on Retroviruses and 
Opportunistic Infections
Denver, Colorado
Feb 5- 8, 2006

Back

Prevention of Rectal SHIV Transmission in Macaques by Tenofovir/FTC 
Combination 

Reported by Jules Levin

These study results were presented at the 13th CROi in an oral session by Walid Heneine 
(Laboratory Branch Division of HIV/AIDS Prevention). Another study presented at CROI by 
Angela Kashuba found tenofovir significantly reduced HIV RNA in the genital tract of men and 
women, my next report. 

"Prevention of Rectal SHIV Transmission in Macaques by Tenofovir/FTC Combination"

Author Summary and Conclusions
Tenofovir/FTC combination protected all 6 treated animals from infection after 14 
repeated rectal SHIV exposures.

Treated animals remained uninfected despite receiving seven times more exposures than 
controls (median exposures to infect controls is 2).

Data suggest that chemoprophylaxis with a potent antiretroviral drug combination can be highly 
effective in preventing sexual HIV transmission.

The observed protection by tenofovir and FTC may not reflect that of Truvada, because a higher 
dose of tenofovir was used.

Ongoing study with FTC alone shows that 4 of 6 animals are protected after 10 exposures 
suggesting that FTC contributes substantially to the protection level of Tenofovir/FTC 
combination.

In the Cox proportional hazards model control monkeys are 5.7 times more likely to become 
infected than treated monkeys (p-value is 0.024) 

Conclusive data when study is completed. 

Adding tenofovir to FTC at a dosing similar to that in Truvada may enhance further the 
protection.

Drug potency matters for preventing sexual infection by chemoprophylaxis 

INTRODUCTION
In the absence of an effective vaccine, chemoprophylaxis with antiretrovirals has considerable 
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potential for preventing HIV-1 transmission.

Macaque models show that tenofovir can provide substantial protection against parenteral or 
mucosal virus exposures.

However, this protection may be reduced at lower drug doses equivalent to those used in 
humans.

Current human trials with tenofovir will ultimately determine the efficacy of this intervention.

Many potent antiretrovirals with favorable safety and pharmacodynamic profiles are now 
available and are good candidates for chemoprophylaxis.

Can these drugs fully protect against sexual transmission? 

What is the relationship between drug potency and protection?

Higher drug potency provides more protection?

We determined whether the increased potency in a combination of 2 RT inhibitors, tenofovir and 
FTC, protects macaques from repeated virus exposures.

Materials and Methods
Tenofovir (PMPA, injectable), active form of oral tenofovir disoproxil fumarate, TDF, Viread.

FTC (Emtricitabine, brand Emtriva; injected FTC), 
(Oral Truvada = TDF and FTC)

Six male Rhesus macaques injected subcutaneously with tenofovir 22 mg/kg and FTC 20 mg/kg 
once daily- initiated 9 days before virus challenge. FTC dose similar to that used in humans, TDF 
dose a little higher than that used in humans. 

Six male control macaques received no drug treatment.

Repeated Exposure Model Used
Model uses more physiologic virus inoculum- 10 TCID (3.8 105 virus particles equivalent); virus 
particle level similar to that seen in acute infection in seminal fluid. SHIV162p3 contains an HIV-1 
R5 env.

Repeated weekly rectal virus exposures- 14 total exposures.

Infection was monitored by serology, RT-PCR of plasma and proviral PCR of PBMC.

Animals considered protected if seronegative and PCR negative.

Data from both 6 realtime and 9 historical controls were used. 

RESULTS
Red line in graph below (control animals, did not get treatment but were exposed to HIV) gets 
HIV-infected on average after 4 exposures (rectal viral exposures), some earlier. Previous data 
suggests a median of 2 exposures results in HIV-infection. Treated (Tenofovir/FTC) animals (blue 
line) showed no evidence of HIV-infection after 14 exposures. Drug treatment continued for 4 
weeks after last exposure & animals remain antibody negative & PCR negative. 

FTC alone was studied with up to 10 HIV exposures, since FTC has certain benefits. Only one 
animal got HIV-infected at week 5 and a second one was infected at week 10. There was a big 
and significant difference between group receiving FTC and animal control group who did not 
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receive FTC. They have viral load data on the first animal, who was infected with HIV after 
receiving FTC. HIV viral load was reduced by at least 3-log during 5 week observation period so 
far. Viruses remain wild-type and up to 5 weeks so far virus remains wild-type with no M184V. 

Protection from rectal SHIV transmission in all 6 macaques by tenofovir/FTC (no HIV-
infection resulted)

Chemoprophylaxis with FTC Alone
How much does FTC (Emtricitabine, Emtriva) contributes to the observed protection?

FTC is very potent (-1.8 decrease in virus load)

FTC is well tolerated, good safety profile, once daily dosing, long intracellular half-life (40 h).

Pharmacokinetic analysis suggests that 20 mg/kg/day in rhesus macaques is equivalent to the 
dose used in humans.

Evaluated protection by FTC in six Rhesus macaques.

High level protection from rectal SHIV transmission by FTC alone (HIV-infection 
resulted in 2/6 macaques but HIV viral load was significantly reduced)
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AIDS drugs show promise at preventing infection; global studies expanded
Associated Press Archive - March 27, 2006
Author/Byline: MARILYNN MARCHIONE, AP Medical Writer
Condoms and counseling have failed to stop AIDS. Scientists have long searched for a way to stop its spread, but no vaccine is in sight.

Now, 25 years after the first cases emerged, they think they are on the verge of proving that two drugs already used to treat HIV infection 
also can help prevent it.

The evidence so far is just from monkey experiments, but the latest study was so promising that officials last week said they would 
expand early tests in healthy high-risk men and women around the world.

"This is the first thing I've seen at this point that I think really could have a prevention impact," said Thomas Folks, a federal scientist since 
the earliest days of AIDS. "If it works, it could be distributed quickly and could blunt the epidemic."

HIV spreads to 10 people every minute, 5 million every year. Global estimates are that more than 40 million people have the virus.

If larger tests show the drugs work, they could be given to people at highest risk of HIV -- from gay men in American cities to women in 
Africa who catch the virus from their partners.

People like Matthew Bell, a 32-year-old hotel manager in San Francisco who volunteered for a safety study of one of the drugs.

"As much as I want to make the right choices all of the time, that's not the reality of it," he said of practicing safe sex. "If I thought there 
was a fallback parachute, a preventative, I would definitely want to add that."

Some fear that this could make things worse.

"I've had people make comments to me, 'Aren't you just making the world safer for unsafe sex?'" said Dr. Lynn Paxton, team leader for 
the project at the Centers for Disease Control and Prevention.

The drugs would only be given to people along with counseling and condoms, and regular testing to make sure they haven't become 
infected. Health officials also think the strategy has potential for more people than just gay men, though they don't intend to give it "to 
housewives in Peoria," as Paxton puts it.

Some uninfected gay men already are getting the drugs from friends with AIDS or doctors willing to prescribe them to patients who admit 
not using condoms. This kind of use could lead to drug resistance and is one reason officials are rushing to expand studies.

"We need information about whether this approach is safe and effective" before recommending it, said Dr. Susan Buchbinder, who leads 
one study in San Francisco.

The drugs are tenofovir (Viread) and emtricitabine, or FTC (Emtriva), sold in combination as Truvada by Gilead Sciences Inc., a California 
company best known for inventing Tamiflu, a drug showing promise against bird flu.

Unlike vaccines, which work through the immune system -- the very thing HIV destroys -- AIDS drugs simply keep the virus from 
reproducing. They already are used to prevent infection in health care workers accidentally exposed to HIV, and in babies whose 
pregnant mothers receive them.

Taking them daily or weekly before exposure to the virus -- the time frame isn't known yet -- may keep it from taking hold, just as taking 
malaria drugs in advance can prevent that disease when someone is bitten by an infected mosquito, scientists believe.

Monkeys suggest they are right.

Specifically, six macaques were given the drugs and then challenged with a deadly combination of monkey and human AIDS viruses, 
administered in rectal doses to imitate how the germ spreads in gay men.

Despite 14 weekly blasts of the virus, none of the monkeys became infected. All but one of another group of monkeys that didn't get the 
drugs did, typically after two exposures.

"Seeing complete protection is very promising," and something never before achieved in HIV prevention experiments, said Walid 
Heneine, a CDC scientist working on the study.

What happened next, when scientists quit giving the drugs, was equally exciting.
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"We wanted to see, was the drug holding the virus down so we didn't detect it," or was it truly preventing infection, said Folks, head of the 
CDC's HIV research lab. It turned out to be the latter. "We're now four months following the animals with no drug, no virus. They're 
uninfected and healthy."

Years of previous monkey studies using tenofovir alone had shown partial protection. The scientists thought to add the second drug, FTC, 
when Gilead's combination pill, Truvada, came on the market last year.

The results, announced at a scientific meeting last month in Denver, so electrified the field that private and government funders alike have 
been looking at ways to expand human testing.

"This is an approach we've considered for a long, long time," but didn't try sooner because AIDS drugs had side effects and risks 
unacceptable for uninfected people, said Dr. Mary Fanning, director of prevention research at the National Institute of Allergy and 
Infectious Diseases.

Tenofovir changed that when it came on the market in 2001. It is potent, safe, stays in the bloodstream long enough that it can be taken 
just once a day, doesn't interact with other medicines or birth control pills, and spurs less drug resistance than other AIDS medications.

The CDC last year launched $19 million worth of studies of it in drug users in Thailand, heterosexual men and women in Botswana, and 
gay men in Atlanta and San Francisco. A third U.S. city, not yet identified, will be added, CDC announced last week.

Because of the exciting new monkey results, the Botswana study now will be switched to the drug combination; the others are well under 
way with tenofovir alone.

Farthest along is a study of 400 heterosexual women in Ghana by Family Health Initiative. The Bill & Melinda Gates Foundation funded it 
and others in Cambodia, Nigeria, Cameroon and Malawi, but the rest were doomed by rumors, including fears that scientists wanted to 
deliberately expose people to HIV or that study participants who got infected might not have access to treatment. In other cases, activists 
demanded better health care or clean needles for drug users as a condition for allowing the studies to proceed.

Such problems are "part of the HIV prevention landscape" in many foreign countries, said Dr. Helene Gayle, who formerly oversaw AIDS 
research for the Gates Foundation.

Expense also could limit use of the drugs. Gilead donated them for the studies and sells them in poor countries at cost -- 57 cents a pill 
for tenofovir and 87 cents for Truvada, the combination drug. That's more than the cost of condoms, available for pennies and donated by 
the truckload in Africa, but often unused.

In the United States, wholesale costs are $417 for a month of tenofovir and $650 for Truvada.

Still, health officials are hopeful the drugs could fill an important gap.

The National Institutes of Health is starting a tenofovir study in 1,400 gay men in Peru. Private and government funders are considering 
others. Tenofovir also is being tested in microbicide gels that women could use vaginally to try to prevent catching HIV.

"If you're in an area where there's a really high HIV incidence, something that's even 40 percent effective could have a huge impact," 
Paxton said.

And in the Atlanta labs where Heneine, Folks and others are still minding the monkeys, "the level of enthusiasm is pretty high," Heneine 
said. "This is very promising. For us to be involved in a potential solution to the big HIV crisis and pandemic is very exciting."

------

On the Net:

CDC study information: www.cdc.gov/hiv/pubs/faq/SafeguardServices.htm.SS2

AIDS information: www.aidsinfo.nih.gov

AIDS vaccine research: www.iavi.org
Index terms: U.S. Domestic
Dateline: ATLANTA
Record: D8GK7BAO0
Copyright: Copyright 2006 Associated Press. All rights reserved. This material may not be published, broadcast, rewritten or redistributed.
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| Orange County Register
March 28, 2006 at 3:00 am

ATLANTA — Scientists have long believed that a vaccine is the best way to 

stop the spread of AIDS, but efforts to invent one have miserably flopped. 

Now they may have found something already on pharmacy shelves that 

seems to prevent infection.

It’s a combination of two drugs that have shown such promise in early 

experiments in monkeys that officials just expanded tests of them in people 

around the world.

“This is the first thing I’ve seen at this point that I think really could have a 

prevention impact,” said Thomas Folks, a federal scientist since the earliest 

days of AIDS. “If it works, it could be distributed quickly and could blunt the 

epidemic.”

Condoms and counseling alone have not been enough – HIV spreads to 10 

people every minute, 5 million every year. A vaccine remains the best hope 

but none is in sight.

If larger tests show the drugs work, they could be given to people at highest 

risk of HIV – from gay men in American cities to women in Africa who catch 

the virus from their partners.

People like Matthew Bell, a 32-year-old hotel manager in San Francisco who 

volunteered for a safety study of one of the drugs.

NEWS
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“As much as I want to make the right choices all of the time, that’s not the 

reality of it,” he said of practicing safe sex. “If I thought there was a fallback 

parachute, a preventative, I would definitely want to add that.” Some fear that 

this could make things worse.

“I’ve had people make comments to me, ‘Aren’t you just making the world 

safer for unsafe sex?'” said Dr. Lynn Paxton, team leader for the project at the 

Centers for Disease Control and Prevention.

The drugs would only be given to people along with counseling and condoms, 

and regular testing to make sure they haven’t become infected. Health 

officials also think the strategy has potential for more people than just gay 

men, though they don’t intend to give it “to housewives in Peoria,” as Paxton 

puts it.

Some uninfected gay men already are getting the drugs from friends with 

AIDS or doctors willing to prescribe them to patients who admit not using 

condoms. This kind of use could lead to drug resistance and is one reason 

officials are rushing to expand studies.

“We need information about whether this approach is safe and effective” 

before recommending it, said Dr. Susan Buchbinder, who leads one study in 

San Francisco.

The drugs are tenofovir (Viread) and emtricitabine, or FTC (Emtriva), sold in 

combination as Truvada by Gilead Sciences Inc., a California company best 

known for inventing Tamiflu, a drug showing promise against bird flu.

Unlike vaccines, which work through the immune system – the very thing HIV 

destroys – AIDS drugs simply keep the virus from reproducing. They already 

are used to prevent infection in health care workers accidentally exposed to 

HIV, and in babies whose pregnant mothers receive them.

Taking them daily or weekly before exposure to the virus – the time frame 

isn’t known yet – may keep it from taking hold, just as taking malaria drugs in 

advance can prevent that disease when someone is bitten by an infected 

mosquito, scientists believe.

Monkeys suggest they are right.

Specifically, six macaques were given the drugs and then challenged with a 

deadly combination of monkey and human AIDS viruses, administered in 

rectal doses to imitate how the germ spreads in gay men.
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Despite 14 weekly blasts of the virus, none of the monkeys became infected. 

All but one of another group of monkeys that didn’t get the drugs did, 

typically after two exposures.

“Seeing complete protection is very promising,” and something never before 

achieved in HIV prevention experiments, said Walid Heneine, a CDC scientist 

working on the study.

What happened next, when scientists quit giving the drugs, was equally 

exciting.

“We wanted to see, was the drug holding the virus down so we didn’t detect 

it,” or was it truly preventing infection, said Folks, head of the CDC’s HIV 

research lab. It turned out to be the latter. “We’re now four months following 

the animals with no drug, no virus. They’re uninfected and healthy.”

Years of previous monkey studies using tenofovir alone had shown partial 

protection. The scientists thought to add the second drug, FTC, when Gilead’s 

combination pill, Truvada, came on the market last year.

The results, announced at a scientific meeting last month in Denver, so 

electrified the field that private and government funders alike have been 

looking at ways to expand human testing.

“This is an approach we’ve considered for a long, long time,” but didn’t try 

sooner because AIDS drugs had side effects and risks unacceptable for 

uninfected people, said Dr. Mary Fanning, director of prevention research at 

the National Institute of Allergy and Infectious Diseases.

Tenofovir changed that when it came on the market in 2001. It is potent, safe, 

stays in the bloodstream long enough that it can be taken just once a day, 

doesn’t interact with other medicines or birth control pills, and spurs less 

drug resistance than other AIDS medications.

The CDC last year launched $19 million worth of studies of it in drug users in 

Thailand, heterosexual men and women in Botswana, and gay men in Atlanta 

and San Francisco. A third U.S. city, not yet identified, will be added, CDC 

announced last week.

Because of the exciting new monkey results, the Botswana study now will be 

switched to the drug combination; the others are well under way with 

tenofovir alone.
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Furthest along is a study of 400 heterosexual women in Ghana by Family 

Health Initiative. The Bill & Melinda Gates Foundation funded it and others in 

Cambodia, Nigeria, Cameroon and Malawi, but the rest were doomed by 

rumors, including fears that scientists wanted to deliberately expose people 

to HIV or that study participants who got infected might not have access to 

treatment. In other cases, activists demanded better health care or clean 

needles for drug users as a condition for allowing the studies to proceed.

Such problems are “part of the HIV prevention landscape” in many foreign 

countries, said Dr. Helene Gayle, who formerly oversaw AIDS research for the 

Gates Foundation.

Expense also could limit use of the drugs. Gilead donated them for the 

studies and sells them in poor countries at cost – 57 cents a pill for tenofovir 

and 87 cents for Truvada, the combination drug. That’s more than the cost of 

condoms, available for pennies and donated by the truckload in Africa, but 

often unused.

In the United States, wholesale costs are $417 for a month of tenofovir and 

$650 for Truvada.

Still, health officials are hopeful the drugs could fill an important gap.

The National Institutes of Health is starting a tenofovir study in 1,400 gay men 

in Peru. Private and government funders are considering others. Tenofovir 

also is being tested in microbicide gels that women could use vaginally to try 

to prevent catching HIV.

“If you’re in an area where there’s a really high HIV incidence, something 

that’s even 40 percent effective could have a huge impact,” Paxton said.

And in the Atlanta labs where Heneine, Folks and others are still minding the 

monkeys, “the level of enthusiasm is pretty high,” Heneine said. “This is very 

promising. For us to be involved in a potential solution to the big HIV crisis 

and pandemic is very exciting.
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Perspectives

Background

The introduction of antiretroviral 
therapy (ART) in the early 1990s 
profoundly changed the face of HIV 
infection by improving survival rates 
[1]. But ART has equal potential 
for prevention, since it reduces the 
probability of HIV transmission from 
an infected person to their sexual 
partner(s). Although there have been 
no randomized controlled clinical trials 
on the subject, antiretroviral drugs 
are currently used in clinical practice 
for post-exposure prophylaxis after 
inadvertent occupational exposure 
(based on the results of a case control 
study [2]) or after sexual exposure 
to the virus [3]. Pre- and post-
exposure prophylaxis (PrEP and PEP, 
respectively) have been used successfully 
to interrupt transmission of HIV from 
infected mothers to their babies [4].

Investigators at the United States 
Centers for Disease Control and 
Prevention have conducted a series of 
studies in rhesus macaques to explore 
antiretroviral prophylaxis. First, they 
developed a rectal inoculation model 
using concentrations of simian HIV 
(SHIV) representative of human 
exposure [5]. Using this model, the 
investigators showed that tenofovir 
disoproxil fumarate (TDF, a nucleotide 
analogue reverse transcriptase 
inhibitor) delayed, but did not prevent, 
acquisition of SHIV in these animals 
(seven out of eight animals infected 
over 14 weeks) [6]. A new study in 
this issue of PLoS Medicine by Walid 
Heneine and colleagues [7] extends 
earlier observations and will certainly 
affect the direction of human clinical 
trials and public health policy. 

The Results

In the new study, macaques were 
exposed to weekly rectal virus 

challenges for up to 14 weeks. The 
authors compared infections observed 
in 18 untreated macaques to infections 
in macaques that received a variety 
of antiretroviral PrEP regimens 
containing the nucleotide reverse 
transcriptase inhibitor emtricitabine 
(FTC) alone or in combination with 
TDF. With subcutaneous FTC alone 
(at a human-equivalent dose), four 
out of six animals became infected. 
With a combination of oral FTC and 
TDF at a dose equivalent to Truvada 
(FTC 200 mg + TDF 300 mg) in 
humans, two out of six animals became 
infected. With subcutaneous FTC and 
a supratherapeutic subcutaneous dose 
of tenofovir (given either daily or in 
a two-dose regimen before and after 
exposure), complete protection from 
infection was observed (none of the 12 
animals became infected). 

For animals that became infected 
during treatment, the investigators 
noted that infection was delayed, and 
all animals had blunted acute viremia, 
suggesting the possibility of reduced 
immune damage during acute HIV 
infection [8]. Resistance to FTC was 
observed in two out of six animals that 
failed therapy.

The Implications

These and earlier animal studies have 
provided the basis for human clinical 

trials with PrEP. The observation 
of FTC resistance during therapy 
emphasizes the risk of PrEP to the 
individual and the community. PrEP 
continued in the face of unrecognized 
infection might be expected to 
promote replication of a resistant 
variant, which could be transmitted 
widely [9]. Tenofovir and FTC 
resistance are common in populations 
receiving ART, including in sub-
Saharan Africa [10]. In addition, clade 
C HIV (predominant in sub-Saharan 
Africa) may be more susceptible to 
the evolution of a tenofovir resistance 
mutation (the K65R mutation) [11]. 
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The Perspectives section is for experts to discuss the 
clinical practice or public health implications of a 
published article that is freely available online.

This Perspective discusses the 
following new study published in PLoS
Medicine:

García-Lerma JG, Otten RA, Qari 
SH, Jackson E, Cong M, et al. (2008) 
Prevention of rectal SHIV transmission 
in macaques by daily or intermittent 
prophylaxis with emtricitabine 
and tenofovir. PLoS Med 5(2): e28. 
doi:10.1371/journal.pmed.0050028

Using a repeat-exposure macaque 
model, Walid Heneine and colleagues 
find that pre-exposure prophylaxis 
with combination antiretroviral drugs 
provides protection against rectal 
challenge with a SHIV virus.
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Strengths and Limitations of the 

New Study

This new report [7] represents the 
culmination of a series of recent 
studies specifically designed to guide 
and inform human clinical PrEP trials 
[5,6]. In addition, the new study shows 
protection from SHIV by intermittent 
dosing with tenofovir and FTC, a 
regimen that is closer to true PrEP than 
continuous daily dosing. 

The study had four weaknesses. 
First, it included only small numbers 
of animals. Second, nine out of the 18 
controls used were historical in nature. 
Third, FTC and tenofovir doses chosen 
as human-equivalent were based 
on first-dose pharmacokinetics in a 
limited number of animals, and they 
represent higher drug exposures than 
seen in humans (FTC and tenofovir 
areas under the concentration-
time curves in macaques were 
approximately 30% and 40% higher, 
respectively, than exposures in humans 
[12]). In addition, intracellular 
pharmacokinetics of the active agents 
also differ between macaques and 
humans [13–15]. Finally, complete 
protection from HIV acquisition was 
only observed with a subcutaneous 
tenofovir dose that provided 
concentrations greater than can be 
achieved with oral therapy [16]. 

The Future

These results highlight an exciting 
and potentially important use of ART 
to prevent sexual transmission of 
HIV [3], and offer further support 

for human clinical trials in progress 
or planned. Optimistic modeling 
experiments suggest an important role 
for PrEP in HIV prevention [17]. But 
the application of PrEP highlights a 
unique tension between prevention and 
treatment; widespread usage of ART for 
prevention in communities where ART 
for treatment is still being rationed 
might cause conflict [18]. Also, 
PrEP has the potential to accelerate 
transmitted drug resistance [9], thereby 
limiting the utility of drugs critical to 
combination ART. Human PrEP trials 
must address these concerns. One 
PrEP safety trial has been completed 
in women at high risk of acquiring 
HIV in Africa [19]; other current trials 
designed to measure PrEP safety and 
efficacy are summarized in Table 1. 
These PrEP trials will shine a light on 
the potential of ART for prevention, 
and help physicians to think more 
broadly about the public health 
implications of these life-saving drugs. �
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US CDC-NCHSTP-4370 Phase II/III daily TDF or daily oral placebo IDU ages 20 to 60 (2,000) Thailand (anticipated completion 2008)
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BMGF, Bill & Melinda Gates Foundation; BOTUSA, the collaborative effort between the Botswana Ministry of Health, the US Centers for Disease Control and Prevention/Division of 
Tuberculosis Elimination, and the Global AIDS Program; FHI, Family Health International; IDU, injecting drug users; iPrEX, Andean MSM PrEP Trial; MSM, men who have sex with men; MTN, 
Microbicide Treatment Network; NIAID, US National Institute of Allergy and Infectious Disease; USAID, United States Agency for International Development; US CDC, United States Centers 
for Disease Control and Prevention; NCHSTP, National Center for HIV, STD, and TB Prevention; VOICE, Vaginal and Oral Interventions to Control the Epidemic.
doi:10.1371/journal.pmed.0050030.t001

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 114 of 244 PageID #: 1298



PLoS Medicine  |  www.plosmedicine.org 0192 February 2008  |  Volume 5  |  Issue 2  |  e30

nucleoside regimens. J Acquir Immune Defic 
Syndr 39: 406-411.

15. King T, Bushman L, Kiser J, Anderson PL, 
Ray M, et al. (2006) Liquid chromatography-
tandem mass spectrometric determination of 
tenofovir-diphosphate in human peripheral 
blood mononuclear cells. J Chromatogr B 
Analyt Technol Biomed Life Sci 843: 147-156.

16. Van Rompay KK, Brignolo LL, Meyer 
DJ, Jerome C, Tarara R, et al. (2004) 

Biological effects of short-term or prolonged 
administration of 9-[2-(phosphonomethoxy)
propyl]adenine (tenofovir) to newborn and 
infant rhesus macaques. Antimicrob Agents 
Chemother 48: 1469-1487.

17. Abbas UL, Anderson RM, Mellors JW 
(2007) Potential impact of antiretroviral 
chemoprophylaxis on HIV-1 transmission in 
resource-limited settings. PLoS ONE 2: e875. 
doi:10.1371/journal.pone.0000875

18. Grant RM, Buchbinder S, Cates W Jr, Clarke 
E, Coates T, et al. (2005) AIDS. Promote HIV 
chemoprophylaxis research, don’t prevent it. 
Science 309: 2170-2171.

19. Peterson L, Taylor D, Roddy R, Belai G, 
Phillips P, et al. (2007) Tenofovir disoproxil 
fumarate for prevention of HIV infection in 
women: A phase 2, double-blind, randomized, 
placebo-controlled trial. PLOS Clin Trial 2: 
e27. doi:10.1371/journal.pctr.0020027

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 115 of 244 PageID #: 1299



EXHIBIT 49

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 116 of 244 PageID #: 1300



n engl j med 363;27 nejm.org december 30, 2010 2587

The new england 
journal of medicine
established in 1812 december 30, 2010 vol. 363 no. 27

Preexposure Chemoprophylaxis for HIV Prevention  
in Men Who Have Sex with Men

Robert M. Grant, M.D., M.P.H., Javier R. Lama, M.D., M.P.H., Peter L. Anderson, Pharm.D., Vanessa McMahan, B.S.,  
Albert Y. Liu, M.D., M.P.H., Lorena Vargas, Pedro Goicochea, M.Sc., Martín Casapía, M.D., M.P.H.,  

Juan Vicente Guanira-Carranza, M.D., M.P.H., Maria E. Ramirez-Cardich, M.D., Orlando Montoya-Herrera, M.Sc.,  
Telmo Fernández, M.D., Valdilea G. Veloso, M.D., Ph.D., Susan P. Buchbinder, M.D., Suwat Chariyalertsak, M.D., Dr.P.H.,  

Mauro Schechter, M.D., Ph.D., Linda-Gail Bekker, M.B., Ch.B., Ph.D., Kenneth H. Mayer, M.D.,  
Esper Georges Kallás, M.D., Ph.D., K. Rivet Amico, Ph.D., Kathleen Mulligan, Ph.D., Lane R. Bushman, B.Chem.,  

Robert J. Hance, A.A., Carmela Ganoza, M.D., Patricia Defechereux, Ph.D., Brian Postle, B.S., Furong Wang, M.D.,  
J. Jeff McConnell, M.A., Jia-Hua Zheng, Ph.D., Jeanny Lee, B.S., James F. Rooney, M.D., Howard S. Jaffe, M.D.,  

Ana I. Martinez, R.Ph., David N. Burns, M.D., M.P.H., and David V. Glidden, Ph.D., for the iPrEx Study Team*

A bs tr ac t

The authors’ affiliations are listed in the 
Appendix. Address reprint requests to 
Dr. Grant at the J. David Gladstone Insti-
tutes, University of California at San Fran-
cisco, 1650 Owens St., San Francisco, 
CA, 94158, or at robert.grant@ucsf.edu.

*Other members of the Preexposure 
Prophylaxis Initiative (iPrEx) study team 
are listed in the Supplementary Appen-
dix, available at NEJM.org.

This article (10.1056/NEJMoa1011205) 
was published on November 23, 2010, 
and updated on December 1, 2010, at 
NEJM.org.

N Engl J Med 2010;363:2587-99.
Copyright © 2010 Massachusetts Medical Society.

Background

Antiretroviral chemoprophylaxis before exposure is a promising approach for the 
prevention of human immunodeficiency virus (HIV) acquisition.

Methods

We randomly assigned 2499 HIV-seronegative men or transgender women who have 
sex with men to receive a combination of two oral antiretroviral drugs, emtricitabine 
and tenofovir disoproxil fumarate (FTC–TDF), or placebo once daily. All subjects re-
ceived HIV testing, risk-reduction counseling, condoms, and management of sexu-
ally transmitted infections.

Results

The study subjects were followed for 3324 person-years (median, 1.2 years; maximum, 
2.8 years). Of these subjects, 10 were found to have been infected with HIV at en-
rollment, and 100 became infected during follow-up (36 in the FTC–TDF group and 
64 in the placebo group), indicating a 44% reduction in the incidence of HIV (95% 
confidence interval, 15 to 63; P = 0.005). In the FTC–TDF group, the study drug was 
detected in 22 of 43 of seronegative subjects (51%) and in 3 of 34 HIV-infected sub-
jects (9%) (P<0.001). Nausea was reported more frequently during the first 4 weeks 
in the FTC–TDF group than in the placebo group (P<0.001). The two groups had 
similar rates of serious adverse events (P = 0.57).

Conclusions

Oral FTC–TDF provided protection against the acquisition of HIV infection among 
the subjects. Detectable blood levels strongly correlated with the prophylactic effect. 
(Funded by the National Institutes of Health and the Bill and Melinda Gates Foun-
dation; ClinicalTrials.gov number, NCT00458393.)

The New England Journal of Medicine 
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A total of 2.7 million new infections 
with the human immunodeficiency virus 
(HIV) were diagnosed worldwide in 2008, 

according to the Joint United Nations Program 
on HIV/AIDS (UNAIDS). Combination antiretro-
viral therapy for patients with HIV infection re-
stores health and may decrease the transmission 
of the virus to uninfected partners.1 Therapy also 
decreases mother-to-child transmission.2

Postexposure chemoprophylaxis is recommend-
ed after occupational or nonoccupational expo-
sure to HIV-infected fluids.3 The use of such che-
moprophylaxis requires that people recognize 
when they might have been exposed to HIV and 
that they start therapy within 72 hours. Both 
challenges are substantial limitations to the use 
of postexposure chemoprophylaxis.4,5

We selected emtricitabine (FTC) and tenofovir 
disoproxil fumarate (TDF) combination therapy 
in a single tablet (FTC–TDF) for evaluation of pre-
exposure prophylaxis because of several favorable 
characteristics.6 (Details are provided in the intro-
duction in the Supplementary Appendix, avail-
able with the full text of this article at NEJM 
.org.) The protective activity of FTC and TDF has 
been shown in mice transplanted with human 
immune cells7 and in nonhuman primates.8-10 
In these studies, there were increased levels of 
efficacy when both agents were used together, 
as compared with the use of either agent alone. 
The administration of the drug both before and 
after exposure was important for maximizing the 
protective benefit.11

Daily preexposure prophylaxis with oral TDF 
had an acceptable side-effect profile in a trial in-
volving West African women.12 A tenofovir 1% 
vaginal gel reduced HIV infection rates by 39% 
among women.13 Men and transgender women 
who have sex with men are disproportionately af-
fected by the global epidemic.14,15 Surveys of such 
persons in the United States indicate that the 
current use of preexposure prophylaxis is rare, 
although the majority would consider such use if 
evidence of safety and efficacy became avail-
able.16,17

In this multinational study, called the Preex-
posure Prophylaxis Initiative (iPrEx) trial, we aimed 
to evaluate the safety and efficacy of once-daily 
oral FTC–TDF as compared with placebo for the 
prevention of HIV acquisition among men and 
transgender women who have sex with men.

Me thods

Protocol Development

We developed the concept and protocol for this 
study using methods that came to be approved as 
“good participatory practices” by UNAIDS.18 The 
development of the protocol was sponsored by 
the National Institute of Health’s Division of Ac-
quired Immunodeficiency Syndrome (DAIDS). 
The protocol was approved by national govern-
ment public health authorities in Peru, Ecuador, 
South Africa, Brazil, Thailand, and the United 
States and by the ethics committee at each site. 
All subjects provided written informed consent. 
The study coordinator vouches for the fidelity of 
the report to the protocol. The study protocol is 
available at NEJM.org, and a detailed description 
of the methods is provided in the Supplementary 
Appendix.

Study Population and Randomization

Inclusion criteria were male sex at birth, an age 
of 18 years or older, HIV-seronegative status, and 
evidence of high risk for acquisition of HIV infec-
tion. Subject codes were randomly assigned in 
blocks of 10, stratified according to site. The sub-
ject codes were assigned consecutively at the study 
sites to eligible subjects at the time of the first 
dispensation of a study drug. Serologic testing for 
hepatitis B was performed at screening.

Study Visits

Study visits were scheduled every 4 weeks after 
enrollment. Each 4-week visit included drug dis-
pensation, pill count, adherence counseling, rapid 
testing for HIV antibodies, and taking of a medi-
cal history. Chemical and hematologic analyses 
were performed at weeks 4, 8, 12, 16, and 24 and 
every 12 weeks thereafter. During screening,  
a computer-assisted structured interview collect-
ed information about education level, self-identi-
fied sex, and alcohol use, along with subjects’ 
perceived study-group assignment at week 12. 
High-risk behavior was assessed by interview ev-
ery 12 weeks, and physical examinations and eval-
uations for sexually transmitted infections were 
performed at least every 24 weeks. Visits through 
May 1, 2010, are included in this report of the 
primary analysis of safety and efficacy. The visit 
cutoff date was set by the study sponsor without 
any access to interim findings and was intended 

           Comment on 
            this article at

NEJM.org 

The New England Journal of Medicine 
Downloaded from nejm.org at DOJ Libraries on September 27, 2019. For personal use only. No other uses without permission. 

 Copyright © 2010 Massachusetts Medical Society. All rights reserved. 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 118 of 244 PageID #: 1302



Preexposure Chemoprophylaxis for HIV Prevention

n engl j med 363;27 nejm.org december 30, 2010 2589

to ensure observation of the targeted number of 
seroconversion events (85). The use of study drugs 
was intensively monitored and promoted (for de-
tails, see Methods in the Supplementary Appendix).

Standard Prevention Interventions

At every scheduled visit, subjects received a com-
prehensive package of prevention services, in-
cluding HIV testing, risk-reduction counseling, 
condoms, and diagnosis and treatment of symp-
tomatic sexually transmitted infections, including 
gonorrhea and chlamydia urethritis, syphilis, and 
herpes simplex virus type 2 (HSV-2). In addition, 
at 24-week intervals, subjects were screened for 
asymptomatic urethritis, syphilis, antibodies to 
HSV-2, and genital warts and ulcers; treatment 
was provided when indicated. Sexual partners 
were offered treatment of sexually transmitted in-
fections that were diagnosed in the subject. Sub-
jects were linked to local prevention and treatment 
services when required to receive standard-of-
care services. All subjects were instructed to pro-
tect themselves from HIV with conventional meth-
ods, since they were unaware of their study-group 
assignment. Subjects who reported a recent 
 unprotected exposure to an HIV-infected part-
ner were referred for postexposure prophylaxis 
(at sites where such therapy was available), and 
the administration of a study drug was tempo-
rarily suspended. Vaccination against hepatitis 
B virus (HBV) was offered to all susceptible sub-
jects.

Laboratory Testing

Testing for HIV antibody was performed on whole 
blood with the use of two different rapid tests at 
every scheduled visit, and reactive rapid tests were 
tested with the use of Western blot analysis of 
serum (Fig. S1 in the Supplementary Appendix). 
Subjects with failed rapid tests were retested dur-
ing the visit. HIV plasma RNA testing with the 
use of an assay with a lower limit of quantitation 
of 40 copies per milliliter was performed if sero-
conversion was detected within 12 weeks after 
enrollment. RNA testing was also used to iden-
tify the first date of laboratory evidence of infec-
tion for the as-treated analysis. Testing for drug-
resistance genotyping and phenotyping was 
performed with the use of clinically validated as-
says on the basis of the viral load at the serocon-
version visit.

Subgroup Analysis of Drug Levels

A prespecified subgroup analysis was performed 
to investigate whether drug levels correlated with 
protective effect. Subjects with HIV infection were 
matched with two control subjects, one from each 
study group who were selected from among sero-
negative subjects, according to study site (Fig. S5 
in the Supplementary Appendix). Plasma was test-
ed for the presence of FTC and tenofovir (TFV), 
and peripheral-blood mononuclear cells were test-
ed for FTC triphosphate (FTC-TP) and TFV di-
phosphate (TFV-DP), which are the active intra-
cellular metabolites of FTC and TFV, respectively, 
with the use of validated liquid chromatography 
and tandem mass spectrometry assays.

Study Oversight

The study was designed by four of the investiga-
tors in collaboration with all the site investigators 
and communities. DAIDS reviewers approved the 
protocol, which was developed by the study in-
vestigators, and monitored the conduct of the 
trial at study sites. The Bill and Melinda Gates 
Foundation also provided funding but did not have 
a role in protocol development or site monitor-
ing. Gilead Sciences donated both FTC–TDF and 
placebo tablets and provided travel-related support 
for meetings conducted by non-Gilead investiga-
tors. The role of Gilead Sciences in the develop-
ment of the protocol was limited to sections re-
garding the handling of the study drugs. Neither 
Gilead Sciences nor any of its employees had a 
role in the accrual or analysis of the data or in the 
preparation of the manuscript. DAIDS agreed to 
give Gilead 30 days to comment on the manu-
script, but there was no agreement to accept sug-
gestions. The first author wrote the first draft of 
the manuscript (except for the drug-level sections, 
which were drafted by another investigator) and 
decided to submit the manuscript for publication. 
The protocol statistician and data manager vouch 
for the accuracy of the data, and the protocol chair 
and site investigators vouch for the completeness 
of the reported data.

Statistical Analysis

Data were collected on case-report forms and 
faxed to a DataFax server at DF/Net Research. It 
was determined that the observation of 85 inci-
dent HIV infections would yield a power of at 
least 80% with a one-sided alpha level of 0.05 to 
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reject a null hypothesis of efficacy of 30% or less 
if the true efficacy were 60% or more. The modi-
fied intention-to-treat analysis included available 
data for all subjects except those with HIV RNA 
detected in their enrollment sample. The as-treated 
analysis used a time-dependent covariate indica-
tion as to whether the subject was known to fall 
below the prespecified level of study-drug com-
pliance (50%) on any of the following: records of 
study-drug dispensation alone, pill-use calculation 
on the basis of study-drug dispensation and re-
turns, and subjects’ self-report. For the as-treated 
analysis, pills from unreturned bottles were as-
sumed to have been taken, and late visits were 
included in the analysis if the last dispensation 
allowed pill use on 50% or more of days. Safety 
analyses included all subjects.

R esult s

Study Subjects

Of 4905 subjects who were screened, 2499 were 
enrolled in the study from July 10, 2007, through 
December 17, 2009, at 11 sites in six countries 
(Fig. 1). The baseline characteristics of the two 
study groups were similar (Table 1). All subjects 
were born male, although 29 (1%) reported their 
current gender identity as female. The ages of the 
subjects ranged from 18 to 67 years; the FTC–
TDF group was on average 9 months older than 
the placebo group (mean age, 27.5 vs. 26.8 years; 
P = 0.04).

Among HBV-susceptible subjects at screening, 
94% accepted HBV vaccination. We enrolled 13 
subjects with chronic HBV infection that was de-
tected at screening, and acute HBV infection was 
reported as an adverse event in 3 additional sub-
jects (2 in the FTC–TDF group and 1 in the pla-
cebo group) after enrollment when elevated liver 
aminotransferase levels were observed. All the 
HBV infections resolved with detectable levels of 
immunity.

Follow-up and Adherence

The cohort was followed for 3324 person-years 
with a variable duration of observation (median, 
1.2 years; maximum, 2.8 years) (Fig. 1). There were 
no significant trends in visit completion rates over 
time. Most subjects said they did not know their 
study-group assignment at week 12, and those 
who guessed their assignment were evenly dis-
tributed between the two groups (Table S3 in the 

Supplementary Appendix). No subjects were told 
their study-group assignment during the course of 
the trial. A study drug was temporarily discontin-
ued in 21 subjects (8 in the FTC–TDF group and 
13 in the placebo group) so that they could re-
ceive postexposure prophylaxis for HIV (P = 0.28).

The rate of self-reported pill use was lower in 
the FTC–TDF group than in the placebo group at 
week 4 (mean, 89% vs. 92%; P<0.001) and at week 
8 (mean, 93% vs. 94%; P = 0.006) but was similar 
thereafter (mean, 95% in the two groups). At each 
visit, a portion of subjects (approximately 6%) did 
not report the number of pills missed. The per-
centage of pill bottles returned was 66% by 30 
days and 86% by 60 days. The rate of pill use that 
was estimated according to pill count also in-
creased during the first 8 weeks and then re-
mained stable at a median ranging from 89 to 
95%, depending on whether pills from unreturned 
bottles were counted as having been taken or 
not taken. On the basis of pill-dispensation dates 
and quantities, the rate of pill use decreased dur-
ing the first year, from 99% to 91%, a trend that 
contrasted with pill counts and self-report, which 
indicated an increased rate of use.

Sexual Practices

Sexual practices were similar in the two groups 
at all time points (P = 0.97) (Fig. S2 in the Supple-
mentary Appendix). The total numbers of sexual 
partners with whom the respondent had recep-
tive anal intercourse decreased, and the percentage 
of those partners who used a condom increased 
after subjects enrolled in the study. There were 
no significant between-group differences in the 
numbers of subjects with syphilis (P = 0.49), gon-

Figure 1 (facing page). Enrollment and Outcomes.

The most common laboratory abnormalities that led to 
exclusion were elevations in hepatic aminotransferase 
levels, hyperbilirubinemia, and renal insufficiency. A to-
tal of 18 enrollees (0.7%) did not meet all eligibility cri-
teria, including 2 subjects with preexisting diabetes 
mellitus, who were instructed to stop taking a study 
drug when the history was discovered. All enrolled sub-
jects, including those who were subsequently found to 
be ineligible, were followed for HIV infection and safety. 
Quarterly-visit attendance is shown. Visits were con-
sidered to have been completed if they occurred before 
the subsequent visit window, with completion rates of 
75 to 94% for all visits. The completion rate was more 
than 86% for all visits before week 132. Visits occurred 
within the protocol-defined window of ±5 days in 62 to 
86% of visits.
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2499 (51%) Underwent randomization

4905 Subjects were screened

1564 (32%) Were ineligible
410 Were HIV-positive
405 Had ineligible laboratory results
247 Were at low risk for HIV
502 Had other reasons

842 (17%) Were eligible but were
not enrolled

1251 (50%) Were assigned to 
FTC–TDF

1248 (50%) Were assigned to placebo

23 Did not have a follow-up
HIV test

25 Did not have a follow-up
HIV test

1226 (98%) Were followed 1225 (98%) Were followed

8 Were infected at 
enrollment

2 Were infected at 
enrollment

1224 Were followed for seroconversion 1217 Were followed for seroconversion

Quarterly-visit attendance Quarterly-visit attendance

Wk 12
Wk 24
Wk 36
Wk 48
Wk 60
Wk 72
Wk 84
Wk 96
Wk 108
Wk 120
Wk 132
Wk 144

1075/1194
  984/1116
  882/1019
759/880
642/719
516/582
415/464
343/384
258/283
147/157
70/75
6/8

90%
88%
87%
86%
89%
89%
89%
89%
91%
94%
93%
75%

Wk 12
Wk 24
Wk 36
Wk 48
Wk 60
Wk 72
Wk 84
Wk 96
Wk 108
Wk 120
Wk 132
Wk 144

1098/1203
  989/1130
  901/1025
783/886
624/706
517/572
397/460
331/378
252/275
136/150
62/66
4/5

91%
88%
88%
88%
88%
90%
86%
88%
92%
91%
94%
80%

199 (16%) Were not in the study 
during follow-up

87 (7%) Were not able to be con-
tacted

51 (4%) Relocated
41 (3%) Withdrew consent
11 (1%) Were withdrawn by investi-

gator
1 (<1%) Died
8 (1%) Had other reason

182 (15%) Were not in the study 
during follow-up

55 (5%) Were not able to be con-
tacted

59 (5%) Relocated
46 (4%) Withdrew consent
5 (<1%) Were withdrawn by

investigator
4 (<1%) Died

13 (1%) Had other reason
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Table 1. Baseline Characteristics of the Subjects.*

Characteristic FTC–TDF (N = 1251) Placebo (N = 1248) P Value

Age group — no. (%) 0.04

18–24 yr 591 (47) 662 (53)

25–29 yr 274 (22) 241 (19)

30–39 yr 249 (20) 224 (18)

≥40 yr 137 (11) 121 (10)

Education level — no. (%) 0.26

Less than secondary 279 (22) 244 (20)

Completed secondary 430 (34) 453 (36)

Postsecondary 525 (42) 539 (43)

No answer or missing data 17 (1) 12 (1)

Race or ethnic group — no. (%)† 0.40

Black 117 (9) 97 (8)

White 223 (18) 208 (17)

Mixed race or other 849 (68) 878 (70)

Asian 62 (5) 65 (5)

Hispanic 900 (72) 906 (73) 0.72

No. of alcoholic drinks (on days when subject drank in past month) — no. (%) 0.66

0 206 (16) 184 (15)

1–4 per day 348 (28) 345 (28)

≥5 per day 666 (53) 687 (55)

No answer or missing data 31 (2) 32 (3)

City and country of residence — no. (%) 1.00

Lima, Peru 470 (38) 470 (38)

Iquitos, Peru 230 (18) 230 (18)

Guayaquil, Ecuador 150 (12) 150 (12)

Rio de Janeiro 147 (12) 147 (12)

São Paulo 39 (3) 37 (3)

San Francisco 70 (6) 70 (6)

Boston 43 (3) 44 (4)

Chiang Mai, Thailand 57 (5) 57 (5)

Cape Town, South Africa 45 (4) 43 (3)

Sexual risk factors at screening

No. of partners in past 12 wk 18±35 18±43 0.51

Unprotected receptive anal intercourse in past 12 wk — no. (%) 732 (59) 753 (60) 0.37

Unprotected anal intercourse with partner with positive or unknown HIV 
status in past 6 mo — no. (%)

992 (79) 1009 (81) 0.34

Transactional sex in past 6 mo — no. (%) 517 (41) 510 (41) 0.84

Known partner with HIV in past 6 mo — no. (%) 23 (2) 32 (3) 0.22

Sexually transmitted infections diagnosed at screening

Syphilis seroreactivity — no./total no. (%) 164/1240 (13) 162/1239 (13) 0.95

Serum herpes simplex virus type 2 — no./total no. (%) 458/1241 (37) 430/1243 (35) 0.24

Urine leukocyte esterase positive — no. (%) 23 (2) 22 (2) 1.00

Hepatitis B virus status — no. (%) 0.11

Susceptible 827 (66) 803 (64)

Immune because of natural infection 247 (20) 222 (18)

Immune because of previous vaccination 149 (12) 190 (15)

Current infection with hepatitis B virus 7 (1) 6 (<1)

Indeterminate 21 (2) 27 (2)

* Plus –minus values are means ±SD. Percentages may not total 100 because of rounding. FTC–TDF denotes emtricitabine and tenofovir diso-
proxil fumarate.

† Race or ethnic group was self-reported.
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orrhea (P = 0.74), chlamydia (P = 0.43), genital warts 
(P = 0.53), or genital ulcers (P = 0.62) during follow-
up (Table S4 in the Supplementary Appendix).

Safety

In testing for elevations in serum creatinine levels, 
there were 41 instances of elevations that were at 
least 1.1 times the upper limit of the normal range 
or more than 1.5 times the baseline level. Of these 
elevations, 26 (2%) were in the FTC–TDF group 
and 15 (1%) were in the placebo group (P = 0.08). 
Two of these elevations increased in grade, ac-
counting for a total of 43 creatinine adverse 
events (Table 2, and Table S9 in the Supplemen-
tary Appendix). Overall, 18 creatinine elevations 
(44%) remained in the normal range, and 36 
(88%) were not confirmed on the next test. A total 
of 10 elevations led to discontinuation of a study 
drug (7 in the FTC–TDF group and 3 in the pla-
cebo group); study drugs were restarted in 9 sub-
jects. Serum creatinine levels were elevated at 
more than one consecutive test in 5 subjects in the 
FTC–TDF group (<1%) and in none of the subjects 

in the placebo group. All elevations in the serum 
creatinine level resolved after the discontinuation 
of a study drug, within 4 weeks in 3 subjects, with-
in 12 weeks in 1 subject, and within 20 weeks in 
1 subject. Four of the subjects resumed taking 
FTC–TDF without recurrence of the elevation.

Moderate nausea (grade 2 and above) was re-
ported more frequently in the FTC–TDF group 
than in the placebo group (22 vs. 10 events, 
P = 0.04), as was unintentional weight loss of 5% 
or more (34 vs. 19 events, P = 0.04) (for details, see 
Table S10 in the Supplementary Appendix).

Effect of FTC–TDF on HIV Acquisition

HIV rapid testing was performed at 39,613 visits, 
during which there were false reactive tests for 
3 subjects at 7 visits; each subject had multiple 
negative tests afterward. HIV seroconversion was 
observed in 110 persons, of whom 10 had plasma 
HIV RNA subsequently detected in specimens ob-
tained at the enrollment visit. A finding of fewer 
than 40 copies per milliliter of plasma HIV RNA 
was documented for the other 100 HIV-infected 

Table 2. Adverse Events.*

Adverse Event FTC–TDF (N = 1251) Placebo (N = 1248) P Value†

no. of  
patients (%)

no. of  
events

no. of  
patients (%)

no. of  
events

Any adverse event 867 (69) 2630 877 (70) 2611 0.50

Any serious adverse event 60 (5) 76 67 (5) 87 0.57

Any grade 3 or 4 event 151 (12) 248 164 (13) 285 0.51

Grade 3 event 110 (9) 197 117 (9) 225 0.65

Grade 4 event 41 (3) 51 47 (4) 60 0.57

Elevated creatinine level 25 (2) 28 14 (1) 15 0.08

Headache 56 (4) 66 41 (3) 55  0.10

Depression 43 (3) 46 62 (5) 63 0.07

Nausea 20 (2) 22 9 (<1) 10 0.04

Unintentional weight loss (≥5%) 27 (2) 34 14 (1) 19 0.04

Diarrhea 46 (4) 49 56 (4) 61 0.36

Bone fracture 15 (1) 16 11 (<1) 12 0.41

Death 1 (<1)‡ 1 4 (<1) 4 0.18

Discontinuation of study drug

Permanently 25 (2) 26 27 (2) 33 0.82

Permanently or temporarily 79 (6) 99 72 (6) 92 0.49

* A listing of all laboratory abnormalities and clinical adverse events of grade 2 or higher that were reported in 25 or 
more subjects (1%) is provided in Tables S9 and S10 in the Supplementary Appendix. FTC–TDF denotes emtricitabine 
and tenofovir disoproxil fumarate.

† P values were calculated by the log-rank test.
‡ This death was due to a motorcycle accident.
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subjects before seroconversion. Among the 100 
subjects with emergent HIV infection, 36 occurred 
in the FTC–TDF group, and 64 occurred in the 
placebo group, representing a relative reduction 
of 44% in incidence in the modified intention-to-
treat population (95% confidence interval [CI], 15 
to 63; P = 0.005) (Fig. 2). After adjustment for the 
difference in age between the two groups, the 
efficacy was 43% (95% CI, 14 to 62). The rate of 
pill use on 50% or more of days was recorded on 
the basis of pill counts, self-report, and dispensa-
tion records at 81% of visits on which efficacy 
was 50% (95% CI, 18 to 70; P = 0.006). This rate 
did not differ significantly (P = 0.48) from the ef-
ficacy at visits with less than 50% pill use of 32% 
(95% CI, −41 to 67%) (Fig. 3). Efficacy of less than 
30% could not be ruled out in the modified inten-
tion-to-treat analysis (P = 0.15) or in the prespeci-
fied as-treated analysis at 50% pill use (P = 0.09). 
There was no evidence of a change in HIV efficacy 
with longer follow-up (P = 0.44).

In prespecified analyses of efficacy according 
to subgroup, efficacy was higher among subjects 

who reported at screening that they had previously 
had unprotected receptive anal intercourse than 
among those who did not (efficacy, 58%; 95% CI, 
32 to 74) (Fig. 3). There was no significant be-
tween-group difference in protection on the ba-
sis of region, race or ethnic group, male circum-
cision, level of education, alcohol use, or age. In 
post hoc analyses, pill use on 90% or more of days 
was recorded at 49% of visits on which efficacy 
was 73% (95% CI, 41 to 88; P<0.001). Among all 
subjects, without exclusion for HIV infection at 
enrollment or the degree of compliance to the 
drug regimen, the efficacy was 47% (95% CI, 22 
to 64; P = 0.001).

Among the 10 subjects in whom plasma HIV 
RNA was subsequently detected in specimens 
obtained at enrollment, 5 had symptoms of an 
acute viral syndrome at enrollment, 2 had symp-
toms 1 week later (prompting an interim study 
visit), 1 had an anal sore, and 2 had leukopenia 
at enrollment. In these subjects, the clinicians 
did not suspect acute HIV infection, because the 
symptoms were attributed to an upper respira-
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Figure 2. Kaplan–Meier Estimates of Time to HIV Infection (Modified Intention-to-Treat Population).

The cumulative probability of HIV acquisition is shown for the two study groups. The efficacy of preexposure pro-
phylaxis with emtricitabine and tenofovir disoproxil fumarate (FTC–TDF) was 44%, as compared with placebo 
(P = 0.005). The inset graph shows a more detailed version of the overall graph up to a probability of 0.10.
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tory tract infection, sinusitis, or other non-HIV 
cause.

Of the preexisting HIV infections at enroll-
ment, two occurred in the FTC–TDF group and 
eight in the placebo group (P = 0.06). Among sub-
jects who were infected after enrollment, the 
numbers with detectable plasma HIV RNA be-
fore seroconversion were 5 of 36 (14%) in the 
FTC–TDF group and 7 of 64 (11%) in the placebo 

group (P = 0.75). The time to seroconversion af-
ter RNA detection was similar in the two groups 
(P = 0.55). After the discontinuation of a study 
drug, seroconversion rates were similar among 
320 subjects (161 in the FTC–TDF group and 159 
in the placebo group) (P = 0.42). These subjects 
had a total of 1173 visits for HIV testing after 
the discontinuation of a study drug (642 in the 
FTC–TDF group and 531 in the placebo group). 
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AUTHOR: RETAKE: 1stGrantFigure 3. HIV Incidence among Subjects Receiving FTC–TDF, According to Subgroup.

The efficacy of emtricitabine and tenofovir disoproxil fumarate (FTC–TDF) is 1 minus the hazard ratio. Hazard ratios of less than 1 indi-
cate efficacy, and 95% confidence intervals (shown by horizontal lines) that do not cross 1 indicate significant evidence of efficacy. All 
subgroup analyses were prespecified except for testing for herpes simplex virus type 2 (HSV-2) at screening and pill use at the rate of 
90%. P values for the intention-to-treat analysis and the modified intention-to-treat analysis apply to the hypothesis of any evidence of 
efficacy; P values for other comparisons refer to the hypothesis that efficacy differed between the two strata. NA denotes not applicable, 
and URAI unprotected receptive anal intercourse.
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During these visits, 5 seroconversions were ob-
served (2 in the FTC–TDF group and 3 in the pla-
cebo group).

Drug-Level Detection and Prophylactic 
Effect

Among subjects who became infected with HIV, 
the median time between the tested specimen 
date and the last uninfected visit was 35 days (in-
terquartile range, 28 to 56). No drug was detected 
in any plasma or cell specimens from subjects in 
the placebo group. Among subjects in the FTC–
TDF group, at least one of the study-drug compo-
nents was detected in 3 of 34 subjects with HIV 
infection (9%) and in 22 of 43 seronegative con-

trol subjects (51%) (Fig. 4). Of the 3 HIV-infected 
subjects with a detectable level of a study drug, 
none had cell-associated drug levels higher than 
the median for the 22 seronegative control sub-
jects in whom a study-drug component was de-
tected. Only 8% of subjects with HIV infection 
and 54% of control subjects who were considered 
“on treatment” on more than 50% of days had a 
detectable level of a study drug in plasma or pe-
ripheral-blood mononuclear cells (Table S8 in the 
Supplementary Appendix). Detection of the differ-
ent drug components was more than 95% concor-
dant (Table S6 in the Supplementary Appendix).

In the FTC–TDF group, among subjects with 
a detectable study-drug level, as compared with 
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Figure 4. Levels of Study-Drug Components in Blood of Subjects Receiving FTC–TDF, According to HIV Status.

Shown are intracellular levels (Panels A and B) and plasma levels (Panels C and D) of components of emtricitabine 
and tenofovir disoproxil fumarate (FTC–TDF), quantified in specimens obtained from subjects in the FTC–TDF 
group. FTC-TP denotes emtricitabine triphosphate, and TFV-DP tenofovir diphosphate. The horizontal lines in each 
panel indicate medians.
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those without a detectable level, the odds of HIV 
infection were lower by a factor of 12.9 (95% CI, 
1.7 to 99.3; P<0.001), corresponding to a relative 
reduction in HIV risk of 92% (95% CI, 40 to 99; 
P<0.001). After adjustment for reported unprotect-
ed receptive anal intercourse, the relative risk re-
duction was 95% (95% CI, 70 to 99; P<0.001).

Effect of FTC–TDF on HIV Infection

Plasma HIV RNA levels and CD4+ T-cell counts 
were similar among subjects with seroconversion 
in the two groups (Fig. S4 in the Supplementary 
Appendix). Among the 10 subjects who were in-
fected at enrollment, 3 had FTC-resistant infec-
tions (2 of 2 in the FTC–TDF group and 1 of 8 in 
the placebo group) (Table S5 in the Supplemen-
tary Appendix). No TDF-resistant infections were 
observed. Among 36 subjects in the FTC–TDF 
group and 64 subjects in the placebo group who 
became infected with HIV during the trial, no 
FTC or TDF resistance was detected.

Discussion

Once-daily oral FTC–TDF provided 44% addition-
al protection from HIV among men or transgen-
der women who have sex with men who also re-
ceived a comprehensive package of prevention 
services. The protective effect of FTC–TDF was 
significant but not as high as originally hypoth-
esized during the design of the study. Although 
reported pill use was high, drug exposure that was 
measured objectively was substantially lower. The 
intracellular assay that was used in this study is 
expected to detect TFV-DP for 14 days or more 
after the last dose of TDF is taken (see Methods 
in the Supplementary Appendix). Other evidence 
of low drug exposure included the lack of drug 
resistance observed among emergent infections 
and the absence of suppression of the HIV RNA 
level in plasma at the seroconversion visit. There 
was no evidence of delayed seroconversion among 
subjects who were infected in the FTC–TDF group. 
More information will be available after the en-
tire cohort stops receiving the study drug.

The estimate of biologic activity of FTC–TDF 
persists after adjustment for high-risk sexual 
practice, suggesting that the correlation between 
drug detection and protection is primarily due to 
the drug and not to other characteristics of sub-
jects that may link poor adherence with higher 
risk. The testing of a larger number of specimens, 
from more subjects at more times, is needed to 

better define the minimum protective drug con-
centration. Protective drug levels may differ ac-
cording to the type of exposure (rectal vs. penile). 
Drug level may have a role in monitoring trials, 
programs, and individual users. Methods for inex-
pensively measuring long-term drug exposure, 
such as that afforded by analysis of hair,19 would 
be helpful once such a method is fully validated.

Side effects may have contributed to low pill 
use among some subjects. As with treatment of 
HIV infection and the use of FTC–TDF in post-
exposure prophylaxis,20 the initiation of FTC–TDF 
preexposure prophylaxis was associated with self-
limited start-up symptoms in a few subjects. The 
trial design involving a placebo may also have 
contributed to lower-than-expected pill use. All 
subjects were counseled that the study pill might 
be a placebo or an active drug having no proven 
benefit. Open-label research and program devel-
opment could provide users with clearer infor-
mation about expected benefits and risks, which 
might increase the use and efficacy of preexpo-
sure prophylaxis. Engagement with communities 
and additional behavioral research are needed to 
develop methods of counseling that better sup-
port such use.

The initiation of chemoprophylaxis either be-
fore or after exposure should be deferred in pa-
tients with signs or symptoms of a viral syndrome, 
which are often present during acute HIV infec-
tion.21,22 The initiation of postexposure prophy-
laxis in patients who are RNA-positive but anti-
body-negative has been linked with acquisition of 
resistance to FTC and lamivudine (3TC),5 as oc-
curred in subjects in the FTC–TDF group who 
were already infected at enrollment in our trial. 
Ways to increase recognition of acute HIV infec-
tion would include routine measurement of body 
temperature and testing for HIV antibodies to 
evaluate viral syndromes, regardless of whether 
the presentation suggests HIV infection or an-
other cause. Testing for HIV RNA at the time of 
the initiation of preexposure prophylaxis should 
be considered where available.

TDF treatment is known to cause decreases in 
renal function,23 and there were trends toward 
more creatinine elevations in the FTC–TDF group 
than in the placebo group. Most creatinine eleva-
tions were self-limited and were not confirmed 
on repeat testing of a new specimen, as might oc-
cur due to dehydration, creatine use, or exercise. 
The ability to detect safety outcomes, including 
drug resistance, may have been decreased by 
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lower-than-expected drug exposure. In light of 
evidence of the efficacy of FTC–TDF, more infor-
mation is needed about possible subclinical ef-
fects that may affect bone mineral density, low-
level drug resistance, and proximal renal tubular 
function. Flares of hepatitis caused by HBV after 
stopping preexposure prophylaxis with TDF were 
not seen in West African women,12 but more in-
formation is needed. These issues are being in-
vestigated in existing trials of preexposure pro-
phylaxis.

Reported high-risk behavior decreased substan-
tially after enrollment and remained lower than 
at baseline during the trial. Safer behavior was 
also observed in a trial of preexposure prophy-
laxis with TDF in West African women12 and may 
reflect the services (e.g., counseling, testing, and 
dispensing of condoms) that are provided as part 
of such interventions. In addition, taking a pill a 
day may have served as a daily reminder of im-
minent risk and may have promoted planning for 
sex, which has been associated with lower HIV 
risk.24 Behavioral changes during future open-
label use of preexposure prophylaxis may differ 
because of an increased expectation of benefits, 
although such “risk compensation” was not ob-
served during an open-label study of postexpo-
sure prophylaxis, during which benefits were ex-
pected.25

The optimal regimen for preexposure prophy-
laxis has not been established, and data from the 
subjects in our study cannot be applied to other 
populations. Alternative regimens in different pop-
ulations are being studied. (Details are available 
in the Discussion in the Supplementary Appen-
dix and at www.avac.org.)

In our study, preexposure prophylaxis with 
oral FTC–TDF among men and transgender wom-
en who have sex with men addressed an impor-
tant unmet need in public health. HIV prevalence 
is higher in this population than in other groups 
in almost all countries.14 In the United States, 
rates of HIV infection among such men and 
transgender women have climbed since the early 
1990s, affecting in particular black and Hispanic 
subpopulations.26 Intensive counseling in behav-
ioral risk reduction for such subjects has not been 
shown to be better than standard counseling.27 
Although male circumcision partially protects het-

erosexual men,28-30 penile circumcision is not ex-
pected to protect those who are exposed on the 
rectal mucosa.31 Heterosexual women were par-
tially protected by tenofovir 1% vaginal gel,13 but 
the safety and utility of tenofovir topical gels for 
rectal use is not yet known. In the FTC–TDF group, 
there was increased efficacy among subjects who 
reported having unprotected receptive anal in-
tercourse, which is the main mode of HIV trans-
mission among the subjects in our study and in-
creases the risk of heterosexual women who 
engage in the practice.32 We showed that such 
subjects with a high risk of exposure to HIV can 
be mobilized to participate in prevention initia-
tives and that preexposure prophylaxis is effective 
for slowing the spread of HIV in this population.
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The Top 10 Everything of 2010
In 50 wide-ranging lists, TIME surveys the highs and lows, the good and the bad, of the past 12 months

The Top 10 Everything Of 2010

1. AIDS Drugs Lower the Risk of HIV 
Infection

Antiretroviral drugs have turned the AIDS epidemic around, 

by thwarting the virus in HIV-positive patients. But new 

research suggests that this powerful treatment may have 

another benefit — as a weapon against infection in healthy 

individuals. 

In a trial involving nearly 2,500 HIV-negative, but high risk, 

gay men in six countries, researchers found that a 

combination antiretroviral pill called Truvada reduced the 

risk of HIV infection by 44%, compared with placebo. When 

scientists looked more carefully at the study volunteers who 

took the medication most faithfully, on a daily basis, they 

found that the risk of contracting HIV was even lower — 73% lower than the placebo group. 

More studies will need to confirm the benefit of antiretrovirals in the prevention of HIV, and public health experts 

warn that even if the results hold up, it would not replace the best method of prophylaxis: safe sex and consistent 

use of condoms. That's because the way so-called pre-exposure prophylaxis, or PrEP, works is to load up high-risk 

people with HIV-disabling antiretroviral drugs before exposure to the virus, which allows the medication to hit HIV 

as early as possible. But the drugs do not work as a vaccine would, by priming the immune system to actually 

prevent infection.

191 of 500
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"HIV-negative 
individuals use anti-
HIV medications to 
reduce their risk of 
becoming infected" 
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"Scientists have 
focused on these 
drugs because they 
are taken once a day, 
are potent, have 
relatively low rates of 
side effects" 

"If you don’t take 
PrEP consistently it 
can’t protect you from 
HIV, but if you do 
take it regularly it can 
offer strong 
protection."
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"several studies 
suggest that PrEP 
can be effective for 
both men and women 
at risk for HIV 
infection" 
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Background

Antiretroviral preexposure prophylaxis is a promising approach for preventing hu-
man immunodeficiency virus type 1 (HIV-1) infection in heterosexual populations.
Methods
We conducted a randomized trial of oral antiretroviral therapy for use as preexposure 
prophylaxis among HIV-1–serodiscordant heterosexual couples from Kenya and 
Uganda. The HIV-1–seronegative partner in each couple was randomly assigned to 
one of three study regimens — once-daily tenofovir (TDF), combination tenofovir–
emtricitabine (TDF–FTC), or matching placebo — and followed monthly for up to 
36 months. At enrollment, the HIV-1–seropositive partners were not eligible for anti-
retroviral therapy, according to national guidelines. All couples received standard 
HIV-1 treatment and prevention services.
Results

We enrolled 4758 couples, of whom 4747 were followed: 1584 randomly assigned to 
TDF, 1579 to TDF–FTC, and 1584 to placebo. For 62% of the couples followed, the 
HIV-1–seronegative partner was male. Among HIV-1–seropositive participants, the 
median CD4 count was 495 cells per cubic millimeter (interquartile range, 375 to 662). 
A total of 82 HIV-1 infections occurred in seronegative participants during the study, 
17 in the TDF group (incidence, 0.65 per 100 person-years), 13 in the TDF–FTC group 
(incidence, 0.50 per 100 person-years), and 52 in the placebo group (incidence, 1.99 
per 100 person-years), indicating a relative reduction of 67% in the incidence of 
HIV-1 with TDF (95% confidence interval [CI], 44 to 81; P<0.001) and of 75% with 
TDF–FTC (95% CI, 55 to 87; P<0.001). Protective effects of TDF–FTC and TDF alone 
against HIV-1 were not significantly different (P = 0.23), and both study medications 
significantly reduced the HIV-1 incidence among both men and women. The rate of 
serious adverse events was similar across the study groups. Eight participants re-
ceiving active treatment were found to have been infected with HIV-1 at baseline, 
and among these eight, antiretroviral resistance developed in two during the study.
Conclusions

Oral TDF and TDF–FTC both protect against HIV-1 infection in heterosexual men 
and women. (Funded by the Bill and Melinda Gates Foundation; Partners PrEP 
ClinicalTrials.gov number, NCT00557245.)
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The use of antiretroviral medica-

tions for the prevention of HIV type 1 (HIV-1) 
transmission is a promising strategy for 

reducing the spread of HIV-1.1-4 Antiretroviral 
treatment for persons infected with HIV-1 pro-
vides important clinical benefits and substantially 
reduces infectiousness.5-7 Antiretroviral prophy-
laxis is a potential HIV-1–prevention strategy for 
those not yet infected with HIV-1, administered 
either as postexposure prophylaxis after high-risk 
occupational or nonoccupational exposure or as 
preexposure prophylaxis in those with ongoing 
HIV-1 exposure.8,9 The rationale for antiretroviral 
prophylaxis in persons with ongoing exposure is 
based on its efficacy in infants exposed to HIV-1 
during birth and breast-feeding10 and the partial 
or full protection it confers against mucosal sim-
ian HIV challenge in primates.11 In perinatal-
transmission studies and animal models, the 
protective benefits of antiretroviral prophylaxis 
were maximized when the antiretroviral medica-
tion was administered both before and after HIV 
exposure.12

The efficacy of preexposure prophylaxis for 
HIV-1 protection in humans has been evaluated 
for tenofovir, in the form of a vaginal gel or as 
oral tenofovir disoproxil fumarate (TDF) or oral 
TDF coformulated with emtricitabine (TDF–FTC). 
Studies in animal models suggest that TDF–FTC 
provides greater protection against HIV-1 than 
TDF alone.11 The possibility of differential ef-
ficacy, safety, and cost suggests that TDF and 
TDF–FTC could be compared as potential pre-
exposure prophylaxis agents. Persons at ongoing 
risk for HIV-1 acquisition in whom preexposure 
prophylaxis could be studied include persons who 
are HIV-1–seronegative but are in a partnership 
with a person already infected with HIV-1 (an 
HIV-1–serodiscordant partnership).13,14 We con-
ducted the Partners Preexposure Prophylaxis 
(PrEP) Study, a multisite, phase 3, randomized, 
double-blind, three-group, placebo-controlled trial 
of daily oral TDF or TDF–FTC given as preexpo-
sure prophylaxis against HIV-1 acquisition among 
East African heterosexual men and women in 
HIV-1–serodiscordant partnerships.

Me thods

Study Oversight

The Bill and Melinda Gates Foundation funded 
the study but did not oversee the protocol. Gilead 
Sciences donated the study medication but had no 

role in data collection, data analysis, or manuscript 
preparation. All authors vouch for the complete-
ness and accuracy of the data presented.

Study Population

From July 2008 through November 2010, we en-
rolled heterosexual couples in which one partner 
was infected with HIV-1 and the other partner 
was not infected (HIV-1–serodiscordant couples) 
from nine sites in Kenya and Uganda (see Tables 
S1 and S2 in the Supplementary Appendix, available 
with the full text of this article at NEJM.org).15 
The HIV-1–seronegative partners had normal renal 
function, were not infected with hepatitis B virus, 
and were not pregnant or breast-feeding. The 
HIV-1–seropositive partners were not receiving 
antiretroviral therapy and did not meet Kenyan 
or Ugandan guidelines for initiation of antiretro-
viral therapy.

The full study protocol and statistical analysis 
plan are available at NEJM.org. The study protocol 
was approved by the University of Washington 
Human Subjects Review Committee and ethics 
review committees at each of the study sites (see 
Table S3 in the Supplementary Appendix). All 
participants provided written informed consent in 
English or their local language.

Randomization and Study Procedures

At enrollment, partners seronegative for HIV-1 were 
assigned, in a 1:1:1 ratio, to one of the three study 
groups: once-daily TDF, TDF–FTC, or placebo. 
Randomization was achieved by means of fixed-
size block randomization, with stratification by 
site. TDF was given at a dose of 300 mg, and FTC 
was given at a dose of 200 mg; these doses are 
also the standard for treatment of HIV-1. The 
study regimens were indistinguishable in appear-
ance, and investigators, except for statistical staff 
at the central coordinating center, were unaware 
of the study-group assignments.

All participants received a comprehensive pack-
age of HIV-1 prevention services: HIV-1 testing 
with counseling before and after testing, indi-
vidual and couples risk-reduction counseling, 
screening and treatment for sexually transmitted 
infections, free condoms with training and coun-
seling, and referral for male circumcision and 
postexposure prophylaxis according to national 
policies. Vaccination against hepatitis B virus was 
also offered.

Participants seronegative for HIV-1 had month-
ly visits that involved HIV-1 testing, dispensation 
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of 30 days of study medication, collection of the 
prior month’s unused medication, individualized 
adherence counseling, and standardized assess-
ment of sexual behavior and side effects (see Ta-
ble S4 in the Supplementary Appendix). Serum 
chemical and hematologic analyses were per-
formed at 1 month and quarterly thereafter. 
Women were tested monthly for pregnancy; study 
medication was withheld in women who became 
pregnant, and they were referred for antenatal 
care and allowed to resume study medication 
when no longer pregnant or lac tating.

Partners seropositive for HIV-1 were followed 
quarterly (see Table S5 in the Supplementary Ap-
pendix), with HIV-1 primary care services ad-
ministered and with CD4 counts obtained every 
6 months. Those who became eligible for the 
initiation of antiretroviral therapy according to 
national guidelines were actively counseled to 
initiate treatment and referred to local clinics.

End Points

The primary end point was seropositivity in part-
ners previously seronegative for HIV-1. Monthly 
HIV-1 serologic testing involved two rapid HIV-1 
antibody tests in parallel. Study medication was 
temporarily withheld if either test revealed sero-
reactivity and was permanently discontinued if 
enzyme-immunoassay testing confirmed HIV-1 
acquisition (see Table S6 in the Supplementary 
Appendix). For persons with enzyme immunoas-
say–confirmed acquisition of HIV-1, samples were 
then tested by HIV-1 Western blotting and RNA 
polymerase-chain-reaction (PCR) assay at the Uni-
versity of Washington and were adjudicated by an 
HIV-1 end points committee. Because the study 
medication was taken by the seronegative part-
ner, HIV-1 sequence analysis to assess transmis-
sion within the study partnership was not re-
quired for end-point determination and was not 
performed. For all participants in whom sero-
conversion occurred, archived plasma samples 
from visits before seroconversion were tested by 
means of the HIV-1 RNA PCR assay; those who 
had detectable HIV-1 RNA in samples from the 
time of enrollment were excluded with respect to 
analysis of the primary end point because HIV-1 
infection had occurred before randomization.

Statistical Analysis

The study was end-point–driven. We calculated 
that 147 HIV-1 seroconversion events for each com-
parison (TDF vs. placebo and TDF–FTC vs. pla-

cebo) would provide 80% power, with a one-sided 
alpha level of 0.025, to detect a 60% relative de-
crease in the incidence of HIV-1 infection, with a 
lower bound of the 95% confidence interval ex-
cluding a 30% relative decrease in incidence (the 
null hypothesis).15 We further calculated that a 
sample size of 4700 couples would achieve the 
target number of study end points, with 24 to 36 
months of follow-up per couple and an expected 
incidence of HIV-1 infection of 2.75 per 100 per-
son-years in the placebo group.16

The primary analysis was a modified intention-
to-treat analysis, excluding only data from par-
ticipants with HIV-1 RNA detected in plasma by 
means of PCR assay at enrollment. We used Cox 
regression, stratified according to site, to estimate 
the relative rates of time to first positive HIV-1 
serologic test and the Kaplan–Meier method to 
estimate the cumulative probability of HIV-1 in-
fection.

The study data were reviewed every 6 months 
by an independent data and safety monitoring 
board. For statistical monitoring, the Lan–DeMets 
spending approach was used to adjust the 
O’Brien–Fleming sequential-monitoring boundar-
ies17,18; interim monitoring boundaries were com-
puted by means of S+SeqTrial software (version 
2.0, TIBCO). During its closed March 2011 ses-
sion, the board noted a strong trend toward 
HIV-1 protection in the active preexposure pro-
phylaxis groups and called an ad hoc meeting 
for July 10, 2011. At the July meeting, after re-
viewing data through May 31, 2011, the board 
recommended that the results of the study be 
publicly reported and the placebo treatment dis-
continued, because predetermined stopping rules 
were met with the demonstration of HIV-1 pro-
tection from preexposure prophylaxis. The pres-
ent analysis includes updated data collected 
through July 10, 2011. Analyses were conducted 
using SAS software (version 9.2, SAS Institute).

R esult s

Study Participants

We screened 7856 couples with discordant HIV-1 
serostatus. We enrolled 4758 couples and followed 
4747: 1584 randomly assigned to TDF, 1579 to 
TDF–FTC, and 1584 to placebo (Fig. 1). For 62% of 
the couples followed, the HIV-1–seronegative part-
ner was male (Tables 1 and 2). Among partici-
pants seropositive for HIV-1, the median CD4 
count was 495 cells per cubic millimeter (inter-
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quartile range, 375 to 662), 80% had a CD4 count 
of 350 cells or more per cubic millimeter, and the 
median plasma HIV-1 RNA level was 3.9 log10 
copies per milliliter (interquartile range, 3.2 to 
4.5). Overall, baseline characteristics were simi-
lar across the three study groups.

Follow-up and Adherence

Retention was 96% or greater during the study 
period (Fig. 1), with 4722 of the 4747 followed 
participants (99.5%) completing at least one post-
randomization HIV-1 test, for a total of 7830 
person-years of follow-up for the assessment of 

4758 Couples underwent randomization

7856 HIV-1–serodiscordant
couples were screened

2892 Were not eligible
206 Were eligible but not

enrolled

1586 Were assigned to placebo

1584 Were included in the intention-to-
treat group

1568 Were included in the primary
modified intention-to-treat analysis

1583 Were assigned to TDF–FTC

1579 Were included in the intention-to-
treat group

1568 Were included in the primary
modified intention-to-treat analysis

1589 Were assigned to TDF

HIV-1–seronegative partners remaining
in study

1553/1583 (98%) at 6 mo
1364/1408 (97%) at 12 mo
1076/1112 (97%) at 18 mo
745/778 (96%) at 24 mo
294/306 (96%) at 30 mo
15/15 (100%) at 36 mo

HIV-1–seronegative partners remaining
in study

1553/1578 (98%) at 6 mo
1379/1414 (98%) at 12 mo
1070/1106 (97%) at 18 mo
753/784 (96%) at 24 mo
296/309 (96%) at 30 mo
16/16 (100%) at 36 mo

HIV-1–seronegative partners remaining
in study

1559/1579 (99%) at 6 mo
1379/1414 (98%) at 12 mo
1083/1111 (97%) at 18 mo
760/783 (97%) at 24 mo
301/308 (98%) at 30 mo
18/18 (100%) at 36 mo

1572 Were included in the primary
modified intention-to-treat analysis

7 Were lost to
follow-up

5 Were found
to be infected
with HIV-1
at enrollment

8 Were lost to
follow-up

3 Were found
to be infected
with HIV-1
at enrollment

10 Were lost to
follow-up

6 Were found
to be infected
with HIV-1
at enrollment

1584 Were included in the intention-to-
treat group

5 Were found to
be ineligible

4 Were found to
be ineligible

2 Were found to
be ineligible

Figure 1. Enrollment and Follow-up of the Study Participants.

The most common reasons for ineligibility were HIV-1–seropositive partners’ meeting national criteria for antiretroviral therapy initiation 
or already taking antiretroviral therapy (59%) and HIV-1–seronegative partners’ being pregnant (2%), breast-feeding (0.4%), or having 
chronic active hepatitis B infection (10%). Less than 3% of ineligible couples met one of the exclusion criteria of creatinine elevation, gly-
cosuria, or proteinuria in the HIV-1–seronegative partner, which were designed to minimize potential renal toxic effects from tenofovir 
(TDF) exposure. A total of 11 couples were enrolled and randomly assigned to one of the study groups but were later found not to meet 
all the eligibility criteria; they were discontinued from the study at the time their ineligibility was discovered, and their data were not in-
cluded in analyses. At least 96% of HIV-1–seropositive partners remained in the study at any point during the follow-up period, and this 
percentage was similar across the three study groups. FTC denotes emtricitabine.
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Table 1. Baseline Characteristics of the Study Participants, According to Study Group and HIV-1 Serostatus.*

Characteristic
TDF 

(N = 1584 couples)
TDF–FTC 

(N = 1579 couples)
Placebo 

(N = 1584 couples)

Seronegative  
Partner

Seropositive  
Partner

Seronegative  
Partner

Seropositive  
Partner

Seronegative  
Partner

Seropositive  
Partner

Male sex — no. (%) 986 (62) 598 (38) 1013 (64) 566 (36) 963 (61) 621 (39)

Age — no. (%)

18–24 yr 184 (12) 268 (17) 177 (11) 287 (18) 172 (11) 273 (17)

25–34 yr 721 (46) 657 (41) 690 (44) 636 (40) 688 (43) 629 (40)

35–44 yr 480 (30) 474 (30) 498 (32) 460 (29) 513 (32) 509 (32)

≥45 yr 199 (13) 185 (12) 214 (14) 196 (12) 211 (13) 173 (11)

Education — yr

Median 7 7 7 7 7 7

Range 4–10 4–9 4–10 4–9 4–10 4–9

Any monthly income — no. (%) 1275 (80) 1069 (67) 1236 (78) 1052 (67) 1259 (79) 1079 (68)

Any sex with outside partner in prior month — 
no. (%)

150 (9) 84 (5) 134 (8) 106 (7) 122 (8) 103 (7)

CD4 cell count — cells/mm3

Median NA 491 NA 497 NA 499

Range NA 370–661 NA 380–664 NA 375–663

HIV-1 plasma RNA — log10 copies/ml†

Median NA 3.9 NA 3.9 NA 3.9

Range NA 3.2–4.5 NA 3.1–4.5 NA 3.2–4.5

Circumcised (men only) — no./total no. (%) 533/986 (54) 198/598 (33) 540/1013 (53) 177/566 (31) 509/963 (53) 202/621 (33)

Using contraception (women only) —  
no./total no. (%)‡

263/598 (44) 290/986 (29) 275/566 (49) 324/1013 (32) 299/621 (48) 321/963 (33)

Pregnant — no./total no. (%) 0/598 152/986 (15)§ 0/566 135/1013 (13) 0/621 118/963 (12)

Infection with Neisseria gonorrhoeae, Chlamydia 
trachomatis, or Trichomonas vaginalis — 
no./ total no. (%)¶∥

86/1551 (6)§ 117/1520 (8) 93/1557 (6)§ 122/1525 (8) 126/1550 (8) 137/1534 (9)

Syphilis seropositivity — no./total no. (%)¶** 59/1569 (4) 73/1576 (5) 60/1572 (4) 52/1573 (3) 62/1569 (4) 73/1571 (5)

HSV-2 seropositivity — no./total no. (%)¶†† 835/1506 (55) NA 814/1507 (54)§ NA 875/1512 (58) NA

* FTC denotes emtricitabine, HIV-1 HIV type 1, NA not applicable, and TDF tenofovir.
† Plasma HIV-1 RNA concentrations were quantified in enrollment samples by means of batch testing at the University of Washington with 

the use of the Real-Time HIV-1 RNA assay (Abbott) at a limit of quantification of 80 copies per milliliter.
‡ Contraception includes hormonal oral, injectable, or implantable contraceptive agents; intrauterine devices; and hysterectomy or bilateral 

tubal ligation. A total of 83% of the HIV-1–seronegative women and 85% of the HIV-1–seropositive women using contraception used a 
hormonal agent.

§ Results of only four comparisons with the placebo group were significant: prevalence of Neisseria gonorrhoeae, Chlamydia trachomatis, or 
Trichomonas vaginalis infection among HIV-1–seronegative partners receiving TDF (6%, vs. 8% receiving placebo; P = 0.04) and receiving 
TDF–FTC (6%, vs. 8% receiving placebo; P = 0.02), prevalence of HSV-2 seropositivity among HIV-1–seronegative partners receiving TDF–
FTC (54%, vs. 58% receiving placebo; P = 0.03); and prevalence of pregnancy among HIV-1–seropositive women receiving TDF (15%, vs. 
12% receiving placebo; P = 0.04).

¶ Data on sexually transmitted infections were available for more than 95% of participants.
∥ Participants were treated for symptomatic sexually transmitted infections that were found. T. vaginalis was the most common infection, ac-

counting for 75% of all the infections detected. N. gonorrhoeae and C. trachomatis were tested for by different means (APTIMA Combo 2 
[Gen-Probe] or COBAS Amplicor [Roche Diagnostics]) than was T. vaginalis (APTIMA Trichomonas vaginalis [Gen-Probe] or InPouch TV 
[BioMed Diagnostics]).

** Syphilis serologic testing was by means of rapid plasma reagin, confirmed with the use of a treponema-specific assay.15 Seropositivity 
could indicate current or past infection.

†† Herpes simplex virus type 2 (HSV-2) testing was done by means of the HerpeSelect 2 enzyme immunoassay (Focus Technologies) at en-
rollment only; an index value of 3.5 or greater was considered a positive result.19
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HIV-1 incidence accrued (median, 23 months; in-
terquartile range, 16 to 28; range, 1 to 36). Study 
medication was dispensed at 96% of the attended 
visits. The most common reason for not dispens-
ing study medication was pregnancy (with an in-
cidence of 11.9, 8.8, and 10.0 pregnancies per 
100 woman-years in the TDF, TDF–FTC, and pla-
cebo groups, respectively; P>0.05). Time off the 
study medication due to pregnancy and breast-
feeding accounted for 5.3% of the follow-up time 
among women (2.0% among all participants). 
Study-medication interruptions for safety-related 
reasons accounted for less than 1% of the overall 
follow-up time: 0.6% in the TDF group, 0.7% in the 
TDF–FTC group, and 0.6% in the placebo group.

The primary study measure of adherence was 
monthly counts of the returned study bottles and 
tablets: 98% of the dispensed study bottles were 
returned, and 97% of dispensed study tablets 
were taken (see Table S7 in the Supplementary 
Appendix). Factoring in missed visits, all reasons 
for nondispensation of study medication, and non-
adherence to dispensed study pills, we calculated 
that study medication was in use during 92.1% of 
the total follow-up time.

Effect of TDF and TDF–FTC on HIV-1 Acquisition

HIV-1 seroconversion was observed in 96 par-
ticipants, of whom 14 had plasma HIV-1 RNA 
retrospectively detected in specimens obtained 
at enrollment (5 receiving TDF, 3 receiving TDF–
FTC, and 6 receiving placebo) (Fig. 1, and Fig. S1 
in the Supplementary Appendix). Of 82 HIV-1 in-
fections developing after randomization, 17 were 
in the TDF group, 13 were in the TDF–FTC group, 
and 52 were in the placebo group, indicating 
relative reductions in the rates of HIV-1 acquisi-
tion of 67% due to TDF (95% confidence interval 
[CI], 44 to 81; P<0.001) and 75% due to TDF–FTC 
(95% CI, 55 to 87; P<0.001), each relative to pla-
cebo (Fig. 2). The HIV-1–protective effects of 
TDF–FTC and TDF were not significantly differ-
ent (P = 0.23). With both TDF (P = 0.003) and TDF–
FTC (P<0.001), efficacy of less than 30% was ruled 
out in the primary modified intention-to-treat anal-
ysis. The intention-to-treat analysis including data 
for participants who were infected with HIV-1 at 
randomization yielded similar results (Fig. 3).

As compared with placebo, among women, 
the efficacy of TDF was 71% (P = 0.002) and of 
TDF–FTC 66% (P = 0.005); among men, the effi-
cacies were 63% (P = 0.01) and 84% (P<0.001), 
respectively. The HIV-1–protective effects of TDF 
and TDF–FTC were not statistically different ac-
cording to sex. Protection against HIV-1 was gener-
ally similar between subgroup categories for other 
prespecified subgroups analyses (Fig. 3). During 
the follow-up period, 21% of the partners sero-
positive for HIV-1 (22% in the TDF group, 20% 
in the TDF–FTC group, and 21% in the placebo 
group) started combination antiretroviral therapy; 
the HIV-1–protective effects of TDF and TDF–FTC 
were similar to those observed in the primary 
modified intention-to-treat analysis if follow-up 
time after the HIV-1–seropositive partner started 
antiretroviral therapy was excluded (see Table S8 
in the Supplementary Appendix).

Antiretroviral Resistance

Of the 96 persons who had seroconversion to 
HIV-1 positivity, 92 (96%) had plasma samples 
available for amplification of the HIV-1 RNA to 
assess for resistance (Table S9 in the Supplemen-
tary Appendix). Among the 8 participants in the 
TDF and TDF–FTC groups who were found to 
have been infected at randomization, HIV-1 with 
resistance to the study medications developed in 
2 participants: 1 in the TDF group had a TDF- 

Table 2. Baseline Characteristics of the Study Couples, According to Study Group.*

Characteristic
TDF  

(N = 1584)
TDF–FTC  
(N = 1579)

Placebo  
(N = 1584)

Married  — no. (%) 1543 (97) 1540 (98) 1552 (98)

Years living together

Median 7.0 7.1 7.3

Range 3.0–13.5 3.0–14.0 3.0–14.0

Number of children in partnership

Median 2 2 2

Range 1–4 1–4 1–4

No children  — no. (%) 343 (22) 368 (23) 342 (22)

Years aware of HIV-1–serodiscor-
dant status

Median 0.5 0.4 0.4

Range 0.1–2.0 0.1–2.0 0.1–2.0

Number of sex acts in prior month

Median 4 4 4

Range 2–8 3–8 2–8

Any unprotected sex acts in prior 
month  — no. (%)

442 (28) 416 (26) 409 (26)

* Characteristics of the couple were reported by the HIV-1–seronegative partner. 
No comparisons between either treatment group and the placebo group were 
significant.

The New England Journal of Medicine 
Downloaded from nejm.org at DOJ Libraries on September 28, 2019. For personal use only. No other uses without permission. 

 Copyright © 2012 Massachusetts Medical Society. All rights reserved. 

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 164 of 244 PageID #: 1348



Antiretrovir al Prophylaxis for HIV Prevention

n engl j med 367;5 nejm.org august 2, 2012 405

resistant virus (K65R mutation), and 1 in the TDF–
FTC group had an FTC-resistant virus (M184V mu-
tation). No participants who acquired HIV-1 after 
randomization were infected with an HIV-1 strain 
with the K65R or M184V mutation.

Detection of tenofovir and Prophylactic 
Effect

Among 29 participants in the TDF and TDF–FTC 
groups who became infected with HIV-1, 31% 
had a detectable tenofovir level in a plasma sam-
ple obtained at the seroconversion visit, as com-
pared with 82% of 902 samples from a random 
subgroup of 198 participants who did not acquire 
HIV-1 (Table S10 in the Supplementary Appen-
dix). A detectable level of tenofovir, as compared 
with an undetectable level of the drug, was as-
sociated with estimated reductions in the relative 
risk of acquiring HIV-1 of 86% (with TDF) and 
90% (with TDF–FTC).

Sexual Behavior

At enrollment, 27% of partners seronegative for 
HIV-1 reported having sex without a condom 
with their HIV-1–seropositive partner during the 
prior month. This percentage decreased during 

the follow-up period (to 13% and 9% at 12 and 24 
months, respectively) and was similar across the 
study groups (see Fig. S2 in the Supplementary 
Appendix). The proportions of participants report-
ing outside partnerships and acquiring sexually 
transmitted infections during the follow-up pe-
riod did not differ significantly across the study 
groups (see Table S11 in the Supplementary Ap-
pendix).

Safety and Adverse Event Profiles

There were no significant differences in the fre-
quency of deaths, serious adverse events, or serum 
creatinine or phosphorus abnormalities across 
the study groups (Table 3, and Table S12 in the 
Supplementary Appendix). Neutropenia was seen 
more commonly in the TDF–FTC group (17% of 
participants with a grade 1 or 2 event and 1% 
with a grade 3 or 4 event) (see Table S13 in the 
Supplementary Appendix) than in the TDF group 
(15% of participants with a grade 1 or 2 event and 
1% with a grade 3 or 4 event) or the placebo group 
(12% of participants with a grade 1 or 2 event 
and 1% with a grade 3 or 4 event). The active 
study medications were associated with modestly 
increased reports of gastrointestinal side effects 
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Figure 2. Kaplan–Meier Estimates of the Primary End Point in the Modified Intention-to-Treat Analysis, According to 
Study Treatment.
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and fatigue as compared with placebo, primarily 
during the first month of administration (see 
Table S14 in the Supplementary Appendix).

Discussion

In this study of heterosexual men and women 
with a partner known to have HIV-1 infection, 
once-daily oral TDF and TDF–FTC were associated 
with risk reductions of 67% and 75%, respectively, 
against HIV-1 infection when provided in conjunc-
tion with other HIV-1 prevention services. Both 
TDF and TDF–FTC showed significant, and a sim-
ilar magnitude of, HIV-1 protection for both wom-
en and men.

Clinical trials of tenofovir-based preexposure 

prophylaxis have had conflicting results. Once-
daily oral TDF–FTC reduced the risk of HIV-1 ac-
quisition by 44% in a multicountry study among 
men who have sex with men and by 62% among 
young heterosexuals from Botswana,20,21 and the 
use of 1% tenofovir vaginal gel decreased the 
incidence of HIV-1 among South African women 
by 39%.22 Biologic and behavioral hypotheses 
have been proposed to explain the failure of two 
trials of preexposure prophylaxis among African 
women to show protection against HIV-1 infec-
tion,23,24 including a lack of adherence to daily 
doses of preexposure prophylaxis, vaginal concen-
trations of tenofovir achieved with oral dosing that 
may be particularly sensitive to nonadherence,25 
sexually transmitted infections or other cofactors 

Table 3. Adverse Events, According to Study Group.*

Adverse Event
TDF 

(N = 1584)
P Value vs.  

Placebo
TDF–FTC 
(N = 1579)

P Value vs.  
Placebo

Placebo 
(N = 1584)

no. (%) no. (%) no. (%)

Any adverse event 1350 (85) 1.00 1362 (86) 0.42 1350 (85)

Any serious adverse event 118 (7) 1.00 115 (7) 0.89 118 (7)

Death† 8 (1) 0.80 8 (1) 0.80 9 (1)

Any grade 4 event 34 (2) 0.64 44 (3) 0.58 39 (3)

Any grade 3 event 289 (18) 0.35 293 (19) 0.24 268 (17)

Confirmed laboratory events‡

Elevated creatinine§

Grade 1 16 (1) 0.57 18 (1) 0.28 12 (1)

Grade 2 or 3 3 (<1) 0.62 2 (<1) 0.62 1 (<1)

Decreased phosphorus¶

Grade 2 134 (8) 0.56 128 (8) 0.79 124 (8)

Grade 3 8 (1) 0.50 12 (1) 1.00 12 (1)

* All clinical adverse events of grade 2 or higher and all confirmed laboratory adverse events that were reported in 1% or 
more (≥47) of study participants are listed in Table S9 in the Supplementary Appendix. P values were calculated with 
the use of Fisher’s exact test except for those for death, which were calculated by means of the Cox proportional-haz-
ards model of time to death.

† In the TDF group, two participants died from trauma, two from alcohol poisoning, and one each from esophageal car-
cinoma, lung abscess, shigella gastroenteritis, and acute abdomen. In the TDF–FTC group, three participants died from 
trauma and one each from poisoning, pulmonary embolism, pulmonary tuberculosis, gastroenteritis, and acute febrile 
illness. In the placebo group, three participants died from trauma and one each from electrocution, suicide, hemateme-
sis, complications of diabetes, febrile illness, and hypotension.

‡ Laboratory adverse events are reported here only if they were confirmed by means of repeat testing, ideally conducted 
within 7 days after the event.

§ One confirmed grade 3 case of elevated creatinine was observed in the study, in a 46-year-old male participant receiv-
ing TDF who had had seroconversion to HIV-1 seropositivity and had discontinued study medication 22 days previous-
ly. The creatinine level returned to normal after hydration. No confirmed grade 4 creatinine events were observed.

¶ According to the study protocol, there was no grade 1 decrease in phosphorus level, and no confirmed grade 4 phos-
phorus decreases were observed. Clinically significant proteinuria (≥grade 1) was observed in association with 27 con-
firmed grade 2 phosphorus decreases (nine participants in each of the three study groups) and 1 confirmed grade 3 
event (in the placebo group). Glycosuria of grade 1 or greater was observed in association with 7 confirmed grade 2 
phosphorus decreases (two participants each in the TDF and placebo groups and three in the TDF–FTC group) and  
2 confirmed grade 3 events (one each in the TDF and placebo groups).
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affecting infection with HIV-1 in young women, 
high HIV-1 concentrations in the seropositive part-
ner during primary HIV-1 infection, and innate or 
acquired immunologic factors that may provide 
adjunctive protection in long-term couples with 
HIV-1 serodiscordance. Further study is needed to 
understand which, if any, of these factors influ-
ence the efficacy of preexposure prophylaxis.

Although we studied established couples known 
to be HIV-1–serodiscordant, all HIV-1 transmis-
sions ultimately occur between serodiscordant 
partners. Our findings provide proof of concept 
that preexposure prophylaxis can reduce HIV-1 
acquisition in heterosexual populations.

High adherence is essential to achieve clinical 
benefits from antiretroviral agents for HIV-1 treat-
ment,26 and emerging evidence suggests that ad-
herence to preexposure prophylaxis is also im-
portant for HIV-1 prevention. In the Preexposure 
Prophylaxis Initiative trial involving men who have 
sex with men, the relative reduction in the risk of 
HIV-1 infection from TDF–FTC preexposure pro-
phylaxis was 44% overall but was 73% among the 
participants with an adherence of 90% or more 
(as measured by means of pill counts) and 92% 
among the participants with detectable tenofovir 
levels in the blood — although only half the 
participants had detectable levels.20

In our study, retention and pill-count adherence 
were high, tenofovir was detected in 82% of sam-
ples from randomly selected participants, and 
detectable tenofovir levels were associated with 
a reduction in the relative risk of HIV-1 infection 
of more than 85%. The high proportion of sam-
ples with detectable tenofovir levels is consistent 
with the 92% study-drug coverage we calculated 
on the basis of missed visits, withholding of the 
study drug, and nonadherence, with the absolute 
difference of 10 percentage points most likely 
reflecting the fact that pill counts can overesti-
mate adherence if pills are not returned.

Analyses of objective adherence measures across 
preexposure prophylaxis trials will be informa-
tive for understanding the relationship between 
adherence and protection against HIV-1 infection. 
In a subgroup of our study cohort, intensive moni-
toring of adherence by means of pill bottles with 
caps that electronically monitor bottle openings 
and monthly unannounced visits to the home for 
purposes of pill counting supported high adher-
ence,27 and in-depth interviews have emphasized 
that trust and the support of a partner reinforce 

high adherence.28 Strategies to promote and 
achieve high adherence outside clinical-trial set-
tings will be necessary to achieve maximum public 
health benefits of preexposure prophylaxis.

We found similar degrees of protection against 
HIV-1 with TDF and TDF–FTC, in contrast to 
findings in studies of animal models.11 Dual-
agent preexposure prophylaxis would most likely 
be more expensive than single-agent preexposure 
prophylaxis, and the potential for differential toler-
ability and antiretroviral resistance in persons 
with HIV-1 seroconversion despite the use of pre-
exposure prophylaxis should be considered in deci-
sion making with regard to public health policies 
regarding preexposure prophylaxis. We are con-
tinuing the TDF and TDF–FTC groups of our study, 
including offering randomization to TDF or TDF–
FTC to participants originally assigned to the pla-
cebo group, to gather additional information on 
the relative safety, efficacy, and HIV-1 resistance of 
TDF as compared with TDF–FTC.

In our study, 25% (two of eight) of partici-
pants who had acute HIV-1 infection at the time 
of study-drug initiation had viral resistance de-
velop (through the M184V mutation in one and 
the K65R mutation in the other). The initiation 
of preexposure or postexposure prophylaxis in 
persons with acute HIV-1 infection can select for 
resistance; strategies to improve the recognition 
of acute infection are needed.20,29,30 Resistance 
was rare in partners in whom seroconversion 
occurred after randomization, of whom a mi-
nority had detectable tenofovir levels.

Adherence to preexposure prophylaxis, pro-
tection against HIV-1 infection, and antiretrovi-
ral resistance appear to be tightly interwoven. Low 
adherence provides little HIV-1 protection but 
little risk of resistance if infection is acquired. 
High adherence potentially blocks most transmis-
sions, and the few persons who acquire HIV-1 
despite preexposure prophylaxis potentially have 
an increased risk of drug resistance. Four par-
ticipants with HIV-1 seroconversion in our study 
became infected with HIV-1 that was resistant to 
nonnucleoside reverse-transcriptase inhibitors, 
which should not have been selected for by the 
study medication and instead probably reflects 
circulating resistance, which is increasingly be-
ing detected in Africa.31

When used for HIV-1 treatment, TDF is known 
to cause small decreases in glomerular filtration 
that are of uncertain clinical significance.32 In 
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our population of HIV-1–seronegative participants 
without preexisting renal impairment, we found 
no evidence of clinically significant elevations in 
serum creatinine. Additional studies are needed of 
proximal renal tubular function, bone mineral 
density, and other aspects of long-term safety of 
TDF-based preexposure prophylaxis, as well as 
safety in pregnant, breast-feeding, or adolescent 
women, among whom HIV-1 rates are high.33,34

For couples known to have HIV-1 serodiscor-
dance, antiretroviral treatment of the partner in-
fected with HIV-1 provides substantial, though 
incomplete, protection against HIV-1 transmission; 
25 to 30% of HIV-1 infection in serodiscordant 
couples are from infected partners outside the 
couple.5,7 Mathematical modeling may help guide 
policy decisions regarding optimal targeting and 
timing of treatment and preexposure prophy-
laxis for reducing HIV-1 incidence in couples.35 
Antiretroviral-based HIV-1–prevention strategies 
may be particularly important for couples seeking 
to have children.36-38 In addition, preexposure 
prophylaxis offers an HIV-1 prevention strategy 
for uninfected persons with partners who do not 
know their HIV-1 status or who are infected with 
HIV-1 but have not begun antiretroviral therapy.

Successful prevention of HIV-1 infection on a 
population scale will need to incorporate multiple, 
evidence-based biomedical and behavioral strat-
egies to achieve maximum benefits. The HIV-1 

incidence in this study was lower than that seen 
in previous studies of HIV-1–serodiscordant Af-
rican couples,14,39 emphasizing the importance 
of and synergy among HIV-1 testing in individu-
als and couples, risk-reduction counseling, and 
other prevention services, in combination with 
antiretroviral preexposure prophylaxis, for reduc-
ing the risk of HIV-1 infection in heterosexual 
populations. Potential implementation of pre-
exposure prophylaxis as a public health measure 
will require clinical monitoring, methods for 
encouraging adherence, and ensured access to 
antiretroviral therapy for HIV-1–infected persons. 
Nonetheless, to stem the global HIV-1 epidemic, 
effective primary HIV-1 prevention strategies are 
critical.
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SUMMARY
Background—Antiretroviral pre-exposure prophylaxis (PrEP), using daily oral tenofovir 
disoproxil fumarate (TDF) or TDF in combination with emtricitabine (FTC/TDF), has been 
demonstrated to be efficacious for HIV-1 prevention. While the use of multiple antiretroviral 
agents is essential for effective HIV-1 treatment, multiple agents may not be required for effective 
prophylaxis. The relative efficacy of single-agent TDF versus combination FTC/TDF PrEP has not 
been directly assessed.

Methods—We conducted a randomized, double-blind, placebo-controlled three-arm trial of daily 
oral TDF and FTC/TDF PrEP among HIV-1 uninfected members of heterosexual HIV-1 
serodiscordant couples from Kenya and Uganda. After an interim review, the trial’s placebo arm 
was discontinued due to demonstration of PrEP efficacy, and the results of each active PrEP agent 
compared to placebo were reported (TDF 67%, FTC/TDF 75%). Thereafter, the active arms were 
continued, and participants initially randomized to placebo were offered re-randomization to TDF 
or FTC/TDF PrEP.

Findings—4410 couples received TDF or FTC/TDF PrEP and were followed for HIV-1 
acquisition. Of 52 incident HIV-1 infections, 31 were among those assigned TDF (incidence 0.71 
per 100 person-years) and 21 were among those assigned FTC/TDF (incidence 0.48 per 100 
person-years); for comparison, HIV-1 incidence in the placebo arm prior to its discontinuation was 
2.00 per 100 person-years. HIV-1 prevention efficacy for FTC/TDF compared to TDF alone was 
not statistically significantly different: HR 0.67, 95% 0.39–1.17, p=0.16. Detection of tenofovir in 
plasma samples, compared to no detection and as measured in seroconverters and a subset of non-
seroconverters, was associated with an 85% relative risk reduction in HIV-1 acquisition for the 
TDF arm and 93% for the FTC/TDF arm (both p<0.0001).

Interpretation—These results do not rule out the potential for a modest difference in HIV-1 
protection for TDF compared to FTC/TDF, but they demonstrate that once-daily oral TDF or 
FTC/TDF both provide high protection against HIV-1 acquisition among heterosexual men and 
women.

Keywords
pre-exposure prophylaxis; HIV-1 prevention; randomized clinical trial; Africa

Introduction
Combination antiretroviral treatment is central to the survival of HIV-1 infected persons and 
use of antiretroviral medications is the cornerstone of strategies to prevent mother-to-child 
HIV-1 transmission. Recent evidence has demonstrated that antiretroviral medications can 
also be used for the prevention of HIV-1 transmission between adults, when used as 
antiretroviral treatment to reduce the infectiousness of HIV-1 infected persons and as oral or 

Baeten et al. Page 2

Lancet Infect Dis. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 173 of 244 PageID #: 1357



topical pre-exposure prophylaxis (PrEP) for HIV-1 uninfected persons at high risk for 
HIV-1 acquisition.1–7

Four randomized trials, conducted among diverse geographic and at-risk populations, have 
demonstrated that oral antiretroviral PrEP is efficacious in protecting against HIV-1 
acquisition.3–5, 7 To date, efficacy trials of oral PrEP for HIV-1 protection have evaluated 
the antiretroviral medication tenofovir disoproxil fumarate (TDF), either alone or co-
formulated with emtricitabine (FTC/TDF). Animal data, from rectal viral challenge models, 
have suggested that FTC/TDF might provide greater HIV-1 protection than TDF alone.8

However, the potential for differential efficacy, safety, and cost for TDF versus FTC/TDF 
argued for evaluating both TDF and FTC/TDF as potential PrEP agents.

We conducted a multi-site, phase III, randomized, double-blind, three-arm, placebo-
controlled trial of daily oral TDF or FTC/TDF PrEP for the prevention of HIV-1 acquisition 
among African heterosexual men and women who were at high risk for HIV-1 acquisition 
because they had a known HIV-1 infected sexual partner (the Partners PrEP Study).3 An 
interim review found PrEP protected from HIV-1, based on pre-specified efficacy 
thresholds. The trial’s placebo arm was discontinued and the results were reported publicly: 
compared to placebo, HIV-1 prevention efficacy of TDF was 67% and FTC/TDF was 75%, 
and the TDF and FTC/TDF efficacies were compared and did not differ significantly 
(p=0.23).3 The trial’s active TDF and FTC/TDF arms were continued thereafter and the 
participants initially randomized to placebo were offered re-randomization to TDF or 
FTC/TDF PrEP, in order to gather additional comparative safety and efficacy data related to 
single- versus dual-agent PrEP.

Methods
Study population

Between July 2008 and November 2010, heterosexual HIV-1 serodiscordant couples (i.e., in 
which one member was HIV-1 infected and the other uninfected)were enrolled from nine 
sites in Kenya and Uganda, as described previously (ClinicalTrials.gov number 
NCT00557245).3, 9 Eligible couples were sexually active and intending to remain as a 
couple. HIV-1 seronegative partners had normal renal function, were not infected with 
hepatitis B virus, and were not pregnant or breastfeeding.

Randomization and study procedures
At enrollment, HIV-1 seronegative partners were assigned in a 1:1:1 ratio to one of three 
blinded study arms: once-daily TDF, FTC/TDF, or placebo, using a block randomization 
with a fixed size of 30 subjects, stratified by site. TDF (300 mg) and FTC/TDF (200 mg/300 
mg) were used at the dosages approved for treatment of HIV-1. HIV-1 seronegative 
participants had monthly visits for up to 36 months, including HIV-1 testing, dispensation of 
30 days of study medication, collection of the prior month’s unused medication, and 
individualized adherence counseling. Assessment of adverse events occurred throughout 
study follow-up; serum chemistry and hematology analyses were performed at month 1 and 
quarterly thereafter. Women were tested monthly for pregnancy and study medication was 
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with held from women who became pregnant; they were referred for antenatal care and 
allowed to resume study medication when no longer pregnant or lactating. Individuals who 
seroconverted to HIV-1 were permanently discontinued from study medication; they 
continued in follow-up, including HIV-1 care and 6-monthly CD4 counts.

HIV-1 seropositive partners were followed quarterly, with HIV-1 primary care services and 
6-monthly CD4 counts. At the time of enrollment, HIV-1 seropositive partners were not 
using antiretroviral therapy; those who became eligible for initiation of antiretroviral therapy 
according to national guidelines were actively counseled to initiate treatment, referred, and 
linked to care at local clinics.

Interim review
An independent Data and Safety Monitoring Board (DSMB) met every six months to review 
the conduct of the trial, including interim reviews of HIV-1 protection efficacy. In July 
2011, the DSMB recommended that the placebo arm of the study be discontinued, due to 
definitive demonstration of PrEP protection against HIV-1 acquisition, based on pre-specific 
stopping rules, and the study results be made public, including immediate dissemination of 
the findings to study participants. Additionally, the DSMB recommended that follow-up of 
subjects assigned to the active PrEP arms be continued, without changes to study procedures 
for HIV-1 testing and study medication provision, to gain additional blinded information on 
the relative efficacy and safety of PrEP using TDF versus FTC/TDF. Finally, the DSMB 
recommended that those originally assigned to the placebo arm be offered re-randomization 
(in a 1:1 ratio) to the active PrEP arms. Provision of active PrEP to the placebo arm was 
done to increase the amount of comparative information for TDF versus FTC/TDF PrEP 
while also fulfilling a commitment to provide PrEP to participants for 12 months should it 
prove efficacious for HIV-1 prevention, in accordance with international guidance to ensure 
access for trial participants to effective biomedical prevention interventions against 
HIV-1.10–12 Procedures for re-randomization have been detailed elsewhere; in brief, all 
participants were informed of the interim efficacy results, those who had been assigned TDF 
or FTC/TDF were told they were receiving active PrEP but were not informed of the 
specific PrEP medication, subjects assigned placebo were informed of that initial assignment 
and offered re-randomization to the two active PrEP arms, and the study continued in a 
double-blinded fashion.12 Thus, after July 2011, all participants were receiving either TDF 
or FTC/TDF, in a blinded fashion, for a period for up to 12 months; follow-up concluded in 
December 2012.

Standard HIV-1 prevention services and ethics review
All participants received a comprehensive package of HIV-1 prevention services including 
HIV-1 testing with pre- and post-test counseling, individual and couples risk-reduction 
counseling, screening and treatment for sexually transmitted infections, free condoms, 
counseling on the HIV-1 prevention benefits of antiretroviral therapy, and referral for male 
circumcision and post-exposure prophylaxis according to national policies. The study 
protocol was approved by the University of Washington Human Subjects Review 
Committee and ethics review committees at each of the study sites. All participants provided 
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written informed consent in English or their local language, including, for those initially 
assigned placebo, consent for re-randomization.

Laboratory testing
Laboratory methods have been detailed previously.3, 9 Monthly HIV-1 serologic testing used 
two rapid HIV-1 antibody tests in parallel; reactive results were confirmed by enzyme 
immunoassay, HIV-1 Western blot, and HIV-1 RNA PCR and were adjudicated by an 
HIV-1 endpoints committee, which was blinded to trial randomization arm. For all 
seroconverters, archived plasma samples from visits prior to seroconversion were tested by 
HIV-1 RNA PCR; participants with detectable HIV-1 RNA from the enrollment or re-
randomization visit, signifying seronegative acute HIV-1 infection, were excluded as 
primary study endpoints because HIV-1 infection occurred prior to treatment assignment.

HIV-1 resistance to antiretrovirals was assessed by consensus sequencing in those who 
acquired HIV-1. RNA extracted from plasma was reverse transcribed and HIV-1 pol was 
PCR amplified and sequenced using the ViroSeq HIV-1 Genotyping System (Abbott 
Molecular, Des Plaines, IL) or an in-house assay, as previously described.3, 13 Nucleic acid 
sequences were reported to GeneBank (accession #JQ625596-JQ625661, JX123571-
JX123680, and KC900521-KC900816). The primary resistance mutations for the study were 
pre-defined as K65R and K70E (which confer resistance to TDF) and M184V and M184I 
(which confer resistance to FTC), due to their potential relationship to the study 
medications.

In subjects who acquired HIV-1 and a subset who remained HIV-1 uninfected, detection of 
tenofovir in plasma was measured via ultra-performance liquid chromatographic-tandem 
mass spectrometric (LC-MS/MS), with a limit of quantification of 0.31 ng/mL.3 Tenofovir 
was antiretroviral agent tested since it was the common medication between the two active 
study arms.

Sample size
The trial was designed to provide 80% power, with a one-sided alpha of 0.025, to detect a 
60% decrease in incident HIV-1 infection for each active PrEP arm versus placebo, with the 
lower bound of the 95% confidence interval excluding a 30% decrease in rates (the null 
hypothesis), as previously detailed.3, 9 After discontinuation of the trial’s placebo arm in 
July 2011, it was estimated that the trial would accrue a total of approximately 50 HIV-1 
seroconversion endpoints between the two active PrEP arms, summed across those observed 
before and after July 2011, which would provide 87% power to demonstrate a 60% 
difference in HIV-1 incidence between TDF and FTC/TDF and 67% power for a 50% 
difference.

Statistical analysis
The primary analysis presented here was a modified intention-to-treat (mITT), comparing 
HIV-1 incidence for those assigned TDF versus FTC/TDF, and excluding only individuals 
with HIV-1 RNA detected in their plasma by PCR at randomization (or for those initially 
assigned placebo, re-randomization), as individuals with HIV-1 RNA detected at the time of 
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randomization were already HIV-1 infected and could not have benefitted from HIV-1 
acquisition by PrEP. Participants in the re-randomized cohort were entered into the risk set 
at the study duration corresponding to the time of re-randomization. ITT results were also 
calculated. Cox regression, stratified by site, was used to estimate relative hazard rates for 
time to first positive HIV-1 serologic test; efficacy was calculated for pre-specified 
subgroups.

Additional sensitivity analyses were performed: first, a per-protocol analysis excluding time 
periods when subjects were known to be off study medication (for example, as a result of a 
protocol-defined medication hold due to pregnancy), and second, a high-adherer analysis, 
limited to periods when study medication was dispensed and when medication adherence, as 
measured by pill counts of returned, unused medication, was ≥80%.14 The latter analysis 
was adjusted for a number of pre-specified covariates potentially associated with HIV-1 
infection, adherence, or randomization arm in the cohort: gender, age, male circumcision 
status, presence of a sexually transmitted infection at baseline, CD4 count and plasma HIV-1 
RNA concentration in the HIV-1 infected partner, and sexual behavior.

Finally, a case-cohort design was used to assess the relationship between tenofovir detection 
in plasma (an objective marker of adherence) and HIV-1 protection. Cases were all subjects 
who acquired HIV-1 after randomization/re-randomization; the cohort comparison included 
100 subjects from the TDF arm and 104 subjects from the FTC/TDF arm who were 
randomly selected from the entire study population (thus, in an approximately 1:4 ratio 
compared to cases; cohort subjects were chosen equally from the TDF and FTC/TDF arms). 
The case-cohort design was chosen because it required testing a subset of subjects and was 
thus efficient; by design, cases and cohort members were not comparable, as cases acquired 
HIV-1 while the cohort was a sample of the entire population, although random selection of 
cohort was designed to select a representative sample of the study population as a whole. All 
available plasma samples from Months 1, 3, 6, 12, 18, 24, 30, and 36 after randomization/re-
randomization were tested; in addition, for case subjects, the sample from the visit at which 
HIV-1 seroconversion was detected was also tested. In total, 281 samples from case subjects 
and 1373 samples from cohort subjects were tested.

Analyses were conducted using SAS version 9.2 (SAS Institute) and, for the case-cohort 
comparison, in R version 2.12.2 using the Lumley survey package (version 3.26 http://
faculty.washington.edu/tlumley/survey/).15

Role of the funding source—The sponsor of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of the report. The corresponding 
author had full access to all the data in the study and had final responsibility for the decision 
to submit for publication.

Results
Study participants and follow-up

At the time of initial randomization, a total of 4747 couples were enrolled: 1584 assigned 
TDF, 1579 FTC/TDF, and 1584 placebo. Of the 1584 HIV-1 uninfected subjects initially 
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randomized to placebo, 1264 (89.1% of 1418 who were still eligible to receive PrEP) 
consented to re-randomization, of whom 631 were assigned TDF and 633 FTC/TDF. Thus, a 
total of 4427 subjects were assigned active PrEP during the trial (2215 TDF and 2212 FTC/
TDF)(Figure 1) and are the population described in this analysis. Subject characteristics 
were similar across the study arms (Table 1).

Of the 4427 assigned TDF or FTC/TDF PrEP during the trial, 4410(99.6%; 2208 TDF and 
2202 FTC/TDF) completed at least one post-randomization test for assessment of HIV-1 
acquisition. For assessment of HIV-1 incidence in those assigned to TDF or FTC/TDF, 8791 
person-years of follow-up were accrued, with a median follow-up of 35.9 months 
(interquartile range [IQR] 30–36) for those assigned active PrEP at the initial randomization 
and 12 months (IQR 12-12) for those re-randomized from placebo. During follow-up, 
antiretroviral therapy was initiated by 706 HIV-1 infected partners of those assigned TDF 
(32.6%) and 676 partners of those assigned FTC/TDF (31.2%).

Interruptions in study medication due to protocol-defined safety-related reasons, including 
pregnancy and breastfeeding, accounted for 3.7% of study follow-up time: 4.2% TDF and 
3.2% FTC/TDF. When factoring in protocol-defined study medication interruptions, missed 
visits, and non-adherence to dispensed study pills, as measured by monthly pill counts of 
returned study tablets, it was estimated that study medication was taken by participants on 
90.0% of days during follow-up time.

Incident HIV-1 infection and comparative effect of TDF and FTC/TDF on HIV-1 acquisition
A total of 64 HIV-1 seroconversions were observed during the study for individuals 
assigned active PrEP: 39 TDF and 25 FTC/TDF (Table 2). Of these, 38 (22 TDF and 16 
FTC/TDF) occurred prior to July 2011 and 26 (17 TDF and 9 FTC/TDF) occurred after July 
2011. A total of 12 subjects (8 TDF and 4 FTC/TDF) who acquired HIV-1 were 
subsequently determined by HIV-1 RNA PCR testing of archived plasma to have been 
infected at the time of initial randomization or re-randomization (5 and 3, respectively, for 
TDF and 3 and 1 for FTC/TDF). Thus, 52 post-randomization infections occurred and were 
included in the primary modified intention-to-treat analysis: 31 among those randomized to 
TDF (incidence 0.71 per 100 person-years) and 21 among those randomized to FTC/TDF 
(incidence 0.48 per 100 person-years), a difference that was not statistically significant 
(hazard ratio [HR] 0.67, 95% confidence interval [CI] 0.39–1.17, p=0.16). HIV-1 incidence 
for those receiving active PrEP was similar during the placebo-controlled phase of the study 
compared to post-July 2011 when the study included only the active arms: for TDF 0.78 
(95% CI 0.43–1.31) versus 0.65 (95% CI 0.38–1.05) per 100 person-years and for FTC/TDF 
0.45 (95% CI 0.19–0.88) versus 0.50 (95% CI 0.27–0.85) per 100 person-years. For 
comparison, HIV-1 incidence in placebo arm participants prior to July 2011 was 2.00 per 
100 person-years.3 An intention-to-treat analysis, including subjects who were HIV-1 
infected at randomization and re-randomization, found similar results to the primary mITT 
analysis comparing TDF to FTC/TDF as PrEP, as did subgroup analyses defined by sex, 
age, sexual behavior at baseline, country of residence, circumcision status of HIV-1 
uninfected male subjects, and enrollment markers of HIV-1 disease of HIV-1 infected 
partners.

Baeten et al. Page 7

Lancet Infect Dis. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 178 of 244 PageID #: 1362



In a per-protocol sensitivity analysis limited to periods when study medication was 
dispensed, 33 HIV-1 infections occurred, 20 among those receiving TDF (incidence 0.52 per 
100 person-years) and 13 among those receiving FTC/TDF (incidence 0.33 per 100 person-
years), resulting in an efficacy estimate not substantively different from the primary mITT 
analysis (HR 0.63, 95% CI 0.31–1.27, p=0.20). Results were similar when comparing HIV-1 
incidence between the two study arms restricted to periods with product adherence ≥80%: 
TDF incidence 0.53 per 100 person-years (20 infections) versus FTC/TDF incidence 0.31 
per 100 person-years (12 infections) (adjusted HR 0.60, 95% CI 0.29–1.22, p=0.16).

Among subjects who acquired HIV-1, the minority (14/51, 27.5%) had tenofovir detected in 
a plasma sample at the visit at which HIV-1 seroconversion was detected, compared with the 
majority (1047/1334, 78.5%) of samples from a randomly selected subset of subjects who 
did not acquire HIV-1 (Table 3). Having detectable tenofovir, as compared to an 
undetectable level, was associated with an estimated relative risk reduction for acquiring 
HIV-1 of 85% for TDF and 93% FTC/TDF (both p<0.0001), results that were not 
statistically different from each other (pinteraction=0.34). The majority of subjects had 
consistent PrEP use during follow-up, with a modest decrease in use over time; intermittent 
use (i.e., stopping and restarting PrEP) was uncommon (Figure 2A). For those who acquired 
HIV-1, HIV-1 seroconversion generally occurred during periods of PrEP non-use (Figure 
2B).

Antiretroviral resistance
Of the 64 persons assigned TDF or FTC/TDF PrEP who acquired HIV-1, HIV-1 RNA was 
amplified for assessment of antiretroviral resistance from 60 (93.8%); for the remainder, 
HIV-1 RNA could not be amplified. As previously reported,3 in the eight subjects who were 
retrospectively found to be already HIV-1 infected at initial randomization, two developed 
HIV-1 with resistance to the study medications: one with TDF-resistant virus (K65R 
mutation) who was randomized to TDF and one with FTC-resistant virus(M184V mutation) 
randomized to FTC/TDF. Of four subjects who were retrospectively found to be HIV-1 
infected at re-randomization from placebo to active PrEP, none had evidence for resistance 
to the study medications. Finally, of the 52 subjects who acquired HIV-1 after 
randomization/re-randomization, 48 had resistance data; K65R, K70E, M184V, or M184I 
mutations were not detected. Thus, there were no new cases of antiretroviral resistance 
measured among HIV-1 infections observed after July 2011.

Safety and tolerability
There were no statistically significant differences in the frequency of deaths, serious adverse 
events, or serum creatinine and phosphorus abnormalities between those assigned TDF and 
those assigned FTC/TDF (Tables 4). The frequency of adverse events overall was 
comparable to that seen in the placebo arm prior to July 2011.3

Discussion
In this randomized trial of PrEP conducted among heterosexual men and women who were 
at high risk for HIV-1 infection as a result of having a known HIV-1 infected sexual partner, 
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we evaluated the relative efficacy of single-agent TDF compared with dual-agent FTC/TDF 
PrEP for HIV-1 prevention. As previously reported, both TDF and FTC/TDF had significant 
HIV-1 protection compared to placebo and were safe and well-tolerated in this population.3

The updated findings presented here include an additional 3569 person-years of follow-up, 
re-randomization of the placebo arm to TDF or FTC/TDF, and 26 additional HIV-1 
infection endpoints. The results suggest comparable HIV-1 protective efficacy and safety for 
once-daily oral TDF and FTC/TDF.

Four randomized, placebo-controlled trials have demonstrated that daily oral TDF-based 
PrEP is efficacious against HIV-1 acquisition.3–5, 7 Two trials (among heterosexual men and 
women in Botswana and men who have sex with men from four continents) evaluated only 
combination FTC/TDF,4, 5 one trial (among injection drug users in Thailand) evaluated only 
single-agent TDF, and our study assessed both TDF and FTC/TDF.HIV-1 protective 
efficacy in intention-to-treat analyses compared with placebo in these studies ranged from 
44% to 75%, with no clear differentiation in efficacy estimates for TDF compared with 
FTC/TDF. Notably, in each of these studies, the HIV-1 protection effects of TDF and 
FTC/TDF were estimated to be higher (≥85%) in secondary analyses limited to subjects with 
objective evidence of adherence to the medication (i.e., detectable medication in blood 
samples).3, 4, 7 Two clinical trials of PrEP – one which evaluated FTC/TDF16 and one which 
evaluated both TDF and FTC/TDF, as well as vaginal tenofovir gel17 – failed to demonstrate 
efficacy for HIV-1 protection; in both trials, objective measures of study medication use 
found very low (<30%) adherence. Our results add to this body of data by providing a direct 
comparison of single-agent TDF and dual-agent FTC/TDF. Due to the high efficacy of both 
PrEP medications in our study, our ability to detect small differences between them was 
limited, but in as-randomized analyses, our data rule out an approximately 60% or greater 
reduction in risk from FTC/TDF versus TDF alone, and the observed reduction (33%) was 
not statistically significant. Similarly, no significant difference was found in subgroups or in 
sensitivity analyses restricting to time periods with evidence of protocol compliance; case-
cohort analyses assessing HIV-1 protection associated with objective evidence of study 
medication use, both TDF and FTC/TDF had high (≥85%) efficacy for HIV-1 protection, 
which were both highly statistically significant.

Animal model studies provided early evidence that antiretroviral PrEP might be an 
efficacious HIV-1 prevention intervention,18 and subsequent animal experiments have 
assessed various antiretroviral agents, delivery approaches, and dosing strategies for 
PrEP.8, 19, 20 Both TDF and FTC/TDF were included in our trial to provide a direct 
comparison of these two PrEP approaches, with the rationale that dual-agent versus single-
agent therapy may differ in efficacy, tolerability, antiretroviral resistance in breakthrough 
HIV-1 seroconverters, and costs. Antiretroviral resistance related to PrEP medications was 
rare in clinical trials of PrEP, hypothesized to be a result of low medication adherence (and 
thus absence of drug pressure) in persons who acquired HIV-1, and has been generally 
limited to persons who had seronegative acute HIV-1 infection at the time of PrEP initiation. 
Across PrEP trials, more resistance to FTC has been observed than resistance to TDF, 
consistent with a higher genetic barrier to resistance to TDF compared to FTC, although 
resistance was detected only in a small minority of seroconverters in our trial and in other 
trials, in the context of monthly HIV-1 testing within the clinical trials. Given that resistance 
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is rare and the marginal additional risk of resistance with FTC/TDF versus TDF PrEP is 
small, this consideration may not be a deciding factor in choosing a PrEP agent.

Our results indicate that one efficacious PrEP medication might be of comparable efficacy to 
more than one medication. This paradigm is in contrast to antiretroviral treatment, where 
mono- and dual-agent therapy is definitively inferior to combination therapy using at least 
three active agents, but is similar to post-exposure prophylaxis, where mono-agent 
zidovudine has been estimated to provide ~80% protection against HIV-121 and two 
antiretroviral agents are commonly used.22 Recent guidelines for post-exposure prophylaxis, 
however, recommend three antiretroviral agents, with a rationale that circulating resistance 
in populations may make some prophylaxis agents ineffective. For PrEP, guidance from the 
World Health Organization and the US Centers for Disease Control and Prevention 
recommend FTC/TDF,23–25 based on the totality of evidence across different at-risk 
populations, although both note that TDF alone is an alternative for heterosexual 
populations; the US Food and Drug Administration has approved a formal label indication 
for FTC/TDF as PrEP.26 Our findings may be informative to decision-making for policies 
related to recommended PrEP medications, in which TDF versus FTC/TDF efficacy, safety, 
costs, and resistance need to be weighed by policymakers. For HIV-1 serodiscordant couples 
PrEP offers an HIV-1 prevention option under the control of the uninfected partner, 
particularly in couples in which the infected partner declines antiretroviral therapy; in our 
study population, half of HIV-1 infected partners who became eligible for treatment during 
study follow-up delayed initiating by at least 6 months.27 In addition, our results should 
inform future development of prophylactic medications against HIV-1, many of which are 
being developed as single-agent products.28

In this clinical trial, early discontinuation of the placebo arm with continuation of the active 
arms and re-randomization of those initially assigned placebo to active PrEP provided an 
opportunity for additional evaluation of the relative efficacy of TDF compared to FTC/TDF 
for the prevention of HIV-1 infection.12 Blinded follow-up of participants initially assigned 
to TDF and FTC/TDF was continued, and placebo arm participants were randomly re-
assigned in a blinded fashion to the TDF and FTC/TDF arms, preserving the integrity of the 
TDF versus FTC/TDF comparison. Power calculations estimated reasonable statistical 
power for a 50–60% difference in HIV-1 protection between TDF and FTC/TDF in our 
study, but power was limited for smaller differences. Decisions, at the individual and policy 
level, to use TDF versus FTC/TDF PrEP will need to take into account the potential for a 
modest difference in HIV-1 protection, but also modest differences in cost, risk of 
antiretroviral resistance (primarily resistance to FTC), and side effects. Importantly, as 
previously reported, both TDF alone and combination FTC/TDF were highly efficacious for 
HIV-1 prevention in our study when compared to placebo, with efficacy estimates of 67% 
and 75%, respectively (both p<0.001), emphasizing that potential differences in HIV-1 
protection between these two PrEP options is against a background where both have 
definitive efficacy compared to placebo.

In summary, among heterosexual men and women at risk of HIV-1 infection, once-daily oral 
TDF and FTC/TDF provide high and comparable risk reduction against HIV-1 acquisition, 
when provided in the context of other HIV-1 prevention services. Strategies to deliver PrEP 

Baeten et al. Page 10

Lancet Infect Dis. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 181 of 244 PageID #: 1365



to at-risk populations, and promote high adherence, are being evaluated in demonstration 
projects and roll-out programs currently being conducted.29 Successful HIV-1 prevention on 
a population scale will need to incorporate multiple, evidence-based biomedical and 
behavioral strategies, including PrEP, to achieve maximum benefits.30
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Panel: Research in context

Systematic review

On 14 August 2014 we searched PubMed with the terms “pre-exposure prophylaxis,” 
“HIV,” “tenofovir,” “emtricitabine,” “randomized trial,” and combinations thereof. The 
search results included primary reports of five of the six completed randomized efficacy 
trials of PrEP using oral TDF-based therapy3–5, 7, 16; one trial has been reported in 
abstract form.17 In addition, secondary analyses of these trials as well as review articles 
and commentaries were retrieved. Three trials (among men who have sex with men from 
six countries and heterosexual women and men in three countries in Africa) tested 
combination FTC/TDF and one (among injection drug users in Thailand) tested TDF 
alone. Two trials, among at-risk African populations, including the prior placebo-
controlled report from the present study,3 evaluated both TDF and combination FTC/
TDF. HIV-1 protective efficacy in the four trials that demonstrated HIV-1 protection 
ranged from 44% to 75%, with no clear differentiation across trials in the efficacy 
estimates for TDF compared with combination FTC/TDF. Two trials, including one 
testing both TDF and combination FTC/TDF, found that use of the study medication was 
too low to evaluate HIV-1 protection.16, 17 The previous report from the present trial 
included 38 HIV-1 seroconversion endpoints among those receiving either TDF or FTC/
TDF; the present report includes an additional 26 HIV-1 seroconversion events. No other 
studies have directly compared HIV-1 incidence among those receiving TDF versus 
FTC/TDF as pre-expsosure prophlyaxis against HIV-1 acquisition.

Interpretation

Our results indicate that, for HIV-1 prevention, one efficacious PrEP medication maybe 
of comparable efficacy to two. Due to high protective efficacy of PrEP in the study 
population, we had limited statistical power to demonstrate a modest difference in HIV-1 
protection for TDF compared to combination FTC/TDF. However, in analyses assessing 
HIV-1 protection associated with objective evidence of study medication use, as 
measured by detection of tenofovir in plasma, both TDF and FTC/TDF were estimated to 
have very high (≥85%) HIV-1 protection. Decisions, at the individual and policy level, to 
use TDF or combination FTC/TDFPrEP in heterosexual populations will need to take 
into account the potential for a modest difference in HIV-1 protection, but also modest 
differences in cost, risk of antiretroviral resistance (primarily resistance selected by 
FTC), and other factors. In summary, these results demonstrate that once-daily oral 
FTC/TDF and combination FTC/TDF both provide high protection against HIV-1 
acquisition among heterosexual men and women at risk for HIV-1 acquisition.
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Figure 1. Initial randomization, re-randomization, and follow-up
A total of 4758 HIV-1 serodiscordant couples were initially randomized. In July 2011, the 
trial’s Data and Safety Monitoring Board recommended discontinuation of the placebo arm 
and re-randomization of eligible placebo arm participants to the remaining active PrEP arms. 
Of 1584 participants initially randomized to placebo, 1502 were alive and had not 
seroconverted to HIV-1, of whom 84 (5.6%) were deemed ineligible to receive active PrEP, 
primarily due to pregnancy and breastfeeding (which were exclusion criteria for PrEP 
provision in the study protocol), with 7 (0.5%) determined to be ineligible due to clinical 
safety reasons or investigator decision. Thus, 1418 were clinically eligible to receive PrEP, 
of whom 1264 (89.1% of those considered for re-randomization) agreed to receive PrEP and 
continue in the study, 100 declined further study participation, and 54 had been lost to 
follow-up. Participants originally assigned to the active PrEP arms were eligible for up to 36 
months of follow-up from the time of randomization, including up to 12 months after July 
2011; those re-randomized from the placebo arm were eligible for up to 12 months of active 
PrEP after July 2011.
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Figure 2. PrEP drug detection in blood over time
Panel A depicts the proportion of participants from the randomly-selected cohort with 
tenofovir detected in plasma samples collected during study follow-up. Individuals are 
grouped based on tenofovir detection at the first month after randomization (blue = tenofovir 
detected at Month 1, orange = tenofovir not detected at Month 1). Panel B depicts the 
proportion of subjects who acquired HIV-1 with tenofovir detected in plasma samples, with 
the time axis aligned to the visit at which HIV-1 seroconversion was observed. Individuals 
are grouped based on tenofovir detection at the HIV-1 seroconversion visit (blue = tenofovir 
detected at the HIV-1 seroconversion visit, orange = tenofovir not detected at the HIV-1 
seroconversion visit).
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Background
Preexposure prophylaxis with antiretroviral agents has been shown to reduce the 
transmission of human immunodeficiency virus (HIV) among men who have sex 
with men; however, the efficacy among heterosexuals is uncertain.
Methods
We randomly assigned HIV-seronegative men and women to receive either tenofovir 
disoproxil fumarate and emtricitabine (TDF–FTC) or matching placebo once daily. 
Monthly study visits were scheduled, and participants received a comprehensive 
package of prevention services, including HIV testing, counseling on adherence to 
medication, management of sexually transmitted infections, monitoring for adverse 
events, and individualized counseling on risk reduction; bone mineral density testing 
was performed semiannually in a subgroup of participants.
Results
A total of 1219 men and women underwent randomization (45.7% women) and were 
followed for 1563 person-years (median, 1.1 years; maximum, 3.7 years). Because of 
low retention and logistic limitations, we concluded the study early and followed 
enrolled participants through an orderly study closure rather than expanding enroll-
ment. The TDF–FTC group had higher rates of nausea (18.5% vs. 7.1%, P<0.001), vomit-
ing (11.3% vs. 7.1%, P = 0.008), and dizziness (15.1% vs. 11.0%, P = 0.03) than the 
placebo group, but the rates of serious adverse events were similar (P = 0.90). Partici-
pants who received TDF–FTC, as compared with those who received placebo, had a 
significant decline in bone mineral density. K65R, M184V, and A62V resistance 
mutations developed in 1 participant in the TDF–FTC group who had had an unrec-
ognized acute HIV infection at enrollment. In a modified intention-to-treat analysis 
that included the 33 participants who became infected during the study (9 in the 
TDF–FTC group and 24 in the placebo group; 1.2 and 3.1 infections per 100 person-
years, respectively), the efficacy of TDF–FTC was 62.2% (95% confidence interval, 
21.5 to 83.4; P = 0.03).
Conclusions
Daily TDF–FTC prophylaxis prevented HIV infection in sexually active heterosexual 
adults. The long-term safety of daily TDF–FTC prophylaxis, including the effect on 
bone mineral density, remains unknown. (Funded by the Centers for Disease Con-
trol and Prevention and the National Institutes of Health; TDF2 ClinicalTrials.gov 
number, NCT00448669.)
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Biomedical strategies to prevent 

sexual transmission of human immuno-
deficiency virus (HIV) remain limited.1 In 

animal models, preexposure prophylaxis with ten-
ofovir disoproxil fumarate (TDF) or with the com-
bination of TDF and emtricitabine (TDF–FTC) can 
prevent infections with HIV or hybrid simian–
human immunodeficiency virus after vaginal or 
rectal challenge.2,3 In humans, daily preexposure 
prophylaxis with TDF–FTC has been shown to re-
duce transmission of HIV by 44% among men who 
have sex with men4; however, the findings from 
studies in heterosexual populations have been 
mixed.5-8

Botswana has the world’s second highest preva-
lence of HIV infection, estimated in 2008 to be 
17.6% overall and approximately 40% among 
adults 30 to 44 years of age.9 Although Botswana 
was among the first African countries to intro-
duce HIV prevention programs focused on male 
circumcision, prevention of mother-to-child trans-
mission, and voluntary HIV counseling and test-
ing, there is a need for additional prevention 
strategies to better control the generalized epi-
demic in this country. In this context, we con-
ducted the TDF2 study to evaluate whether pro-
phylaxis with daily oral TDF–FTC could prevent 
HIV infection among sexually active heterosexual 
adults.

Me thods

Study Population and Design

In this phase 3, randomized, double-blind, pla-
cebo-controlled clinical trial, we screened for 
enrollment men and women in the Botswana cities 
of Francistown and Gaborone. Eligible partici-
pants were HIV-seronegative, sexually active adults, 
18 to 39 years of age, with normal results on se-
rum chemical and hematologic tests, a negative 
test result for hepatitis B virus surface antigen, 
and no chronic illnesses or long-term medication 
use. Female participants could not be pregnant or 
breast-feeding and had to be willing to use effec-
tive contraception to enroll in the study. Eligible 
men and women who provided written informed 
consent to participate in the study were randomly 
assigned, in a 1:1 ratio, to receive oral TDF–FTC 
or placebo once daily; randomization was per-
formed with the use of random, permuted blocks 
of six, with stratification according to site and 

sex. For complete details of the study conduct, 
see the protocol, available with the full text of 
this article at NEJM.org.

TDF1 and TDF2 Studies

In 2005, the study investigators initiated the TDF1 
study to evaluate the safety and efficacy of preex-
posure prophylaxis with TDF, as compared with 
placebo, with both study drugs administered once 
daily. When data from studies in animals later 
showed the superior efficacy of TDF–FTC,3 we 
changed the active drug to TDF–FTC (TDF2 study). 
Beginning on February 20, 2007, a total of 18 par-
ticipants in the TDF1 study enrolled in the TDF2 
study and continued to receive the study medica-
tion as previously assigned (i.e., active drug or pla-
cebo). The first new participant in the TDF2 study 
was enrolled on March 22, 2007, and the last on 
October 23, 2009. Data from the TDF1 study are 
not included in this report.

During the study period, we observed a lower-
than-expected rate of retention, owing primarily 
to relocation for work or school (i.e., early with-
drawals) or to participants’ scheduling conflicts 
leading to repeatedly missed study visits. Revised 
sample-size calculations indicated that we would 
need to expand enrollment to more than 2500 
participants for the study to maintain at least 
80% power to identify an efficacy result. Given 
this difficult logistical challenge, the sponsors and 
study investigators decided to proceed with an or-
derly conclusion to the study. Study investigators 
and participants remained unaware of the treat-
ment assignments during this decision-making 
process. We informed participants about the im-
pending closure of the study and allowed them to 
continue the study medication until protocol revi-
sions were approved by the ethics committees in 
the United States and Botswana; exit procedures 
began on March 29, 2010. Study staff attempted 
to find all participants who were not in active 
follow-up as of this date (excluding study partici-
pants who had withdrawn) and to test them for 
HIV infection. Participants who missed three or 
more consecutive recent visits and could not be 
located at the end of the study were considered to 
have been permanently lost to follow-up. All par-
ticipants exited the study by May 31, 2010, except 
for participants who had become infected with 
HIV, were pregnant, or had an ongoing serious 
adverse event at exit; we followed these partici-
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pants for up to 1 additional year after discontinu-
ation of the study medication. The last participant 
visit occurred on March 11, 2011.

Study Oversight

The Botswana Health Research and Development 
Committee and the institutional review board at 
the U.S. Centers for Disease Control and Preven-
tion reviewed and approved the protocol, consent 
forms, and supporting documents. All participants 
provided written informed consent; as required by 
Botswana law, parental or guardian consent was 
obtained for participants 18 to 20 years of age. Par-
ticipants could withdraw informed consent and exit 
the study at any time. We asked exiting participants 
to complete all exit procedures and contacted them 
again for study procedures only if the results of 
laboratory tests at exit were abnormal. An indepen-
dent data and safety monitoring board (see the 
Supplementary Appendix, available at NEJM.org) 
reviewed safety data at least annually and identified 
no safety concerns that necessitated modifying 
or stopping the study. We planned a single interim 
efficacy analysis once half the expected HIV end 
points had occurred or half the total expected 
person-years of follow-up had been accrued. Since 
neither threshold had been reached when we de-
cided to conclude the study, the data and safety 
monitoring board did not review the efficacy data. 
Gilead Sciences donated the study medication but 
was not involved in the collection or analysis of 
the data or the preparation of the manuscript. All 
the authors vouch for the completeness and ac-
curacy of the data presented and for the fidelity 
of the study to the protocol.

Study Procedures

After obtaining written consent, we screened po-
tential participants by means of a brief interview 
and performed pregnancy testing on the women. 
We tested for HIV infection by means of dual, par-
allel, rapid HIV tests on whole-blood samples, us-
ing Determine HIV-1/2 (Abbott Diagnostics) and 
either Uni-Gold Recombigen HIV (Trinity Biotech) 
or OraQuick Advance HIV-1/2 (OraSure Technolo-
gies) (see Fig. S1 in the Supplementary Appendix). 
We then obtained whole-blood samples from the 
HIV-uninfected, nonpregnant participants who 
were deemed to be eligible after the screening 
interview and performed serum chemical and he-
matologic measurements and testing for hepatitis 

B virus surface antigen. We assessed the partici-
pants’ understanding of the study using a com-
puter-based education program; participants were 
required to receive a score of at least 80% on a 
comprehension test to be eligible for enrollment.

We assessed the sexual behavior and condom 
use of the enrolled participants by means of face-
to-face interviews (at baseline and monthly there-
after) and by means of audio computer-assisted 
self-interviews (at baseline and semiannually there-
after) and provided a comprehensive package of 
HIV prevention services, including individualized 
counseling on risk reduction, free male and female 
condoms, and screening for sexually transmitted 
infections followed, if applicable, by partner noti-
fication and treatment. HIV rapid testing at enroll-
ment and at subsequent monthly visits was per-
formed with the use of the OraQuick Advance 
HIV-1/2 test of oral transudate (Fig. S2 in the Sup-
plementary Appendix). We assessed bone mineral 
density by means of dual-energy x-ray absorpti-
ometry (Hologic QDR 4500C) in a subgroup of eli-
gible, consenting participants at enrollment and 
semi-annually thereafter.

Study visits were scheduled every 30 days until 
completion of the study, and participants were 
instructed to return to the clinic for evaluation in 
the event of an illness. Study staff contacted par-
ticipants by telephone or visited them in their 
home after missed study visits. During monthly 
study visits, we performed testing for HIV infection 
and for pregnancy, collected information about any 
illness and side effects, assessed adherence to 
medication and self-reported sexual activity and 
condom use, and provided condoms. HIV-negative, 
nonpregnant participants with no contraindica-
tions (e.g., a new medical illness) were provided 
with a new bottle of study medication and given 
counseling on adherence. We collected any re-
maining medication from participants who were 
exiting the study. During quarterly visits, we per-
formed serum chemistry testing and provided in-
dividualized counseling on risk reduction, with 
further discussion at intercurrent visits when 
requested by the participant. During semiannual 
visits, we performed physical examinations, in-
cluding pelvic and genital examinations, and col-
lected genital samples to test for sexually trans-
mitted infections. At completion of the study, we 
tested all participants for HIV infection, using an 
enzyme-linked immunosorbent assay (ELISA). 
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Specific laboratory assessments are shown in 
Table S1 in the Supplementary Appendix.

For participants with positive or indeterminate 
results on HIV testing of oral transudate, we per-
formed dual, parallel, fingerstick rapid HIV test-
ing and provided counseling (Fig. S2 in the Sup-
plementary Appendix). In addition, we obtained 
blood samples to test for HIV infection by means 
of ELISA and to measure the baseline viral load 
and CD4+ lymphocyte count; we also tested for 
antiretroviral resistance mutations, using standard 
and ultrasensitive techniques. We provided all re-
sults to HIV-infected participants and their des-
ignated health care providers. We retrospectively 
performed testing for HIV RNA on stored samples 
from participants who had undergone serocon-
version in order to determine the earliest visit at 
which infection could be documented.

We measured the participants’ plasma drug 
levels by means of an ultrahigh-performance liq-
uid chromatography–mass spectrometry assay 
(lower limit of detection, 0.3 ng per milliliter for 
both tenofovir and emtricitabine). For each partici-
pant who underwent seroconversion, we assayed 
the available specimen collected before and closest 
to the interpolated seroconversion date and then 
randomly chose specimens obtained during the 
same study visit from three participants in the 
TDF–FTC group, matched for sex and study site, 
who had not undergone seroconversion. We lim-
ited testing to participants who reported having 
taken the study medication within the previous 
30 days. Additional study procedures are described 
in the Supplementary Appendix.

Statistical Analysis

The primary efficacy end point was the difference 
in the rates of HIV infection between participants 
assigned to receive TDF–FTC and those assigned 
to receive placebo. The primary hypothesis was that 
TDF–FTC, as compared with placebo, would reduce 
the rate of HIV infection by at least 65%, with a 
predefined lower boundary for the 95% confidence 
interval of 10%. Assuming an annual incidence 
rate of HIV infection of 5%, we estimated that a 
sample of approximately 1000 participants overall 
would give the study more than 80% power, at a 
one-sided significance level of 0.05, to test the 
primary hypothesis and would detect at least a 
65% reduction in the rate of HIV infection with 
TDF–FTC. To account for uncertainty in our esti-
mated incidence rate of HIV infection and for 

losses to follow-up, the target for enrollment was 
1200 participants.

The initial efficacy analysis included all study 
participants who were randomly assigned to re-
ceive a study medication (intention-to-treat co-
hort). The per-protocol primary efficacy analysis 
excluded participants who were retrospectively 
determined, by means of an RNA polymerase-
chain-reaction assay, to have been infected with 
HIV at the time of enrollment (modified intention-
to-treat cohort). We calculated efficacy using Cox 
regression to estimate the hazard rate and Kaplan–
Meier methods to estimate the cumulative prob-
ability of HIV-1 infection. We also performed an 
as-treated analysis in which follow-up data from 
participants in the modified intention-to-treat co-
hort were censored 30 days after the participants 
reported taking their last dose of study medication.

Safety analyses were performed in the inten-
tion-to-treat cohort. Primary safety end points in-
cluded the frequency of adverse clinical or labo-
ratory events and the change in bone mineral 
density. We graded adverse events according to the 
National Institutes of Health Division of AIDS 
Table for Grading the Severity of Adult and Pedi-
atric Adverse Events (December 2004). All analyses 
were performed with the use of SAS software, 
version 9.2 (SAS Institute). Although one-sided 
tests were used for sample-size calculations, we 
used two-sided tests for all final analyses. P val-
ues of less than 0.05 were considered to indicate 
statistical significance.

R esult s

Study Participants

We screened 2533 volunteers; 52.2% were eligible 
for enrollment. The primary reasons for ineligibil-
ity were abnormal laboratory test results (16.4%), 
especially hyperamylasemia (6.0%), hyperbilirubi-
nemia (3.9%), and positivity for hepatitis B virus 
surface antigen (3.5%); not being sexually active 
(9.4%); and HIV infection (10.6%) (Fig. 1). A total of 
1219 participants (45.7% women) underwent ran-
domization (Fig. 1 and Table 1). Participants were 
followed for 1563 person-years (median, 1.1 years; 
maximum, 3.7 years). Among 1200 participants 
who were followed for seroconversion, 1072 (89.3%) 
completed exit procedures, with a final HIV test 
result available for 1070 (89.2%). However, 397 par-
ticipants (33.1%) did not complete the study per 
protocol, of whom 115 (9.6%) were considered to 
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have been permanently lost to follow-up (Fig. 1). 
The study groups did not differ significantly with 
respect to the rates of withdrawal (15.0% in the 
TDF–FTC group and 12.4% in the placebo group, 

P = 0.21) or loss to follow-up (8.7% and 10.5%, 
respectively; P = 0.28). When asked about their 
perceived treatment assignment, a similar per-
centage of participants in each group guessed that 

1219 Underwent randomization

2533 Volunteers were assessed for eligibility

1210 (47.8%) Were ineligible
199 Were HIV-positive
299 Had abnormal laboratory results
237 Were not sexually active
128 Declined hormonal contraception

(among women)
192 Did not return after initial screening
217 Had other reasons

126 Were eligible but did not enroll
1 Enrolled but left before randomization

611 (50.1%) Were assigned to receive TDF–FTC 608 (49.9%) Were assigned to receive placebo

9 Did not start TDF–FTC
1 Was HIV-infected

at enrollment

7 Did not start placebo
2 Were HIV-infected

at enrollment

208 (34.6%) Did not complete follow-up
52 (8.7%) Were lost to follow-up
90 (15.0%) Withdrew from study
49 (8.2%) Relocated
10 (1.7%) Were withdrawn by investigator
2 (0.3%) Died
5 (0.8%) Had other reasons

189 (31.6%) Did not complete follow-up
63 (10.5%) Were lost to follow-up
74 (12.4%) Withdrew from study
36 (6.0%) Relocated
6 (1.0%) Were withdrawn by investigator
4 (0.7%) Died
6 (1.0%) Had other reasons

601 (98.4%) Were followed for seroconversion 599 (98.5%) Were followed for seroconversion

5 Were ineligible but enrolled in error
18 Entered TDF2 from earlier TDFI study

Figure 1. Screening, Enrollment, Randomization, and Follow-up.

Participants could have more than one reason for being ineligible. Reasons that potential participants were ineligible 
other than those listed specifically in the figure included that they did not pass the comprehension test (74 volunteers), 
were pregnant (43), were taking long-term medication (33), expected to be relocating soon (29), were breast-feeding 
(13), lived outside the study area (12), had a history of kidney or bone disease (4), were enrolled in another HIV preven-
tion trial (2), declined to be tested for HIV infection (2), were unwilling to take the study medication (2), did not have 
parental consent (1), were too busy with work (1), and did not meet the age criteria (1). A total of 542 of 601 partici-
pants in the TDF–FTC group (90.2%) and 528 of 599 in the placebo group (88.1%) had known HIV status at study 
exit. HIV denotes human immunodeficiency virus, and TDF–FTC tenofovir disoproxil fumarate and emtricitabine.
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they were receiving TDF–FTC (Table S2 in the 
Supplementary Appendix).

Medication Adherence and Risk Behavior

The two groups had similar rates of adherence to 
the study medication, as estimated by means of pill 
counts (84.1% in the TDF–FTC group and 83.7% 
in the placebo group, P = 0.79) and self-reported ad-
herence for the preceding 3 days (94.4% and 94.1%, 
respectively; P = 0.32). A total of 12 participants in 
the TDF–FTC group (2.0%) and 9 in the placebo 
group (1.5%) had their study medication perma-
nently discontinued for safety reasons (P = 0.66).

At the time of enrollment, most participants 
reported having had only one sexual partner in 

the preceding month (Table 1). The percentage of 
sexual episodes in which condoms were used with 
the main or most recent casual sexual partner 
was similar in the two study groups at enroll-
ment (81.4% [range, 76.6 to 86.4] in the TDF–
FTC group and 79.2% [range, 71.6 to 87.6] in the 
placebo group, P = 0.66) and remained stable over 
time (Fig. S3 in the Supplementary Appendix), and 
the reported number of sexual partners declined 
similarly in both groups during the course of the 
study (Fig. S4 in the Supplementary Appendix). 
Few participants reported having had any anal 
intercourse (2.6% in the TDF–FTC group and 
2.5% in the placebo group, P = 1.00); none of 
these participants underwent seroconversion.

Table 1. Baseline Characteristics of the Study Participants.*

Characteristic
TDF–FTC
(N = 611)

Placebo
(N = 608) P Value

Age — no. (%) 0.34

18–20 yr 10 (1.6) 15 (2.5)

21–29 yr 550 (90.0) 532 (87.5)

30–39 yr 51 (8.3) 61 (10.0)

Sex — no. (%) 0.93

Female 280 (45.8) 277 (45.6)

Male 331 (54.2) 331 (54.4)

Educational level — no. (%) 1.00

Primary or less 20 (3.3) 20 (3.3)

Secondary 446 (73.0) 445 (73.2)

Postsecondary 145 (23.7) 143 (23.5)

Marital status — no. (%) 0.45

Married 32 (5.2) 38 (6.2)

Single 578 (94.6) 567 (93.3)

Divorced or widowed 1 (0.2) 3 (0.5)

City of residence — no. (%) 0.97

Gaborone 326 (53.4) 325 (53.5)

Francistown 285 (46.6) 283 (46.5)

Any alcohol use in the previous 3 mo — no./total no. (%) 359/601 (59.7) 340/599 (56.8) 0.30

Male circumcision — no./total no. (%) 41/330 (12.4) 39/328 (11.9) 0.83

Female hormonal contraception chosen at enrollment — 
no./total no. (%)

0.57

Oral contraceptive 158/280 (56.4) 171/277 (61.7)

Injection or implant 105/280 (37.5) 90/277 (32.5)

No contraception† 15/280 (5.4) 13/277 (4.7)

Other method‡ 2/280 (0.7) 3/277 (1.1)
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Safety

Nausea, vomiting, and dizziness occurred more fre-
quently among participants who received TDF–FTC 
than among those who received placebo (nausea: 
18.5% vs. 7.1%, P<0.001; vomiting: 11.3% vs. 7.1%, 
P = 0.008; and dizziness: 15.1% vs. 11.0%, P = 0.03) 
(Table 2). These symptoms lessened after the first 
month (Fig. S5, S6, and S7 in the Supplementary 
Appendix). In contrast, leukorrhea and urethral 
discharge occurred more frequently among par-
ticipants who received placebo (leukorrhea: 4.9% 

with TDF–FTC vs. 8.7% with placebo, P = 0.01; and 
urethral discharge: 0.3% vs. 1.8%, P = 0.03). Rates 
of chlamydial infection and gonorrhea were similar 
in the two groups (chlamydial infection: 12.4% 
with TDF–FTC and 12.3% with placebo, P = 0.80; 
gonorrhea: 4.6% and 3.0%, respectively; P = 0.10) 
(Table S3 in the Supplementary Appendix). There 
were no significant differences between the study 
groups in the rates of serious clinical adverse events 
(10.3% with TDF–FTC and 10.9% with placebo, 
P = 0.90) or laboratory adverse events (Table 2, and 

Table 1. (Continued.)

Characteristic
TDF–FTC
(N = 611)

Placebo
(N = 608) P Value

Sexual behaviors — no. (%)

No. of lifetime sex partners 0.07

1 28 (4.6) 20 (3.3)

2–4 224 (36.7) 209 (34.4)

5–9 198 (32.4) 181 (29.8)

≥10 134 (21.9) 171 (28.1)

Unknown 27 (4.4) 27 (4.4)

No. of sex partners in previous mo 0.93

0 73 (11.9) 78 (12.8)

1 410 (67.1) 405 (66.6)

2 86 (14.1) 86 (14.1)

≥3 32 (5.2) 28 (4.6)

Unknown 10 (1.6) 11 (1.8)

Sex with known HIV-positive partner in previous mo 0.85

Yes 21 (3.4) 22 (3.6)

No 479 (78.4) 474 (78.0)

Unknown 111 (18.2) 112 (18.4)

Sexually transmitted infections — no./total no. (%)

Herpes simplex virus 2 seropositivity 208/601 (34.6) 220/600 (36.7) 0.11

Neisseria gonorrhoeae 12/578 (2.1) 12/565 (2.1) 0.96

Chlamydia trachomatis 43/578 (7.4) 54/566 (9.5) 0.20

Treponema pallidum 5/599 (0.8) 9/597 (1.5) 0.28

Trichomonas vaginalis in women 19/256 (7.4) 14/248 (5.6) 0.42

* Percentages may not total 100 because of rounding. HIV denotes human immunodeficiency virus, and TDF–FTC tenofovir 
disoproxil fumarate and emtricitabine.

† Of the participants who were not using hormonal contraception at enrollment, 15 (9 in the TDF–FTC group and 6 in the 
placebo group) started hormonal contraception at the time they started the study medication or soon thereafter. Of the 
remaining 13 participants, 11 (6 in the TDF–FTC group and 5 in the placebo group) never started the study medication. 
The other 2 participants (both in the placebo group) did not receive hormonal contraception, owing to a shortage of 
contraceptives during their enrollment visit, and they did not return after their enrollment visit.

‡ Other contraceptive methods included intrauterine devices and bilateral tubal ligation.
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Table S4 in the Supplementary Appendix). There 
were 107 pregnancies among 101 women during 
the study. Neither the rate of pregnancy nor the rate 
of fetal loss in early pregnancy differed significant-
ly between the study groups (pregnancy: 17.1% with 
TDF–FTC and 19.1% with placebo, P = 0.58; fetal 
loss: 7.1% and 6.9%, respectively; P = 1.00).

Effects on Bone Mineral Density

Among 109 participants in the TDF–FTC group 
and 112 in the placebo group in whom bone min-
eral density was measured, there was a decline in 
T scores and z scores for bone mineral density at 
the forearm, hip, and lumbar spine in participants 
who received TDF–FTC, as compared with those 
who received placebo (P = 0.004 for both T scores 

and z scores at the forearm and P<0.001 for both 
scores at the hip and lumbar spine) (Table 3, with 
sex-specific data in Tables S5 and S6 in the Sup-
plementary Appendix). Seven participants in the 
TDF–FTC group and 6 in the placebo group had 
a bone fracture after initiating the study treat-
ment (P = 0.74) (Table 2, and Table S7 in the Sup-
plementary Appendix).

Efficacy

A total of 36 participants became infected with 
HIV — 10 in the TDF–FTC group and 26 in the 
placebo group — which was equivalent to a pro-
tective efficacy of TDF–FTC as compared with 
placebo of 61.7% (95% confidence interval [CI], 
15.9 to 82.6; P = 0.03). With the exclusion of 3 par-

Table 2. Adverse Events, According to Treatment Group.*

Adverse Event
TDF–FTC
(N = 611)

Placebo
(N = 608) P Value†

no. of  
participants (%)

no. of 
events

no. of  
participants (%)

no. of 
events

Any 557 (91.2) 4357 536 (88.2) 4390 0.003

Any serious 63 (10.3) 68 66 (10.9) 79 0.90

Grade 3 or 4 only 19 (3.1) 21 29 (4.8) 32 0.17

At least possibly related to study drug 20 (3.3) 21 27 (4.4) 29 0.35

Upper respiratory tract infection 231 (37.8) 385 241 (39.6) 439 0.84

Headache 227 (37.2) 390 226 (37.2) 411 0.73

Dizziness 92 (15.1) 109 67 (11.0) 82 0.03

Abdominal pain 155 (25.4) 215 156 (25.7) 217 0.78

Nausea 113 (18.5) 132 43 (7.1) 48 <0.001

Vomiting 69 (11.3) 87 43 (7.1) 47 0.008

Diarrhea 76 (12.4) 93 65 (10.7) 76 0.22

≥5% Weight loss 75 (12.3) 113 61 (10.0) 72 0.13

Back pain 57 (9.3) 72 68 (11.2) 90 0.37

Rash 39 (6.4) 44 42 (6.9) 48 0.81

Fracture 7 (1.1) 7 6 (1.0) 8 0.74

Elevated creatinine 1 (0.2) 1 0 0 1.00

Hypophosphatemia 142 (23.2) 219 159 (26.2) 245 0.65

Hyperamylasemia 315 (51.6) 997 302 (49.7) 1017 0.45

Elevated AST 36 (5.9) 43 38 (6.2) 42 0.90

Elevated ALT 38 (6.2) 48 43 (7.1) 66 0.57

Death‡ 2 (0.3) 2 4 (0.7) 4 0.45

* ALT denotes alanine aminotransferase, and AST aspartate aminotransferase.
† All P values were calculated with the use of a time-to-first-event analysis (regression analysis of survival data on the basis 

of the Cox proportional-hazards model), with the exception of the P values for weight loss of 5% or more and death, 
which were calculated with the use of Fisher’s exact test.

‡ The causes of death in the TDF–FTC group were motor vehicle accident (one participant) and suicide (one); the causes 
of death in the placebo group were motor vehicle accident (two), homicide (one), and cerebrovascular accident (one).
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ticipants who were HIV-infected at the time of 
enrollment (1 in the TDF–FTC group and 2 in the 
placebo group), the overall protective efficacy 
of TDF–FTC in the modified intention-to-treat 
analysis (comprising 1216 participants) was 62.2% 
(95% CI, 21.5 to 83.4; P = 0.03) (Fig. 2A). The in-
cidence of HIV infection was estimated to be 1.2 
cases per 100 person-years in the TDF–FTC group 
and 3.1 cases per 100 person-years in the placebo 
group. In the as-treated analysis, in which follow-
up data for participants were censored 30 days 
after their last reported dose of study medication 
(with data censored for 4 participants in the TDF–
FTC group and 19 in the placebo group), the pro-
tective efficacy was 77.9% (95% CI, 41.2 to 93.6; 
P = 0.01) (Fig. 2B). TDF–FTC also had a protective 
effect in analyses of subgroups defined according 
to sex; however, the efficacy was not significant 
in all the analyses, owing to the occurrence of few 
end points in these subgroups (Table S8 in the Sup-
plementary Appendix).

Virus from two HIV-infected participants 
showed antiretroviral resistance mutations (Table 
S9 in the Supplementary Appendix). In one par-
ticipant in the TDF–FTC group, who had had un-
recognized wild-type, acute HIV infection at the 
time of enrollment, K65R, M184V, and A62V 
reverse transcriptase resistance mutations de-
veloped at high levels (approximately 100%). 

After the diagnosis of HIV infection, the par-
ticipant began receiving antiretroviral treatment 
with a combination of zidovudine, lamivudine, 
and lopinavir–ritonavir, with subsequent suppres-
sion of the plasma viral load to less than 400 cop-
ies per milliliter. In addition, one participant 
assigned to receive placebo had a K65R mutation 
intermittently and at very low levels (<1%) after 
seroconversion, although the mutation was not 
detected in the blood sample that had been ob-
tained closest to the estimated date of serocon-
version.

Plasma Drug Levels

Among the 4 participants in the TDF–FTC group 
who became infected with HIV during the study, 
2 (50%) had detectable levels of tenofovir and 
emtricitabine in plasma obtained at the visit be-
fore and closest to their estimated seroconver-
sion dates, whereas among the 69 participants, 
matched by sample date, who did not undergo 
seroconversion, 55 (80%) and 56 (81%) had detect-
able levels of tenofovir and emtricitabine, respec-
tively (Fig. S8 in the Supplementary Appendix). 
The geometric mean detectable plasma concentra-
tions of each drug were significantly lower among 
the participants who underwent seroconversion 
than among those who did not undergo serocon-
version: 0.3 ng per milliliter (95% CI, 0.01, 8.02) 

Table 3. Bone Mineral Density Scores.*

Assessment Forearm Hip Lumbar Spine

TDF–FTC
(N = 109)

Placebo
(N = 112) P Value

TDF–FTC
(N = 109)

Placebo
(N = 112) P Value

TDF–FTC
(N = 109)

Placebo
(N = 112) P Value

T score 0.004 <0.001 <0.001

Enrollment −0.75 −0.58 0.44 0.53 −0.72 −0.59

6 mo −0.77 −0.50 0.33 0.57 −0.84 −0.45

12 mo −0.79 −0.48 0.33 0.54 −0.77 −0.56

18 mo −0.93 −0.27 0.17 0.77 −0.92 −0.43

24 mo −0.92 −0.13 0.21 0.74 −1.11 −0.37

z Score 0.004 <0.001 <0.001

Enrollment −0.70 −0.54 0.45 0.54 −0.67 −0.54

6 mo −0.73 −0.45 0.35 0.58 −0.80 −0.41

12 mo −0.72 −0.42 0.34 0.55 −0.74 −0.53

18 mo −0.88 −0.21 0.18 0.78 −0.88 −0.41

24 mo −0.87 −0.13 0.20 0.76 −1.09 −0.28

* In the TDF–FTC group, 58 participants completed bone mineral density testing at the 6-month visit, 45 at the 12-month visit, 36 at the 
18-month visit, and 23 at the 24-month visit. In the placebo group, 66 participants completed bone mineral density testing at the 6-month 
visit, 44 at the 12-month visit, 33 at the 18-month visit, and 35 at the 24-month visit.
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vs. 30.6 ng per milliliter (95% CI, 16.3 to 57.5) for 
tenofovir (P = 0.007) and 0.5 ng per milliliter (95% 
CI, 0.01 to 25.3) vs. 103.3 ng per milliliter (95% CI, 
45.4 to 234.9) for emtricitabine (P = 0.009). Nei-
ther drug was detected in any of the 19 partici-
pants in the placebo group who underwent sero-
conversion.

Discussion

In this study of 1219 young, heterosexual adults in 
Botswana, TDF–FTC, taken orally once daily, de-
creased the rate of HIV infection by 62.2% when it 
was administered as part of a comprehensive pack-
age of HIV-prevention services. The protective ef-
ficacy was higher when the analysis was limited to 
participants who reported having taken the study 
medication within the previous 30 days, a finding 
that is consistent with increased efficacy among 
participants with high adherence to study medica-
tion in other trials of preexposure prophylaxis.5,10,11 
The rates of nausea, vomiting, and dizziness were 
higher among participants who were assigned to 
receive TDF–FTC than among those assigned to 
received placebo; these symptoms were transient 
and in most cases resolved rapidly. Over the 
course of 2 years of prophylaxis, we observed a 
small but significant decline in bone mineral 
density among participants taking TDF–FTC. We 
previously reported that 57% of our study popu-
lation had low bone mineral density at the time 
of enrollment,12 and our study population may 
therefore have been at increased risk for loss of 
bone mineral density while taking TDF. The clin-
ical relevance of the observed decline in bone 
mineral density with respect to the risk of frac-
ture remains uncertain. In other studies of HIV-
negative persons receiving TDF as preexposure 
prophylaxis and in studies of previously untreat-
ed HIV-infected patients who were prescribed 
TDF–FTC as part of an antiretroviral therapy 
regimen, rates of fracture attributable to TDF ex-
posure were not increased, despite a modest loss 
of bone mineral density; however, the duration of 
medication use and the length of follow-up were 
relatively short.13,14
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Figure 2. Kaplan–Meier Estimates of Time to HIV 
Infection.

Panel A shows the Kaplan–Meier estimates of the time 
to HIV infection in the modified intention-to-treat 
analysis, which included all study participants who 
were randomly assigned to receive a study medication, 
with the exception of participants who were retrospec-
tively determined to have been infected with HIV at the 
time of enrollment. Panel B shows Kaplan–Meier esti-
mates of the time to HIV infection in the as-treated 
analysis, in which follow-up data from participants in 
the modified intention-to-treat cohort were censored 
30 days after participants reported receiving their last 
dose of study medication. The insets in both panels 
show the same data on an enlarged y axis.
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We detected drug resistance among partici-
pants taking TDF–FTC who were infected with 
HIV at enrollment, an observation that has also 
been reported in other trials of preexposure pro-
phylaxis.4,15 The emergence of K65R, M184V, 
and A62V antiretroviral resistance mutations in 
a participant who had had unrecognized wild-
type infection at the time of enrollment high-
lights the importance of careful HIV screening 
before and during preexposure prophylaxis. The 
low frequency of the K65R mutation detected 
intermittently in a participant in the placebo 
group falls within the reported natural polymor-
phism frequency for subtype C virus in the ab-
sence of drug,16 suggesting that the mutation 
was probably not induced by tenofovir.

Our findings that participants who did not 
undergo seroconversion were more likely than 
those who did to have detectable plasma levels 
of drug and to have higher drug levels when 
detected highlight the critical importance of ad-
herence. Both the Preexposure Prophylaxis Ini-
tiative (iPrEx) study and the Partners Preexpo-
sure Prophylaxis (Partners PrEP) study showed 
that the efficacy of preexposure prophylaxis de-
pends largely on adherence to the medication, as 
assessed by measurement of plasma drug con-
centrations.4,11 These findings are important to 
consider in light of the results of the Preexpo-
sure Prophylaxis Trial for HIV Prevention among 
African Women (FEM-PrEP) and the Vaginal and 
Oral Interventions to Control the Epidemic study 
(VOICE; ClinicalTrials.gov number, NCT00705679), 
both of which involved high-risk women.7,8 Final 
analyses for the VOICE trial are pending, but the 
FEM-PrEP investigators noted that less than 40% 
of HIV-infected women and of HIV-uninfected 
women who were tested had detectable levels of 
study medication around the time of HIV infec-
tion and concluded that this poor adherence was 
likely to have contributed to the inability to iden-
tify efficacy.17

In our study, risky sexual behavior did not 
increase among the participants receiving study 
medication; however, taking a medication with 
known efficacy might lead to increased sexual 
disinhibition. Additional data from open-label 
and pilot implementation studies are needed to 
better understand the ways in which adherence 
to and acceptability of medication and potential 
increases in risky sexual behavior while taking 
medication alter the effectiveness of preexposure 
prophylaxis.

Our study has several limitations. First, the 
rates of study completion were lower than pre-
dicted, because more participants than expected 
withdrew from the study, mostly owing to re-
location or conflicting obligations. Other research-
ers conducting studies in Botswana have noted 
difficulties in retaining this young, mobile, 
healthy population.18 Our intensive efforts to 
reach participants who missed repeated visits 
ensured that 89.3% of all enrollees completed 
exit procedures and that final HIV infection sta-
tus was known for 89.2%. Given the fact that the 
rates of study completion were similar in the 
two study groups, we believe that the lower-
than-predicted retention rate did not confound 
or otherwise limit our findings. In addition, the 
total of 1563 person-years represented 80.2% of 
the person-years we had estimated we would 
need for our original power calculations. Sec-
ond, our findings may not be generalizable to 
other populations, since we did not assess the 
efficacy of preexposure prophylaxis with TDF–
FTC in preventing the transmission of HIV 
through anal sex or injection-drug use. Finally, 
we cannot state conclusively that TDF–FTC was 
protective for men and women independently, as 
was shown in the Partners PrEP study, which 
involved discordant couples who were prescribed 
TDF–FTC.15

In conclusion, daily oral TDF–FTC, given in 
the context of other prevention services, pre-
vented HIV infection among heterosexual men 
and women. Additional data from other studies 
of the efficacy of preexposure prophylaxis and 
operational open-label research will help deter-
mine the effectiveness of programs that promote 
preexposure prophylaxis for the prevention of 
HIV infection.
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Pre-exposure prophylaxis to prevent the acquisition of HIV-1 
infection (PROUD): eff ectiveness results from the pilot phase 
of a pragmatic open-label randomised trial
Sheena McCormack*, David T Dunn*, Monica Desai, David I Dolling, Mitzy Gafos, Richard Gilson, Ann K Sullivan, Amanda Clarke, Iain Reeves, 
Gabriel Schembri, Nicola Mackie, Christine Bowman, Charles J Lacey, Vanessa Apea, Michael Brady, Julie Fox, Stephen Taylor, Simone Antonucci, 
Saye H Khoo, James Rooney, Anthony Nardone, Martin Fisher, Alan McOwan, Andrew N Phillips, Anne M Johnson, Brian Gazzard, Owen N Gill

Summary
Background Randomised placebo-controlled trials have shown that daily oral pre-exposure prophylaxis (PrEP) with 
tenofovir–emtricitabine reduces the risk of HIV infection. However, this benefi t could be counteracted by risk 
compensation in users of PrEP. We did the PROUD study to assess this eff ect.

Methods PROUD is an open-label randomised trial done at 13 sexual health clinics in England. We enrolled HIV-
negative gay and other men who have sex with men who had had anal intercourse without a condom in the previous 
90 days. Participants were randomly assigned (1:1) to receive daily combined tenofovir disoproxil fumarate (245 mg) 
and emtricitabine (200 mg) either immediately or after a deferral period of 1 year. Randomisation was done via 
web-based access to a central computer-generated list with variable block sizes (stratifi ed by clinical site). Follow-up 
was quarterly. The primary outcomes for the pilot phase were time to accrue 500 participants and retention; secondary 
outcomes included incident HIV infection during the deferral period, safety, adherence, and risk compensation. The 
trial is registered with ISRCTN (number ISRCTN94465371) and ClinicalTrials.gov (NCT02065986).

Findings We enrolled 544 participants (275 in the immediate group, 269 in the deferred group) between Nov 29, 2012, 
and April 30, 2014. Based on early evidence of eff ectiveness, the trial steering committee recommended on 
Oct 13, 2014, that all deferred participants be off ered PrEP. Follow-up for HIV incidence was complete for 243 (94%) 
of 259 patient-years in the immediate group versus 222 (90%) of 245 patient-years in the deferred group. Three HIV 
infections occurred in the immediate group (1·2/100 person-years) versus 20 in the deferred group 
(9·0/100 person-years) despite 174 prescriptions of post-exposure prophylaxis in the deferred group (relative 
reduction 86%, 90% CI 64–96, p=0·0001; absolute diff erence 7·8/100 person-years, 90% CI 4·3–11·3). 13 men 
(90% CI 9–23) in a similar population would need access to 1 year of PrEP to avert one HIV infection. We recorded 
no serious adverse drug reactions; 28 adverse events, most commonly nausea, headache, and arthralgia, resulted in 
interruption of PrEp. We detected no diff erence in the occurrence of sexually transmitted infections, including rectal 
gonorrhoea and chlamydia, between groups, despite a suggestion of risk compensation among some PrEP recipients. 

Interpretation In this high incidence population, daily tenofovir–emtricitabine conferred even higher protection 
against HIV than in placebo-controlled trials, refuting concerns that eff ectiveness would be less in a real-world 
setting. There was no evidence of an increase in other sexually transmitted infections. Our fi ndings strongly support 
the addition of PrEP to the standard of prevention for men who have sex with men at risk of HIV infection.

Funding MRC Clinical Trials Unit at UCL, Public Health England, and Gilead Sciences.

Copyright © McCormack et al. Open Access article distributed under the terms of CC BY.

Introduction
HIV is a disease of major importance in the UK, with an 
estimated 107 800 individuals with HIV at the end of 2013.1 
Prognosis is excellent, but treatment is lifelong with an 
inexorable increase in costs to the National Health 
Service.2 Gay, bisexual, and other men who have sex with 
men are the most at risk of acquiring HIV in the UK.1 
There has been no decrease in the numbers of new 
diagnoses reported each year for the past decade (3250 in 
2013), and estimates suggest that HIV incidence has 
increased in this population.3 These trends have occurred 
despite increased HIV testing and a move towards earlier 

initiation of antiretroviral therapy, which renders most 
patients non-infectious.4,5 Although HIV testing and 
promotion of condom use will always be core strategies 
for reducing risk, a more radical approach is needed for 
people who do not have HIV and whose condom use is 
inconsistent. One such approach is pre-exposure 
prophylaxis (PrEP), the provision of antiretroviral drugs 
before HIV exposure to prevent infection.

The biological effi  cacy of daily oral tenofovir-based 
regimens used as PrEP to reduce HIV acquisition has 
been established through randomised placebo-controlled 
trials including men who have sex with men,6 
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heterosexual individuals,7,8 and intravenous drug users.9 
One purpose of using placebo in these studies was to 
avoid confounding bias due to risk compensation, which 
occurs if individuals perceive themselves to be protected 
by PrEP and so become more likely to engage in riskier 
sexual practices.10,11 If this eff ect exists, it could undermine 
the biological protection conferred by PrEP and its value 
as a public health intervention.10,12–14

We designed the PROUD study (appendix) to assess 
the eff ectiveness of PrEP. The eff ectiveness was the net 
eff ect of effi  cacy, adherence, and any change in sexual 
behaviour as a result of PrEP. Here, we report the pilot 
phase, in which we assessed recruitment and retention 
to test the feasibility of a large-scale trial. However, the 
unexpectedly large number of HIV infections enabled us 
to present fi ndings on the eff ectiveness of PrEP, as well 
as safety, adherence, and risk compensation. 

Methods
Study design and participants
We did this pragmatic, open-label, randomised controlled 
trial at 13 sexual health clinics in England. Eligible 
participants were male at birth, were aged 18 years or 
older, had previously attended the enrolling clinic, had 
been screened for HIV and other sexually transmitted 
infections, were HIV negative by a routinely used assay in 
the previous 4 weeks or on the day of enrolment, and had 
reported anal intercourse without a condom in the 
previous 90 days and likely in the opinion of the 
participant to have anal intercourse without a condom in 
the next 90 days. We excluded participants with acute 
viral illness possibly due to HIV seroconversion, any 
contraindication to tenofovir disoproxil fumarate or 
emtricitabine, and those being treated with or with 
treatment indicated for hepatitis B infection. The study 
was reviewed and approved by London Bridge Research 
Ethics Committee. The study protocol is available online. 
All patients provided written informed consent.

Randomisation and masking
We randomly assigned participants (1:1) to receive PrEP 
either starting at the enrolment visit (immediate group) 
or after a deferral period of 1 year (deferred group). The 
computer-generated randomisation list with variable 
block sizes (of four, six, and eight; stratifi ed by clinical 
site) was prepared by one of the trial statisticians (DID)  
and incorporated within the database held at the 
coordinating centre. Randomisation was web-based and 
done by approved members of the research team at each 
clinic. Regular sexual partners were encouraged to enrol 
together and both partners allocated to the same group to 
minimise the possibility of drug sharing. Neither patients 
nor investigators were masked to the treatment allocation.

Procedures
We used procedures that we envisaged for a public health 
PrEP programme, including the lack of a screening visit, 
and the use of HIV and sexually transmitted infection 
results collected at other clinics and during non-study 
visits. All laboratory investigations were done locally with 
routine assays in compliance with the UK standards for 
the management of sexually transmitted infections.15 
These guidelines recommend urethral, rectal, and 
pharyngeal nucleic acid amplifi cation tests for Chlamydia 
trachomatis and Neisseria gonorrhoeae, with culture for 
N gonorrhoeae as indicated; serology for syphilis; serology 
or nucleic acid assays for hepatitis B and C as indicated. 
The protocol did not stipulate the collection and storage 
of a baseline sample for HIV although this was routine 
practice in some clinics.

At the enrolment visit, baseline demographic, clinical, 
and sexual behavioural data were recorded. Participants 
were screened for sexually transmitted infections if they 
reported a new partner since their previous screen, and 
assessed for hepatitis B immunisation status. A rapid 
antibody point-of-care HIV test was done if no HIV 
antigen–antibody test had been done in the previous 

For the trial protocol see 
http://www.proud.mrc.ac.uk/

study_protocol.aspx

Research in context

Evidence before this study
We reviewed all randomised controlled trials of pre-exposure 
prophylaxis (PrEP) listed in the HIV Prevention Research & 
Development Database, which has comprehensive information 
on biomedical clinical trials of HIV prevention that are planned, 
ongoing, or completed. We identifi ed several completed and 
ongoing placebo-controlled trials designed to assess biological 
effi  cacy and demonstration projects designed to facilitate 
implementation, but no open-label randomised trials that 
assess real-life eff ectiveness.

Added value of this study
PROUD is the fi rst-open-label randomised controlled trial of 
PrEP, and used a pragmatic schedule and procedures to 
represent how PrEP would be used in routine clinical practice. 

Our results refute concerns that the eff ectiveness of PrEP would 
be compromised when used in clinical practice, and the 
reduction in HIV incidence exceeded that reported from any 
placebo-controlled trial. The incidence of HIV infection among 
men not on PrEP was high (nine cases per 100 person-years), 
implying that the off er of PrEP is likely to attract individuals 
who are most likely to benefi t from it.

Implications of all the available evidence
A public health programme of PrEP could have a major role in 
preventing a condition that requires lifelong treatment and 
curtailing the HIV epidemic. Structural and fi nancial barriers 
that might impede its implementation should be urgently 
addressed. 

See Online for appendix for 
PROUD clinic and research 

teams, and governance
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4 weeks, and all participants had an HIV antigen–antibody 
test after randomisation. Interventions to reduce risk were 
off ered according to routine practice at the clinic.

The PrEP regimen was a single daily tablet containing 
245 mg of tenofovir disoproxil fumarate and 200 mg of 
emtricitabine (Truvada; Gilead Sciences, Foster City, 
CA, USA). Participants allocated to the immediate 
group were initially prescribed 30 tablets together with 
information about dosing and potential side-eff ects, 
including that maximum protection against HIV 
would be achieved only after reaching steady state 
concentrations (roughly 2 weeks, estimated from 
fi ve half-lives of the intracellular drug concentration).16 
A blood sample was obtained to measure serum 
creatinine. An appointment was made within 1 month, 
primarily as a safety and tolerability check, and to 
prescribe 90 tablets. The same procedures were followed 
when participants in the deferred group started PrEP. 
Follow-up is scheduled to continue until the fi nal 
enrolled participant has completed 2 years in the study.

All participants were asked to attend clinic every 
3 months. These visits included an HIV test and a screen 
for bacterial sexually transmitted infections. Hepatitis C 
screening was indicated if the participant reported 
injecting or snorting drugs, fi sting, or the use of sex 
toys. Suffi  cient PrEP was prescribed to extend 1 month 
beyond the next quarterly appointment. A subsequent 
protocol amendment allowed 6 months of PrEP to be 
prescribed in exceptional circumstances—eg, travel 
overseas. Serum creatinine was checked yearly, but 
additional tests were triggered at intervening visits if 
more than a trace of protein was detected by urine 
dipstick and could not be explained by infection.17 
Potential side-eff ects of study drug and discontinuations 
for a medical event were asked about at each visit. In the 
event of HIV seroconversion, the earliest available HIV-
positive sample was tested for genotypic drug resistance, 
in accordance with UK guidelines.18

Participants were asked to complete monthly 
questionnaires and daily diaries about sexual behaviour 
and adherence to PrEP, either online or on paper. A more 
detailed questionnaire, including information on the 
number and type of sexual partners in the previous 
90 days, was administered at enrolment and at yearly visits. 
Plasma concentrations of tenofovir were measured in a 
sample of 52 participants who reported that they were 
taking PrEP and who attended one of fi ve sites on a day the 
laboratory was able to process the samples. We attempted 
to identify additional HIV and sexually transmitted 
infection results in participants lost to follow-up by 
searching electronic clinic records in other PROUD clinics.

Outcomes
The primary outcome was time to accrual of 
500 participants and retention. The secondary outcomes 
were HIV infection, safety, adherence, and risk 
compensation (see protocol). HIV infection was defi ned 

as a reactive HIV antigen–antibody test result (confi rmed 
by the detection of HIV RNA), in participants without 
HIV infection at enrolment. Although retrospective 
testing of enrolment samples for HIV RNA was possible 
at some sites these results were not considered. 

We included data up to and including the fi rst test after 
48 weeks or the closure date of the deferred group on 
Oct 13, 2014, whichever was earlier (the deferral phase). 
We censored person-years of observation at the date of 
the fi rst reactive HIV test for participants who became 
infected, or the date of the last test for those who did not. 
We calculated expected person-years of observation 
assuming that participants had attended all study visits, 
as per the study protocol.

Statistical analysis
PROUD was designed with a sample size of 
5000 participants, powered to detect a 50% reduction in 
HIV incidence from 2·5 to 1·25 infections per 100 person-
years. For the pilot study, we used an arbitrary 10% sample 
size of 500. Because of the unlikeliness of showing the 
eff ectiveness of PrEP in a pilot study, data were initially 
monitored by a single independent expert not masked to 
allocation. As it emerged that HIV incidence was much 
higher than anticipated, an independent data monitoring 
committee was set up in June, 2014. The committee 

Figure 1: Trial profi le
*First to deferred and subsequently to immediate; considered in the deferred group for analyses but continued on 
pre-exposure prophylaxis. †19 pairs of partners were allocated to the same group (14 to immediate, fi ve to 
deferred) including six pairs (all assigned to the immediate group) not enrolled concurrently. ‡One participant who 
was allocated to the deferred group was prescribed immediate pre-exposure prophylaxis in error; he was included 
in the deferred group for analyses but continued on pre-exposure prophylaxis. §Includes unable to contact, moved 
away, and non-attendance as no longer at risk. ¶HIV status ascertained if confi rmed HIV-positive or HIV-negative 
test after 48 weeks or after Oct 13, 2014. 

546 patients enrolled

544 eligible†

275 assigned to immediate group

2 HIV positive at enrolment
5 no HIV test after enrolment

  1 HIV positive at enrolment
13 no HIV test after enrolment

269 assigned to deferred group‡

268 contributed to HIV incidence 
 analysis

  3 withdrew
17 lost to follow-up§
  1 death

   4 withdrew
16 lost to follow-up§

255 contributed to HIV incidence 
 analysis

247 HIV status ascertained¶ 235 HIV status ascertained¶

2 randomly assigned twice*
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regarded the diff erence between groups in rate of HIV 
infection (rate diff erence) as the key measure for public 
health policy, and adopted a lower 2·5% confi dence limit 
greater than two infections per 100 person-years as a 
threshold for notifying the steering committee, although 
this was not a formal stopping rule.

Analyses included all participants according to their 
randomised allocation (intention to treat) apart from the 
exclusion of individuals with a reactive HIV antigen–
antibody result at enrolment in analyses of HIV incidence 
(modifi ed intention to treat). We compared incidence 
rates between the two groups by both the rate diff erence 
and the rate ratio. We calculated exact 90% CIs rather 
than 95% CIs because we were primarily interested in the 
lower confi dence limit—ie, the minimal estimate of the 
eff ectiveness.19 We derived the number-needed-to-treat to 
directly avert (prevent or delay) one HIV infection from 
the reciprocal of the rate diff erence.20 All analyses used 
data collected during the deferral phase of the trial, up to 
the date of extraction on June 10, 2015.

We planned to assess individual-level adherence and 
longitudinal sexual behaviour, but the low proportion of 
participants who completed the monthly questionnaire 
and diary prevented us from doing so. We therefore 

reported overall prescriptions of trial drug and 
cross-sectional analyses of sexual behaviour on the basis 
of baseline and 1 year questionnaires only. We compared 
the number of diff erent anal sex partners at 1 year in each 
group using a stratifi ed test for trend,21 according to the 
category at the enrolment visit. We used logistic 
regression to analyse the probability of detecting a 
sexually transmitted infection during follow-up, adjusting 
for the number of screens (as a linear term). We did the 
statistical analyses with Stata (version 13.1).

The trial is registered with ISRCTN (ISRCTN94465371) 
and ClinicalTrials.gov (NCT02065986).

Role of the funding source
Employees of the funders had a role in the design of the 
study, data collection, analysis, and interpretation, and 
writing the report. The corresponding author had full 
access to all the data in the study and had fi nal 
responsibility for the decision to submit for publication.

Results
We randomly assigned 544 participants between 
Nov 29, 2012, and April 30, 2014: 275 to the immediate 
group and 269 to the deferred group. Two participants 
had enrolled twice to access PrEP and were analysed in 
the deferred group (fi gure 1).

The data monitoring committee considered the results 
of an interim analysis on Oct 6, 2014, and alerted the 
steering committee to a signifi cantly increased risk of 
HIV infection in the deferred group. On Oct 13, 2014, 
the principal investigators at sites were requested by the 
steering committee to off er PrEP to all participants in 
the deferred group who had not yet had this opportunity 
(n=163).

Baseline characteristics were well balanced between the 
two groups (table 1). Median age was 35 years (29–43), 
327 (61%) of 540 participants were university graduates, 
217 (40%) of 540 were born outside of the UK, and 160 
(30%) of 540 were living with a partner. In the previous 
12 months, 331 (64%) of 517 had been diagnosed with a 
sexually transmitted infection (172 [33%] with rectal 
gonorrhoea or chlamydia), 184 (36%) of 510 had received 
at least one course of post-exposure prophylaxis, and the 
median number of HIV tests done was 3 (IQR 2–4). 
231 (44%) of 525 participants had used one or more drugs 
associated with sexual disinhibition (γ-hydroxybutyrate, 
4-methylmethcathinone, or methamphetamine) in the 
past 90 days.

14 (5%) of 275 participants in the immediate group were 
prescribed no further study drug after the initial 
prescription. Overall, suffi  cient study drug was prescribed 
for 88% of the total follow-up time. Tenofovir was 
detected in plasma of all 52 sampled participants 
(range 38–549 ng/mL) who reported that they were taking 
PrEP. 21 (8%) of 275 participants interrupted or missed 
doses because of 28 adverse event episodes. 13 of the 
episodes were considered related to study drug (table 2). 

Immediate group 
(n=273)

Deferred group 
(n=267)

Age (years) 35 (30–43) 35 (29–42)

Ethnicity

White 220 (81%) 219 (83%)

Asian 14 (5%) 15 (6%)

Black 11 (4%) 10 (4%)

Other 28 (10%) 21 (8%)

University degree 161 (59%) 166 (62%)

Unemployed 24 (9%) 20 (8%)

Born outside the UK 110 (40%) 107 (40%)

Relationship status

Partner, living together 87 (32%) 73 (27%)

Partner, living separately 40 (15%) 46 (17%)

No partner 146 (53%) 147 (55%)

Circumcised 77 (28%) 79 (30%)

Chemsex* in past 90 days 115 (43%) 116 (45%)

Sexually transmitted infection diagnosed in past 12 months

Any 164 (63%) 167 (65%)

Bacterial† 150 (58%) 155 (60%)

Rectal gonorrhoea or chlamydia 89 (34%) 83 (32%)

Number of HIV tests in past 12 months 3 (2–4) 3 (2–4)

Used post-exposure prophylaxis in past 12 months 91 (35%) 93 (37%)

Data are median (IQR) or n (%). Two participants in each group did not return the questionnaire. Data were missing for 
ethnicity (none in the immediate group vs two in the deferred group), education (one vs none), employment status 
(none vs two), born outside UK (one vs none), relationship status (none vs one), circumcision status (two vs two), 
chemsex use (seven vs eight), history of sexually transmitted infection (13 vs ten), previous HIV tests (ten vs ten), and 
use of postexposure prophylaxis (15 vs 15). *Use of either γ-hydroxybutyrate, 4-methylmethcathinone, or 
methamphetamine to facilitate or enhance sex. †Gonorrhoea, chlamydia, or syphilis. 

Table 1: Baseline characteristics
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20 of 21 participants restarted study drug. The most 
common drug-related symptoms were nausea, headache, 
and arthralgia. Three of 21 participants interrupted study 
drug because of high creatinine concentration; two had 
comorbidities and were taking concomitant prescription 
drugs but a relationship to study drug could not be 
excluded, and one was thought to be due to recreational 
drugs. 29 serious adverse events (including one death) 
were reported in 27 participants, but none were attributed 
to study drug (appendix p 5).

Use of post-exposure prophylaxis (the recommended 
regimen at the time of the study was a 28-day course 
of tenofovir disoproxil fumarate–emtricitabine plus 
lopinavir) was common in the deferred group. 174 courses 
were prescribed to 85 participants during the deferral 
phase: 36 participants received one course, 27 received 
two courses, and 22 received three or more courses. 
Post-exposure prophylaxis was also prescribed to 
12 participants (14 prescriptions) in the immediate group 
in this period.

Three participants (two in the immediate group, one in 
the deferred group) had a reactive HIV antigen–antibody 
test at baseline (all were non-reactive by an antibody 
point-of-care test; fi gure 1). A further 18 participants had 
no recorded HIV tests after the enrolment visit leaving 
523 (96%) of 544 who contributed to the analysis of HIV 
incidence. We had 243 person-years of follow-up for the 
immediate group (94% of the expected 259 person-years) 
and 222 person-years for the deferred group (90% of the 
expected 245 person-years). 20 patients had new incident 
HIV infections in the deferred group (fi gure 2), of 
whom six had been prescribed a total of 12 courses 
of post-exposure prophylaxis during follow-up. In 
six patients, the last negative antigen–antibody test was 
at the enrolment visit. By contrast, only three incident 
HIV infections occurred in the immediate group. One 
participant had a reactive HIV test at the 4-week visit, and 
infection is thought to have pre-dated the start of PrEP, 
based on the history provided. The second participant 
was HIV reactive at 61 weeks and had been prescribed no 
study drug since the enrolment visit. The third participant 
presented with a seroconversion illness at 53 weeks; his 
last clinic attendance was at the 12-week visit when he 
was prescribed 90 tablets of study drug. These fi ndings 
suggest that there were no breakthrough HIV infections 
in participants who were taking PrEP.

HIV incidence was signifi cantly lower in the 
immediate group (1·2 cases per 100 person-years, 
90% CI 0·4–2·9) than in the deferred group (9·0 per 
100 person-years, 90% CI 6·1–12·8; p=0·0001). This 
diff erence corresponds to a proportionate reduction of 
86% (90% CI 64–96) and a rate diff erence of 7·8 per 
100 person-years (90% CI 4·3–11·3). 13 men (90% CI 
9–23) in a similar population would need access to 1 year 
of PrEP to avert one HIV infection. HIV diagnoses in 
the deferred group were fairly evenly distributed over 
follow-up (appendix p 7).

All fi ve participants in the immediate group who had 
HIV infection were tested for resistance. Two of the three 
participants with a reactive test at enrolment or the 
4-week visit developed mutations at codon 184 in reverse 
transcriptase (Met184Ile/Met, Met184Ile/Val/Met), 
probably selected by exposure to emtricitabine. No 
resistance was detected in the two participants with later 
infections, which was not surprising given their apparent 
non-adherence to PrEP. No participant had mutations 
associated with tenofovir disoproxil fumarate treatment 
(Lys65Arg, Lys70Glu).

Questionnaires about sexual behaviour in the previous 
90 days were completed and returned by 534 participants 
at baseline (271 in the immediate group vs 263 in the 
deferred group) and by 406 participants at 1 year (212 vs 
194). Total number of diff erent anal sex partners varied 
widely at the two timepoints, and we detected no 
signifi cant diff erence between groups at 1 year (p=0·57; 

Weeks 
since 
enrolment

Signs and symptoms Grade* Relation to 
study drug*

A 44 Hospital-acquired pneumonia Potentially life 
threatening

Unlikely

B 43 Chest pain musculoskeletal Potentially life 
threatening

Unrelated

C 4 Headache Severe Probable

D 2 Fall Severe Unrelated

E 35 Anxiety or panic attack Severe Unrelated

F 43 Depression Severe Unrelated

G 52 Manic depression Severe Unrelated

H 0 Nausea, abdominal pain Moderate Probable

C 0 Headache Moderate Probable

I 5 Nausea Moderate Probable

J 24 Polyarthralgia Moderate Probable

K 49 Nausea Moderate Probable

L 0 Infl uenza-like illness Moderate Possible

M 4 High creatinine concentration Moderate Possible

H 1 Breathlessness, palpitations, chest pain Moderate Unlikely

N 1 Anxiety or depression Moderate Unlikely

O 1 Gastroenteritis Moderate Unlikely

H 2 Chest pain Moderate Unlikely

P 46 Loin pain Moderate Unlikely

B 47 Central chest pain Moderate Unlikely

Q 6 Headache Moderate Unrelated

O 6 Intermittent nausea Mild Defi nite

A 39 High creatinine concentration Mild Probable

R 12 Lipoatrophy Mild Possible

R 28 Fatigue, arthralgia Mild Possible

S 47 Arthralgia Mild Possible

T 5 High creatinine concentration Mild Unlikely

U 14 Abnormal liver function Mild Unlikely

Events in participants in the immediate group during the deferral phase of follow-up. All participants other than 
participant B restarted study drug. *As assessed by participant’s clinician. 

Table 2: Interruptions to treatment because of clinical or laboratory adverse events, by participant
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appendix p 8). However, a larger proportion of participants 
allocated to immediate PrEP than allocated to deferred 
PrEP reported receptive anal sex with ten or more partners 
without a condom (21% vs 12%; p=0·03, test for trend).

152 (57%) of 265 participants in the immediate group 
versus 124 (50%) of 247 in the deferred group were 
diagnosed with one or more bacterial sexually transmitted 
infection during follow-up, most commonly gonorrhoea 
and chlamydia (table 3). The randomised comparison 
was biased by the greater number of screens for sexually 
transmitted infections in the immediate group versus 
the deferred group (mean 4·2 vs 3·6), a consequence 
of more regular study clinic attendance to collect 
prescriptions in the immediate group. After adjustment 
for the number of screens, we found no signifi cant 
diff erence between the groups, either for individual 
sexually transmitted infections or overall (table 3). 
Particularly, the proportion of participants diagnosed 
with rectal gonorrhoea or chlamydia, which is an 

indicator of receptive anal intercourse without a condom, 
was much the same in the two groups (table 3). 
Six incident hepatitis C infections occurred, three in each 
group. Injecting drug use was the possible route of 
transmission in three of these participants (two in the 
immediate group vs one in the deferred group), and a 
fourth participant (in the deferred group) acquired 
hepatitis C virus infection around the time or shortly 
after HIV infection.

Discussion
Our fi ndings refute concerns that the eff ectiveness of 
PrEP would be compromised in a real-world setting. 
Indeed, the reduction in HIV incidence we recorded 
exceeds that reported in any placebo-controlled trial.22 
The proportion of sexually transmitted infections, 
including rectal gonorrhoea or chlamydia, did not diff er 
signifi cantly between groups despite a suggestion of risk 
compensation among a small proportion of PrEP 
recipients.

The study has strengths and weaknesses. First, the 
open-label rather than placebo-controlled design enabled 
us to capture the outcome that is most relevant for 
assessing PrEP within a public health prevention 
programme: the combination of the direct biological 
effi  cacy of the drug and the indirect eff ect of altered 
sexual behaviour among individuals who knew they 
were taking PrEP. Placebo-controlled trials may 
underestimate actual adherence because there is less 
incentive to take a tablet when the participant knows 
that it might be a placebo.11 Second, the lack of data on 
adherence to PrEP and sexual behaviour is a limitation. 
However, the measured drug concentrations validated 
the reports of participants who said they were taking 
study drug, by contrast with placebo-controlled trials.6,23,24 
The absence of longitudinal data for sexual behaviour 
is frustrating, as we cannot assess precisely how 
participants matched adherence to risk, and insights 
into risk compensation are limited to a single timepoint 
at 1 year. However, we were able to use the information 
in the routine clinic records to capture the results of 
screens for HIV and sexually transmitted infection in 
the study database, and achieve a high level of follow-up 
for these endpoints. A larger study would have given 
more precise estimates of the eff ect of PrEP on sexually 
transmitted infections. Third, two men enrolled twice to 
access PrEP, and it is possible that others in the deferred 
group co-enrolled without detection or accessed PrEP 
from other sources, resulting in the eff ectiveness of 
PrEP being underestimated. Finally, because the trial 
stopped early the probability of type I error is increased.

An important issue in PrEP implementation 
programmes is eligibility.22 We included participants who 
reported at least one anal sex act without a condom in the 
preceding 90 days; consequently, the reported sexual risk 
behaviour at enrolment was diverse. Despite the broad 
eligibility criteria and extensive use of post-exposure 

Figure 2: Incident HIV infections
Left bound for each HIV case represents last non-reactive HIV test; right bound represents fi rst reactive HIV test. 
The dotted line represents time when participants in the deferred group became eligible for pre-exposure 
prophylaxis under the original protocol. *Had a stored enrolment sample that tested positive for HIV RNA but was 
retained in the analysis.

*

0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84

Immediate group (n=3) Deferred group (n=20)

Time (weeks) Time (weeks)

Immediate Deferred Unadjusted 
odds ratio

Adjusted odds ratio 
(90% CI)*

p value

Any 152/265 (57%) 124/247 (50%) 1·33 1·07 (0·78–1·46) 0·74

Gonorrhoea† 103/261 (39%) 89/242 (37%) 1·12 0·86 (0·62–1·20) 0·46

Chlamydia† 77/261 (30%) 54/242 (22%) 1·46 1·27 (0·89–1·80) 0·27

Syphilis 30/263 (11%) 22/247 (9%) 1·32 1·29 (0·79–2·10) 0·39

Rectal 
gonorrhoea or 
chlamydia

93/258 (36%) 77/238 (32%) 1·18 1·00 (0·72–1·38) 0·99

Infections diagnosed during deferral phase of follow-up. Analysis based on participants with at least one screen. 
*Adjusted for the number of screens for specifi c infection. †Detected in throat, urethra, or rectum. 

Table 3: Bacterial sexually transmitted infections
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prophylaxis, we recorded a high HIV incidence of nine 
cases per 100 person-years in the deferred group. This 
fi nding was the main determinant of the highly 
favourable estimate of 13 similar men who would need 
access to PrEP for 1 year to avert one HIV infection. 
Additional infections that would have occurred further 
down the transmission chain are not represented in this 
value. The incidence was roughly seven times higher 
than the national estimate of 1·34 cases per 100 person-
years reported for men who have sex with men attending 
sexual health clinics in 2012, derived from avidity assay 
data.25 Although participants in PROUD were much 
more likely to have had rectal infections and to have 
used post-exposure prophylaxis than was the overall 
population of men who have sex with men attending 
sexual health clinics,26 the size of the diff erence in HIV 
incidence was nonetheless surprising. The diff erence 
suggests that the PROUD study population was highly 
selective, despite broad eligibility, and that the off er of 
PrEP generally attracts those men who are most likely to 
benefi t from it. This fi nding is highly encouraging for 
PrEP implementation, although quantifying the likely 
demand in the UK remains challenging.

A potential disadvantage of PrEP is the generation of 
drug-resistant viruses and the resulting loss of treatment 
options.27 As was the case in the placebo-controlled 
trials,22 patients who had acute infection when PrEP was 
initiated had the highest risk of developing drug 
resistance. Acute infection can only be excluded if HIV 
testing follows a period of no potential exposure to HIV, 
which is not practical in people who have sex often and a 
delay in initiation of PrEP carries the greater risk of an 
HIV infection that could be avoided.

An economic assessment28 based on a mathematical 
model adapted to the UK epidemic in men who have sex 
with men suggests that providing targeted PrEP to this 
group from 2016 would be cost-eff ective at current 
prices, or without targeted implementation if tenofovir 
disoproxil fumarate–emtricitabine was halved in price. 
The investigators in the IPERGAY trial29 reported the 
same 86% reduction in HIV incidence using an 
on-demand regimen of tenofovir disoproxil fumarate–
emtricitabine: two tablets taken 2–24 h before sex, one 
taken 24 h later, and one taken 48 h later. The median 
number of pills taken each month was 16, which would 
cost roughly half of a daily regimen. As well as fewer 
pills, other advantages of the on-demand regimen 
include the greater ease with which PrEP can be 
interrupted during periods of decreased or no risk.

In the UK, the standard of prevention is already high, 
with free walk-in services providing screening for HIV 
and sexually transmitted infections, treatment for sexually 
transmitted infections, condoms and encouragement to 
use them, post-exposure prophylaxis, and support for 
behaviour change. Nonetheless, there remains a 
substantial burden of new HIV diagnoses in men who 
have sex with men already attending sexual health clinics 

and thus accessing this standard of prevention. The 
impressive reduction in HIV incidence in people taking 
PrEP, without a measurable increase in other sexually 
transmitted infections, is reassuring for clinical, 
community, and public health stakeholders. National 
health services are under fi nancial constraints, but they 
cannot aff ord to ignore the results of PROUD and 
IPERGAY, which strongly support the addition of PrEP to 
the current standard of prevention for men who have sex 
with men at risk of HIV infection. 
Contributors
DTD and SM designed the study with ONG and AN. MD was the trial 
physician. DID did the analysis with advice from DTD, ANP, and SM. 
MG coordinated the collection of qualitative data, and the community 
engagement and participant involvement meetings. RG, AKS, AC, IR, 
GS, NM, CB, CJL, VA, MB, JF, ST, SA, MF, AMc, and SM were site 
principal investigators or ran study clinics. AM led the community 
engag ement group. SHK advised on and managed drug concentration 
testing. BG, ONG, AMJ, SM, and ANP were members of the steering 
committee; MD, DID, MF, MG, AM, AN, JR, and AKS attended as 
observers. SM and DTD wrote the fi rst draft of the report and 
subsequent versions. All authors commented on the report and 
approved the fi nal version.

Declaration of interests
JR is an employee of Gilead Sciences and owns stock in the company. 
SA became an employee on June 17, 2015. Gilead Sciences provided a 
grant to the institution of DID, DTD, MG, and SM for this work, and 
fees for attendance at a PrEP advisory board and talks by SM. The UK 
Medical Research Council provided fi nancial support to SHK. MF and 
MB received personal fees from Gilead Sciences for attendance at a 
pre-exposure prophylaxis advisory board relevant to this work. Grants 
have been provided to authors’ institutions from the following 
companies: Gilead (AC, MD, MF, JF, BG, RG, JF, SHK, ST); Bristol-
Myers Squibb (BG, SHK); ViiV Pharmaceuticals (JF, BG, RG, SHK); 
Janssen (JF, SHK); Merck (SHK); and Pfi zer (RG) for other studies. 
Financial support for conference attendance was provided to authors by 
Gilead (AC, SHK, ST); Janssen (AC); Abbvie (SHK); Roche (RG); and 
ViiV (SHK). Personal fees for attendance at advisory boards were 
provided by Gilead (MB, MF, BG, NM, ANP, IR); Janssen (MD, MF, 
RG); Abbvie (MF, BG); ViiV (MF, BG, NM); and Bristol-Myers Squibb 
(MF, BG). SM is named on HIV vaccine patents with any profi ts going 
directly to Imperial College London.

Acknowledgments
We dedicate this paper to the late Professor Martin Fisher, who 
championed treatment and prevention in the UK for two decades, and 
whose leadership and companionship we miss. The study was supported 
by ad hoc funding from the MRC Clinical Trials Unit at University 
College London and an innovations grant from Public Health England, 
and most clinics received support through the UK National Institute of 
Health Research Clinical Research Network. Gilead Sciences provided 
Truvada, distributed drug to clinics, and awarded a grant for the additional 
diagnostic tests including drug concentrations in plasma. We thank the 
PROUD participants who recognised the need for the study design, the 
dedication of the clinic teams, and the oversight that the governance 
committees provided as the study evolved, including the community 
engagement group who helped to boost recruitment and advised us on 
dissemination. A full list of contributors is given in the appendix.

References
 1 Public Health England. HIV in the United Kingdom: 2014 Report. 

London, 2014.
 2 Nakagawa F, Miners A, Smith CJ, et al. Projected lifetime 

healthcare costs associated with HIV infection. PLoS One 2015; 
10: e0125018.

 3 Phillips AN, Cambiano V, Nakagawa F, et al. Increased HIV 
incidence in men who have sex with men despite high levels of 
ART-induced viral suppression: analysis of an extensively 
documented epidemic. PLoS One 2013; 8: e55312.

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 213 of 244 PageID #: 1397



Articles

60 www.thelancet.com   Vol 387   January 2, 2016

 4 Wilson DP. HIV treatment as prevention: natural experiments 
highlight limits of antiretroviral treatment as HIV prevention. 
PLoS Med 2012; 9: e1001231.

 5 Brown AE, Nardone A, Delpech VC. WHO ‘Treatment as 
Prevention’ guidelines are unlikely to decrease HIV transmission in 
the UK unless undiagnosed HIV infections are reduced. AIDS 2014; 
28: 281–83.

 6 Grant RM, Lama JR, Anderson PL, et al. Preexposure 
chemoprophylaxis for HIV prevention in men who have sex with 
men. N Engl J Med 2010; 363: 2587–99.

 7 Baeten JM, Donnell D, Ndase P, et al. Antiretroviral prophylaxis for 
HIV prevention in heterosexual men and women. 
N Engl J Med 2012; 367: 399–410.

 8 Thigpen MC, Kebaabetswe PM, Paxton LA, et al. Antiretroviral 
preexposure prophylaxis for heterosexual HIV transmission in 
Botswana. N Engl J Med 2012; 367: 423–34.

 9 Choopanya K, Martin M, Suntharasamai P, et al. Antiretroviral 
prophylaxis for HIV infection in injecting drug users in Bangkok, 
Thailand (the Bangkok Tenofovir Study): a randomised, double-blind, 
placebo-controlled phase 3 trial. Lancet 2013; 381: 2083–90.

 10 Cassell MM, Halperin DT, Shelton JD, Stanton D. Risk 
compensation: the Achilles’ heel of innovations in HIV prevention? 
BMJ 2006; 332: 605–07.

 11 Underhill K. Preexposure chemoprophylaxis for HIV prevention. 
N Engl J Med 2011; 364: 1374–75.

 12 McCormack S, Fidler S, Fisher M. The British HIV Association/
British Association for Sexual Health and HIV Position Statement on 
pre-exposure prophylaxis in the UK. Int J STD AIDS 2012; 23: 1–4.

 13 European Medicines Agency. Refl ection paper on the non-clinical 
and clinical development for oral and topical HIV pre-exposure 
prophylaxis (PrEP). EMA/171264/2012. London, 2012.

 14 European Centre for Disease Prevention and Control. Evaluating 
HIV treatment as prevention in the European context. Solna, 2012. 

 15 Standards Unit, Microbiology Services, Public Health England. UK 
Standards for Microbiology Investigations. Sexually Transmitted 
Infections. London, 2013.

 16 Anderson PL, Glidden DV, Liu A, et al. Emtricitabine-tenofovir 
concentrations and pre-exposure prophylaxis effi  cacy in men who 
have sex with men. Sci Transl Med 2012; 4: 151ra25.

 17 Browne OT, Bhandari S. Interpreting and investigating proteinuria. 
BMJ 2012; 344: e2339.

 18 Asboe D, Aitken C, Boffi  to M, et al. British HIV Association 
guidelines for the routine investigation and monitoring of adult 
HIV-1-infected individuals 2011. HIV Med 2012; 13: 1–44.

 19 Sterne JA, Davey Smith G. Sifting the evidence-what’s wrong with 
signifi cance tests? BMJ 2001; 322: 226–31.

 20 Buchbinder SP, Glidden DV, Liu AY, et al. HIV pre-exposure 
prophylaxis in men who have sex with men and transgender 
women: a secondary analysis of a phase 3 randomised controlled 
effi  cacy trial. Lancet Infect Dis 2014; 14: 468–75.

 21 Breslow NE, Day NE. Statistical methods in cancer research. 
Volume 1 — the analysis of case-control studies. Lyon: International 
Agency for Research on Cancer, 1980.

 22 US Public Health Service. Preexposure prophylaxis for the 
prevention of HIV infection in the United States–2014: a clinical 
practice guideline. Atlanta, 2014.

 23 Van Damme L, Corneli A, Ahmed K, et al. Preexposure prophylaxis 
for HIV infection among African women. N Engl J Med 2012; 
367: 411–22.

 24 Marrazzo JM, Ramjee G, Richardson BA, et al. Tenofovir-based 
preexposure prophylaxis for HIV infection among African women. 
N Engl J Med 2015; 372: 509–18.

 25 Aghaizu A, Murphy G, Tosswill J, et al. HIV incidence among 
people who attend sexual health clinics in England in 
2012: estimates using a biomarker for recent infection. BASHH 
Spring Conference 2015; June 1–3, 2015; Glasgow, UK. Abstract O4.

 26 Antonucci S, Desai M, Dolling D, et al. The UK PROUD PrEP Pilot 
study: a baseline analysis. 20th International AIDS Conference; 
July 20–25, 2014; Melbourne, Australia. Abstract THPE197.

27 van de Vijver DA, Nichols BE, Abbas UL, et al. Preexposure 
prophylaxis will have a limited impact on HIV-1 drug resistance in 
sub-Saharan Africa: a comparison of mathematical models. 
AIDS 2013; 27: 2943–51.

 28 Cambiano V, Miners A, Dunn D, et al. Is pre-exposure prophylaxis 
for HIV prevention cost-eff ective in men who have sex with men 
who engage in condomless sex in the UK? BASHH Spring 
Conference 2015; June 1–3, 2015; Glasgow, UK. Abstract O1.

 29 Molina J-M, Capitant C, Charreau I, et al. On demand PrEP with 
oral TDF-FTC in MSM: results of the ANRS Ipergay trial. 
Conference on Retroviruses and Opportunistic Infections; 
Feb 23–26, 2015; Seattle, WA, USA. Abstract 23LB.

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 214 of 244 PageID #: 1398



EXHIBIT 58

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 215 of 244 PageID #: 1399



Home
About
CROI Foundation
IAS–USA
Scientific Program Committee
Community Liaison Subcommittee
Contact Us
Website Policies

Program
Abstract Submission
Information for Speakers
Preliminary Agenda
Search Abstracts/e-Posters
All Electronic Materials
Webcasts
Continuing Medical Education (CME)
Affiliated and Proximate Activities
Past CROI Conferences
Frequently Asked Questions

Registration
Apply to Attend
Travel and Accommodations
Letter of Invitation
Frequently Asked Questions
Letter of Authorization to Use Government Rate by a 
Government Contractor

Scholarships
Scholarship Information
Community Scholarship
International Investigator Scholarship
New Investigator Scholarship
Frequently Asked Questions

Media
CROI 2019 Media Highlights
Press Conference
Media Accreditation and Registration
Embargo and Press Release Policies
Frequently Asked Questions

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 216 of 244 PageID #: 1400



CONFERENCE ON RETROVIRUSES
AND OPPORTUNISTIC INFECTIONS

Boston, Massachusetts
March 8–11, 2020

Quick Links

Important Dates

Preliminary Agenda

Who Can Attend

Affiliated and Proximate Activities

Letter of Invitation

Use of CROI Logo and Signs

About Program Registration Scholarships

Media

Case 1:19-cv-02103-MN   Document 1-5   Filed 11/06/19   Page 217 of 244 PageID #: 1401



Scholarships

Join Our Mailing List

Contact Us

Conference Dates and Location:
February 23-26, 2015 | Seattle, Washington

Abstract Number:
22LB

Pragmatic Open-Label Randomised Trial of Preexposure 
Prophylaxis: The PROUD Study
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Abstract Body:
Background: Randomised placebo-controlled trials have clearly demonstrated that 
tenofovir/emtricitabine (TDF/FTC), when taken regularly as PrEP, reduces the risk of HIV infection. 
However, there are concerns that this benefit might be counteracted by users of PrEP engaging in 
riskier sexual practices, increasing their chance of exposure to HIV and other STIs. This supports the 
need for pragmatic open-label randomised studies which mimic real-life clinical practice.

Methods: The PROUD study enrolled MSM from 13 sexual health clinics in England between 27Nov2012 
and 30Apr2014. Eligibility criteria included a negative HIV test in the previous 4 weeks and reported 
condomless anal intercourse in the previous 90 days. MSM were randomised 1:1 to receive open-label 
daily TDF/FTC either immediately (IMM) or after a deferral (DEF) period of 12 months, and followed 
quarterly. Based on early demonstration of efficacy, the TSC/IDMC recommended on 13Oct2014 that all 
MSM in the deferral period be offered PrEP. All analyses are modified ITT (excluding 3 MSM with a 
reactive HIV test at baseline) based on person-years (PY) to the first HIV test after 48 weeks or after 
13Oct2014, whichever was earlier.

Results: 545 MSM were randomised (276 IMM, 269 DEF). At baseline, median(IQR) age was 35(30-43) 
and 81% were white; median(IQR) number of anal sex partners in the previous 90 days was 10(4-20); 
64% reported a diagnosed STI in the previous 12 months. 20 MSM (5 IMM, 15 DEF) had no HIV test after 
baseline; completeness of follow-up for HIV incidence was 91% (237/261 PY) for IMM and 89% (216/242 
PY ) for DEF. Three HIV infections were observed in IMM (1.3/100 PY); 19 infections were observed in 

1 1

1
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DEF (8.9/100 PY) despite 174 prescriptions of post-exposure prophylaxis (PEP). This yields a rate 
difference of 7.6/100 PY (90%CI 4.1-11.2) and a relative reduction of 86% (62-96%; P=0.0002). The 
proportion with a confirmed STI indicative of condomless anal intercourse (rectal 
chlamydia/gonorrhoea) was similar in IMM (29%) and DEF (27%) (P=0.50).

Conclusions: In this high incidence cohort, daily TDF/FTC conferred impressive protection against HIV, 
and higher than the levels previously observed in the placebo-controlled trials. Concerns that 
effectiveness would be undermined in a real-world setting were unfounded. There was no evidence of 
an increase in STIs in this population, although they were frequently reported in the year before 
enrolment.

This result strongly supports the use of PrEP among MSM who are at risk of HIV infection.

Session Number:
O-1

Session Title:
Preventing HIV and HSV-2: What Will It Take?

Presenting Author:
McCormack, Sheena

Presenter Institution:
MRC Clinical Trials Unit at University College London

Copyright © 2019 CROI Foundation/IAS–USA Conference Organizer
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PROUD study shows Pre-Exposure Prophylaxis is highly protective 
against HIV infection 
 
Strictly embargoed until: Tuesday 24th February, 20:15pm GMT 

 

Researchers from the Medical Research Council Clinical Trials Unit (MRC CTU) 
and Public Health England have presented results at a conference in Seattle, 
Washington, indicating that pre-exposure prophylaxis (PrEP) is highly protective 
against HIV for gay and other men who have sex with men in England. 

The PROUD study (Pre-exposure Option for reducing HIV in the UK: immediate or 
Deferred), led by the MRC CTU at UCL and Public Health England in partnership with 12 
NHS trusts in England, looked at whether offering daily HIV Pre-Exposure Prophylaxis 
(PrEP) to men who have sex with men (MSM) was a reliable way to prevent them from 
becoming infected if exposed to the virus.  The results released at the Conference on 
Retroviruses and Opportunistic Infections (CROI) held this week indicate that PrEP is 
highly protective for this group, reducing the risk of infection by 86%.  

The results will be submitted to a peer reviewed journal this April (please see note 
below). 

The researchers highlighted that MSM who took part in the trial were at very high risk of 
HIV and that PrEP is highly effective in a real world setting. The sexual health research 
clinics that took part in the PROUD study were able to integrate PrEP into their routine 
HIV risk reduction package with ease.  Participants incorporated PrEP into existing risk 
reduction strategies, which included condom use.  There was no difference in the 
number of men diagnosed with other STIs between those on PrEP and those not on PrEP.  

The researchers concluded that PrEP offers a major new opportunity to curb newly 
acquired HIV infections in MSM in the UK, of which there were an estimated 2,800 in 
2013. 
   
The drug used in the trial – the anti-retroviral Truvada (usually used to treat HIV) – was 
already known to reduce the incidence of HIV infection in placebo controlled trials.  The 
PROUD study was designed to see if the same effect would be found in a real world 
situation where participants knew they were taking an active drug.  It aimed to address 
outstanding questions such as whether taking PrEP would change sexual risk behaviour – 
for example increasing the number of partners they did not use condoms with and 
increasing the rate of other sexually transmitted infections (STIs) – and whether or not it 
would be cost-effective to make it available on the NHS.   

The study was launched in 2012, enrolling 545 participants at 13 sexual health clinics in 
England. The study randomised participants to receive PrEP immediately or to receive 
PrEP after a period of 12 months, allowing researchers to compare those on PrEP versus 
those not yet on PrEP.   

In October of last year, the PROUD Trial Steering Committee announced that participants 
currently in the deferred group, who had not yet started PrEP, should be offered PrEP 
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ahead of schedule. This followed a recommendation from the Independent Data 
Monitoring Committee (IDMC), based on an interim analysis of the data that showed that 
PrEP was highly protective against acquiring HIV in this study population.  

Of the 545 participants who joined the study, 276 were randomised to the group who 
received PrEP immediately and 269 to the group who received PrEP after a deferred 
period of 12 months. There were 22 HIV infections among participants in their first year 
in the study, with 3 in the immediate group giving an HIV incidence of 1.3 per 100 
person-years, and 19 in the deferred group giving an incidence of 8.9 per 100 person-
years. The 86% protection from daily (Truvada) PrEP reported by the study, is the 
highest reported from a randomised controlled trial of PrEP to date. 

Adherence to the daily drug regimen appears high in the study.  

The research team presented preliminary behavioural data at the conference, and plan 
to expand on this analysis. At this stage the reported condom use in the study looks 
similar to the condom use reported at enrolment  in the immediate and deferred groups 
in terms of the median numbers of partners with whom participants reported having anal 
sex without a condom. There were no significant differences in the proportion of 
participants who had an STI infection between the groups. 

The study results are in line with previous evidence showing Truvada is well tolerated 
with minimal concerns about resistance. The PROUD study results, and subsequent cost 
effectiveness analyses, are to be included in the review underway by the PrEP Policy 
sub-group of the NHS England HIV Clinical Reference Group. This group is considering 
whether use of anti-retrovirals for PrEP should be commissioned, and is working with a 
range of stakeholders on how PrEP service could be commissioned across NHS and local 
authority responsibilities. 

Sheena McCormack, Professor of Clinical Epidemiology at the MRC Clinical Trials 
Unit at UCL, and Chief Investigator of the PROUD study, said: “These results are 
extremely exciting and show PrEP is highly effective at preventing HIV infection in the 
real world. Concerns that PrEP would not work so well in the real world were unfounded. 
These results show there is a need for PrEP, and offer hope of reversing the epidemic 
among men who have sex with men in this country. The findings we’ve presented today 
are going to be invaluable in informing discussions about making PrEP available through 
the NHS.” 

Professor Noel Gill, Head of HIV & STIs in PHE and PHE Lead for the PROUD 
study, said: “PHE estimates there are over 2,500 new HIV infections annually in gay 
men in the UK, a number that has not fallen over the past decade.  This cutting edge 
work will help inform action in this area going forward.” 

Dr Richard Gilson, principal investigator for the PROUD study at the Mortimer 
Market Centre, a sexual health service run by Central and North West London 
NHS Foundation Trust, said: “Working at a central London sexual health clinic, it is 
clear to me that there are gay men attending sexual health clinics in the UK who are at 
high risk of catching HIV infection but who are willing and able to take tablets regularly, 
which can dramatically reduce their risk of becoming HIV positive. This will not suit 
everyone, and may not be needed indefinitely, but for at least some individuals for some 
of the time it should be considered as an important additional measure, that will help to 
reduce the persistently high rate of new infections that we are still seeing.” 
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Dr Des Walsh, Head of Infections and Immunity at the Medical Research Council 
which co-funded the study, said: “HIV remains a serious public health concern - in 
2013 alone, around  2,800 gay, bisexual and other men who have sex with men became 
infected.  So clearly, additional approaches are needed to tackle the HIV epidemic, 
particularly for populations at higher risk. The PROUD study addresses this very 
important issue and shows promising results that a relatively straightforward 
intervention based on existing therapy – PrEP – could have a major impact in preventing 
HIV infection.” 

The PROUD study was implemented in partnership with a number of organisations.  The 
Community Engagement Group comprised: Terrence Higgins Trust; NAT; GMFA; 
MESMAC; NAZ; NAM; The Lesbian and Gay Foundation   
 
 

ENDS 

Important note regarding peer review: 

Ideally, scientific and medical research to be subjected to ‘peer review’ before details are 
released to the press. The peer review process involves the submission of a piece of 
work to a scientific journal. The editor of that journal then sends the paper to two or 
more experts in the field who offer advice as to whether the work has been properly 
carried out and is reliable. Typically, the editor will send the experts’ opinions to the 
authors of the paper in question, and they will modify the paper in light of the experts' 
comments. The editor will then come to a view as to whether the paper is suitable for 
publication. Although the authors of the paper will know the identity of the editor, they 
will not know the identities of the expert reviewers. 

This process of peer review provides significant assurance that the piece of work is 
reliable and of high quality, although it remains possible that there are flaws that the 
expert reviewers and the editor may have missed. The work described in this press 
release has not yet been through this peer review; rather, it is being presented 
at a scientific meeting. However, the authors are confident that their data and 
conclusions are correct. 

NOTES TO EDITORS 

For a copy of the slides presented at the conference or if you wish to speak to 
researchers who ran the trial or to trial participants, please contact the MRC press office 
on 0207 395 2345 (out of hours: 07818 427 297) or email 
press.office@headoffice.mrc.ac.uk  

Latest data on HIV in the UK: PHE’s report HIV in the United Kingdom: 2014  
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BACKGROUND
Antiretroviral preexposure prophylaxis has been shown to reduce the risk of hu-
man immunodeficiency virus type 1 (HIV-1) infection in some studies, but con-
flicting results have been reported among studies, probably due to challenges of 
adherence to a daily regimen.

METHODS
We conducted a double-blind, randomized trial of antiretroviral therapy for pre-
exposure HIV-1 prophylaxis among men who have unprotected anal sex with men. 
Participants were randomly assigned to take a combination of tenofovir diso-
proxil fumarate (TDF) and emtricitabine (FTC) or placebo before and after sexual 
activity. All participants received risk-reduction counseling and condoms and were 
regularly tested for HIV-1 and HIV-2 and other sexually transmitted infections.

RESULTS
Of the 414 participants who underwent randomization, 400 who did not have HIV 
infection were enrolled (199 in the TDF-FTC group and 201 in the placebo group). 
All participants were followed for a median of 9.3 months (interquartile range, 4.9 to 
20.6). A total of 16 HIV-1 infections occurred during follow-up, 2 in the TDF-FTC 
group (incidence, 0.91 per 100 person-years) and 14 in the placebo group (incidence, 
6.60 per 100 person-years), a relative reduction in the TDF-FTC group of 86% (95% 
confidence interval, 40 to 98; P = 0.002). Participants took a median of 15 pills of 
TDF-FTC or placebo per month (P = 0.57). The rates of serious adverse events were 
similar in the two study groups. In the TDF-FTC group, as compared with the 
placebo group, there were higher rates of gastrointestinal adverse events (14% vs. 5%, 
P = 0.002) and renal adverse events (18% vs. 10%, P = 0.03).

CONCLUSIONS
The use of TDF-FTC before and after sexual activity provided protection against 
HIV-1 infection in men who have sex with men. The treatment was associated with 
increased rates of gastrointestinal and renal adverse events. (Funded by the Na-
tional Agency of Research on AIDS and Viral Hepatitis [ANRS] and others; 
ClinicalTrials.gov number, NCT01473472.)

A BS TR AC T

On-Demand Preexposure Prophylaxis  
in Men at High Risk for HIV-1 Infection

J.-M. Molina, C. Capitant, B. Spire, G. Pialoux, L. Cotte, I. Charreau, C. Tremblay, 
J.-M. Le Gall, E. Cua, A. Pasquet, F. Raffi, C. Pintado, C. Chidiac, J. Chas, 

P. Charbonneau, C. Delaugerre, M. Suzan-Monti, B. Loze, J. Fonsart, G. Peytavin, 
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

The prevention of infection with 

human immunodeficiency virus type 1 
(HIV-1) and type 2 (HIV-2) remains a ma-

jor public health challenge.1 Owing to the lack of 
an effective HIV vaccine, consistent condom use 
remains the cornerstone of prevention, but bio-
medical interventions such as male circumcision 
and the use of antiretroviral drugs for the treat-
ment of HIV infection represent additional pre-
vention strategies.2-5 Among the promising inter-
ventions is preexposure prophylaxis, in which 
antiretroviral drugs are started in HIV-negative 
persons before potential exposure to the virus. 
Daily oral preexposure prophylaxis with either 
tenofovir disoproxil fumarate (TDF) or the com-
bination of TDF and emtricitabine (FTC) has 
been shown to provide protection against HIV-1 
infection among men who have sex with men, 
heterosexual men and women, intravenous drug 
users, and HIV-1–negative partners in serodiscor-
dant couples.6-9 However, two recent trials involv-
ing heterosexual women did not show a benefit 
of daily oral preexposure prophylaxis, most likely 
because of low adherence.10,11 In high-income 
countries, the HIV-1 epidemic is concentrated in 
high-risk groups, among whom men who have 
sex with men are disproportionately affected.12-14 
To date, the Preexposure Prophylaxis Initiative 
(iPrex) trial,6 the only efficacy trial of preexpo-
sure prophylaxis among such men, showed a 
moderate relative reduction of 42% in HIV-1 in-
cidence with daily use of TDF-FTC.6

In a multicenter study called the Intervention 
Préventive de l’Exposition aux Risques avec et pour 
les Gays (IPERGAY), we assessed the efficacy 
and safety of sexual activity–dependent preexpo-
sure prophylaxis with TDF-FTC among high-risk 
men who have sex with men in France and 
Canada on the basis of the hypothesis that the 
rate adherence (and thus efficacy) might be 
higher than that with a daily regimen.

Me thods

Protocol and Study Population

The protocol was approved by public health 
authorities and by ethics committees in France 
(Comité de Protection des Personnes Ile de 
France IV) and Canada (Comité d’Ethique de la 
Recherche de Montreal). All participants provided 
written informed consent. Full details with re-

spect to the study design can be found in the 
study protocol, available with the full text of this 
article at NEJM.org.

Inclusion criteria were HIV-negative status, an 
age of at least 18 years, and male or transgender 
female sex among participants who have sex with 
men and who are at high risk for HIV infection 
(defined as a history of unprotected anal sex with 
at least two partners during the past 6 months). 
Exclusion criteria included positive results on test-
ing for hepatitis B surface antigen, chronic in-
fection with hepatitis C virus, a creatinine clear-
ance of less than 60 ml per minute (as assessed 
by means of the Cockroft–Gault equation), 
an alanine aminotransferase level of more than 
2.5 times the upper limit of the normal range, 
and glycosuria or proteinuria of more than 1+ on 
urine dipstick testing.

Randomization and Study Procedures

Randomization was performed by means of a 
fixed-size block of 4 and stratified according to 
country. At enrollment, eligible HIV-negative 
participants were assigned in a 1:1 ratio to re-
ceive either either TDF-FTC or placebo. The use 
of a placebo was deemed to be justified because 
of the inconsistent efficacy of preexposure pro-
phylaxis in previous trials and the moderate ef-
ficacy of preexposure prophylaxis in the iPrex 
trial among men who have sex with men.

TDF-FTC was given as a fixed-dose combina-
tion of 300 mg of TDF and 200 mg of FTC per pill. 
Participants were instructed to take a loading 
dose of two pills of TDF-FTC or placebo with 
food 2 to 24 hours before sex, followed by a 
third pill 24 hours after the first drug intake and 
a fourth pill 24 hours later. In case of multiple 
consecutive episodes of sexual intercourse, par-
ticipants were instructed to take one pill per day 
until the last sexual intercourse and then to take 
the two postexposure pills. When resuming pre-
exposure prophylaxis, participants were instruct-
ed to take a loading dose of two pills unless the 
last drug intake was less than 1 week earlier, in 
which case they were instructed to take only 
one pill.

Study visits were scheduled 4 and 8 weeks 
after enrollment and every 8 weeks thereafter. 
Each visit included drug dispensation with 
enough pills to cover the daily use of TDF-FTC 
or placebo between visits, pill count and adher-

A Quick Take 
is available at 

NEJM.org
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ence counseling, serum testing for HIV-1 and 
HIV-2, and biochemical analyses. Before each 
visit, participants were asked to complete at 
home a computer-assisted structured interview 
to collect information about sociodemographic 
characteristics, use of alcohol and recreational 
drugs, sexual behavior, and adherence to pre-
exposure prophylaxis during their most recent 
sexual intercourse.

Standard Prevention Interventions

At every scheduled visit, participants were offered 
a comprehensive package of prevention services, 
including patient-centered, interactive counseling 
according to the RESPECT risk-reduction model 
performed by a peer community member, free 
condoms and gel, and diagnosis and treatment 
of sexually transmitted infections.15 Peer coun-
selors were also available between visits to ad-
dress participants’ needs and reinforce adher-
ence to study medications. Vaccination against 
hepatitis A and B was offered to all participants 
who were at risk for these infections. At enroll-
ment and every 6 months thereafter, participants 
were screened for syphilis (on serologic analysis) 
and for chlamydia and gonorrhea (by means of 
a specific polymerase-chain-reaction [PCR] assay 
performed on anal and throat swabs and urine 
samples). Treatment of incident sexually trans-
mitted infections was provided according to the 
protocol recommendations. Postexposure pro-
phylaxis was readily available at study sites in 
case of unprotected exposure to a possibly HIV-
infected partner.

Primary End Point

The primary end point was the diagnosis of HIV-1 
infection, which was defined as the first evidence 
of HIV antibodies or p24 antigen in serum with 
the use of a fourth-generation enzyme-linked 
immunosorbent assay (ELISA) for HIV-1 and 
HIV-2 combined or HIV-1 RNA in plasma on PCR 
assay. At most of the sites, investigators used the 
Architect HIV Ag/Ab Combo assay (Abbott) for 
ELISA and the RealTime HIV-1 assay (Abbott) or 
Cobas TaqMan HIV-1 Test, version 2.0 (Roche), 
for HIV RNA PCR. Genotypic testing for drug 
resistance was performed on the sample obtained 
at the time of diagnosis to detect major resis-
tance mutations at positions 184, 65, and 70 of 
the reverse transcriptase gene.16

Analysis of Adherence

Pill count was the first measure of adherence. 
Participants were asked to return their study-drug 
bottles at each visit, and a pill count of unused 
medication was performed. We also measured 
drug levels in plasma in the first participants 
who were enrolled. Plasma was tested for the 
presence of tenofovir and FTC with the use of a 
validated liquid chromatography–tandem mass 
spectrometry method with a limit of detection of 
0.1 ng per milliliter for tenofovir and 0.4 ng per 
milliliter for FTC. This plasma assay was able to 
detect drugs up to 9 days after intake.17

Adherence to the study regimen during the 
most recent sexual intercourse was also assessed 
by means of computer-assisted structured inter-
views that were completed before each visit. Three 
categories of adherence were defined: correct use 
of preexposure prophylaxis (at least one pill taken 
within 24 hours before sex and one pill taken 
within 24 hours after sex), no use of preexposure 
prophylaxis (no pills taken within 48 hours before 
and after sex), and suboptimal use of preexpo-
sure prophylaxis (i.e., any other use).

Safety

All participants who received at least one dose of 
TDF-FTC or placebo were included in the safety 
analyses. Adverse events were recorded at each 
visit, regardless of the perceived association with 
the medication. Toxicity was graded according 
to the scale of the severity of adverse events in 
adults used by the France Recherche Nord et Sud 
Sida-HIV et Hépatites (National Agency of Re-
search on AIDS and Viral Hepatitis [ANRS]).18

Study Oversight

The conduct of the trial at each study site was 
monitored by the Service Commun 10–Unité de 
Service 19 (a clinical trial center) of INSERM. 
Gilead Sciences donated the study medications 
and provided funding for the pharmacokinetics 
analysis but had no role in data collection, data 
analysis, or manuscript preparation. All the au-
thors vouch for the completeness and accuracy 
of the data reported and adherence to the study 
protocol.

Statistical Analysis

We calculated that 64 HIV-1 seroconversion events 
would provide a power of 80% to detect a 50% 
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relative reduction in the incidence of HIV-1 infec-
tion in the TDF-FTC group, as compared with 
the placebo group, at a two-sided alpha level of 
0.05. The expected incidence of HIV-1 infection 
in the placebo group was 3 cases per 100 person-
years. We determined that a sample size of 
1900 participants would be required to achieve 
the target number of study end points, with 12 to 
36 months of follow-up for each participant and 
a rate of loss to follow-up of 15 per 100 person-
years.

We used a modified intention-to-treat ap-
proach for the primary analysis, in that we ex-
cluded data only from participants who were 
found to have HIV-1 infection before receiving 
the first dose of study medication or who were 
lost to follow-up or withdrew consent between 
randomization and enrollment and did not re-
ceive study medication. All participants who 
underwent randomization were included in an 
intention-to-treat analysis.

We used the Kaplan–Meier method to estimate 
the cumulative probability of HIV-1 infection per 
group and used the log-rank test to perform 
between-group comparisons. To assess sexual 
behavior over time in the two study groups, pro-
bit mixed models and binomial mixed models 
were used.

The study data were reviewed every 6 months 
by an independent data and safety monitoring 
board. On October 23, 2014, just after the early 
discontinuation of another trial of preexposure 
prophylaxis involving men who have sex with 
men, called the Preexposure Option for Reduc-
ing HIV in the UK: An Open-Label Randomiza-
tion to Immediate or Deferred Daily Truvada for 
HIV-Negative Gay Men (PROUD) in the United 
Kingdom,19 the data and safety monitoring 
board asked for a first unblinded interim analy-
sis of the data and subsequently recommended 
that the placebo group be discontinued and that 
all the study participants be offered on-demand 
pre exposure prophylaxis. The present analysis 
includes data collected during the double-blind 
phase of the study up to January 27, 2015. The 
study is now ongoing with an open-label 
 design.

All analyses were conducted with the use of 
Stata/SE software, version 12.1 (StataCorp), and 

SAS software, version 9.2 (SAS Institute). All P 
values and confidence intervals are two-sided.

R esult s

Study Participants

From February 22, 2012, through October 23, 
2014, we screened 445 participants at seven study 
sites (six in France and one in Canada), which 
were opened sequentially during the study. Of 
the 414 participants who underwent randomiza-
tion, 400 who subsequently tested negative for 
HIV infection were enrolled and followed during 
the study period (Fig. 1). Baseline characteristics 
of study participants were similar in the two 
groups (Table 1). Of the 400 participants, 56 
(14%) (31 in the TDF-FTC group and 25 in the 
placebo group, P = 0.37) received postexposure 
prophylaxis during the study period.

Retention was good during the study period, 
with premature study discontinuation by 49 par-
ticipants (12%), for a total of 431.3 person-years 
of follow-up for the assessment of the incidence 
of HIV-1 infection after enrollment, with a me-
dian follow-up of 9.3 months (interquartile range, 
4.9 to 20.6).

Adherence to Study Medication

Participants took a median number of 15 pills 
(interquartile range, 11 to 21) per month in the 
TDF-FTC group and 15 pills (interquartile range, 
9 to 21) per month in the placebo group 
(P = 0.57) (Fig. S1 in the Supplementary Appen-
dix, available at NEJM.org). Individual patterns 
of pill use showed large interpatient and intra-
patient variability over time (Fig. 2).

We also measured tenofovir and FTC levels in 
plasma for the first 113 participants who were 
enrolled (Fig. S2A and S2B in the Supplementary 
Appendix). In the TDF-FTC group, the rates of 
detection were 86% for tenofovir and 82% for 
FTC, respectively, a finding that was consistent 
with receipt of each drug within the previous 
week. Tenofovir and FTC were also detected in 
8 participants in the placebo group, 3 of whom 
were receiving postexposure prophylaxis.

Finally, we used computer-assisted structured 
interviews to analyze self-reports of the use of 
preexposure prophylaxis during the most recent 
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sexual intercourse. Overall, 28% of participants 
did not take TDF-FTC or placebo, 29% took the 
assigned drug at a suboptimal dose, and 43% 
took the assigned drug correctly (Table S1 in the 
Supplementary Appendix).

Sexual Behavior

Sexual practices did not change overall among 
the participants during the study period as com-
pared with baseline (Fig. S3 in the Supplementary 
Appendix). There were no significant between-
group differences in the total number of epi-
sodes of sexual intercourse in the 4 weeks before 
visits (P = 0.07), in the proportion of episodes 
of receptive anal intercourse without condoms 
(P = 0.40), or in the proportion of episodes of anal 
sex without condoms during the most recent 
sexual intercourse (P = 0.90). However, there was 
a slight but significant decrease in the number of 
sexual partners within the past 2 months in the 
placebo group as compared with the TDF-FTC 
group (7.5 and 8, respectively; P = 0.001). The 
proportions of participants with a new sexually 
transmitted infection (of the throat, anus, and 
urinary tract combined) during follow-up were 
similar, with 41% in the TDF-FTC group and 
33% in the placebo group (P = 0.10). Most of the 
sexually transmitted infections (39%) were rectal 
infections. Overall, 81 participants (20%) ac-
quired chlamydia infections during follow-up, 
88 (22%) gonorrhea, 39 (10%) syphilis, and 5 (1%) 
hepatitis C virus. No participant acquired hepa-
titis B virus infection.

Effect of TDF-FTC on HIV-1 Acquisition

Overall, HIV-1 seroconversion was observed in 
19 participants, of whom 3 acquired HIV-1 be-
tween randomization and enrollment. In the 
modified intention-to-treat analysis, 16 HIV-1 
infections developed after enrollment: 2 in the 
TDF-FTC group (incidence of 0.91 per 100 person-
years) and 14 in the placebo group (incidence of 
6.60 per 100 person-years), indicating a relative 
reduction in the incidence of HIV-1 acquisition 
in the TDF-FTC group of 86% (95% confidence 
interval [CI], 40 to 98; P = 0.002) (Fig. 3). In the 
intention-to-treat analysis, the relative reduction 
in the incidence of HIV-1 acquisition was 82% 
(95% CI, 36 to 97; P = 0.002). The 2 participants 

Figure 1. Enrollment and Follow-up of the Study Participants.

The most common reasons for ineligibility were ongoing HIV-1 infection 
and laboratory abnormalities. Only 2 participants met one of the noninclu-
sion criteria of a creatinine clearance of less than 60 ml per minute, glycos-
uria, or proteinuria, all of which were designed to minimize potential renal 
toxic effects from exposure to tenofovir disoproxil fumarate (TDF). A total 
of 14 participants (3 with HIV-1 infection, 6 who withdrew consent, and 
5 who were lost to follow-up) underwent randomization but were not en-
rolled, and their data were not included in the primary modified intention-
to-treat analysis. Attendance at clinic visits is shown on a quarterly basis 
for all participants who remained in the study. Study visits were scheduled 
4 and 8 weeks after enrollment and every 8 weeks thereafter. FTC denotes 
emtricitabine.
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Characteristic
TDF-FTC 
(N = 199)

Placebo 
(N = 201) P Value

Male sex — no. (%) 199 (100) 201 (100)

Median age (IQR) — yr 35 (29–43) 34 (29–42) 0.56

Age group — no. (%) 0.87

18–24 yr 31 (16) 27 (13)

25–29 yr 26 (13) 30 (15)

30–39 yr 72 (36) 73 (36)

40–49 yr 50 (25) 55 (27)

≥50 yr 20 (10) 16 (8)

White race — no. (%)† 188 (94) 178 (89) 0.04

Relationship status — no. (%) 0.55

Not in a couple 144 (72) 149 (74)

In a couple with HIV-1–positive partner 19 (10) 13 (6)

Other 36 (18) 39 (19)

Postsecondary education — no. (%) 146 (73) 141 (70) 0.51

>5 Alcoholic drinks per day in past month — no. (%) 49 (25) 42 (21) 0.40

Use of recreational drugs — no. (%)‡ 85 (43) 92 (46) 0.45

Site of enrollment — no. (%) 0.65

France

Paris 96 (48) 105 (52)

Lyon 47 (24) 36 (18)

Nice 13 (7) 18 (9)

Tourcoing 13 (7) 14 (7)

Nantes 9 (5) 6 (3)

Montreal 21 (11) 22 (11)

Sexual-risk factors at screening

Median no. of partners in past 2 mo (IQR) 8 (5–17) 8 (5–16) 0.47

Median no. of episodes of sexual intercourse in past 4 wk (IQR) 10 (6–18) 10 (5–15) 0.08

Circumcision — no. (%) 38 (19) 41 (20) 0.75

Sexually transmitted infection diagnosed at screening — no. (%)§ 49 (25) 62 (31) 0.17

Hepatitis B virus status — no. (%)¶ 0.12

Susceptible 46 (23) 38 (19)

Immune from natural infection 18 (9) 31 (15)

Immune from vaccination 135 (68) 132 (66)

*  FTC denotes emtricitabine, IQR interquartile range, and TDF tenofovir disoproxil fumarate.
†  Race was reported by investigators.
‡  Recreational drugs that were reported in the past 12 months included ecstasy, crack cocaine, cocaine, crystal, speed, 

and γ-hydroxybutyric acid or γ-butyrolactone.
§  Infections included syphilis (as detected on serologic testing by means of rapid plasma reagin confirmed with the use 

of a treponema-specific assay) and gonorrhea and chlamydia (as detected on polymerase-chain-reaction assay of urine 
samples and throat and anal swabs).

¶  Status with respect to hepatitis B virus was based on detection of anti–hepatitis B surface antibodies and anti–hepatitis 
B core total antibodies in the absence of hepatitis B surface antigen and was determined as follows: immune from nat-
ural infection (both antibodies detected), immune from vaccination (only anti–hepatitis B surface antibodies detected), 
or susceptible (no antibodies detected).

Table 1. Characteristics of the Participants at Baseline.*
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in the TDF-FTC group in whom HIV-1 infection 
was diagnosed at scheduled visits returned 60 and 
58 pills out of 60, respectively, at these visits and 
were therefore deemed to be nonadherent to pre-
exposure prophylaxis. Study drugs were not 
detected in plasma samples obtained from 
these 2 participants at the time of HIV-1 diagno-
sis. None of the 16 participants who acquired 
HIV-1 infection after enrollment had resistance 
mutations to study medications.

Safety and Adverse Events

There were no significant between-group differ-
ences in the frequency of serious adverse events 

or grade 3 or 4 adverse events, and there were no 
deaths during the study (Table 2, and Table S2 
in the Supplementary Appendix). Only one par-
ticipant in the TDF-FTC group discontinued the 
study drug because of a suspected drug–drug 
interaction with dabigatran when he presented 
with a relapse of deep venous thrombosis. Drug-
related gastrointestinal adverse events (nausea, 
vomiting, diarrhea, abdominal pain, and other 
gastrointestinal disorders) were seen more com-
monly in the TDF-FTC group than in the placebo 
group (14% vs. 5%, P = 0.002).

Elevations in serum creatinine levels were 
seen in 35 participants (18%) in the TDF-FTC 

Figure 2. Patterns of Pill Use on the Basis of Clinic Visits during the Study Period.

Shown are the number of doses of TDF-FTC (Panel A) and placebo (Panel B) that were taken during the 32-month study period (M1 
through M32). Six categories of pill use per month were defined at each visit: no pill use or missing data, 1 to 4 pills, 5 to 11 pills, 12 to 
18 pills, 19 to 25 pills, and 26 to 30 pills. Each colored bar represents a single patient; the length of follow-up varies according to the 
time of enrollment.
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group and 20 participants (10%) in the placebo 
group (P = 0.03). All but one of these events were 
grade 1 (Table 2), and none led to study-drug 
discontinuation. Only 2 participants (1%), both 
of whom were in the TDF-FTC group, had a 
transient decrease in creatinine clearance to be-
low 60 ml per minute.

Discussion

In this study involving high-risk men who have 
sex with men, sexual activity–dependent preex-
posure prophylaxis with TDF-FTC was associ-
ated with a relative reduction of 86% in the risk 
of HIV-1 infection. This finding is among the 
highest risk reductions that have been reported 
to date, but the short follow-up for our study 
may have increased the likelihood of an exag-
gerated estimate of efficacy due in part to high 
initial adherence.19 In the iPrex trial involving 
young men who have sex with men, in which 
overall adherence to daily preexposure prophy-
laxis on the basis of drug testing was only 51%, 
the relative reduction in the risk of HIV-1 infec-
tion was 42% in the intention-to-treat analysis 
but increased to 92% in a case–control subgroup 
of participants with detectable levels of tenofo-

vir in their blood.6 However, participants might 
not need continuous exposure to antiretroviral 
drugs to be protected from infection, especially 
when they are not exposed to HIV-1. In ma-
caques, intermittent oral preexposure prophy-
laxis with TDF-FTC was shown to be at least as 
effective as daily prophylaxis.20,21 On the basis 
of data from studies in animals, we hypothe-
sized that preexposure prophylaxis taken at the 
time of sexual activity would provide adequate 
protection against HIV-1, while improving con-
venience and adherence to the drug regimen. 
Post hoc analyses from the open-label extension 
of the iPrex study have suggested that there 
were no incident HIV-1 infections among partici-
pants with an intracellular level of tenofovir 
diphosphate that was associated with continuous 
receipt of at least 4 tablets of TDF-FTC per week.22 
This finding is consistent with the efficacy re-
ported in our study, in which participants took 
a median of 15 pills per month. On the other 
hand, our results cannot be extrapolated to 
persons taking a lower number of pills per 
month.

Assessing adherence to sexual activity–depen-
dent preexposure prophylaxis is challenging and 
represents another limitation of our study. Mea-
sures of plasma drug levels revealed that a high 
proportion of participants in the TDF-FTC group 
were exposed to TDF-FTC. However, using self-
administered questionnaires to assess the use of 
preexposure prophylaxis at the time of the most 
recent sexual intercourse, we found that 28% of 
participants reported no use of such prophylaxis, 
suggesting that they were able to discern when 
to use preexposure prophylaxis on the basis of 
their own assessment of risk.

It was reassuring that there was no obvious 
increase in behavior associated with heightened 
risk during follow-up in our study, a finding that 
was echoed in previous trials of preexposure 
prophylaxis.6,19 The use of TDF-FTC was associ-
ated with gastrointestinal symptoms and tran-
sient increases in creatinine, both of which were 
consistent with previous reports.6 We were un-
able to assess the potential of long-term toxicity 
of TDF-FTC, and ultimately safety concerns will 
have to be balanced against potential benefits 
from HIV-1 prevention.

In conclusion, our study showed a reduced 
incidence of HIV-1 infection with sexual activity–

Figure 3. Kaplan–Meier Estimates of the Probability of HIV-1 Infection.

The cumulative probability of HIV-1 acquisition is shown for the two study 
groups in the modified intention-to-treat analysis. The inset shows the same 
data on an enlarged y axis.
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dependent preexposure prophylaxis with TDF-FTC 
among high-risk men who have sex with men 
and who engage in unprotected anal sex. Given 
that participants took a median of 15 pills per 
month, the results of this study cannot be extrapo-
lated to men who have sex with men who have less 
frequent sexual intercourse and thus would be tak-
ing TDF-FTC on a more intermittent regimen. 
While we wait for an effective vaccine against HIV, 
the use of such preexposure prophylaxis with 
TDF-FTC among high-risk men could contribute 
to a reduced incidence of HIV infection.23
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Adverse Events
TDF-FTC 
(N = 199)

Placebo 
(N = 201) P Value

no. of patients (%)

Any adverse event 186 (93) 181 (90) 0.21

Any serious adverse event 20 (10) 17 (8) 0.58

Death 0 0 1.00

Any grade 3 or 4 event 19 (10) 15 (7) 0.45

Treatment discontinuation due to adverse event 1 (1) 0

Gastrointestinal adverse event† 28 (14) 10 (5) 0.002

Nausea 16 (8) 2 (1)

Vomiting 3 (2) 0

Abdominal pain 13 (7) 3 (1)

Diarrhea 8 (4) 6 (3)

Other gastrointestinal disorder 1 (1) 2 (1)

Bone fracture 3 (2) 6 (3) 0.51

Confirmed laboratory event

Elevated plasma creatinine

Any grade 35 (18) 20 (10) 0.03

Grade 1 35 (18) 19 (9)

Grade 2 0 1 (<1)

Proteinuria ≥2+ 11 (6) 9 (4) 0.63

Glycosuria ≥2+ 1 (1) 0 0.50

Elevated alanine aminotransferase

Any grade 33 (17) 26 (13) 0.30

Grade 1 24 (12) 17 (8)

Grade 2 8 (4) 5 (2)

Grade 3 0 1 (<1)

Grade 4 1 (1) 3 (1)

*  Listed are the numbers of participants who had at least one event from the time of the study initiation until the end of 
their participation in the double-blind phase of the study, when participants were switched to open-label TDF-FTC.

†  Investigators made the determination that these gastrointestinal events were related to either TDF-FTC or placebo.

Table 2. Adverse Events.*
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Efficacy, safety, and effect on sexual behaviour of 
on-demand pre-exposure prophylaxis for HIV in men who 
have sex with men: an observational cohort study
Jean-Michel Molina, Isabelle Charreau, Bruno Spire, Laurent Cotte, Julie Chas, Catherine Capitant, Cecile Tremblay, Daniela Rojas-Castro, Eric Cua, 
Armelle Pasquet, Camille Bernaud, Claire Pintado, Constance Delaugerre, Luis Sagaon-Teyssier, Soizic Le Mestre, Christian Chidiac, Gilles Pialoux, 
Diane Ponscarme, Julien Fonsart, David Thompson, Mark A Wainberg†, Veronique Doré, Laurence Meyer, for the ANRS IPERGAY Study Group*

Summary
Background Data for on-demand pre-exposure prophylaxis (PrEP) are scarce. We implemented a cohort study to 
assess its efficacy, safety, and effect on sexual behaviour.

Methods We invited men and transgender women who have sex with men, previously enrolled in the randomised 
placebo-controlled ANRS IPERGAY trial at seven sites (six in France and one in Canada), to participate in an open-
label extension with on-demand tenofovir disoproxil fumarate (300 mg) and emtricitabine (200 mg) to be taken before 
and after sexual intercourse. We assessed the incidence of HIV and other sexually transmitted infections (STIs), PrEP 
adherence, safety, and sexual behaviour. Statistical analyses included comparisons of proportions and incidence 
between the randomised phase of the ANRS IPERGAY trial and the open-label phase, and all participants were 
included in safety analyses. ANRS IPERGAY is registered with ClinicalTrials.gov, number NCT01473472.

Findings Between Nov 4, 2014, and Jan 27, 2015, we enrolled 361 participants. Median follow-up was 18·4 months 
(IQR 17·7–19·1). One participant who discontinued PrEP acquired HIV infection. HIV incidence was 0·19 per 
100 person-years (95% CI 0·01–1·08), compared with 6·60 per 100 person-years (3·60–11·05) in the placebo group of 
the randomised study, indicating a relative reduction of 97% (95% CI 81–100) in the incidence of HIV with on-
demand PrEP. Participants used a median of 18 pills of study drugs per month (IQR 11–25), and at the 6 month visit 
240 (71%) of 336 participants had tenofovir detected in plasma. Drug-related gastrointestinal events were reported in 
49 participants (14%) but were self-limited. Only four participants (1%) discontinued PrEP, three because of an 
increase in plasma creatinine. The proportion of participants reporting condomless sex at their last receptive anal 
intercourse significantly increased from 77% (136 of 176 participants) at baseline to 86% (66 of 77 participants) at 
18 months’ follow-up (p for trend=0·0004). The incidence of a first bacterial STI during this open-label phase did not 
change significantly compared with the randomised phase (59·0 vs 49·1 per 100 person-years, respectively; p=0·11).

Interpretation On-demand oral PrEP is highly effective at preventing HIV infection among high-risk men who have 
sex with men and therefore represents an alternative to daily PrEP, expanding choices for HIV prevention. High rates 
of STIs resulting from low condom use did not undermine PrEP efficacy, but warrant frequent testing.

Funding ANRS (France Recherche Nord and Sud Sida-HIV Hépatites), the Canadian HIV Trials Network, Fonds 
Pierre Bergé—Sidaction, Gilead Sciences, and the Bill & Melinda Gates Foundation.

Introduction
With an estimated 1·9 million new HIV infections 
worldwide in 2015, HIV prevention urgently needs to be 
strengthened.1 Daily oral pre-exposure prophylaxis (PrEP) 
with tenofovir disoproxil fumarate and emtricitabine 
provides efficient protection against HIV infection 
among men who have sex with men (MSM), heterosexual 
men and women, intravenous drug users, and HIV-
negative partners among serodiscordant couples.2–6 PrEP 
is recommended by WHO as an additional prevention 
choice for people at substantial risk of HIV infection and 
is approved for use in several countries.7 However, like 
other preventive approaches, PrEP efficacy is strongly 
associated with adherence, and some individuals might 
not be able to take daily pills for long periods of time, 
thereby compromising PrEP efficacy.8,9

To overcome this issue of adherence, alternatives to 
daily oral PrEP are being developed and these include 
vaginal or rectal gels, vaginal rings, injectable anti-
retrovirals, and even implants.10–12 However, the approval 
and availability of these methods will take many years. In 
the meantime, intermittent PrEP, taken at the time of 
sexual activity, might expand choices for people willing to 
use oral PrEP without being committed to a daily 
regimen.

A single efficacy trial, the ANRS IPERGAY trial,13 was 
done among high-risk MSM in France and Canada 
to assess on-demand PrEP with tenofovir disoproxil 
fumarate and emtricitabine. The results of the intention-
to-treat analysis showed an 86% relative reduction of HIV 
incidence compared with placebo. However, because of 
this high efficacy, treatment for the placebo group in this 
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trial was prematurely discontinued after a median follow-
up of only 9·3 months; therefore, one cannot dismiss the 
possibility of an overestimation of PrEP efficacy in this 
study because of high initial adherence, and more data 
are needed to confirm the efficacy of PrEP on demand. 
Additionally, more follow-up data are required to assess 
the long-term safety of this intervention among MSM, its 
effect on sexual behaviour and condom use, and the 
consequences in terms of the incidence of other sexually 
transmitted infections (STIs), an increasing concern 
among MSM who use PrEP.14 Now that efficacy is well 
established, PrEP use and sexual practices could differ in 
open-label cohort studies compared with trials.

Immediately after discontinuation of the placebo-
controlled randomised phase of the ANRS IPERGAY 
trial on demonstration of efficacy of intermitted dosing, 
we offered study participants enrolment in a cohort to 
better understand real-world use and to enable them to 
retain access of PrEP until regulatory approval and public 
reimbursement in France and Quebec. 

Methods
Study design and participants
We enrolled participants to this cohort study from the 
ANRS IPERGAY trial13 who remained under follow-up at 
the time of discontinuation of the randomised placebo-
controlled phase of the study in November, 2014. All 
participants in the screening period who had not yet been 
randomly assigned were also eligible, as long as they met 
all the inclusion criteria for the double-blind trial. Briefly, 
we enrolled HIV-negative MSM or transgender women 
having sex with men, aged 18 years or older, who were at 
high risk of HIV acquisition, defined as unprotected anal 
sex with at least two different partners over the previous 
6 months. We enrolled participants at seven sites (six in 
France and one in Canada). Exclusion criteria included 
hepatitis B surface antigen positivity, a creatinine 
clearance below 60 mL/min, as assessed by the Cockroft–
Gault formula, an alanine aminotransferase (ALT) 
concentration more than 2·5 times the upper limit of 
normal, and glycosuria or proteinuria of more than 1+ in 

Research in context

Evidence before this study
Daily oral pre-exposure prophylaxis (PrEP) with tenofovir 
disoproxil fumarate and emtricitabine is recommended by 
WHO and the US Centers for Disease Control and Prevention as 
an additional prevention tool for people at substantial risk of 
HIV infection, including men who have sex with men (MSM), 
heterosexual men and women, intravenous drug users, and 
HIV-negative partners in serodiscordant couples. PrEP efficacy is 
strongly associated with adherence, but some individuals 
might not be able to take daily pills for long periods of time. 
On-demand PrEP, taken at the time of sexual activity, might 
represent an interesting option for people willing to use oral 
PrEP without being committed to a daily regimen. A single 
efficacy trial, the ANRS IPERGAY trial, done among high-risk 
MSM in France and Canada showed an 86% (95% CI 40–98) 
relative reduction of HIV incidence with on-demand tenofovir 
disoproxil fumarate and emtricitabine compared with placebo. 
However, because this single trial was prematurely discontinued 
after a median follow-up of only 9·3 months, one cannot 
dismiss the possibility of an overestimation of PrEP efficacy due 
to high initial adherence to PrEP, and more data are needed to 
confirm the efficacy of PrEP on demand.

We searched PubMed with no language restrictions until 
Jan 27, 2017, with the terms “on demand pre exposure 
prophylaxis and HIV” or “intermittent”, “event driven”, “sex 
driven”, “time driven”, “pre exposure prophylaxis”, and “HIV”. 
This search yielded 91 publications. We also reviewed all trials of 
non-daily (event or time-driven) oral PrEP listed in the AVAC HIV 
Prevention Research and Development Database, which has 
comprehensive information on clinical trials of HIV prevention 
either planned, ongoing, or completed. We identified 
several completed and ongoing studies and demonstration 
projects designed to assess acceptability, safety, people 

preferences, pharmacokinetic models, and adherence to 
intermittent PrEP, but none were designed to assess efficacy. 
Numerous cost-effectiveness studies with intermittent PrEP 
have also been done.

Added value of this study
This open-label extension of the ANRS IPERGAY trial 
immediately followed the end of the double-blind phase of the 
study and all participants were offered to receive open-label on-
demand PrEP. With approximately twice the number of 
individuals using on-demand PrEP (n=361) for a median 
duration of follow-up, which was also twice that of the 
double-blind phase (18·4 months), these results confirm and 
extend the effectiveness of on-demand PrEP previously 
reported. Indeed, the incidence of HIV infection among MSM in 
our study was low (0·19 case per 100 person-years), 
representing a 97% (95% CI 81–100) relative reduction of HIV 
incidence compared with the incidence in the placebo group of 
the double-blind phase. Additionally, the safety of on-demand 
treatment was good, with only 1% of participants discontinuing 
PrEP mainly because of a reduced plasma creatinine clearance. 
Furthermore, despite a reduced use of condoms, the incidence 
of sexually transmitted infections did not increase during this 
open-label extension study.

Implications of all the available evidence
On-demand tenofovir disoproxil fumarate and emtricitabine is 
an effective and safe alternative to daily oral PrEP with 
tenofovir disoproxil fumarate and emtricitabine among MSM 
and will expand their choices for PrEP. Research is ongoing to 
assess this on-demand regimen in other high-risk groups 
(heterosexual men and women). On-demand PrEP is 
recommended only in Europe and Canada among MSM, but 
results of this study might also inform guidelines.
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analysis with urine dipsticks. Contrary to the double-
blind phase of the study, we included participants with 
hepatitis C virus infection in this open-label phase and 
they had access to sofosbuvir plus ledipasvir therapy, 
donated by Gilead Sciences (Foster City, CA, USA). We 
instructed participants who had a decline in creatinine 
clearance below 50 mL/min or a tubulopathy during 
follow-up to discontinue PrEP.

The amendment to the initial protocol to implement 
this open-label extension was approved by public health 
authorities and by ethics committees in France (Comité 
de Protection des Personnes, Paris, Ile de France IV) and 
Canada (Comité d’éthique de la recherche, Montreal, 
QC). All participants provided oral informed consent to 
be enrolled in this open label study extension, and 
353 (98%) of 361 provided written consent.

Procedures
Participants received PrEP as a fixed-dose combination 
of 300 mg tenofovir disoproxil fumarate and 200 mg 
emtricitabine per pill. For each sexual intercourse, 
we instructed participants to take a loading dose of 
two pills with food 2–24 h before sex, a third pill 24 h 
after the first drug intake, and a fourth pill 24 h later. In 
case of multiple consecutive sexual intercourses, we 
instructed participants to take a pill per day until the last 
sexual intercourse and then to take the two postexposure 
prophylaxis pills. When resuming PrEP, we instructed 
participants to take another loading dose of two pills 
unless the last drug intake was less than 1 week 

beforehand, in which case we instructed them to take 
only one pill.

We scheduled study visits at enrolment, 4 weeks and 
8 weeks later, and every 8 weeks thereafter until 
June 30, 2016, a date at which it was likely that PrEP 
would be approved in France. Each visit included drug 
dispensation, with enough pills to cover a daily use of 
PrEP between visits, pill count and adherence 
counselling, serum testing for HIV infection with a 
fourth generation antigen and antibody assay, and 
biochemical analyses. Additionally, HIV RNA testing 
could be done on blood samples at the request of an 
investigator in cases of suspected primary HIV infection. 
Before each visit, we asked participants to complete a 
computer-assisted structured interview (CASI) at home 
to collect information about sociodemographic 
characteristics, alcohol and recreational drug use, sexual 
behaviour, and adherence to PrEP during their last sexual 
intercourse.

At every visit, we offered participants a comprehensive 
package of prevention services as previously described,13 
including face-to-face risk-reduction counselling done by 
a peer community member, free condoms and gel, and 
testing and treatment of STIs. Postexposure prophylaxis 
was also available at study sites free of charge in case of 
unprotected exposure to a partner possibly infected with 
HIV, but only if PrEP had not been taken as recom-
mended, because of the favourable results of the 
placebo-controlled phase of the study.

We hired peer counsellors from the AIDES advocacy 
group. Each counsellor was responsible for 50 participants 
and was also tasked with recruitment in gay venues 
(eg, bars, saunas, and sex clubs). Each counsellor 
gave their professional mobile phone number and 
email to participants and could be contacted anytime 
to answer participants’ questions. Peer counsellors 
reminded participants of their appointments at study 
sites and to complete questionnaires just before the 
visits (or helped them on site when this was not done 
before). When the medical team needed participants to 
come back for the treatment of an STI or for an abnormal 
blood test (although the reason why participants had to 
come back was not known to the peer counsellors) peer 
counsellors contacted participants. Peer counsellors also 
attended all participants’ visits on site and provided 
adherence and risk-reduction counselling.

We screened participants for syphilis (serology) and 
chlamydial and gonorrhoeal infection (with a specific 
PCR done on anal and throat swabs and urine 
samples) every 6 months. In July, 2015, a substudy was 
implemented in this cohort to assess the benefit of 
doxycycline prophylaxis on the incidence of bacterial 
STIs, for which tests for STIs were done every 8 weeks. 
The results of this substudy will be reported separately 
and the analysis of bacterial STIs in this report was 
censored at entry in the doxycycline substudy for the 
participants enrolled.

336 eligible from masked phase 

361 enrolled

Bimonthly visit attendance* 
Month   2 355/360 (99%)
Month   4 343/357 (96%)
Month   6 338/352 (96%)
Month   8 335/348 (96%)
Month 10 317/338 (94%)
Month 12 311/330 (94%)
Month 14 311/325 (96%)
Month 16 299/319 (94%)
Month 18 282/305 (92%)
Month 20  153/155 (99%)

33 new participants screened

3 ineligible 
1 HIV infection at enrolment 

63 (17%) discontinued intervention during follow-up
 33 withdrew consent
 16 lost to follow-up
 13 other reasons
 1 acquired HIV infection

3 refused open-label phase
1 ineligible 

Figure 1: Study profile
*Data are proportion of total number of participants available at follow-up who were able to attend bimonthly visits. 
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Outcomes
The primary outcome was HIV-1 infection, defined as 
the first evidence of HIV antibodies or p24 antigen in 
serum with a fourth generation assay, or HIV RNA in 
plasma with a PCR assay. We did genotypic testing for 
drug resistance on samples obtained near the time of 
diagnosis to detect major resistance mutations at 
positions 184, 65, and 70 in the reverse transcriptase 
coding region.13

Pill count was the first measure of adherence. We 
asked participants to return their study drug bottles at 
each visit and did pill counts of unused medication. We 
also measured tenofovir in plasma at 6 months after 
enrolment in all participants, using a validated liquid 
chromatography-tandem mass spectrometry method 
with a limit of quantification of 1 ng/mL for tenofovir.15 

This plasma assay was able to detect drugs up to 7 days 
after intake, and, on the basis of plasma concentrations, 
we were able to define four categories: above 40 ng/mL 
(drug intake within 24 h of sampling), 10–40 ng/mL (last 
drug intake within 48–72 h), 1–10 ng/mL (last drug intake 
within a week), and no drug detected (last intake more 
than a week before sampling).

We also assessed adherence to PrEP at the time of the 
last sexual intercourse by use of CASIs completed 
before each visit. Three categories of adherence were 
defined: correct use of PrEP (at least one pill taken 
within 24 h before sex and one pill taken within 24 h 
after sex), no PrEP use (no pills taken within 48 h before 
and after sex), and suboptimal use of PrEP (any other 
use of PrEP).

Using CASIs, we assessed the number of sexual 
partners during the 2 months before visits, the total 
number of sexual intercourses in the 4 weeks before 
visits, and the proportion of participants with condomless 
receptive anal sex at their last sexual intercourse before 
visits. Furthermore, we assessed the incidence of first 
bacterial STIs.

We included all participants enrolled in the study in 
safety analyses. We recorded adverse events at each visit, 
regardless of any relation to study drugs. We graded toxic 
effects according to the ANRS scale of the severity of 
adverse events in adults.16

Statistical analysis
We did analyses on participants enrolled in the study, 
excluding participants with HIV-1 infection or with 
contra indications to study drugs at enrolment. We 
analysed available data without imputation for missing 
data. HIV incidences and incidences of first STI were 
compared between open phase and double-blind phase 
with mid-p exact test instead of the exact p value, which 
is known to be overly conservative.17 We calculated 
95% CI for incidence by use of a Poisson distribution. To 
assess sexual behaviour over time, we implemented a 
linear regression for each indicator with a trend term as 
explanatory variable and provided with p values for trend. 

We did analyses with Stata/SE 12.1 software and SAS 
software version 9.3. All p values and 95% CI are 
two-sided. The trial is registered with ClinicalTrials.gov, 
number NCT01473472.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. The corresponding author had 
full access to all the data in the study and had 
final responsibility for the decision to submit for 
publication.

Participants (n=361)

Men 359 (99%)

Transgender female 2 (1%)

Age (years) 37 (30–44)

Ethnic origin

White 329 (91%)

Other 32 (9%)

Not in a couple 261/333 (78%)

Main partner HIV positive 48/354 (14%)

Education level

Postsecondary* 324/355 (91%)

Other† 31/355 (9%)

Use of recreational drugs for sex‡ 157/356 (44%)

Site of enrolment

Paris, France 174 (48%)

Lyon, France 71 (20%)

Nice, France 34 (9%)

Tourcoing, France 24 (7%)

Nantes, France 17 (5%)

Montreal, QC, Canada 41 (11%)

Sexual risk factors at baseline§

Partners in past 2 months 7 (3–15)

Sexual acts in past 4 weeks 9·5 (5–15)

Most recent sexual act

Oral sex 56/339 (16%)

Insertive anal sex 107/339 (32%)

Receptive anal sex 176/339 (52%)

Condomless receptive anal sex 136/176 (77%)

Circumcision 77 (21%)

Bacterial sexually transmitted 
diseases in masked phase¶

127/332 (38%)

Postexposure prophylaxis use in 
masked phase

50/332 (15%)

Data are n (%), median (IQR), or n/N (%). *Postbaccalaureate certificate 
achieved at the end of high school. †No education beyond baccalaureate. 
‡Recreational drugs used for sex in past 12 months, including ecstasy, crack 
cocaine, cocaine, crystal (methamphetamine), speed (amphetamine), and GHB/
GBL. §All types of sexual acts are included (insertive or receptive anal sex and 
oral sex). ¶Included syphilis serological testing by rapid plasma reagin 
confirmed with the use of a treponema-specific assay; Neisseria gonorrhoeae and 
Chlamydia trachomatis were detected by PCR with urine samples and throat and 
anal swabs.

Table 1: Baseline characteristics
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Results
Between Nov 4, 2014, and Jan 27, 2015, we enrolled 
361 participants from the 400 participants who started 
the randomised placebo-controlled phase of the study13 
and new participants who had been screened for 
enrolment in the double-blind phase. The last follow-up 
visit was on June 30, 2016 (figure 1). All participants were 
male except for two transgender women (table 1).

During the study period, 63 participants (17%) 
prematurely discontinued the study. 518 person-years of 
follow-up was accrued after enrolment for the assessment 
of HIV incidence, with a median follow-up of 
18·4 months (IQR 17·7–19·1). PrEP was approved and 
fully reimbursed in France and Quebec in January, 2016, 

and since then, the study was no longer the only source 
of PrEP for participants.

HIV-1 seroconversion was observed in one participant 
during follow-up and the overall HIV incidence in this 
open-label extension phase was 0·19 per 100 person-
years of follow-up (95% CI 0·01–1·08). We compared this 
incidence with that of the placebo group during the 
randomised phase of the study (6·60 per 100 person-
years, 95% CI 3·60–11·05), showing a 97% (95% CI 
81–100) relative reduction of HIV incidence in the open-
label extension phase of the study. Additionally, we have 
evidence that the participant who seroconverted was not 
using PrEP. This participant, randomly assigned to the 
PrEP group of the placebo-controlled study in April, 2014, 
was enrolled in the open-label extension on Nov 6, 2014. 
At this visit, he reported no PrEP use since 
September, 2014, because he was in a stable relationship 
with a single partner and returned 59 of 60 pills. His 
plasma HIV RNA and HIV serological tests were 
negative. HIV-1 infection was diagnosed at the next visit 
on Dec 16, 2014, and he returned a full bottle of 30 pills 
at that visit. We did not detect tenofovir in plasma, 
he presented with an influenza-like syndrome, the HIV 
serological test was positive with 52 million copies 
per mL of HIV RNA in plasma, and we detected no drug-
resistance mutations. His partner had HIV.

We analysed individual patterns of pill use, which 
showed large interpatient and intrapatient variability 
over time (figure 2, appendix p 1). We also measured 
tenofovir concentrations in plasma for 336 (99%) of 
339 participants still in follow-up at the 6 month visit. 
Tenofovir was detected in plasma in 240 participants 
(71%; 95% CI 66–76), with 184 (55%) having tenofovir 
concentrations above 40 ng/mL (drug intake within 24 h 
of sampling), 31 (9%) between 10 ng/mL and 40 ng/mL 
(last drug intake within 48–72 h), and 25 (7%) between 
1 ng/mL and 10 ng/mL (last drug intake within a week). 
At the 6 month visit, no participant was receiving 
postexposure prophylaxis pills.

We analysed self-report PrEP use on CASIs at the time 
of the last sexual intercourse and summarised data for all 
participants across all visits (n=1382 sexual intercourses). 
Overall, PrEP was not used for 359 sexual intercourses 
(26%); it was used at a suboptimal dose for 333 sexual 
intercourses (24%) and at the correct dose for 690 sexual 
intercourses (50%). Also, among 326 participants with 
questionnaires available, 28 (9%) consistently reported 
no PrEP use at their last sexual intercourse.

During the study period, the number of sexual partners 
did not change during the 2 months before visits (p=0·42) 
and nor did the total number of sexual intercourses in the 
4 weeks before visits (p=0·12). However, frequency 
of condomless receptive anal sex at the last sexual 
intercourse increased from 77% (136 of 176 participants) at 
baseline to 86% (66 of 77 participants) at 18 months’ follow-
up (p=0·0004; appendix p 2). During follow-up, among 
351 participants with available questionnaires, two (1%) 

See Online for appendix

Month
2 4 6 8 10 12 14 16 18 20 22

0 or missing
1–4

4–11
11–18

18–25
25–30

Figure 2: Patterns of pill use
Six categories of pill use per participants per month were defined at each visit: 
no pill use or missing, 1–4 pills per month, 5–11 pills per month, 12–18 pills 
per month, 19–25 pills per month, or more than 25 pills per month. Each bar 
represents a single participant. Length of follow-up times vary according to the 
time of enrolment. Median number of pills per month was 18 (IQR 11–25).
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reported only oral sex, 55 (16%) reported only insertive 
anal sex, and 294 (84%) reported receptive anal sex.

The proportion of participants having acquired at least 
one bacterial STI during the study (with follow-up 
censored when participants entered the doxycycline 
substudy) remained high (156 [43%]). The incidence of a 
first bacterial STI in the open phase was 59·0 per 
100 person-years (95% CI 50·1–69·0), but did not differ 
from the incidence of 49·1 per 100 person-years (95% CI 
41·6–57·6) reported in the double-blind phase of the 
study (p=0·11).13 

113 (42%) of 268 bacterial STIs diagnosed were rectal 
infections. Overall, 83 participants (23%) acquired 
chlamydia infections, 76 gonorrhoea (21%), and 
57 syphilis (16%). No participants acquired hepatitis B 
virus and five (1%) acquired hepatitis C during follow-up.

The frequency of serious adverse events or grade 3 or 4 
adverse events was similar to that reported in the active 
and placebo groups of the randomised study (table 2, 
appendix pp 3, 4), and no deaths occurred. Two 
participants had grade 4 clinical adverse events, which 
were not considered treatment related: one participant 
presented with a cerebral haemorrhage secondary to an 
arteriovenous malformation and another participant 
attempted suicide (appendix pp 3, 4). Infections and 
psychiatric disorders represented most of the serious 
adverse events with five participants attempting suicide 
(appendix pp 3, 4). Only four participants (1%) 
discontinued PrEP, three because of increased plasma 
creatinine (one grade 2 and two grade 1, with decline in 
creatinine clearance below 50 mL/min in only one 
participant) and one because of a grade 2 increase in 
transaminases; these were considered treatment-related 
events (table 2). Two additional participants had 
transient grade 2 plasma creatinine elevations but did 
not discontinue PrEP (table 2). Plasma creatinine 
concentrations returned to grade 1 during follow-up. No 
case of Fanconi’s syndrome was reported even though 
two participants had transient glycosuria. Drug-related 
adverse events were reported in 72 participants (20%), 
mostly gastro intestinal adverse events (nausea, vomiting, 
diarrhoea, abdominal pain, and other gastrointestinal 
disorders), which were reported in 49 participants (14%; 
table 2), a similar proportion to that seen in the active 
group during the double-blind phase of the study.13

Seven participants also had grade 3 or 4 ALT elevation 
that was associated with acute hepatitis C infection 
acquired either at the end of the double-blind phase 
(n=2) or during the open-label phase (n=5; table 2). 
Seven participants had post-traumatic bone fractures, 
which were not considered to be treatment-related and 
did not meet definitions of fragility fractures (table 2).

Discussion
The results of this open-label study extension done in 
high-risk MSM and transgender women who have sex 
with men using on-demand oral PrEP with tenofovir 

disoproxil fumarate and emtricitabine confirm and 
extend the results of the previous placebo-controlled 
randomised study.13 HIV incidence in this cohort was low 
and was lower than the HIV incidence reported in the 
active and placebo groups of the randomised phase.13 This 
low incidence is a 97% reduction in risk of HIV acquisition 
relative to the incidence reported in the placebo group 
and is consistent with the 86% relative reduction 
previously reported.13 However, this comparison is not 
randomised and the incidence of HIV without PrEP in 
our cohort is likely to have been lower than that reported 
in the randomised phase, because participants most at 
risk already acquired HIV infection during the masked 
phase and those who remained not infected and were 
enrolled in the open-label phase could be at lower risk of 
HIV acquisition. Nevertheless, the efficacy of PrEP 
remained high because the only participant who acquired 
HIV had discontinued the use of PrEP before being 
infected, strengthening the importance of adherence to 
PrEP for maximal protection against HIV acquisition.

Participants who know the efficacy of PrEP and the 
importance of adherence are also likely to have had 
high adherence, thereby increasing effectiveness, as 
reported in previous open-label studies among MSM in 
the USA.18–20 In our study, adherence to on-demand 
PrEP was high, as assessed by drug concentrations in 

Participants (n=361)

Any AEs 353 (98%)

Any serious AEs 41 (11%)

Death 0

Any grade 3 or 4 events 40 (11%)

Treatment discontinuation due to AEs* 4 (1%)

Drug-related gastrointestinal AEs 49 (14%)

Diarrhoea 26 (7%) 

Nausea or vomiting 15 (4%)

Abdominal pain 10 (3%)

Gastrointestinal disorders 9 (2%)

Bone fracture 7 (2%)

Confirmed laboratory events

Elevated plasma creatinine (maximal grade)

Grade 1 58 (16%)

Grade 2† 3 (1%)

Proteinuria ≥2 positive 31 (9%)

Glycosuria ≥2 positive 2 (1%)

Elevated alanine aminotransferase concentrations

All grades 85 (24%)

Grade 3 or 4 7 (2%)

Data are n (%). AEs=adverse events. *Three participants discontinued study drug 
because of an increase in plasma creatinine (two participants with grade 1 and 
one participant with grade 2, with a decline in creatinine clearance to 48 mL/min 
in the participant with grade 2 creatinine elevation, and to 75 mL/min and 
71 mL/min in the participants with grade 1) and one participant discontinued 
because of a grade 2 increase in transaminases. †Only one participant 
discontinued the use of study drug.

Table 2: Adverse events
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plasma, pill count, and CASIs. At the 6 month visit, 
71% of participants had tenofovir detected in plasma at 
concentrations suggestive of last drug intake during 
the previous week, which is again consistent with the 
86% in the randomised phase.13 By contrast, the median 
estimated number of pills used per month seemed 
higher than during the masked phase (18 pills vs 
15 pills), but since the study extension was open-label 
and the only access to PrEP until January, 2016, some 
participants were reluctant to return unused pills, 
which might have led to an overestimation of the actual 
number of pills used. However, this amount represented 
a median of about four pills per week, which would 
cover one period of sexual intercourse per week with 
the on-demand dosing regimen used in this study. Pill 
use remained highly variable during follow-up among 
participants and for the same participants between 
visits. When we assessed the use of PrEP at last sexual 
intercourse, 26% of sexual intercourses were not 
covered by PrEP, a proportion similar to that reported 
in the masked phase of the initial study.13

Overall, these data support the efficacy of an on-
demand PrEP regimen among MSM when a median of 
four pills per week is used in participants with frequent 
sexual intercourses. These data are consistent with post-
hoc analyses from the Iprex OLE study,18 suggesting that 
intracellular concentrations of tenofovir diphosphate 
associated with PrEP use of at least four tablets of 
tenofovir disoproxil fumarate and emtricitabine per week 
were associated with no incident HIV infections, with 
animal data and pharmacokinetic-pharmacodynamic 
modelling studies supporting the use of on-demand 
PrEP in case of rectal exposure.21–24

However, extrapolation of these data to people who 
have less frequent sex or to other high-risk groups is 
difficult, and pending further analysis it would be 
prudent to restrict this dose regimen to MSM having sex 
at least once per week. Furthermore, because of the 
almost null presence of transgender individuals in this 
study, our results should be applied with caution for the 
transgender population.

The safety of on-demand PrEP was also reassuring in 
our study, and despite drug-related gastrointestinal 
adverse events reported by 14% of participants (mainly 
nausea, diarrhoea, and abdominal pain), these adverse 
events were self-limiting and did not lead to treatment 
discontinuation, as previously reported.2,18 Renal toxicity, 
a well known safety concern with tenofovir disoproxil 
fumarate, led to treatment discontinuation in three 
participants, only one of whom had a decline in creatinine 
clearance below 50 mL/min (<1%). Although no cases of 
Fanconi’s syndrome were reported, these data obtained 
in young individuals with a normal creatinine clearance 
at baseline, suggest a need for renal monitoring in people 
receiving PrEP containing this formulation of tenofovir, 
even with an on-demand regimen. Severe adverse events 
were also reported in 11% of participants, mainly 

infections and psychiatric disorders, but were not 
considered treatment related. These severe adverse 
events underline the need for a comprehensive sexual-
health approach in PrEP users who frequently use 
chemsex, some of whom might also have underlying 
neuro psychiatric conditions. Additionally, most 
infections were STIs, either bacterial (chlamydia, 
gonorrhoea, or syphilis) or viral (hepatitis C). Although 
these STIs can be cured readily, their increasing 
incidence among MSM has been a matter of concern, 
even before the implementation of PrEP. Whether PrEP 
use might lead to an increase in STIs is unclear. Data 
from this study and from the PROUD trial6 did not find a 
significant increase in the incidence of STIs with open-
label use of PrEP, but results of a meta-analysis14 
published in 2016, have suggested that MSM using PrEP 
might have ten times to 25 times higher rates of STIs 
compared with non-PrEP users.13 Individuals enrolled in 
PrEP studies already have a high risk of STIs, and an 
annual incidence of 50% or higher has been commonly 
reported. However, most of these infections are 
asymptomatic and PrEP monitoring is an opportunity 
for more frequent testing (more frequent than every 
6 months as done in our study) and better treatment of 
STIs. In any case, the high rate of STIs reported in PrEP 
studies did not undermine its efficacy.

The potential increase in STIs in PrEP users could be 
related to decreased condom use and increased numbers 
of sexual partners. Although not reported in placebo-
controlled studies, because participants did not know 
yet whether PrEP was effective, a decrease in condom 
use in the immediate PrEP group had been reported in 
the PROUD study6 among participants with frequent 
sexual relationships, and in our open-label study 
extension. The mean number of partners and the mean 
number of sexual intercourses remained unchanged 
over time in our study, but condom use decreased 
significantly. These participants had been selected from 
the masked phase of the ANRS IPERGAY trial13 for the 
non-consistent use of condoms. We therefore need to 
reinforce counselling to prevent STIs among PrEP 
users by reminding them that the correct use of 
condoms can reduce this risk, the need to avoid drugs, 
and the benefit of frequent testing for STIs, even when 
asymptomatic.

In summary, this open-label extension of the ANRS 
IPERGAY trial confirmed the high efficacy and safety of 
PrEP with on-demand oral tenofovir disoproxil fumarate 
and emtricitabine in high-risk MSM having frequent sex, 
thus expanding options for PrEP.
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