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The global HIV-1 pandemic remains a public health problem of un-
precedented proportions. There were 2.3 million new infections in 2012, 
with an estimated 35.3 million people already infected (1). Because an 
effective vaccine remains elusive, multiple clinical trials have been per-
formed to evaluate the efficacy of various antiretrovirals as preexposure 
prophylaxis (PrEP). The CAPRISA 004, the Chemoprophylaxis for HIV 
Prevention in Men (iPrEx), the PartnersPrEP, and the TDF2 studies have 
shown that topical or oral PrEP agents reduced the risk of HIV-1 infec-
tion, with efficacies ranging from 39 to 75% (2–5). The variability in 
efficacy likely resulted from adherence differences among the study 
populations. In the iPrEx study, the efficacy of daily oral emtricitabine 
and tenofovir disoproxil fumarate (FTC/TDF) increased from 44% in all 
participants assigned to treatment to 90% in those participants with de-
tectable drug in plasma (3). In a follow-up pharmacokinetic (PK) study, 
intracellular drug concentrations achieved from two, four, or seven di-
rectly observed doses of oral FTC/TDF per week correlated with 76%, 
96%, or 99% efficacy in the iPrEx study, respectively (6). In contrast, 
the FEM-PrEP and the VOICE PrEP trials were stopped because of futil-
ity, and in both studies plasma drug concentrations revealed that <30% 
of participants were adherent to the dosing regimen (7, 8). 

We hypothesize that long-acting (LA) antiretroviral formulations re-
quiring infrequent dosing could improve adherence and thus PrEP effi-
cacy. GSK1265744 (GSK744) is an analog of dolutegravir, a recently 
approved integrase strand-transfer inhibitor with a favorable efficacy and 
safety profile in several treatment trials (9–15). About 2600 patient years 
of exposure (median duration of 590 days, range from 1 to 1031) were 
accrued during phase 2b to 3b dolutegravir clinical trial programs. 

GSK744 is potent in vitro with a medi-
an inhibitory concentration (IC50) of 
0.22 nM against HIV-1 BAL in human 
peripheral blood mononuclear cells 
(PBMCs) (16). However, GSK744 is 
highly protein-bound, thereby shifting 
up the target IC50 408-fold in the pres-
ence of human serum (17). In infected 
patients treated daily with 5 or 30 mg of 
oral GSK744 monotherapy for 10 days, 
mean plasma trough concentrations 
exceeded the protein-adjusted levels 
that would block 90% of infections 
(PAIC90) by 3.5- and 20-fold, respec-
tively, resulting in a 2.2- to 2.3-log10 
decrease in plasma HIV-1 RNA without 
the emergence of drug resistance muta-
tions (18). 

GSK744’s high potency, low aque-
ous solubility, slow metabolism, and 
high melting point permitted its formu-
lation as a 200-mg/ml LA injectable 
product. In healthy volunteers, GSK744 
LA yielded an apparent terminal-phase 
half-life (t1/2) ranging from 21 to 50 
days, compared with about 40 hours for 
a single oral dose (16, 18). This in-
crease resulted from a slower release of 
drug from the injected nanosuspension 
rather than a change in the metabolic 
elimination rate. Safety analyses across 
six GSK744 oral studies and two 
GSK744 LA studies, dosing a total of 
245 participants (65 females, 180 
males; median age of 32 years), re-
vealed drug-related adverse events 

(dizziness and grade 1 rash) in only two participants, without any drug-
related grade 3 or 4 adverse events or deaths (19). Dose-independent 
injection site reactions were common after GSK744 LA administration, 
but these were generally well tolerated and self-limited (19, 20). Alt-
hough both oral and parenteral formulations of GSK744 continue to be 
evaluated in additional clinical trials, the safety data to date support fur-
ther clinical development. 

The goal of this work was to evaluate GSK744 LA as a PrEP agent 
in macaques to establish proof of concept. In anticipation of performing 
a low-dose intrarectal (IR) challenge experiment, we first conducted a 
PK study to identify a dosing regimen that could achieve clinically rele-
vant plasma concentrations. Indian rhesus macaques (Macaca mulatta) 
were injected intramuscularly (IM) at two time points 4 weeks apart with 
10 mg/kg (n = 8) or 30 mg/kg (n = 4; two injections of 15 mg/kg) of 
GSK744 LA, but the mean plasma GSK744 concentrations (Fig. 1A) 
were not always above 4× PAIC90, a level found to be important for the 
therapeutic effect in infected patients (18). A single intramuscular dose 
of 200, 400, or 800 mg of GSK744 LA in healthy volunteers revealed 
dose-proportional increases in drug exposure [AUC(0-∞)] (Fig. 1B) (8, 
21). The 800-mg dose of GSK744 LA resulted in sustained mean plasma 
concentrations >4× PAIC90 for 16 weeks (Fig. 1B). Because of injection 
volume limits, the 800-mg dose was administered as a split injection 
(two of 400 mg), resulting in a supraproportional maximum concentra-
tion (Cmax) compared with the 200- and 400-mg doses. This finding sug-
gested a faster release of GSK744 into the circulation as a consequence 
of dose splitting. However, only a dose-proportional increase in Cmax 
was observed when the dose was split in macaques. The elimination t1/2 
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decrease adherence problems associated with daily preexposure prophylaxis 
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of GSK744 LA was much shorter in macaques, 3 to 12 days, compared 
with humans, which is often the case for drugs in smaller mammals (22). 
The faster clearance of GSK744 in macaques required that a higher dose 
of GSK744 LA be used to maintain clinically relevant plasma concentra-
tions throughout the dosing interval in the virus prevention study. 

To understand drug distribution to the site of virus inoculation, we 
determined the levels of GSK744 in rectal biopsy tissues as compared 
with those observed in the plasma of macaques treated with 10 or 30 
mg/kg of GSK744 LA. As expected, higher plasma concentrations corre-
lated with higher tissue concentrations (Fig. 1C). The ratio of mean rec-
tal tissue to plasma concentrations (T:P) was 0.21 (range from 0.08 to 
0.54). The animals treated with GSK744 LA at 30 mg/kg were necrop-
sied 3 weeks after the second dose, and various tissues were analyzed for 
GSK744 (table S1). The drug was consistently identified in various re-
gions of the gastrointestinal tract (colon, ileum, jejunum, and duodenum) 
with T:P similar to that observed for rectal tissue. GSK744 was detected 
in all lymphoid tissues analyzed, including cervical, inguinal, mesenter-
ic, and axillary lymph nodes as well as tonsil and spleen. The highest 
GSK744 concentration in tissue was found in the liver, which may be 
due to the uptake of nanoparticles by Kupffer cells (23). The muscle 
tissues at injection sites had the lowest GSK744 concentration, suggest-
ing that the drug was largely released by the time of necropsy. 
To evaluate the efficacy of GSK744 LA as PrEP, we used a repeat low-
dose rectal challenge macaque model (24–28), which was developed to 
more closely mimic HIV-1 exposures in humans. Previously, using the 
same model, oral FTC/TDF demonstrated protection as observed in the 
iPrEx study among adherent volunteers (26). The earlier PK results from 
10 and 30 mg/kg of GSK744 LA dosing indicated that a dose of 50 
mg/kg would likely maintain plasma concentrations comparable to those 
in GSK744 LA-treated humans throughout the dosing period. Eight ma-
caques were therefore injected IM with 50 mg/kg of GSK744 LA at two 
time points 4 weeks apart, starting 1 week before the first virus exposure 
(Fig. 2A), and an additional eight macaques remained untreated as con-
trols. Both groups of macaques were challenged by nontraumatic inocu-
lation of 1 ml of SHIV162P3 (50 TCID50) into the rectal vault through a 
sterile gastric feeding tube. The macaques were similarly challenged 
weekly for up to eight challenges or until infection was confirmed by 
real-time reverse transcription polymerase chain reaction amplification 
of viral gag sequences from plasma. GSK744 LA–treated animals re-
mained aviremic as assessed by weekly measurements during the chal-
lenge period as well as the washout phase (Fig. 2B). In contrast, 
untreated macaques became infected during the challenge period, requir-
ing a median of two challenges (range from 1 to 7; Fig. 2, B and C). 
GSK744 LA–treated macaques had a 28.2-fold [hazard ratio, 95% confi-
dence interval (CI) 5.8, 136.8] lower risk of infection compared with 
untreated macaques (P <0.0001, log-rank test). 

As expected, dosing macaques with GSK744 LA at 50 mg/kg yield-
ed mean drug exposure above 4× PAIC90 (Fig. 1A) throughout the peri-
od of virus challenge. The interanimal variability in PK (Fig. 2D) was 
anticipated on the basis of similar results observed in humans. All ma-
caques, except EL11, maintained plasma drug concentrations >4× 
PAIC90 throughout the challenge period. GSK744 concentrations in the 
plasma of EL11 fell to 0.50 μg/ml for the last challenge (week 7), 
whereas the other macaques sustained plasma drug concentrations >4× 
PAIC90 through weeks 7 to 12. The t1/2 of GSK744 LA in monkeys was 
indeed shorter, ranging from 5 to 12 days. Nevertheless, the mean plas-
ma GSK744 concentrations achieved in the protected macaques closely 
parallel plasma concentrations measured in humans administered a sin-
gle, 800-mg intramuscular dose of GSK744 LA (fig. S1). 

SHIV-specific antibodies in plasma were detected by means of an 
enzyme immunoassay in all untreated controls 1 to 3 weeks after viral 
RNA detection but were not detected in any GSK744 LA–treated ma-
caques throughout the study (table S2). Proviral DNA was not identified 

in PBMCs from any drug-treated macaque throughout the study (table 
S2). Further virologic studies were performed to verify that the GSK744 
LA–treated macaques were not locally infected despite lacking evidence 
of systemic viral dissemination. The macaques were necropsied 19 
weeks after the first challenge, and tissues at the sites of virus inocula-
tion and draining lymph nodes were analyzed for the presence of pro-
viral DNA. To increase the sensitivity of the assay, we enriched rectum 
and colon tissues for mucosal mononuclear cells before analyzing the 
tissues for proviral DNA. No proviral DNA was detected in any of the 
samples, with the exception of the rectal mucosal mononuclear cells 
from EL11, where a positive signal below the limit of quantitation was 
observed (2 positive out of 20 wells assayed) (table S2). Although pro-
viral DNA was detected at an extremely low level, a productive systemic 
infection was never established during the 9 weeks of follow-up when 
plasma GSK744 concentrations were below the limit of detection. 

A follow-up experiment was then performed to determine the mini-
mal drug level that affords protection against repeated low-dose IR 
SHIV challenges. Twelve macaques were injected IM with 50 mg/kg of 
GSK744 LA once 1 week before the first virus exposure. All macaques 
were challenged IR each week with 50 TCID50 of SHIV162P3 until sys-
temic infection was detected. An additional four macaques remained 
untreated as controls. In anticipation of the long duration of the experi-
ment, one control macaque began the series of virus challenges every 4 
weeks. All control macaques became infected quickly, after 1 or 2 chal-
lenges, as evidenced by rising viremia (fig. S2). GSK744 LA–treated 
macaques remained aviremic throughout the initial phase of SHIV chal-
lenges, but as the plasma drug concentrations declined (Fig. 3A, top) 
they became infected, gradually and successively (Fig. 3A, bottom). 
Overall, the treated animals were infected after 6 to 17 (median of 10) 
virus challenges compared with 1 to 7 challenges (median of 2, based on 
data from untreated macaques from both experiments) for untreated 
controls (Fig. 3B). Thus, a single dose of GSK744 LA delayed infection 
by 5 to 10 challenges (median of 8) compared with untreated macaques. 
Assuming a 2-week eclipse phase between the start of infection and 
detection of viremia, we calculated plasma GSK744 levels that coincid-
ed with the start of SHIV infection (fig. S3). All infections occurred 
when the plasma drug concentrations were below 0.50 μg/ml, or ~3× 
PAIC90. A more detailed analysis was then carried out to calculate the 
percent of virus challenges that resulted in infection within various rang-
es of plasma GSK744 concentrations (Fig. 3C). The 12 GSK744 LA–
treated macaques were collectively exposed to 59 SHIV challenges at 
plasma concentrations >3× PAIC90, and none resulted in infection. One 
of 22 challenges at plasma concentrations between 1× and 3× PAIC90 led 
to infection. As plasma GSK744 concentrations decreased below 1× 
PAIC90, 11 infections resulted from 43 virus challenges, yielding an 
infection rate of 25.6%. This value was lower than the 46.2% (12/26) 
infection rate observed in untreated macaques, but the difference was not 
statistically significant (P = 0.11, Fisher’s exact test). On the basis of the 
analysis shown in Fig. 3C, we determined that plasma GSK744 concen-
trations >3× PAIC90 conferred 100% protection, whereas concentrations 
≥1× PAIC90 conferred ~97% protection (see legend for calculation). No 
signature integrase resistance-conferring mutations were identified in 
breakthrough viruses (table S3). This second experiment not only de-
fined the correlate of protection but also confirmed the results of the first 
experiment by showing that sufficiently high but clinically achievable 
GSK744 concentrations could effectively protect all macaques from 
repeated IR SHIV challenges. 

GSK744 LA appears to be a promising next-generation PrEP agent 
that has afforded high-level protection against repeated IR SHIV chal-
lenges in rhesus macaques (Figs. 2B and 3B). Plasma drug levels >3× 
PAIC90 provided 100% protection, whereas levels ≥1× PAIC90 provided 
~97% protection (Fig. 3C). These plasma concentrations can be readily 
achieved in humans with quarterly 800-mg IM injections of GSK744 LA 
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(Fig. 1B and fig. S1). Given that the half-life of GSK744 LA is 3 to 12 
days in macaques whereas the half-life is 21 to 50 days in humans, we 
anticipate a longer-lasting protective effect in humans. Nevertheless, the 
proof will have to be demonstrated in future clinical trials. Optimistical-
ly, toxicity issues not withstanding, GSK744 LA has the potential to 
achieve in preventing HIV-1 infection what a long-acting contraceptive 
has achieved in preventing unintended pregnancies (29). It also stands to 
reason that the protective efficacy of GSK744 LA could approximate the 
high efficacy (>90%) observed in high-risk participants who were most 
adherent to daily oral FTC/TDF as PrEP (3, 6). These considerations, 
coupled with a favorable drug safety profile, have placed GSK744 LA 
on track for phase 2 (safety) clinical trials as well as a phase 3 (efficacy) 
study in men who have sex with men. Follow-up macaque experiments 
to protect against intravaginal and intravenous SHIV or SIV challenges 
could establish the proof of concept to move into efficacy trials in other 
populations at high risk for HIV-1 infection. 
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Fig. 1. GSK744 LA PK profile in rhesus macaques and humans. (A) GSK744 LA PKs were evaluated in rhesus macaques (n 
= 8) after intramuscular injections of 10 mg/kg into quadriceps as a single injection, 30 mg/kg (n = 4, two injections of 15 mg/kg) 
as a split injection, or 50 mg/kg (n = 8, four of 12.5 mg/kg) as a split dose with four injections, two per muscle. GSK744 LA was 
administered on weeks 0 and 4 (black arrows). (B) GSK744 LA single-dose PKs were evaluated in a phase 1 study, and the 
results were adapted here for comparison (16, 21). GSK744 LA was administered by intramuscular gluteal injection of 200 (n = 6), 
400 (n = 14), or 800 (n = 6, two of 400 mg) mg to healthy human participants. Plasma GSK744 concentrations were assessed by 
liquid chromatography–mass spectrometry (HPLC-MS/MS) with a limit of quantitation (LOQ) >0.01 μg/ml. Means ± SDs are 
shown. Dotted and dashed horizontal lines represent 1× and 4× PAIC90, respectively. (C) Rectal tissue distribution of GSK744 was 
evaluated in macaques dosed with 10 or 30 mg/kg of GSK744 LA. The drug concentration from pinch mucosal biopsies was 
assessed each week in a subset (n = 4) of animals injected with 10 mg/kg. GSK744 concentration was assessed in all animals (n 
= 4) treated with 30 mg/kg of GSK744 LA at weeks 2, 4, and 7. Tissue concentrations were assessed by HPLC-MS/MS with LOQ 
> 0.05 μg/g. Each symbol represents the simultaneous plasma and rectal tissue concentrations of an individual macaque. 

Fig. 2. Monthly injection of GSK744 LA protects macaques against repeated SHIV exposure. (A) Study design. Eight male 
macaques were injected IM in the quadriceps with 50 mg/kg (four of 12.5 mg/kg) of GSK744 LA at two time points, week –1 and 
3. An additional eight male macaques were untreated and served as controls. All animals were challenged IR each week with 50 
TCID50 of SHIV162P3 for up to eight exposures or until infection occurred. GSK744 LA–treated macaques were necropsied at 
week 19 for evaluation of proviral DNA in multiple tissues. (B) Kaplan-Meier plot of treated and untreated macaques remaining 
aviremic after serial SHIV challenges. (C) Viral loads of individual untreated control macaques. Dotted line represents the LOQ, 
>40 SHIV RNA copies per milliliter of plasma. (D) Plasma GSK744 concentrations in individual macaques throughout the course 
of study. Dotted and dashed horizontal lines represent 1× and 4× PAIC90, respectively. LOQ > 0.01 μg/ml. 
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Fig. 3. Plasma GSK744 levels that protected against repeated SHIV exposures. Twelve male macaques were injected IM 
with GSK744 LA at 50 mg/kg (four of 12.5 mg/kg) 1 week before the first virus exposure. Four macaques remained untreated as 
controls. All animals were challenged IR each week with 50 TCID50 of SHIV162P3 until infection was confirmed. (A) (Top) Plasma 
GSK744 concentrations from individual macaques. Open symbols correspond to first detection of viral RNA. Dotted and dashed 
horizontal lines represent 1× and 4× PAIC90, respectively. LOQ > 0.01 μg/ml. (Bottom) Viral loads of GSK744 LA–treated 
macaques. Dotted line represents the LOQ at >40 SHIV RNA copies per milliliter of plasma. (B) Kaplan-Meier plot demonstrating 
the delay of infection in GSK744 LA–treated macaques (n = 12) relative to untreated control macaques (n = 12; 4 from the current 
experiment and 8 from the first experiment). (C) Rate of SHIV infection within various ranges of GSK744 concentrations in 
plasma. The numbers above the bars represent the number of infections/number of challenges within a plasma concentration 
range. Plasma concentrations >3× PAIC90 yielded 100% protection, whereas concentrations >1× PAIC90 resulted in an infection 
rate of 1.2% (0/59 and 1/22). Compared with a 46.2% (12/26) infection rate in the placebo macaques, one can calculate a 
protective efficacy of ~97% in macaques with drug concentrations >1× PAIC90. 
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