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Daily preexposure prophylaxis (PrEP) with Truvada (emtricitabine [FTC] and tenofovir disoproxil fumarate
[TDF]) is a novel HIV prevention strategy recently found to reduce HIV incidence among men who have sex
with men. We used a macaque model of HIV transmission to investigate if Truvada maintains prophylactic
efficacy against an FTC-resistant isolate containing the M184V mutation. Five macaques received a dose of
Truvada 3 days before exposing them rectally to the simian/human immunodeficiency virus mutant
SHIV162p3,,;54v, followed by a second dose 2 h after exposure. Five untreated animals were used as controls.
Virus exposures were done weekly for up to 14 weeks. Despite the high (>100-fold) level of FTC resistance conferred
by M184YV, all five treated animals were protected from infection, while the five untreated macaques were infected
(P = 0.0008). Our results show that Truvada maintains high prophylactic efficacy against an FTC-resistant isolate.
Increased susceptibility to tenofovir due to M184V and other factors, including residual antiviral activity by FTC
and/or reduced virus fitness due to M184V, may all have contributed to the observed protection.

Oral administration of antiretroviral drugs before human
immunodeficiency virus (HIV) exposure (preexposure prophy-
laxis [PrEP]) is a promising intervention to protect high-risk
HIV-1-negative people from becoming infected (5, 12, 14). A
recently completed trial with daily Truvada (a combination of
emtricitabine [FTC] and tenofovir disoproxil fumarate [TDF])
among HIV-seronegative men who have sex with men (MSM)
has provided the first indication that oral PrEP is protective
(15). In this trial, the incidence of HIV-1 was reduced by 44%
among participants that took Truvada; efficacy was substan-
tially higher (73%) for study participants who reported >90%
adherence (15). Ongoing clinical trials with different high-risk
populations will soon inform if PrEP may also prevent HIV
acquisition by other routes of transmission (12).

In areas with widespread access to antiretroviral therapy,
drug-resistant viruses are prevalent and frequently transmitted
(13). Exposure to an HIV-1 strain that is already resistant to
FTC or tenofovir (TFV) is a potential threat for the success of
PrEP with Truvada. TDF, FTC, and the closely related drug
lamivudine (3TC) are important components of first-line ther-
apy and have been extensively used for treatment. The overall
prevalence of the TFV resistance reverse transcriptase (RT)
mutation K65R in patients failing antiretroviral treatment has
remained low (3%) and relatively stable during the past few
years, although long duration of suboptimal therapy with TDF
or stavudine (d4T) has been associated with higher frequencies
of K65R (20, 21). In contrast, the M184V mutation, associated
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with FTC and 3TC resistance, is one of the most prevalent nu-
cleoside RT inhibitor (NRTI) resistance mutations seen in pa-
tients who fail treatment (4, 23). Consequently, M184V-contain-
ing viruses are frequently transmitted and commonly seen among
drug-naive, newly diagnosed HIV-infected persons (27).

Assessing the impact of circulating M184V viruses on PrEP
efficacy in humans is difficult and often not feasible because it
requires sampling early during infection and M184V tends to
rapidly revert and become undetectable due to its high fitness
costs (3, 6, 9, 28). Reversion of M184V to the wild type (WT)
limits the accurate assessment of the impact of this mutation
on PrEP effectiveness. Simian/human immunodeficiency virus
(SHIV) infection of macaques is a well-established model of
HIV transmission that can be used to explore the potential
impact of M184V on the efficacy of Truvada. Using a repeat
low-dose rectal SHIV transmission model, we have demon-
strated the efficacy of Truvada in preventing transmission of a
WT SHIV162P3 isolate in macaques (10, 11). This model was
recently validated by the results of the iPrEX clinical trial with
Truvada in humans, which showed similar efficacy among highly
adherent participants (15). Here we used the same model to
explore if in macaques Truvada maintains efficacy against an
FTC-resistant SHIV isolate containing M184V.

The M184V mutation was introduced in the SHIV162p3
background by site-directed mutagenesis as recently described
(7). Although one single-nucleotide change is sufficient to gen-
erate M184V, we introduced 2 nucleotide changes (ATG to
GTT) to minimize reversion of M184V in vitro and in vivo after
infection. Briefly, M184V was introduced (QuikChange II XL;
Stratagene) in a pVP1 plasmid that contains the 5" portion of
SIVmac239 (kindly provided by Cecilia Cheng-Mayer from
the Aaron Diamond AIDS Research Center) (7). The in-
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TABLE 1. Phenotypic susceptibility of SHIV162P3,,,54y to FTC
and TFV using a TZM-bl assay and a heteropolymeric reverse
transcriptase activity assay

ICs (M)
Isolate TZM-bl assay RT activity assay
FTC TFV FTC-TP TFV-DP
SHIV162P3 0.1 1.67 0.22 0.30

SHIV162P3y; 160y 782 (>100)! 0.50 (0.3) 25.4 (>100) 0.24 (0.8)

“Fold change in ICs, (50% inhibitory concentration) relative to that for
wild-type SHIV162p3 is shown in parentheses.

fectious viruses SHIV162P3 and SHIV162P3,, 5.y Were
generated in human embryonic kidney (HEK-293T) cells
after ligation of the plasmid pVP1 or pVP1,,,5,v With the
plasmid pSHIVp3gp160, which contains the gp160 region of
SHIV162P3 (16-19). Virus stocks were expanded in CD8-de-
pleted rhesus peripheral blood mononuclear cells (PBMCs)
and stored in liquid nitrogen until use. A full phenotypic char-
acterization of SHIV162P3,,,4,4y and the concurrently gener-
ated WT SHIV162P3 isolate has been recently reported (7).
Similar to the case with HIV-1, M184V conferred high-level
(>100-fold) resistance to FTC and increased susceptibility
(3.3-fold) to TFV in TZM-bl cells. The phenotypic drug sus-
ceptibility profile determined by an enzymatic RT activity assay
was similar (7). M184V reduced the susceptibility to FTC-
triphosphate (FTC-TP) by >100-fold and increased the sus-
ceptibility to TFV-diphosphate (TFV-DP) by 1.3-fold (Table
1). Thus, the susceptibility of SHIV162P3,,,54y to TFV and
FTC was similar to that seen in HIV-1 (22, 25).

In HIV-1, the M184V mutation reduces virus fitness (6).
We confirmed the deleterious effect of M184V on simian
immunodeficiency virus (SIV) by using a competitive
SHIV162p3 replication assay. In this experiment, an 80:20
mixture of SHIV162P3,,,54y and the concurrently gener-
ated WT SHIV162P3 was used to infect 5 X 10° Rhesus
PBMC:s at a multiplicity of infection of 0.002. Changes in the
relative proportion of the two competing variants were then
monitored over time by sequence analysis of viruses from cul-
ture supernatants (6). Figure 1 shows that SHIV162P3,;54v
was rapidly outcompeted by the WT isolate, demonstrating
that, as in HIV-1, M184V in SIV is associated with a high
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fitness cost (6). The fitness difference among the two viruses
was calculated by plotting the changes in relative proportions
over time (6). SHIV162P3, 44y Was found to be 30-fold (95%
confidence interval [CI] = 28.4 to 32.7) less fit than WT
SHIV162p3 (Fig. 1).

We next evaluated the transmissibility of SHIV162P3,;,54v
in Indian rhesus macaques. Five macaques were exposed to
SHIV162P3,,,54y rectally by nontraumatic inoculation of 1 ml
of culture supernatant into the rectal vault via a sterile gastric
feeding tube of adjusted length (10, 11, 24). Anesthetized ma-
caques remained recumbent for at least 15 min after each
inoculation. Macaques were monitored weekly for evidence
of infection by molecular and serologic testing using a syn-
thetic-peptide enzyme immunoassay (EIA) (Genetic Sys-
tems HIV-1/HIV-2; Bio-Rad, Redmond, WA) assay and
real-time RT-PCR or PCR assays specific for SHIV RNA or
DNA, respectively (24). Virus exposures were stopped when a
macaque became SHIV RNA positive. We used a virus dose
of 40 50% tissue culture infective doses (TCIDs,) since
SHIV162P3,,,54v has a 4-fold-lower virus infectivity/virion
particle ratio than WT SHIV162P3, which is usually dosed at
10 TCIDs, (10). The Institutional Animal Care and Use Com-
mittee (IACUC) of the Centers for Disease Control and Pre-
vention (CDC) approved this study.

All 5 rhesus macaques exposed to 40 TCIDs, of
SHIV162P3,,,44v Were infected during repeated rectal expo-
sures. The median number of challenges required to infect the
animals (3 challenges; 95% CI, 2 to 11) was similar to that seen
in 34 historical controls exposed to 10 TCIDs, of the parental
WT SHIV162P3 isolate (2 challenges; 95% CI, 1 to 13; P =
0.47, Wald chi-square test) (10) (not shown). Figure 2 shows
the kinetics of acute viremia seen in the 5 infected macaques.
The median peak virus load was 5.7 log,, viral RNA (VRNA)
copies/ml and ranged from 5.2 to 7.3 log,, copies/ml. Serocon-
version was observed in all animals within 2 to 5 weeks after
the first detectable VRNA; proviral DNA was consistently
detected in all 5 animals (not shown). Sequence analysis of
viruses from plasma collected 3 to 36 weeks after infection
confirmed the presence of the M184V mutation for all 5
macaques, demonstrating an absence of reversion of M184V at
infection. Figure 2 also shows that peak virus loads in the
SHIV162P3,,,s4\ infections were significantly lower than
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FIG. 1. Competition dynamics among WT SHIV162P3 and SHIV162P3,;,44v. The experiment was initiated at an 80/20 mutant-to-WT ratio.
(A) Changes in the relative proportions of the two competing variants over time measured in a single competition experiment. (B) Fitness vector.
To calculate the fitness vector, the proportion of SHIV162P3,,54y With respect to WT SHIV (Rn) was divided by its ratio in the initial mixture

(Ro), and this value (Rn/Ro) was plotted versus the time in days.
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FIG. 2. Blunted acute viremia in untreated control macaques in-
fected with SHIV162P3, 54y Individual virus load kinetics (n = 5; red
lines) are compared to those seen in historical macaques infected with
the parental WT SHIV isolate (n = 22; dark lines). Time zero indicates
the peak plasma virus load. Median peak viremia was significantly
lower in M184V infections (5.7 log,, RNA copies/ml, compared to 7.1
log,, RNA copies/ml in macaques infected with WT SHIV; P = 0.04).
One SHIV162P3,,,s4v-infected animal has limited follow-up because
it had to be euthanized for reasons unrelated to the study.

those seen in historical macaques infected with the parental
WT SHIV162P3 isolate (7.1 log,, RNA copies/ml; range = 5.3
to 8.9; P = 0.04, Wilcoxon test).

The prophylactic efficacy of Truvada against SHIV162P3, 1,44y
was evaluated with 5 rhesus macaques that received two weekly
doses of Truvada. The two Truvada doses were given 3 days
before and 2 h after each of the weekly virus exposures, which
were done for 14 consecutive weeks. Truvada was administered
orally by gavage to anesthetized macaques via a gastric feeding
tube (10, 11, 24). We recently showed that the same Truvada
regimen and dosing strategy was highly effective in preventing
transmission of the WT SHIV162P3 isolate (5 out of 6 animals
protected) (10). Figure 3 shows that all 5 macaques that re-
ceived Truvada and were exposed to SHIV162P3,,,54, wWere
also protected from infection after the 14 virus challenges (P =
0.0008 relative to results for untreated controls, Fisher’s exact
test), as indicated by an absence of seroconversion and detec-
tion of SHIV RNA or proviral DNA during the weekly virus
exposures and a follow-up period of 20 weeks. These findings
demonstrate the protective effect of Truvada against this FTC-
resistant mutant.

Several PrEP human clinical trials with oral or topically
administered antiretroviral drugs are now at various stages of
completion (12). These studies will provide valuable informa-
tion, including safety, efficacy for the major routes of HIV
transmission, and acceptability of oral and topical drug dosing
(12). The recent findings that a 1% TFV gel provided 38%
protection against vaginal HIV transmission and that daily oral
Truvada provided 44% protection from HIV among MSM are
the first indications that PrEP may be a feasible strategy for
preventing sexual HIV transmission if delivered as part of a
comprehensive package of prevention services (1, 15).

The widespread use of 3TC and FTC and their low genetic
barrier for resistance development have resulted in a high
frequency of M184V for patients who fail highly active anti-
retroviral therapy (HAART) (4). A high frequency of M184V
in HAART failures increases the risk of M184V resistance

NOTES 7935

100

75

r——-

L__j

25 L
I

50 4

% Uninfected macaques

0 T L] T T T I L) 1
0 2 4 6 8 10 12 14

Number of weekly rectal virus exposures

FIG. 3. Prophylactic efficacy of Truvada against SHIV162P3 ;g4
Each survival curve represents the cumulative percentage of unin-
fected macaques as a function of weekly rectal exposures. Protected
animals remained seronegative and viral RNA/DNA negative during
the 14 exposures and a follow-up period of 20 weeks. Truvada pre-
vented infection by SHIV162P3;g4v (P = 0.0008).

transmission and likely explains the frequent finding of M184V
in newly diagnosed, drug-naive persons that are infected with
drug-resistant viruses (26, 27). It is therefore essential to un-
derstand if exposure to M184V-containing viruses could po-
tentially reduce the efficacy of PrEP with Truvada. The high
protection seen in our animals that were exposed to this mu-
tant and received only two doses of Truvada is reassuring and
suggests that Truvada may still retain prophylactic efficacy in
this setting. The high efficacy seen with only two weekly doses
of Truvada strongly suggests that daily Truvada regimens
might also be efficacious.

Several possible reasons could explain the high protection by
Truvada seen in our macaques. As in the case of HIV-1,
M184V was associated with increased susceptibility to TFV.
Since TFV accumulates in rectal tissues, a 2- to 3-fold increase
in virus susceptibility for TFV may increase the effective TEFV
dose at the mucosa and render TFV more efficient in blocking
infection (10). Low virus fitness due to M184V might also
facilitate blocking of these viruses with drug and limit their
ability to establish and propagate a local infection, thus indi-
rectly increasing PrEP efficacy. Although our infectivity adjust-
ments based on the ratio between virus infectivity and virion
particles were sufficient to recapitulate the transmission effi-
ciency of WT SHIV162P3, peak M184V viremias in our un-
treated macaques were still significantly lower. Lower acute
viremias were indeed consistent with the reduced virus fitness
of SHIV162P3,,,54v seen in our competitive replication assay.

The high efficacy of Truvada against M184V viruses might
also reflect residual antiviral activity of FTC or high FTC
concentrations in rectal tissues. Extracellular concentrations of
FTC in rectal secretions or tissues from rhesus macaques and
humans have been found to be higher than blood plasma for up
to 14 days postdose, likely reflect FTC trapping into mucus
originating from drug elimination in feces (10; K. B. Patterson,
H. A. Prince, E. Kraft, A. Jones, S. Paul, N. J. Shaheen, M.
Spacek, P. E. Heidt, S. Reddy, J. Rooney, M. S. Cohen, and
A. D. M. Kashuba, presented at the 18th International AIDS
Conference, Vienna, Austria, 18 to 23 July 2010). High FTC
concentrations in rectal tissues might offer some residual an-
tiviral activity, as previously noted in patients who fail 3TC-
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containing regimens and have viruses containing M184V (23).
Additional efficacy studies with a TDF-only regimen will in-
form on the role of FTC in the observed protection against
SHIV162P3,,;54v-

Our results may not be generalized to all isolates that con-
tain M184V or to other routes of transmission. While M184V
by itself increases the susceptibility for TFV, this effect may be
reduced in viruses that also contain other resistance-associated
mutations (29). For instance, combinations of M184V with
thymidine analog mutations, including M41L, T21Y, and
L210W or D67N, K70R, and T215F, result in reduced suscep-
tibility to TFV. FTC and TFV exposure also differs in vaginal
and rectal tissues, which may potentially impact residual anti-
viral activity by FTC against M184V viruses and/or effective
tissue TFV concentrations.

Our transmissibility data with SHIV162P3, 4, expand our
previous observations with a smaller number of animals show-
ing that SHIV162P3,,,s4v dose increases based on virus infec-
tivity/total virion particle ratios were sufficient to recapitulate
the transmission efficiency of the parental WT isolate (7).
These findings further suggest that transmissibility of M184V-
containing viruses may be less efficient than WT virus trans-
mission. A lower transmission efficiency for M184V viruses has
been suggested in a case-controlled study comparing resistance
genotypes between potential transmitters and recent HIV sero-
converters (8). However, these types of studies are challenging,
since the population of potential transmitters is difficult to define
and M184V viruses tend to revert shortly after transmission (2).
Our study is the first to provide in vivo evidence in macaques
suggesting that M184V mutants may indeed be less transmissible.
Since M184V viremias were lower than WT viremias, our re-
sults also suggest that acute M184V virus infections might
have reduced risks for secondary virus transmission.

In summary, we show in a validated macaque model of rectal
SHIV transmission that PrEP with Truvada retains high effi-
cacy against a highly FTC-resistant isolate. These findings are
reassuring, since they suggest that exposure to FTC-resistant
viruses does not necessary translate into a failure of Truvada to
prevent infection in humans. Increased susceptibility to TFV
due to M184V and possibly other factors, including residual
antiviral activity by FTC and/or reduced virus fitness due to
M184V, may all have contributed to the protection observed in
our animals. These results illustrate how PrEP efficacy against
drug-resistant viruses can be influenced by drug pharmacoki-
netics and pharmacodynamics, complex phenotypic drug sus-
ceptibility profiles, and virus replicative capacity.
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