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Introduction
The advent of antiretroviral therapy (ART) has dramatically 
improved the life expectancy of people with HIV (PWH) infec-
tion. However, current ART regimens act by blocking de novo 
infection of uninfected cells and do not affect already infected 
cells. Thus, ART alone is not a cure and PWH are required to 
remain on treatment for life to prevent the resumption of viral 
replication and disease progression. Even during sustained 
ART that effectively suppresses viral replication, a pool of CD4+ 
T cells harboring integrated, replication-competent HIV provi-
ruses persists and can give rise to recrudescent spreading infec-
tion if ART is discontinued (1–3). These latently infected CD4+ 
T cells can persist for long periods of time and are believed to 
be maintained by mechanisms that allow them to proliferate 
and expand during ART (4–6). Indeed, homeostatic prolifera-
tion of CD4+ transitional memory T cells (TrM cells) has been 

described as a major factor contributing to the stability of the 
HIV reservoir during ART (7). Additionally, HIV integration site 
analyses have shown HIV proviruses can integrate in genom-
ic regions encoding potential oncogenes as well as genes that 
are associated with cell-cycle progression (8–11). However, HIV 
integration in oncogenes may only play a minor role in reservoir 
persistence (12). Large proportions of unique HIV integrations 
are observed in clonally expanded cells, suggesting preferential 
survival and/or proliferative expansion of select clonal popu-
lations during ART (9, 10). This expansion of clonally selected 
cells can often be driven by the proliferation of antigen-spe-
cific T cells exposed to persistent antigens (13, 14). However, 
cytokine-driven proliferation may also play an important role 
(15). Crucially, proliferation of latently infected CD4+ T cells 
can occur without HIV proviral gene expression, which would 
prevent immune recognition and clearance (16). Therefore, 
restricting proliferation of CD4+ T cells harboring intact, rep-
lication-competent HIV proviruses has been proposed as an 
effective strategy for disrupting the long-term stability of the 
HIV reservoir in PWH. Indeed, this concept is supported by 
mathematical modeling that suggests antiproliferative ther-
apies in PWH could accelerate the decay of the HIV reservoir 
in contrast with ART alone (17). Antiproliferative agents may 
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consistent with the induction of SIV production. However, rapa-
mycin in combination with anti-CD3LALA had no durable effect 
on cell-associated viral loads during ART or on viral rebound 
kinetics following ART withdrawal.

Results
Study design. The experimental protocol included 14 adult male 
RMs (Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI156063DS1) 
that were intravenously inoculated with 200 infectious units (IU) 
of SIVmac239 before starting ART 12 days post infection (dpi). 
We started ART 12 dpi based on previous observations showing 
that ART initiation at time of peak plasma viremia (i.e., 12 dpi) 
allows for maximal or near-maximal seeding of a rebound-com-
petent SIV reservoir while also allowing for virus suppression 
within an experimentally feasible time frame (39, 40). At 231 
dpi, RMs were divided into 2 treatment groups of 7 RMs each 
that received twice daily intramuscular injections of rapamycin 
or vehicle control for up to 44 weeks (Figure 1A). As shown in 
Figure 1B, mean (+SEM) plasma viral loads (pvl) were statisti-
cally indistinguishable between both groups prior to rapamycin 
treatment. In addition, levels of cell-associated SIV DNA and SIV 
RNA were equivalent between treatment groups at 3 days after 
ART initiation (15 dpi) and at 3 weeks prior to the start of rapa-
mycin treatment (210 dpi) (Figure 1C).

Drug levels, pharmacodynamics, and safety monitoring. After 
4 weeks of twice daily rapamycin administration, we achieved 
trough drug levels greater than 8 ng/ml, which were maintained 
throughout the treatment period (Figure 1D). We monitored RMs 
using a comprehensive metabolic panel to assess for any toxicities 
and to document pharmacodynamic activity of the administered 
rapamycin, and we observed a significant increase in levels of total 
cholesterol in rapamycin-treated RMs (Figure 1E). This increase 
is consistent with previous reports of disrupted lipid metabolism 
following mTOR inhibition (41, 42). While most other analytes, 
including blood glucose, were unaffected by rapamycin, triglycer-
ide levels were slightly elevated. In contrast, both potassium and 
blood urea nitrogen levels were decreased in rapamycin-treated 
RMs relative to controls (Supplemental Figure 1A). In general, 
this suggests rapamycin dosing in SIV-infected RMs on ART can 
induce considerable metabolic impairments. We also assessed 
plasma levels of d-dimer, a marker of coagulation (43), as well 
as soluble CD14 (sCD14) and LPS, both of which have been used 
as surrogate markers of microbial translocation (44). We found 
increased d-dimer levels in the plasma of rapamycin-treated RMs 
relative to controls (Supplemental Figure 1B), possibly associat-
ed with the role of mTOR in platelets (45, 46). In contrast, both 
sCD14 and LPS levels were similar between treatment groups over 
time (Supplemental Figure 1B).

We also assessed changes in metabolic hormones in plasma 
at 34 weeks after rapamycin treatment, coinciding with the time 
of increased total cholesterol, and observed a substantial increase 
in the gastric hormone ghrelin in rapamycin-treated RMs (Supple-
mental Figure 2). This result supports previous observations show-
ing ghrelin production is regulated by mTOR signaling (47). The 
gut hormone peptide YY, which is produced by gastrointestinal L 
cells, was also elevated in rapamycin-treated RMs. Other meta-

also act in synergy with latency-reversing agents (LRAs) to limit 
CD4+ T cell proliferation and potential expansion of the pool of 
persistently infected cells following activation, addressing an 
important concern regarding the use of LRAs (18).

One approach to limiting the proliferative capacity of CD4+ 
T cells is to inhibit the activity of mTOR, a highly conserved ser-
ine-threonine protein kinase that plays a central role in regulating 
cell growth, cell-cycle progression, and lipid and glucose metabo-
lism (19). mTOR signaling can be activated by a variety of stimuli, 
including growth factors, cytokines, amino acids, oxygen, ener-
gy, and even infectious agents. mTOR exists in 2 distinct protein 
complexes, mTOR complex 1 (mTORC1) and mTORC2, which 
differ in their regulation and downstream targets (19). Rapamy-
cin (sirolimus) is a specific inhibitor of mTOR via direct interac-
tions with mTORC1. In contrast, mTORC2 is relatively resistant 
to rapamycin, but its activity is reduced at higher doses or fol-
lowing prolonged exposure (20, 21). Inhibition of mTOR results 
in reduced T cell proliferation, differentiation, and activation. 
Therefore, mTOR inhibitors such as rapamycin and its analogues, 
often referred to as rapalogs, are commonly used as antiprolifera-
tive agents in cancer therapies or for solid-organ transplantation 
to prevent graft rejection (22–25).

mTOR activity has also been implicated as a multifactorial 
regulator of HIV infection. HIV upregulates mTOR signaling fol-
lowing infection, which increases the pool of metabolites required 
to support virus replication (26–28). The susceptibility of CD4+  
T cells to HIV infection has also been linked with mTOR signaling, 
as inhibition of mTOR with rapamycin decreases expression of the 
HIV coreceptor CCR5 on T cells (29, 30), and mTOR has also been 
implicated in regulating HIV latency, with inhibition of mTOR 
shown to suppress HIV reactivation (31, 32). These observations 
have led to suggestions that mTOR inhibitors could be effective in 
so-called “block and lock” HIV cure strategies that aim to induce 
a state of deep HIV latency, i.e., durable suppression of HIV gene 
transcription in the absence of ART (33, 34). Interestingly, reduced 
HIV burden has been observed in PWH who received mTOR 
inhibitors as part of an immunosuppressive protocol for solid 
organ transplantation (35–38).

The goals of this study were 2-fold: (a) to validate the use of 
rapamycin in SIV-infected rhesus macaques (RMs) on ART, doc-
umenting changes in metabolism, gene expression, and immune 
cell homeostasis in comparison with humans and rodent mod-
els for which these effects have been well characterized; and 
(b) to characterize the effects of chronic mTOR inhibition with 
rapamycin on CD4+ T cell proliferation in blood and tissues, SIV 
reservoir dynamics during ART, and rebound kinetics following 
ART release. We also assessed whether rapamycin could be com-
bined with a potent activating T cell receptor agonist to safely 
induce SIV gene expression and reduce the frequency of latent-
ly infected cells while also avoiding proliferative expansion of 
the persistent virus pool and minimizing toxicity. Our analyses 
revealed that chronic mTOR inhibition with rapamycin had pro-
found effects on CD4+ T cell homeostasis, including substantial 
changes in chemokine receptor expression and reduced frequen-
cies of proliferating CD4+ T cells in blood and tissues. Adminis-
tration of an anti-CD3LALA mAb in RMs on rapamycin was safe 
and resulted in increased T cell activation and plasma viremia, 
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MCP-1 mRNA expression (48, 49). To further characterize the 
effects of rapamycin, we screened lymph node (LN) sections for 
expression of glucose transporter type 1 (Glut1) on T cells. Glut1 
is a protein that facilitates glucose transport across the cell mem-
brane, and its expression is directly regulated by mTOR signaling 
(50). As shown in Figure 1F, the frequencies of Glut1+ T cells pres-
ent in the LNs were reduced in rapamycin-treated RMs relative to 
controls, indicating substantial perturbations in mTOR signaling 
in lymphoid tissues.

bolic markers, including C-peptide, glucagon, amylin, pancreatic 
polypeptide, glucagon-like peptide-1, and insulin, were not sig-
nificantly different between rapamycin-treated RMs and controls, 
although an increase in levels of the gastric inhibitory polypeptide 
was observed. There was also an increase in levels of monocyte 
chemoattractant protein-1 (MCP-1) in rapamycin-treated RMs. 
MCP-1 is a proinflammatory cytokine that regulates the migration 
and infiltration of monocytes and macrophages, and studies in 
mice and humans have shown rapamycin treatment can increase 

Figure 1. Plasma and cell-associated viral loads were equivalent between study groups prior to rapamycin 
treatment. (A) Schematic representation of the study protocol showing SIVmac239M infection, ART initia-
tion 12 days dpi, rapamycin or vehicle control administration, which occurred daily from 231 to 543 dpi, and 
anti-CD3LALA infusion in rapamycin-treated RMs on 467 and 497 dpi. (B) Mean (+SEM) pvl profiles of rapa-
mycin (red) or vehicle controls (blue) (n = 7 each) prior to treatment initiation. (C) Comparison of SIV RNA and 
DNA levels in PBMCs and LNs (copies per 106 cell equivalents) between rapamycin (red) and vehicle controls 
(blue) at 3 days (15 dpi) and 210 days after ART. (D) Quantification of rapamycin drug levels in plasma. (E) 
Mean (+SEM) change from baseline cholesterol levels in plasma of rapamycin-treated RMs (red) and vehicle 
controls. (F) Quantification of the number of Glut1+ T cells per 105 cells in LNs at –21, 49, and 91 days after 
initiation of rapamycin or vehicle in the treatment groups. Each data point represents the average number 
of Glut1+CD3+ T cells derived from quantitative measures from 2 to 3 LN sections from a single time point 
from an individual RM. The WRS test was used to determine the significance of differences between the 
rapamycin or vehicle control treatment groups (P values ≤ 0.05 are shown). Box plots show jittered points, 
a box from 1st to 3rd quartiles (IQR), and a line at the median, with whiskers extending to the farthest data 
point within 1.5× IQR above and below the box. 
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Figure 3A). Other miRNAs involved with either suppressing or 
activating the mTOR pathway, including miR-26a, miR-122, miR-
125a, miR-193a-5p, and miR-221, were also affected by rapamycin 
treatment (52, 53, 61).

To independently confirm differential miRNA expression, we 
used TaqMan-based miRNA stem-loop quantitative reverse-tran-
scription PCR (qRT-PCR) assays to quantitate 4 miRNAs (miR-155, 
miR-21, miR-26a, and miR-103-5p) that were upregulated in rapa-
mycin-treated RMs relative to controls and 2 miRNAs (miR-23a-
3p and miR-28) that were unchanged between treatment groups. 
As expected, expression levels determined by qRT-PCR for these 
miRNAs recapitulated their expression patterns observed by deep 
sequencing (Figure 2B). Of note, miR-26a-5p and miR-155 were 
commonly upregulated in both treatment groups after 42 days of 
rapamycin or vehicle control treatment; however, their levels were 
significantly higher in rapamycin-treated RMs compared with con-
trols (Figure 2B and Supplemental Figure 3, B and C). In contrast, 
miR-23a-3p was also upregulated by day 42 after rapamycin or vehi-
cle control treatment, but its levels were not significantly different 
between treatment groups. Finally, we performed a correlative 
analysis to determine the relationship between miRNA expression 
and CD4+ T cell dynamics or cell-associated viral loads. Strikingly, 
levels of miR-155, miR-21, miR-26a, and miR-103-5p significantly 
correlated (P < 0.05) with frequencies of proliferating CD4+ mem-
ory T cells (TM cells) in blood (Supplemental Figure 4, A and B). 
Collectively, these data are consistent with previous observations 
showing rapamycin can substantially reprogram miRNA expres-
sion (53, 62), which has implications for cell survival, metabolism, 
and cell-fate decisions regarding immune responses.

Effects of rapamycin on circulating miRNAs. miRNAs are approx-
imately 22-nucleotide small noncoding RNAs that posttranscrip-
tionally regulate a variety of genes including those associated with 
immune cell development and cell proliferation (51). miRNAs 
are known to regulate mTOR signaling through direct targeting 
of mTOR gene expression (52, 53). Dysregulations in miRNA 
expression have been linked to disease progression, particularly 
in cancer, and as such, miRNAs represent attractive candidates as 
minimally invasive biomarkers for diagnostic and/or prognostic 
purposes (54). To further assess the systemic impact of rapamy-
cin on mTOR-signaling regulation, we profiled miRNA expression 
in the plasma after 6 weeks of treatment using high-throughput 
sequencing. Differentially expressed miRNAs, comparing day –14 
to day 42 of rapamycin treatment, were determined based on fold 
changes (>2-fold) and P values (P < 0.01). Significant differenc-
es in circulating miRNAs between rapamycin-treated RMs and 
controls were observed (Figure 2A and Supplemental Figure 3A). 
In particular, a number of miRNAs associated with mTOR were 
upregulated in response to rapamycin treatment, including miR-
155, miR-21, and miR-126, which directly target core components 
of the mTOR-signaling pathway (53, 55–58). miR-126 suppresses 
expression of TSC1, a negative regulator of mTOR (57), while miR-
21 targets PTEN, promoting cell growth (53, 58). Notably, miR-155 
plays a key role in immune homeostasis and can promote HIV 
latency by suppressing the tripartite motif-containing protein 32 
(TRIM32), an E3 ubiquitin ligase that activates NF-κB (59). miR-
99a and miR-150, both of which cooperatively repress mTOR 
signaling to promote CD4+ Treg differentiation (60), were down-
regulated in response to rapamycin (Figure 2A and Supplemental 

Figure 2. Effect of rapamycin treatment on miRNAs in plasma. (A) Heatmap of significant differentially expressed miRNAs in the plasma between rapa-
mycin-treated RMs (n = 6) and vehicle controls (n = 7) after 42 days of treatment. For these analyses, n = 13; miRNA sequencing libraries for 1 animal in 
the rapamycin group failed initial quality control steps (low read depth) and were therefore not included in the final analysis. (B) TaqMan qRT-PCR analysis 
of the indicated miRNA in plasma of rapamycin-treated RMs (n = 7) versus vehicle controls (n = 7) at –14 and 42 days after treatment. The WRS test was 
used to determine significance (P values ≤ 0.05 are shown). Box plots show jittered points, a box from 1st to 3rd quartiles (IQR), and a line at the median, 
with whiskers extending to the farthest data point within 1.5× IQR above and below the box.
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in rapamycin-treated RMs (63). Rapamycin also downregulated 
genes involved with cell trafficking, including the HIV and SIV 
entry coreceptors CCR5 and CXCR6 as well as CCL5, also known 
as RANTES. In contrast, expression of CXCL16, a chemokine 
that interacts with CXCR6, was increased with rapamycin treat-
ment. A complete list of genes differentially expressed between 
rapamycin-treated RMs and controls is provided in Supplemen-
tal Table 2. Of note, reductions in the numbers of differentially 
expressed genes between weeks 12 and 26 suggest a decrease in 
the efficacy of mTOR inhibition with rapamycin over time.

Analysis of the top differentially enriched KEGG pathways 
revealed rapamycin altered numerous signaling pathways after 
both 12 and 26 weeks of ongoing treatment. Pathways associat-

Effects of rapamycin on global gene expression. To further char-
acterize the effects of rapamycin, we performed gene-expression 
profiling on whole blood at 12 and 26 weeks of rapamycin treat-
ment. We identified 881 and 358 differentially expressed genes 
at 12 and 26 weeks, respectively, with nominal P values less than 
or equal to 0.05 (FDR < 0.25) in rapamycin-treated RMs relative 
to controls. Analysis of the top 50 differentially expressed genes 
visualized as heatmaps in Figure 3, A and B, revealed rapamy-
cin downregulated several histone genes (e.g., HIST1H2BO, 
HIST1H2BM, HIST1H1B, and HIST1H2AJ) and the baculoviral 
inhibitor of apoptosis repeat-containing 5 (BIRC5), also known 
as Survivin. Expression of thymidine kinase 1 (TK1), a cytosolic 
enzyme involved with cellular proliferation, was also decreased 

Figure 3. Effect of rapamycin treatment on global gene expression. (A) Heatmaps of the top 50 differentially expressed genes following 12 weeks of 
rapamycin. (B) Heatmaps of the top 50 differentially expressed genes following 26 weeks of rapamycin. Rapamycin-treated RMs are indicated as treated 
in dark blue (n = 7), while vehicle control RMs are indicated as untreated in light blue (n = 7).
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ed with cell division (e.g., DNA replication, base excision repair, 
mismatch repair, and homologous recombination pathways) as 
well as cell growth and metabolism (e.g., citrate acid cycle, ribo-
flavin metabolism, purine metabolism, glyoxylate and dicarbox-
ylate metabolism, glycine, serine, and threonine metabolism) 
were downregulated in rapamycin-treated RMs (Supplemental 
Figure 5, A and B). Finally, expression of pathways involved 

with insulin signaling and type II diabetes 
mellitus were increased with rapamycin treat-
ment, further confirming the important role of 
mTOR in regulating glucose metabolism and 
insulin sensitivity.

Effects of rapamycin on T cell homeostasis. 
Next, we used flow cytometry to explore the 
effects of mTOR inhibition with rapamycin on T 
cell dynamics in blood and tissues. Rapamycin 
treatment was associated with a significant (P 
= 0.007) decline in the fraction of proliferating 
CD4+ TM cells in blood (Figure 4 and Supplemen-
tal Figure 6). In particular, the frequencies of pro-
liferating CD4+ central memory cell (TCM cell) 
and TrM cell subsets were significantly reduced 
(P = 0.001 and P = 0.0006, respectively) relative 
to controls. In contrast, CD4+ effector memory T 
cell (TEM cell) proliferation initially declined, but 
gradually normalized to levels similar to those 
of controls by day 56 of rapamycin treatment. 
In LNs and BM, there were similar decreases in 
the fraction of proliferating CD4+ TM cells (P = 
0.04), which was mostly associated with signif-
icant decreases in proliferating CD4+ TCM cells 
in both tissues (LN, P = 0.04; BM, P = 0.02; Sup-
plemental Figure 7). Absolute CD4+ T cell counts 
also declined following rapamycin treatment, but 
gradually normalized to levels observed in con-
trol RMs in all subsets except CD4+ TrM cells, 
which remained markedly decreased for up to 35 
weeks after rapamycin treatment (Figure 4 and 
Supplemental Figure 8).

Consistent with the gene-expression data 
and as previously reported (30), rapamycin 
reduced the frequency of CCR5+CD4+ TM 
cells in blood (Figure 5A and Supplemental 
Figure 6). While levels of CXCR3+CD4+ TM 
cells were similar between treatment groups, 
rapamycin induced a substantial increase in 
the frequency of CXCR5+CD4+ TM cells. We 
then assessed the impact of rapamycin on 
markers of CD4+ T cell activation and immune 
exhaustion, including CD69, CD25, HLA-DR, 
and PD-1. We saw no substantial difference in 
levels of CD69 and CD25 on CD4+ TM cells 
in blood between rapamycin-treated RMs and 
controls (Supplemental Figure 9). This is gen-
erally consistent with observations in PWH 
who received the mTOR inhibitor everolimus 
(35). However, there was some reduction in 

HLA-DR+ and PD-1+ on CD4+ TM cells during the first 14 weeks 
of rapamycin treatment, but this was not sustained long term. 
We also quantified the frequencies of CD4+ memory Tregs 
in blood at 91, 167, and 217 days after rapamycin treatment. 
This was based on previous reports suggesting rapamycin can 
induce Treg expansion (64–67). We found increased frequen-
cies of CD4+ memory Tregs in the blood of rapamycin-treated 

Figure 4. Effect of rapamycin treatment on CD4+ T cell subset dynamics in blood. Change in the 
proliferative fraction (left panels) and absolute counts (right panels) of CD4+ T subsets, including 
TN cells, TM cells, TCM cells, TrM cells, and TEM cells in blood following rapamycin (n = 7) versus 
vehicle control (n = 7) treatment. Results are shown as mean (+SEM) change from baseline of 
percentages of Ki-67 (left panels) and percentages of baseline absolute counts (right panels). 
The WRS test was used to determine the significance of differences in AUC between the 2 treat-
ment groups (P values ≤ 0.05 are shown).
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RMs relative to controls, but this difference did not achieve 
statistical significance (Figure 5B). However, we did observe a 
marked reduction in the fraction of proliferating CD4+ memory 
Tregs at days 91 and 217 after rapamycin treatment.

Rapamycin also affected CD8+ T cell homeostasis, with the 
fraction of proliferating CD8+ TCM and TrM cells in blood sub-
stantially reduced in rapamycin-treated RMs relative to con-
trols (Figure 6). There was a reduction in CD8+ T cell counts 
in rapamycin-treated RMs (Supplemental Figure 8), in particu-
lar, CD8+ TrM cell counts decreased throughout the treatment 
period, while CD8+ TEM counts initially declined, but gradu-
ally normalized after 20 weeks of rapamycin treatment (Fig-
ure 6). In contrast to CD4+ TM cells, frequencies of CXCR3+ 
and CXCR5+CD8+ TM cells were not different between rapa-
mycin-treated RMs and controls (Supplemental Figure 10). 
Rapamycin also had an effect on B cell dynamics, as absolute 
counts and frequencies of proliferating CD20+ B cells were low-
er in rapamycin-treated RMs relative to controls (Supplemental 
Figure 11A). In contrast, rapamycin had a negligible impact on 
NK cell dynamics, with only the CD16–CD56– NK cell subset 
showing a marked decrease in counts (Supplemental Figure 
11B). Collectively, these data demonstrate the profound but 
differential effects of rapamycin treatment on immune cell 
homeostasis. Interestingly, despite rapamycin’s immunomodu-
latory effects, we saw no evidence of increased susceptibility to 

AIDS-associated γ-herpesviruses. Indeed, we quantified levels 
of rhesus lymphocryptovirus (LCV) and rhesus rhadinovirus 
(RRV) in blood, both of which are oncogenic γ-herpesviruses 
that are simian homologues of EBV and Kaposi’s sarcoma–asso-
ciated herpesvirus (KSHV), respectively, that have been associ-
ated with tumor development in the setting of impaired immu-
nity (68–71). LCV loads remained stable through the course of 
rapamycin treatment, while no RRV viremia was observed in 
blood (Supplemental Figure 12). However, as we did not char-
acterize virus-specific CD4+ and CD8+ T cell responses, the full 
immunomodulatory effects of rapamycin on T cell immunity in 
SIV-infected RMs on ART remain incompletely defined.

Effects of rapamycin on SIV dynamics. Plasma SIV RNA was 
monitored at least weekly 7 days prior to and during rapamycin 
treatment to look for any treatment-related effects on plasma 
viremia. Overall, there was no significant difference in the num-
ber of viral blips (i.e., measured plasma viremia above 15 SIV RNA 
copies/mL in ART-suppressed RMs) among rapamycin-treated 
RMs and controls over the first 35 weeks of observation on ART 
(Figure 7A). Note that 2 of 7 control RMs and 1 of 7 RMs in the 
rapamycin-treatment group showed 1 viral blip above the stan-
dard threshold of 15 SIV RNA copies per ml after day 147, in 
general indicating that mTOR inhibition with rapamycin had no 
consistent effect of raising levels of residual viremia during ART. 
Although there was a significant increase in levels of cell-associ-

Figure 5. Effect of rapamycin treatment on CD4+ TM cell polarization. (A) Mean (+SEM) change from baselines of percentages of CCR5, CXCR5, and 
CXCR3 on CD4+ TM cells in blood of rapamycin-treated RMs (n = 7) versus vehicle controls (n = 7). (B) Comparison of percentages of CD4+ memory Tregs 
(left panel) and percentages of Ki-67+CD4+ memory Tregs (right panel) in blood of rapamycin-treated RMs (n = 7) versus vehicle controls (n = 7) during ART. 
Each data point represents a single determination from an individual RM. The WRS test was used to determine the significance of differences in AUC 
between the 2 treatment groups (P values ≤ 0.05 are shown).
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of ART contains intact genomes (72). Taken 
together, these data suggest that levels of per-
sistently infected cells were largely unchanged 
with rapamycin treatment.

Having observed no long-term effect of 
rapamycin on SIV dynamics during ART, we 
explored whether rapamycin could be used 
in combination with a potent activating T cell 
receptor agonist to induce SIV gene expression 
from latently infected cells and facilitate SIV 
reservoir reduction. We administered 2 doses 
at 3-week intervals of a rhesus anti-CD3LALA 
mAb that incorporates the L234A and L235A 
mutations in the Fc receptor binding site (73), 
which effectively eliminates Fc-dependent 
in vivo target cell depletion. Anti-CD3LALA 
was given at 0.5 mg/kg to rapamycin-treat-
ed RMs starting 245 days following the start 
of rapamycin treatment. Due to concerns for 
potential adverse effects with administration 
of anti-CD3LALA in the absence of concom-
itant rapamycin treatment, the control group 
received a rhesus isotype control mAb at the 
same dosing schedule as anti-CD3LALA. The 
combination of rapamycin and anti-CD3LA-
LA was well tolerated, with no adverse clin-
ical events observed. This supports previous 
data suggesting rapamycin may dampen the 
levels of proinflammatory cytokines produced 
in response to massive T cell activation (74). 
Anti-CD3LALA induced a significant decrease 
in CD4+ TM cells in blood (change from base-
line, P = 0.0005), but counts generally recov-
ered after 2 weeks (Figure 8A). This transient 
decline in counts is likely driven by a redistri-
bution of cells from blood to tissues follow-
ing T cell activation in vivo. A similar effect 
was recently observed following infusion of 
an ingenol-based protein kinase C agonist in 
RMs (75). Following each dose of anti-CD-
3LALA, there was a significant increase in 
proliferating CD4+ TM cells (% Ki-67+ cells 
change from baseline, P = 0.006) that peaked 
at approximately 10% above baseline by day 
14. In addition, CD69 and HLA-DR were also 
upregulated on CD4+ TM cells (change from 
baseline, P = 0.0005 and P = 0.01, respective-
ly) following each infusion of anti-CD3LALA 
(Figure 8B). Strikingly, there was a significant 
increase in viral blips in plasma (P = 0.006) 

following anti-CD3LALA infusion. Four RMs showed greater 
than 2 log increases in SIV RNA in plasma after 1 or both doses 
of anti-CD3LALA, suggesting an increase in SIV gene expression 
(Figure 8C). Analysis of cell-associated SIV RNA and SIV DNA 
in PBMCs showed variable changes in levels between days 0 and 
7 following each anti-CD3LALA infusion in rapamycin-treated 
RMs (Supplemental Figure 13).

ated SIV DNA and SIV RNA in PBMCs on day 49 after rapamycin, 
possibly due to transient lymphocyte redistribution, at all other 
time points, the levels of SIV RNA and SIV DNA were not statis-
tically different between rapamycin-treated RMs and controls in 
PBMCs, LNs, or gut (Figure 7B). Note that when RMs are treated 
with ART within 1 month of SIV infection, the vast majority of 
cell-associated SIV DNA that persists after more than 9 months 

Figure 6. Effect of rapamycin treatment on CD8+ T cell subset dynamics in blood. Change in the 
proliferative fractions (left panels) and absolute counts (right panels) of CD8+ T subsets, including 
TN cells, TM cells, TCM cells, TrM cells, and TEM cells in blood following rapamycin (n = 7) versus 
vehicle control (n = 7) treatment. Results are shown as mean (+SEM) change from baseline of 
percentages of Ki-67 (left panels) and percentages of baseline absolute counts (right panels). The 
WRS test was used to determine the significance of differences in AUC between the 2 treatment 
groups (P values ≤ 0.05 are shown).
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control RMs by 6 weeks after ART, with both treatment groups 
establishing similar pvl set points. This suggests that rapamy-
cin treatment with T cell activation had no long-term effect on 
SIV-specific immunity. Indeed, antigen-driven expansion of 
SIV-specific CD8+ T cells in response to rebound viremia was 
similar between rapamycin-treated RMs and controls (Supple-
mental Figure 14). Of note, ART and rapamycin withdrawal was 
also associated with a rapid but transient increase in monocyte 
activation (Figure 9D), as measured by CD169 on CD14+ mono-
cytes (76, 77), and a concomitant increase in CD4+ TM cell pro-
liferation immediately following treatment interruption (Figure 
9E). Similar increases in proliferating CD8+ TM cells, B cells, 
and NK cells were also observed in rapamycin-treated RMs 
(Supplemental Figure 15, A–C). This increase in immune cell 
activation and proliferation could account for the early increase 
in peak rebound pvl observed in rapamycin-treated RMs. How-

After a 6-week washout period following the last dose of 
anti-CD3LALA, both ART and rapamycin were discontinued 
to assess the combined effects of mTOR inhibition and T cell 
activation on SIV rebound dynamics. Just prior to ART release, 
1 RM in the rapamycin treatment group was lost from the study 
due to unrelated health complications. Of the remaining RMs, 
all manifested viral rebound within 12 days of ART release with 
no significant differences in the time to measurable rebound 
viremia between rapamycin-treated RMs and controls (Figure 
9A). ART withdrawal was associated with a rapid increase in 
pvl, which peaked at a mean of 5.3 logs in rapamycin-treated 
RMs in comparison with 4.4 logs in controls by day 14 after ART 
(Figure 9, B and C). However, both peak pvl and early viral bur-
den (as measured by the AUC of pvl 0–28 days after ART) were 
similar between treatment groups. SIV replication in rapamy-
cin-treated RMs subsequently normalized to levels observed in 

Figure 7. Effect of rapamycin on 
SIV dynamics during ART. (A) 
Individual pvl profiles monitored 
by a high-sensitivity assay (limit 
of detection [LOD] of 1 RNA 
copy/ml) prior to and during 
rapamycin (n = 7) or vehicle 
control treatment (n = 7), prior 
to ART cessation. The area in 
gray denotes pvl values below 
threshold of the standard assay 
(15 RNA copies/ml). (B) Compar-
ison of cell-associated SIV DNA 
(top panels) and RNA (bottom 
panels) in PBMCs, LNs, and gut 
(copies per 106 cell equivalents) 
after 231 days of treatment 
with rapamycin (n = 7) or vehicle 
control (n = 7). Each data point 
represents a single determi-
nation from an individual RM. 
Plots show jittered points with 
a box from 1st to 3rd quartiles 
(IQR) and a line as the median, 
with whiskers extending to the 
farthest data point within 1.5× 
IQR above and below the box, 
respectively. For B, the WRS 
test was used to determine 
the significance of differences 
between treatment groups (P 
values ≤ 0.05 are shown.
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limiting cellular proliferation could be an effective strategy for 
restricting the expansion of latently infected CD4+ T cells and 
facilitating the decay of the HIV reservoir (4, 17).

We used a nonhuman primate (NHP) model of ART-suppressed 
SIV infection to evaluate the effects of the antiproliferative agent 
rapamycin on viral dynamics. Rapamycin was administered to 
SIV-infected RMs on ART for up to 44 weeks. Chronic mTOR inhi-
bition with rapamycin was generally well tolerated in RMs at the tar-
get dose achieved, was stably maintained, and recapitulated effects 
previously reported in mice and humans, including disruptions in 
lipid metabolism and alterations in the metabolic hormones com-
monly regulated by mTOR signaling. We also observed reduced 
expression of Glut1, which is upregulated on T cells and monocytes 
following HIV infection and is not completely normalized by ART 
(78–80). Gene-expression profiling showed rapamycin downregu-
lated genes associated with cell division, growth, and metabolism 
and induced significant changes in circulating miRNAs, highlight-

ever, lymphocyte subset dynamics in rapamycin-treated RMs 
normalized to that of control RMs by 6 weeks after ART, sug-
gesting the effect of immediate rapamycin and ART withdrawal 
was transient and did not affect post-ART pvl set points.

Discussion
The pool of latently infected CD4+ T cells with intact HIV 
proviruses that persist despite ART is a major barrier to more 
definitive treatment of HIV infection that might be capable of 
resulting in either a functional or eradicative “cure.” This pool 
of latently infected cells is maintained by mechanisms that 
allow them to proliferate and expand in response to regulatory 
cytokines and/or persistent antigen exposure. However, prolif-
erative expansion of latently infected cells can occur without 
the induction of HIV gene expression, preventing immune rec-
ognition and clearance by antiviral effector mechanisms. This 
raises an important question as to whether therapeutically 

Figure 8. Effect of anti-CD3LALA with 
rapamycin on SIV dynamics during ART. 
(A) Mean (+SEM) change from baseline 
of percentages of absolute counts (left 
panel) and percentages of Ki-67 (right 
panel) of CD4+ TM cells in blood following 
infusion of anti-CD3LALA at 0.5 mg/kg 
in rapamycin-treated RMs (n = 7) versus 
0.5 mg/kg of IgG isotype control mAbs 
in vehicle control–treated RMs (n = 7). 
(B) Mean (+SEM) change from baseline 
of percentages of CD69 (left panel) and 
percentages HLA-DR (right panel) on CD4+ 
TM cells in blood. (C) Individual pvl profiles 
monitored by a high-sensitivity assay (LOD 
of 1 RNA copy/ml) following anti-CD3LALA 
infusion in rapamycin-treated RMs (n = 
7) or IgG isotype control mAbs in vehicle 
control–treated RMs (n = 7) during ART. 
The area in gray denotes pvl values below 
threshold of the standard assay (15 RNA 
copies/ml). WRS test was used to deter-
mine the significance of differences (A and 
B, peak increase or decrease from base-
line: 2 1-sided tests; C, number of blips 
above threshold: 2-sided test) between 
treatment groups.
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of rapamycin-treated RMs relative to controls (data not shown). 
However, the rapamycin-induced increase in circulating TFH cells 
might provide clues as to why mTOR inhibition has been shown to 
improve vaccine outcomes in older adults (85, 86). Indeed, mTOR 
inhibition may facilitate TFH cell differentiation and trafficking 
following antigen exposure. Rapamycin also decreased expres-
sion of the HIV/SIV entry coreceptor CCR5 on CD4+ TM cells, 
potentially increasing their resistance to infection. In particular, 
we observed a prolonged reduction in CCR5hiCD4+ TrM cells in 
rapamycin-treated RMs, likely due to rapamycin downregulation 
of CCR5 expression. Despite these profound changes in CD4+  
T cell dynamics, analysis of various virologic parameters, including 
SIV RNA in plasma and cell-associated viral loads in PBMCs and 
tissues, indicated no substantial impact of rapamycin on SIV per-
sistence in RMs on ART. In addition, T cell activation with 2 doses 
of anti-CD3LALA did not affect SIV DNA levels in RMs on rapamy-
cin or time to SIV rebound following ART cessation.

Possible explanations as to why rapamycin had no significant 
impact on SIV dynamics in our study include the following: (a) 
although rapamycin was able to significantly reduce the prolif-
erative rates of CD4+ TM cells, this reduction was not of suffi-
cient magnitude to affect SIV reservoir stability. Mathemati-
cal modeling suggested that even a 2.2-fold reduction in CD4+  
T cell proliferation for more than 17 weeks may induce a 10-fold 
reduction in the HIV reservoir (17). However, the optimal thresh-

ing the multifactorial role of mTOR signaling in a host of biological 
processes. Interestingly, rapamycin has been shown to dramatically 
increase life span in a wide variety of rodent model systems (81). 
However, the utility of rapamycin to extend life span in other pre-
clinical animal models has yet to be fully explored. Here, we provide 
for the first time, to our knowledge, a comprehensive assessment 
of the impact of chronic rapamycin administration on metabolism, 
gene expression, and immune cell homeostasis in a clinically rele-
vant NHP model of ART-suppressed SIV infection.

In RMs, the antiproliferative properties of rapamycin were 
demonstrated by the substantial reductions in proliferating T cell 
subsets observed in blood and tissues of rapamycin-treated RMs 
relative to controls. Reductions in CD4+ and CD8+ T cell counts 
were also observed, but this was not sustained long term. While 
the exact reasons for this are unclear, the induction of compensa-
tory signaling pathways in response to prolonged mTOR inhibition 
may have played a role (82–84). We also observed modest effects 
on activating and inhibitory receptors on CD4+ TM cells in blood 
despite marked decreases in proliferation. This would suggest that 
proliferation inhibition with rapamycin may be intrinsic and not 
dependent on activating or inhibitory receptors. Rapamycin also 
increased frequencies of CD4+ TM cells in blood that expressed 
CXCR5, the chemokine receptor associated with homing to B 
cell follicles, although we did not observe substantial differences 
in frequencies of CD4+ follicular helper T cells (TFH cells) in LNs 

Figure 9. Effect of rapamycin on SIV infection dynamics after ART withdrawal. (A) Kaplan-Meier analysis of SIV rebound kinetics in RMs treated with 
rapamycin (red; n = 6) versus vehicle controls (blue; n = 7). For these analyses, n = 13; 1 animal in the rapamycin group was lost from study just prior to ART 
withdrawal and was therefore not included in the final analysis. (B) Individual pvl profiles of RMs in each treatment group. Left panel shows rapamy-
cin-treated RMs (blue), while right panel shows vehicle controls (blue). (C) Mean (+SEM) pvl profiles of RMs stratified by treatment group (LOD; 15 RNA 
copies/ml). WRS test was used to determine significance of differences in the AUC of pvl. (D) Mean (+SEM) change from baselines of percentages of CD169 
in blood of rapamycin-treated RMs (n = 6) versus vehicle controls (n = 7) following ART withdrawal. (E) Mean (+SEM) change from baselines of percentag-
es of Ki-67 in blood of rapamycin-treated RMs (n = 6) versus vehicle controls (n = 7) following ART withdrawal. The WRS test was used to determine the 
significance of differences between treatment groups (days 0–28 AUC or peak; P values ≤ 0.05 are shown).
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The increased rate of T cell proliferation may have been associat-
ed with changes in cellular metabolism, as metabolic reprogram-
ing by rapamycin has been shown to enhance the generation of 
antigen-specific CD8+ T cells (97, 98). However, similar increases 
in proliferating B cells and NK cells suggest that this phenome-
non may not be restricted to antigen-specific T cells. An alterna-
tive explanation is that the proliferation was driven by a change in 
the metabolic fitness of cells as they were released from impaired 
nutrient sensing due to mTOR inhibition (99). In general, the 
increased proliferative response was transient and did not alter the 
trajectory of SIV replication long term, as pvl set points and post-
ART pvl AUC were similar between treatment groups. Intriguingly, 
post-ART viremia was similar despite reductions in CCR5 expres-
sion on CD4+ T cells in rapamycin-treated RMs. However, this 
effect was rather modest (2%–3% reduction), and as we did not see 
a similar reduction in frequencies of CCR5+CD4+ TM cells in LNs, 
the observed differences might reflect changes in recirculation pat-
terns rather than differences in total body number of SIV targets 
(which reside in tissues, particularly in mucosal sites). Also, rapa-
mycin and ART were stopped concomitantly, so CCR5 expression 
patterns would be expected to normalize following ART cessation.

In conclusion, while proliferation of latently infected CD4+ 
T cells plays an important role in driving HIV persistence during 
therapy, our study highlights some major challenges with tar-
geting this regulatory mechanism as a strategy for reducing viral 
reservoirs that persist during ART. Questions regarding how long 
antiproliferative therapies should be applied and their effective-
ness on different cell subsets (i.e., naive versus memory) or in dif-
ferent sites (tissue resident versus circulating) would need to be 
addressed to fully determine whether this approach can be used to 
enhance the decay of the HIV reservoir in PWH.

Methods
Detailed materials and methods can be found in Supplemental Methods.

Statistics. Statistical analyses were performed in R 3.6.0 with the 
package survival, version 3.2-11. We used Spearman’s rank transfor-
mation when evaluating correlations. We used Wilcoxon’s rank-sum 
(WRS) tests for all analyses comparing values across treatment groups. 
Point values were transformed to the log10 scale where indicated. For 
analyses involving multiple time points, we calculated the AUC, peak 
value, or number of “blips” (observations above a predefined thresh-
old) for each RM and analyzed the resulting values in a fashion sim-
ilar to that using single–time point data. Time-to-event data were 
described with Kaplan-Meier estimates and compared between groups 
using the Kruskal-Wallis test. All tests were conducted with 2-sided null 
hypotheses at a significance level of P ≤ 0.05, except for experiments 
on the effect of anti-CD3LALA (Figure 8, A and B), for which we used 
two separate 1-sided tests with a significance level of P ≤ 0.025. While 
we present primarily unadjusted P values in accordance with our pre-
specified plan, and consistent with our usual practice, we value and 
encourage consideration of the impact of multiple testing. For post hoc 
multiplicity adjustment over any set of tests, we provide all unadjusted 
P values in Supplemental Table 3 and Supplemental Data and Code.

Study approval. All animal procedures were approved by the Ore-
gon Health & Science University, Oregon National Primate Research 
Center’s IACUC, under the standards of the US NIH Guide for the Care 
and Use of Laboratory Animals (National Academies Press, 2011).

old by which proliferation must be reduced in order to accelerate 
the decay of persistently infected cells is still unclear. (b) While 
rapamycin had a substantial effect on CD4+ TCM and TrM cell 
proliferation, populations that typically maintain higher rates of 
proliferation, it had less of an impact on CD4+ naive (TN) and 
TEM cells, which tend to be more quiescent and proliferate at 
lower rates under steady-state conditions. However, these sub-
sets can also contain intact HIV proviruses that can contribute 
to HIV persistence (87, 88). Indeed, this highlights a major chal-
lenge with targeting proliferation as a curative strategy for HIV 
cure, as antiproliferative agents such as rapamycin may be less 
effective against resting/quiescent cell subsets harboring intact 
HIV proviruses. (c) The duration of rapamycin treatment (i.e., 44 
weeks) may not have been sufficient to significantly affect SIV 
dynamics during ART. In PWH, the reservoir decays slowly, with 
the half-life of infected cells estimated to be approximately 44 
months (89). This slow rate of decay suggests antiproliferative 
therapies may need to be applied for extended periods of time 
in order to have a measurable impact on the reservoir. (d) The 
role of homeostatic proliferation in maintaining latently infect-
ed CD4+ T cells in different tissue compartments is still unclear. 
For example, a high proportion of latently infected cells during 
ART reside in gut-associated lymphoid tissues (90, 91). These 
cells can often be terminally differentiated with limited prolif-
erative capacity and may be less susceptible to the factors that 
drive cytokine and/or antigen-driven clonal expansion of latent-
ly infected cells in peripheral sites (92).

Our study did result in 2 interesting observations. First, the 
use of a potent T cell receptor agonist in the presence of rapamycin 
had no toxic side effects in SIV-infected RMs on ART, despite clear 
evidence of induction of T cell proliferation. Even at a low dose of 
0.5 mg/kg, 4 of 7 RMs had a modest increase in plasma viremia fol-
lowing anti-CD3LALA infusion that was consistent with increased 
SIV production. Previous attempts to use a potent T cell agonist to 
induce HIV production in vivo involved the use of a murine anti-
CD3 mAb, OKT3, given in combination with recombinant IL-2 
(93, 94). This therapy induced T cell activation and proliferation 
in addition to some measurable increases in HIV RNA in both plas-
ma and LNs of PWH. However, this therapy had toxic side effects 
and subsequently diminished enthusiasm for the application of  
T cell agonists as LRAs. Our results suggest that rapamycin, or oth-
er mTOR inhibitors, used in combination with potent T cell recep-
tor agonists may be an effective strategy for limiting CD4+ T cell 
proliferation, reducing production of proinflammatory cytokines 
while safely inducing HIV gene expression during ART (74). While 
we show a low dose of anti-CD3LALA was safe, further studies are 
required to assess whether mTOR inhibition can still limit toxic-
ity when anti-CD3LALA is used repeatedly or at higher doses. It 
should also be noted that the introduction of the LALA mutations 
on the anti-CD3 antibody prevents the crosslinking of Fc receptors 
on T cells and Fc-dependent target cell depletion, which may have 
also reduced toxicity following T cell activation (95, 96).

The other intriguing observation was the rapid increase in early 
peak rebound pvl, likely driven by the transient increase in T cell 
proliferation immediately following ART and rapamycin treatment 
cessation. This occurred at a time when rebounding viremia would 
be inducing antigen-driven expansion of SIV-specific T cells (40). 
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