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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.
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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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