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SUMMARY
KeyHIV cure strategies involve reversing immune dysfunction and limiting the proliferation of infected T cells.
We evaluate the safety of sirolimus, a mammalian target of rapamycin (mTOR) inhibitor, in people with HIV
(PWH) and study the impact of sirolimus on HIV-1 reservoir size and HIV-1-specific immunity in a single-
arm study of 20 weeks of treatment in PWH on antiretroviral therapy (ART). Sirolimus treatment does not
impact HIV-1-specific CD8 T cell responses but leads to a significant decrease in CD4+ T cell-associated
HIV-1 DNA levels at 20 weeks of therapy in the primary efficacy population (n = 16; 31% decline,
p = 0.008). This decline persists for at least 12 weeks following cessation of the study drug. Sirolimus treat-
ment also leads to a significant reduction in CD4+ T cell cycling and PD-1 expression on CD8+ lymphocytes.
These data suggest that homeostatic proliferation of infected cells, an important mechanism for HIV persis-
tence, is an intriguing therapeutic target.
INTRODUCTION

Despite sustained inhibition of virus replication by antiretroviral

therapy (ART), HIV persists indefinitely. Chronic viral-associated

inflammation and immune dysfunction also persist in most peo-

ple with HIV (PWH). Substantial evidence supports the concept

that the chronic inflammatory environment associated with

treated HIV disease results in a dysfunctional virus-specific im-

mune response and inability of the host immune response to

clear the persistent viral reservoir.1–3 Furthermore, the prolifera-

tion of infected CD4+ T cells leads to the indefinite persistence of

HIV reservoirs that escape immune targeting and clearance.4 To

date, few prospective immunotherapy trials, including those that

target cell proliferation and immune modulation, have demon-

strated significant decreases in HIV-1 DNA burden in vivo, partic-

ularly in those on long-term, stable ART.

The mammalian target of rapamycin (mTOR) is a regulatory ki-

nase that controls cell cycle progression.5–10 Despite its immu-
Cell Reports Medicine 5, 101745, Octo
This is an open access article under the
nosuppressive consequences, pharmacologic mTOR inhibition

leads to changes in several immune regulatory pathways that

may enhance antiviral activity and limit CD4+ T cell homeostatic

proliferation and cell cycling.11–27 As homeostatic proliferation of

infected CD4+ T cells is a key mechanism for the maintenance of

the latent HIV reservoir,28–35 targeting the heightened and dysre-

gulated CD4+ T cell cycling is a plausible strategy to limit reser-

voir persistence.4 Sirolimus (rapamycin) is a selective TORC1 in-

hibitor with suppressive effects on cell cycle progression that

predominately targets lymphocytes activated by cytokines

rather than by antigen-T cell receptor engagement.36,37 In

treated and untreated HIV infection, increased CD4+ and CD8+

T cell cycling and proliferation appear to be bystander effects

largely driven by cytokine exposure.38–40 Prior cross-sectional

data suggest that the use of sirolimus in ART-suppressed renal

transplant recipients with HIV may be associated with lower pe-

ripheral total CD4+ T cell HIV-1 DNA levels.14 Prospective trials

designed to investigate the impact of mTOR inhibition on HIV
ber 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:timothy.henrich@ucsf.edu
https://doi.org/10.1016/j.xcrm.2024.101745
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2024.101745&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. ACTG A5337 study schema and

enrollment

Study and treatment weeks are shown with the

number of participants enrolled and completing

trial milestones. Sixteen participants completed

the full 20 weeks of planned oral sirolimus and

are defined as the primary analysis population,

and 13 participants completed 6 to 16 weeks of

sirolimus (median 12 weeks) and are defined as

the secondary analysis population. Twenty-nine

participants completed at least 6 weeks of

study drug and comprise the secondary analysis

population.
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persistence and the mechanisms by which reservoir reduction

may be achieved are lacking.

We therefore conducted a phase 1/2, single-arm clinical trial

to evaluate the effect of 20 weeks of continuous oral sirolimus

use on HIV-specific immune responses, residual HIV-1 tran-

scriptional activity, viral reservoir size, and immune pheno-

types in PWH receiving long-term antiretroviral therapy

(Advancing Clinical Therapeutics Globally [ACTG] protocol

A5337; NCT02440789). Given that the main objective of this

study was to assess the biological activity of the study drug,

the protocol-defined, pre-specified primary analyses were

based on the as-treated population, limited to participants

who completed the full 20 weeks of study drug.

RESULTS

Study overview and enrollment
Eligible persons were on ART for at least 24 months with CD4+

T cell counts R350 cells/uL and no history of systemic malig-

nancy or recent immunomodulator use. Participants were fol-

lowed for 12 weeks prior to initiating sirolimus to establish base-

line levels of HIV reservoir and immunological stability.

Participants then received oral sirolimus, dosed to achieve a

trough plasma level of 5–10 ng/mL, which is within the range
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for the prevention of solid organ transplant

rejection and prophylaxis against graft-

versus-host disease following allogeneic

stem cell transplantation (Figure 1). After

treatment week 20, sirolimus was discon-

tinued, and participants remained in the

study for an additional 12 weeks to mea-

sure the longer-term impact of mTOR inhi-

bition on HIV burden, immune responses,

and inflammation.

The primary endpoints were: (1) safety,

(2) changes in the frequency (%) of HIV-1

Gag-specific CD8+ cells after 20 weeks of

sirolimus therapy, and (3) changes in

CD4+ T cell-associated unspliced HIV-1

RNA and plasma HIV-1 RNA by the inte-

grase single-copy assay (iSCA) from base-

line to week 20 of sirolimus therapy. Sec-

ondary endpoints included changes in

total cell-associated HIV-1 DNA levels,
HIV-1-specific CD4+ T cell responses, and markers of T cell acti-

vation and cycling. As pre-defined in the study protocol, primary

analyses involved the as-treated population, given that this

early-phase study was conducted to assess the biological activ-

ity of mTOR inhibition in PWH on ART. Baseline participant

characteristics, including demographics, ART regimen, baseline

CD4+ T cell counts, weight, and plasma HIV-1 RNA measure-

ments are listed in Table 1. Overall, 28% of enrolled participants

were female and 72% were non-White. The median age was 52

and median CD4+ T cell count was 813 cells/mL. Forty-four

percent of participants were on an integrase inhibitor-based

regimen with the remainder on a non-nucleoside reverse tran-

scriptase inhibitor (NNRTI)-based regimen. No participants

were on protease inhibitor-based regimens as per protocol,

given the significant pharmacological interactions with sirolimus.

Sirolimus therapy in participants with HIV on ART
A total of 32 participants across 10 sites were enrolled into A5337

between December 2015 and March 2017. Twenty-eight partici-

pants completed the full 44 weeks of study follow-up (Figure 1).

Two participants withdrew from the study prior to the initiation of

sirolimus, and two discontinued study 2 and 16 weeks after start-

ing the drug (not able to attend clinic and withdrawal of consent,

respectively). Sixteen participants completed the full 20 weeks of



Table 1. Entry and baseline characteristics of study populations

Characteristic All enrolled (N = 32)

Included in safety

analysis (n = 30)

Primary efficacy

populationa (n = 16)

Secondary efficacy

populationb (n = 13)

Age at study entry

Median (Q1, Q3) 52 (46, 55) 52 (46, 55) 52 (43, 59) 52 (46, 53)

Female gender

N (%) 9 (28%) 7 (23%) 3 (19%) 3 (23%)

Race/Ethnicity

White Non-Hispanic 9 (28%) 8 (27%) 6 (38%) 2 (15%)

Black Non-Hispanic 18 (56%) 18 (60%) 7 (44%) 10 (77%)

Hispanic 4 (13%) 3 (10%) 2 (13%) 1 (8%)

More than one race 1 (3%) 1 (3%) 1 (6%) 0 (0%)

IV drug history

Never used 29 (91%) 27 (90%) 14 (88%) 12 (92%)

Previously 3 (9%) 3 (10%) 2 (12%) 1 (8%)

Entry HIV plasma RNA

R40 copies/mL 0 (0%) 0 (0%) 0 (0%) 13 (100%)

Txt week 0 HIV plasma RNA

R40 copies/mL 1 (3%) 1 (3%) 0 (0%) 1 (8%)

Baseline CD4+ T cell count (c/mm3)

Median (Q1, Q3) 813 (618, 1,014) 818 (635, 1,031) 846 (662, 1,065) 765 (635, 972)

Baseline CD4/CD8+ ratio

Median (Q1, Q3) 0.9 (0.7, 1.3) 0.9 (0.7, 1.3) 0.9 (0.7, 1.4) 1.0 (0.8, 1.3)

Baseline weight (kg)

Median (Q1, Q3) 83 (68, 99) 83 (68, 99) 79 (64, 93) 90 (77, 100)

Baseline BMI (kg/m2)

Median (Q1, Q3) 27 (23, 31) 27 (23, 30) 24 (22, 29) 29 (26, 31)

Entry ARV regimen

Non-PI, non-NNRTI (INSTI) based 14 (44%) 13 (43%) 9 (56%) 4 (31%)

Non-PI, RPV based 3 (9%) 2 (7%) 1 (6%) 1 (8%)

Non-PI, other NNRTI based 15 (47%) 15 (50%) 6 (38%) 8 (62%)c

IV, intravenous; BMI, body mass index; ARV, antiretroviral; PI, protease inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; INSTI, inte-

grase strand transfer inhibitor; RPV, rilpivirine. Baseline is the average of pre-sirolimus measurements at study weeks 0 and 12.
aIncludes participants who completed the full 20 weeks of sirolimus.
bIncludes participants who completed 6 to 16 weeks of sirolimus.
cParticipants in the primary efficacy population had lower efavirenz (NNRTI) use than in secondary efficacy population (38% versus 62%).
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sirolimus and comprised the primary efficacy analysis population.

An additional thirteen participants completed 6 to 16 weeks of si-

rolimus therapy (median 12 weeks) and were grouped into a sec-

ondary efficacy analysis population. Overall, participants received

a median of 19.1 weeks of sirolimus (1.0–21.6 weeks). In contrast

to all enrolled participants, 56% of the primary efficacy analysis

population was on non-NNRTI-based antiretroviral regimen and

there was a greater percentage of White, non-Hispanic partici-

pants (38%) (Table 1). Participants in the secondary efficacy anal-

ysis population (i.e., those unable to complete the full course of

therapy) had a higher weight and BMI, lower absolute CD4+

Tcell counts, andahigher rateofefavirenzuseasshown inTable1.

Safety analyses
Thirty participants received at least one dose of sirolimus and

comprised the study-defined primary safety analysis population.
No participants experienced protocol-defined virologic failure

(confirmed plasma HIV-1 RNA R200 copies/mL). Of the 30 par-

ticipants who initiated sirolimus, 20 had an adverse event judged

related to sirolimus (the maximum grades were 1, 2, and 3 for 4,

13, and 2 individuals, respectively; one had a non-graded non-

fasting triglyceride event; 12 of these 20 completed the full

20 weeks of sirolimus). Lower grade toxicities that did not lead

to treatment discontinuation were predominantly related to in-

creases in fasting blood glucose levels or abnormalities in the

fasting lipid panel (e.g., increased triglycerides). These labora-

tory abnormalities are known effects of sirolimus.8,9

Twenty participants had a treatment-related safety event, but

only two were graded as severe. Fourteen participants prema-

turely discontinued study treatment (Table S1). Whereas the

discontinuation rate was higher than expected, a majority of par-

ticipants who stopped therapy did so for reasons other than
Cell Reports Medicine 5, 101745, October 15, 2024 3



Figure 2. Changes in CD4+ T cell counts,

CD4+ T cell-associated HIV-1 DNA, and low-

level residual plasma HIV-1 RNA in response

to sirolimus treatment

Transient decreases in CD4+ T cell counts (A) and

sustained and significant reduction in CD4+ T cell-

associated HIV-1 DNA (B) in the primary analysis

population are shown. CD4+ T cell-associated

HIV-1 DNA at baseline and week 4 time points in the

secondary analysis population is shown in (C). HIV-1

DNA levels remain significantly decreased 12weeks

after discontinuation of sirolimus in the primary ef-

ficacy population. The proportion of participants

with undetectable low-level residual HIV-1 plasma

RNA measured by iSCA for the primary analysis

population is shown in (D). 95%confidence intervals

and means at each time point are presented.

p values from two-tailed, paired t tests. Baseline

values were defined as the average of measures

from treatment weeks �12 and 0 in statistical

analyses.
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protocol-defined adverse events (e.g., personal choice or on the

recommendation of their medical provider). Three participants

met the pre-specified primary safety outcome. Two participants

experienced a grade 3 adverse event related to sirolimus (stoma-

titis and elevated fasting glucose), and one had a confirmed

CD4+ T cell count decrease to below 300 cells/mL.

Pharmacokinetic measurements and dosing
Oral sirolimus use requires frequent monitoring in order to estab-

lish and maintain trough levels within the desired range.

Throughout the study, the median within-participant average

trough sirolimus level was 6.8 ng/mL (range 5.4–7.8) over

a median 11 measurements for each participant in the primary

efficacy analysis population. The therapeutic goal was 5–

10 ng/mL for sirolimus trough levels during the first 4 weeks of

therapy as participants were achieving steady-state concentra-

tions for the primary and secondary analysis populations. Inter-

estingly, participants in the primary efficacy population had

higher time-averaged trough levels than in the secondary anal-

ysis population (6 ng/mL versus 5.1 ng/mL).

Impact of sirolimus on CD4+T cell counts
A modest and transient decrease in CD4+ T cell counts was

observed in the safety analysis population (n = 30; median

decline of 37–91 cells/mL at treatment weeks 2–20 relative to a

median baseline CD4+ T cell count of 818 cells/mL). In the primary

efficacy population (n = 16 who completed 20 weeks of oral

sirolimus), there was a significant decline in CD4+ (mean: �118

cells/mL; p = 0.041) and CD8+ (mean: �160 cells/mL; p = 0.021)

T cell counts between baseline and treatment week 20 by paired

t tests, but no change in CD4/CD8 ratios. In the combined pri-

mary and secondary efficacy populations, CD4+ T cell counts

decreased by a mean of 60 cells/mL (p = 0.06) from baseline to

treatment week 4 (n = 29). CD4+ T cell counts in the primary ef-
4 Cell Reports Medicine 5, 101745, October 15, 2024
ficacy population decreased from baseline

to treatment week 4 (�79 cell cells/mL), and

CD4+ T cell counts declined by an average
of 37 cells/mL frombaseline to treatment week 4 in the secondary

analysis population (n = 13). However, CD4+ T cell counts

increased 12 weeks following cessation of sirolimus and were

not significantly different at the post-treatment time point from

baseline values in either population as shown in Figure 2A.

Antigen-specific T cell responses
To test the effect of sirolimus treatment on viral antigen-specific

T cell responses, flow cytometric evaluation of intracellular cyto-

kine responses (IFNg, IL-2, TNF-a, and MIP-1b) and cell surface

markers (CD40L and CD107a) following a 6 h stimulation of pe-

ripheral blood mononuclear cells in the presence or absence of

overlapping HIV-1 Gag peptide pools, CMV (pp65) antigen, and

Staphylococcal enterotoxin B (SEB; positive stimulation control)

was performed as shown in Figure S1. Overall, no significant

changes were observed in the frequency of Gag-specific CD8+

or CD4+ T cells expressing any marker from baseline to treatment

week 20 in the primary efficacy analysis population or between

baseline and week 4 in the secondary efficacy population.

Impact of sirolimus on cell-associated HIV-1 DNA and
RNA
Cell-associated (CA) DNA and RNA were measured at baseline,

treatment weeks 4, 12, and 20, and 12weeks after treatment was

discontinued (week 32) (Figure 2B; Table S3). Although CD4+

T cell-associated unspliced HIV-1 RNA levels decreased from

baseline to week 20 in the primary efficacy population, this

change did not reach statistical significance (mean: �0.21

log10 copies/10
6 cells, p = 0.11). In the primary efficacy popula-

tion (n = 16), there was a significant decrease in CD4+ T cell-

associated HIV-1 DNA from baseline to treatment week 20

(mean DNA decline of 0.16 log10 copies/106 cells, p = 0.008),

which corresponds to a 31% decline (Figure 2B). The lower

levels of CA-DNA persisted after sirolimus discontinuation



Table 2. Change in percentage of T cell markers and subsets from baseline to sirolimus treatment week 20 in the primary efficacy

population (N = 16)

CD8+ T cells CD4+ T cells

Mean (CI) p Mean (CI) p

% PD-1+ �2.85 (�4.85, �0.86) 0.008a 0.42 (�1.81, 2.66) 0.69

% Ki67+ �0.54 (�0.90, �0.19) 0.005 �0.51 (�0.97, �0.05) 0.031

% CCR5+ �3.92 (�5.99, �1.85) 0.001 �1.67 (�3.76, 0.42) 0.11

% CD69+ �0.52 (�1.38, 0.35) 0.22 �0.17 (�0.97, 0.63) 0.65

% TNaı̈ve 0.75 (�3.61, 5.12) 0.72 �2.16 (�5.46, 1.15) 0.18

% TCM �0.87 (�1.82, 0.08) 0.07 �0.01 (�2.18, 2.17) 1.00

% TEM �0.58 (�3.02, 1.86) 0.62 2.20 (�0.50, 4.90) 0.10

% TTD 0.68 (�2.82, 4.18) 0.69 �0.04 (�1.21, 1.14) 0.95

TCM, central memory; TEM, effector memory; TTD, terminally differentiated.
aFrom two-tailed, paired t tests.
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resulting in a persistent decrease in CD4+ T cell-associated

HIV-1 DNA (mean �0.15 log10 copies/106 cells; p = 0.028; pri-

mary efficacy population) from baseline to week 32 (12 weeks

following cessation of sirolimus). Overall, the magnitude of

mean change in CD4+ T cell-associated HIV-1 DNA was similar

between baseline and all treatment time points with a borderline

significant mean change in HIV-1 DNA levels from baseline to

treatment week 4 being observed in the primary efficacy popula-

tion (mean �0.21 log10 copies/106 cells; p = 0.05) but not from

baseline to week 12 (mean: �0.17 log10 copies/106 cells; p =

0.13) as shown in Table S3. There were no significant changes

in CA-DNA from baseline to treatment week 4 in the secondary

efficacy population as shown in Figure 2C.

To further understand the impact of sirolimus on total HIV-1

DNA levels, a linear mixed-effects model was applied to all on-

treatment time points (weeks 4, 12, 20) together with the pre-

treatment data, to estimate change from baseline, combining

the primary and secondary analysis populations (n = 29 contrib-

uting to the treatment week 4 time point and n = 16 contributing

to the weeks 12 and 20 time points); the estimated log10 change

in CD4+ T cell-associated HIV-1 DNA was �0.08 (p = 0.22).

Applying this model restricted to the primary analysis population

(n = 16), the estimated log10 change was �0.18 (p = 0.026).

Impact of sirolimus on residual low-level plasma HIV-1
RNA
Low-level plasma HIV-1 RNA was measured using iSCA, which

had a lower limit of detection of 0.7 copies/mL. Among the pri-

mary efficacy population, 46 of 96 (48%) total test results were

below this limit. There were no apparent changes in the fre-

quency of detectable plasma RNA as shown in Figure 2D, and

similarly, no evidence of a change in the frequency of detectable

plasma RNA up to treatment week 4 in the secondary efficacy

analysis population. Due to a high percentage of iSCA results

less than the analysis lower limit, a supplemental analysis ac-

counting for left-censoring was performed for the change in

iSCA from baseline to treatment week 20 (primary efficacy pop-

ulation) and from baseline to treatment week 4 (secondary effi-

cacy population). Results were consistent with those from the

paired t tests as aforementioned, with no evidence of changes

in iSCA levels after sirolimus treatment.
Impact of sirolimus on intact proviral DNA
The intact proviral DNA assay (IPDA) was performed as

described41 at baseline (treatment week 0), treatment week 4,

and treatment week 20 in participants in the primary efficacy

population (n = 16).Many of these participants had no detectable

intact proviral DNA at treatment week 0 (56%), treatment week 4

(47%), and treatment week 20 (69%, the primary treatment

endpoint). Participants who had detectable intact proviral DNA

at any time point were included in a descriptive analysis of the

change in the log10-transformed intact proviral DNA copies/106

CD4+ T cells as previously reported for analyses using the

IPDA.41 At treatment week 4, 67% (6 of 9) of evaluated partici-

pants had decreased intact proviral DNA (median change of

�0.14 log10, n = 9), and 75% (6 of 8) of evaluated participants

had decreased intact proviral DNA (median change of �0.40

log10, n = 8) at treatment week 20.

Markers of T cell exhaustion, memory, activation, and
cycling
Changes in markers of T cell activation (CD69), exhaustion

(PD-1), naive and memory cell phenotypes (naive, central mem-

ory, effector memory, terminally differentiated), cycling/prolifera-

tion (Ki67), and CCR5 expression between baseline and week 20

for the primary efficacy population are shown in Table 2. The fre-

quency of CD4+ and CD8+ T cells expressing Ki67+ and CD8+

T cells expressing CCR5 and PD-1 significantly decreased be-

tween baseline and week 20 in the primary efficacy population

(all p % 0.031; Table S2). Of note, the significant reduction in

the frequency of Ki67-expressing T cells was no longer observed

12 weeks after discontinuation of sirolimus. In analyses of T cell

phenotyping in the secondary efficacy population, a significant

reduction in the frequency of the naive CD4+ T cells between

baseline and week 4 (p = 0.015) was also observed.

Soluble marker of inflammation and immune activation
To evaluate the longitudinal impact of sirolimus treatment on

inflammation, we quantified changes in plasma IL-6, IL-7, IP-

10, sCD14, and D-dimer using marker-specific ELISA at siroli-

mus treatment weeks �12, 0, 4, 12, 20, and 32 (12 weeks

following cessation of therapy) as shown in Figure 3. Pro-inflam-

matory markers IL-6 (mean change: 0.31 log10; p = 0.003),
Cell Reports Medicine 5, 101745, October 15, 2024 5



Figure 3. Changes in soluble markers of inflammation in response to sirolimus treatment

Significant increases in circulating IL-6, sCD14, and D-Dimer are shown in (A)–(C). Levels returned to baseline 12 weeks after the cessation of treatment.

A significant decrease in interferon gamma-induced protein 10 (IP-10) levels was observed at treatment week 20, which return to baseline 12 weeks after

cessation of sirolimus therapy (D). IL-7 levels for the primarily analysis population are shown in (E). 95% confidence intervals and geometric means at each time

point are presented. p values are from two-tailed, paired t tests. Baseline values were defined as the average of measures from treatment weeks �12 and 0 in

statistical analyses.
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sCD14 (mean change: 0.07 log10; p = 0.012), and D-Dimer (mean

change: 0.23 log10; p = <0.001) increased significantly from

baseline to treatment week 20, whereas IP-10 significantly

decreased (mean change: �0.08 log10; p = 0.01) from baseline

to treatment week 20 in the primary efficacy analysis population.

In the secondary efficacy population, sCD14 (mean change: 0.05
6 Cell Reports Medicine 5, 101745, October 15, 2024
log10; p = 0.002) and D-Dimer (mean change: 0.25 log10;

p < 0.001) increased from baseline to treatment week 4. How-

ever, no change was evident in the soluble biomarkers of inflam-

mation from baseline to treatment week 32, 12 weeks following

cessation of sirolimus. As expected, with the normalization of

these markers after discontinuation of sirolimus, all showed
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evidence of a significant change between treatment week 20 and

12 weeks following cessation of the drug in the opposite direc-

tion of those observed from baseline to treatment week 20 as

shown in Figure 3.

Correlation between sirolimus drug levels, immune
phenotyping, markers of inflammation, and outcome
measures
Overall, there were no significant correlations between sirolimus

trough levels and changes to treatment week 20 in CA-RNA or

DNA levels, soluble markers of inflammation, or percentages of

CD4+ and CD8+ T cells expressing Ki67, CCR5, or PD-1. How-

ever, a positive correlation between sirolimus levels and changes

in CD4+ T cell counts (Spearman r = 0.55; p = 0.027) was

observed. There were also no significant correlations between

the change in percentage of total CD4+ T cells, CD4+ or CD8+

T cells expressing Ki67, and CD8+ T cells expressing PD-1

with changes in HIV-1 DNA, CA-RNA, or total CD4+ T cell counts

from baseline to treatment week 20 in the primary efficacy ana-

lyses. Similarly, there were no significant associations between

changes in circulating levels of IL-6, sCD14, IP-10, and

D-Dimer with changes in HIV-1 DNA, CA-RNA, or total CD4+

T cell counts in the primary efficacy population (Table S4).

DISCUSSION

Despite years of research to achieve long-term HIV remission,

few interventions have reduced cell-associated HIV-1 DNA

levels in PWH who are receiving effective ART. Whereas alloge-

neic stem cell transplantation and initiation of ART during

‘‘hyperacute’’ infection are associated with very low reservoir

sizes,42,43 these strategies are not applicable to the vast majority

of people living with HIV. Based on data from multiple groups

that memory T cell clonal proliferation is a major mechanism

for HIV persistence during long-term ART,28–35 we postulated

that inhibition of proliferation might result in a reduction in reser-

voir size, a hypothesis predicted by recent modeling.4 Here, we

tested the hypothesis that inhibition of mTOR would reduce the

size of the reservoir, as estimated by CD4+ T cell-associated

HIV-1 DNA, and other measures. We chose to study mTOR in-

hibitors based on prior hypothesis-generating studies performed

by our group,14,44 and based on the observations that mTOR in-

hibition might reduce cytokine-driven homeostatic prolifera-

tion.45,46 Although the sample size was small and the study

was complicated by a larger-than-expected frequency of pre-

mature treatment discontinuations, we found evidence that siro-

limus treatment was associated with a modest reduction in cell-

associated DNA levels persisting up to 12 weeks after cessation

of the drug. We also found that mTOR inhibition reduced cell

cycling (as defined by Ki67) in CD4+ and CD8+ T cells, reduced

CCR5 expression on CD8+ T cells, and may have reduced

T cell exhaustion (as evidenced by reduced PD-1 expression

on effector cells).

Most of the HIV proviruses are defective.47 As both defective

and intact genomes aremaintained by homeostatic proliferation,

the effect of non-specifically inhibiting proliferation of all memory

cells should result in similar reductions of defective and intact

genomes. Still, given that the intact and potentially replication-
competent reservoir is themain focus of most cure interventions,

we estimated the size of the intact reservoir before and after si-

rolimus using the IPDA. Most participants had no readily detect-

able intact genomes, due in part to the limited number of cells

available. Despite these limitations, we observed a median

0.40 log10 decrease in intact HIV DNA over the 20-week treat-

ment time course in those with detectable levels at any visit. A

prior study of the impact of ART alone on intact proviral DNA

(ACTG A5321) showed amedian half-life of 7.1 years, which cor-

responds to a �0.016 log10 change over 20 weeks.48 Results

from A5321 also demonstrate that change in total DNA on ART

has a much slower rate of decline (half-life of 41.6 years) high-

lighting the importance of the observed reductions in total HIV

DNA on sirolimus,48 and that the decay in intact proviral DNA

on study drug may be an order of magnitude greater than natural

decay of the reservoir on ART.

These data support preliminary observations from a prior

retrospective cross-sectional study of solid organ transplant re-

cipients, in which persons treated with sirolimus had an approx-

imately 0.3 log10 copies/mL lower level of HIV-1 DNA than did

persons receiving other immune-modulating drugs (e.g., cyclo-

sporine and tacrolimus).14 This modest effect is consistent with

the effect observed in our longitudinal study and larger than an

expected �2% decline over 20 weeks observed on stable

ART.49 We also observed in a recent pilot study of 10 PWH on

ART, who switched to or added everolimus (an mTOR inhibitor

with broad TORC1/TORC2 activity) for graft rejection following

solid organ transplantation, that it did not have an overall effect

on cell-associated HIV-1 DNA and RNA levels. However, partic-

ipants who maintained everolimus time-averaged trough levels

>5 ng/mL during the first 2 months of therapy had significantly

lower CD4+ T cell HIV RNA levels up to 6 months after the cessa-

tion of study drug.44 Time-averaged everolimus trough levels

significantly correlated with greater inhibition of mTOR gene

pathway transcriptional activity. In this study, there was an

absence of a clear pharmacodynamic relationship between siro-

limus exposure and outcome measures, but there was limited

variation in drug exposure between participants as intensive

monitoring and adjustment of sirolimus levels were incorporated.

The sustained reduction in CD4+ T cell-associated HIV-1 DNA

levels was limited to our primary analysis population who

completed all 20 weeks of daily sirolimus treatment. Although

we observed a modest decrease in cell-associated HIV-1 DNA

in the remaining 13 participants who completed 6–16 weeks of

sirolimus, these results were not statistically significant. Interest-

ingly, these participants tended to have higher weight and BMI,

lower CD4+ and CD8+ T cell counts, and higher rates of efavirenz

use at baseline. Importantly, these participants also had lower

time-averaged sirolimus trough levels while on study drug,

perhaps related to challenges with achieving stable trough

drug levels with weight-based dosing in those with higher BMI,

which may have subsequently played a role in HIV-1 DNA

response differences from those that completed the 20 planned

weeks of treatment.

Several factorsmay have led to the observed sustained reduc-

tions in peripheral blood CD4+ T cell-associated HIV-1 DNA

levels in the primary analysis population. Firstly, Ki67, an intracel-

lular marker of T cell cycling, was significantly reduced during the
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period of oral sirolimus use. Homeostatic proliferation plays an

important, if not themain, role in maintaining the latent HIV reser-

voir on ART.28–35 Blocking the proliferation of HIV-infected CD4+

T cells might prove to be an important target for HIV cure

research,4 perhaps used as a combination approach.45,50 If

CD4+ T cell cycling is largely driven by a cytokine-enriched envi-

ronment as suggested,51,52 blocking the proliferation of cells

comprising the latent reservoir would be expected to reduce

HIV DNA burden over time, particularly if the virus is enriched

in cells with high proliferative potential, as appears to be the

case.33,53 Clinical trials designed to interrupt proliferation or in-

flammatory signaling (e.g., by administration of mycophenolate,

JAK-STAT inhibitors)4,54 may decrease reservoir size. Unlike

calcineurin inhibitors (cyclosporine and tacrolimus), which

work by blocking T cell receptor-mediated immune signaling,

mTOR inhibitors that block cytokine-mediated stimulation may

preferentially lead to decreased homeostatic or cytokine-

driven proliferation while preserving antigen-specific immune re-

sponses.37,55–57 While CD4+ T cell numbers fell slightly, the

disproportionate decrease in frequency of CD4+ T cells contain-

ing HIV DNA in this study suggests that CD4+ T cells and the

offspring of CD4+ T cells that were susceptible to HIV infection

(irrespective of the replication competence of the provirus)

remain selectively driven to proliferation and expansion by cyto-

kine exposure.

Whereas the observed decrease of circulating HIV-1 DNA in

this study may have been due, in part, to CD4+ T cell redistribu-

tion to tissues outside peripheral blood, a recent modeling study

suggests that reduced CD4+ T cell cycling and homeostatic pro-

liferation are likely to decrease infected cell burden in both blood

and tissues4 through blocking memory CD4+ T cell generation

from HIV-uninfected precursor cells.51 A recent non-human pri-

mate study showing decreases in simian immunodeficiency vi-

rus (SIV) DNA following antibody-mediated CD4+ depletion58

lends support to this putative homeostatic-based mechanism

for the sirolimus effect on HIV-1 DNA, fundamentally different

than the shock-and-kill therapeutic approach.52 It is interesting

to note that the secondary efficacy population in this study that

did not experience significant reductions in CD4+ T cell-associ-

ated HIV-1 DNA also did not have decreased markers of T cell

cycling at the earlier 4-week time point after initiating sirolimus

treatment.

Interestingly, a recent non-human primate study of sirolimus

therapy with or without CD3+ T cell depletion did not demon-

strate a decrease in overall HIV burden or lead to changes in

time to SIV rebound following analytical treatment interruption

(ATI), but did demonstrate decreased memory CD4+ T cell prolif-

eration.50 The reason for the discrepancy between reservoir

decay in the SIV model and the significant reductions observed

in this human study is not known, but could be due to the dura-

tion of ART. In our clinical study, we enrolled individuals who had

been on long-term ART. The reservoir is increasingly found in the

clonal populations over time,29,30,53,59 and hence any agent

aimed at this mechanismmight only become readily detected af-

ter many years of virus suppression.

Sirolimus use also led to reduced expression of PD-1 and

CCR5 on CD8+ T cells through week 20 of sirolimus (in the pri-

mary efficacy population). The PD-1/PD-L1 pathway is impli-
8 Cell Reports Medicine 5, 101745, October 15, 2024
cated in the balance between immune eradication and immune

escape and is overexpressed in chronic viral infections such as

HIV, even after the initiation of ART.60–63 As a result, there is in-

terest in using anti-PD-1 therapies to reduce the latent HIV reser-

voir burden.64–66 The role of decreased frequencies of CD8+

T cells expressing PD-1 observed in this study is not known

and warrants further study, especially as some SEB-specific re-

sponses declined with mTOR inhibition and there were no signif-

icant changes in HIV-specific responses.

Very few studies have performed a comprehensive assess-

ment of mTOR inhibition in people. As expected, we found that

sirolimus had pluripotent effects. We observed changes in cell

proliferation (Ki67) and activation (CCR5 and PD-1) as expected,

although likely due to small samples size, the effect was signifi-

cant in only some subsets. We observed a decrease in IP-10, a

marker of the interferon response pathway.67 Surprisingly, we

observed a significant increase in circulating markers of inflam-

mation, IL-6, d-Dimer, and sCD14, all of which in untreated

and treated HIV predict excess risk of morbidity.68–74 Data

regarding the in vivo impact of sirolimus on IL-6 production is

evolving, with evidence that mTOR inhibition may reduce IL-6

expression by various antigen-presenting cells, but may also in-

crease expression by others.75–77 Importantly, D-dimer levels

also increased during sirolimus administration, and as these

levels are diminished by systemic IL-6 blockade, it is likely that

sirolimus administration increases IL-6 expression and bioac-

tivity. As a result, there is some concern that mTOR inhibition

may exacerbate pre-existing, persistent HIV-related inflamma-

tion, although increases related to a therapeutic intervention

will likely have unique implications that are yet to be understood.

However, inflammatory markers returned to baseline levels

following cessation of sirolimus, and it is possible that the tran-

sient increases in immune signalingmay have enhanced immune

clearance of HIV-infected CD4+ T cells through stimulation of

innate or adaptive immune responses.

This study had several limitations. First, the ACTGA5337 study

was an open-label, single-arm clinical trial and did not include a

randomized placebo group, although a lead-in observation and

sampling period was incorporated into the study design to help

control for instability in HIV-1 reservoir measures. Also, as afore-

mentioned, only 16 of 30 participants who initiated treatment

completed the full 20 weeks. The as-treated population was

the basis for primary analyses and sample size estimation, but

the frequency of treatment discontinuation was unexpected,

although most premature discontinuations were due to low-level

events with minimal clinical implications and were driven by

either strict protocol definitions or site clinical preference rather

than by participant-experienced adverse events. A recent study

of everolimus in HIV-infected individuals who underwent solid or-

gan transplant demonstrated that mTOR inhibitor usage in real-

world clinical situations was well tolerated without any reported

adverse events,44 with the caveat that this trial had greater toler-

ance for mild adverse event and laboratory abnormalities, as the

drug was being used for an approved clinical indication. Further-

more, low-dose sirolimus is now being trialed in various clinical

settings to minimize these adverse events while preserving

desired immune-modulating functions.78,79 Thus, it may play a

role in combination HIV cure strategies, including ones that aim
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to reduce the proliferative survival of infected cells. Regardless

of study dropout, decreases in HIV DNA and changes in inflam-

matory and immune phenotypes reached statistical significance

in this primary analysis population. Furthermore, the study was

an open-label, single-arm trial given the need for frequent adjust-

ments of sirolimus dosing and the logistical challenges of

including a control group. The 12-week lead-in observation

period prior to sirolimus therapy allowed us to determine the sta-

bility of the HIV reservoir and baseline immune markers.

In conclusion, this study of mTOR inhibitors in otherwise

healthy PWH on long-term, suppressive ART revealed several

important significant effects of sirolimus therapy, such as

decreasing peripheral blood HIV-1 DNA burden, CD4+ T cell

cycling, and CD8+ T cell PD-1 expression, which suggest that

immune modulatory therapies may play an important role in

ongoing efforts to cure HIV infection in persons with established

infection.

Limitations of the study
The ACTG A5337 study was an open-label, single-arm clinical

trial and did not include a randomized placebo group.

Whereas a lead-in period was incorporated into the study

design to take into account HIV-1 reservoir instability over

time, incorporation of a placebo arm would have been chal-

lenging as some participants underwent frequent dose adjust-

ments to maintain therapeutic and safe levels of sirolimus.

Furthermore, the study had a relatively high non-completion

rate, although many of the premature discontinuations were

not based on clinically significant adverse events. As such,

the study lacked statistical power to identify subtle changes

in intact proviral DNA or residual low-level HIV-1 RNA at pri-

mary and other study time points.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and data should be directed to

Timothy J. Henrich (timothy.henrich@ucsf.edu), who will facilitate requests in

coordination with the ACTG (Advancing Clinical Therapeutics Globally).

Materials availability

The remaining biological specimens obtained from this clinical trial are main-

tained and stored by the ACTG. An ACTG New Works Concept Sheet may

be filed by investigators who propose access to samples for additional

research, which will be reviewed by the ACTG and primary A5337 study team.

Data and code availability

No custom statistical code was designed or used in this study. All non-identifi-

able data and statistical code will be made available upon request. Individual

values are shown in each figure for flow cytometric, ELISA, and PCR assay re-

sults. Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

Research reported in this publication was supported by the National Institute

of Allergy and Infectious Diseases of the National Institutes of Health under

award number UM1 AI068634, UM1 AI068636, UM1 AI106701, UM1

AI069496-08, UM1 AI069412, and K24AI174971-01A1 (to T.J.H.) and ViiV

Healthcare. The content is solely the responsibility of the authors and does

not necessarily represent the official views of the National Institutes of Health.

ClinicialTrials.gov registration #: NCT02440789.
AUTHOR CONTRIBUTIONS

T.J.H.: A5337 study co-chair, clinical trial design and implementation, experi-

ment design and analysis, and wrote the manuscript. P.Y.H.: A5337 study co-

chair, clinical trial design and implementation, and conceived the study.

S.G.D.: A5337 vice-chair, conceived the study, and clinical trial design and im-

plementation. C.G.: division of AIDS clinical representative, clinical trial design

and implementation, and regulatory approvals. R.J.B. and H.M.: clinical trial

design and implementation, and data and statistical review and analysis.

A.N.: data management. E.H.: clinical trial design and regulatory approvals.

M.K. and C.F.: participant enrollment, study site investigators, and clinical

evaluations. D.M., B.C., J.Z.L., D.R.K., A.M.B., and M.M.L. designed and per-

formed the experiments and analyzed the data. A.N.D. and F.A. designed and

performed pharmacology analyses.
DECLARATION OF INTERESTS

T.J.H. received grant support from Gilead Sciences, Merck, and Bristol Myers

Squibb. D.R.K. receives grant support and/or consulting honoraria from

AbbVie, Gilead Sciences, GlaxoSmithKline, Janssen, Merck, Roche, and

ViiV. J.Z.L. received grant support from Merck.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Study design

B Inclusion criteria

B Exclusion criteria

B Discontinuation/Stopping criteria

B Sirolimus dosing and drug levels

B Sample size estimation and biological sample allocations

B Human samples

B Study approval

d METHOD DETAILS

B HIV DNA and RNA quantification

B HIV single-copy assay

B Plasma inflammation markers

B Flow cytometric analyses

B In vitro stimulations

d QUANTIFICATION AND STATISTICAL ANALYSIS

B HIV RNA and DNA

B IPDA

B Flow cytometric analyses

d ADDITIONAL RESOURCES
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

xcrm.2024.101745.

Received: November 12, 2023

Revised: April 10, 2024

Accepted: August 28, 2024

Published: September 24, 2024

REFERENCES

1. Klatt, N.R., Chomont, N., Douek, D.C., and Deeks, S.G. (2013). Immune

activation and HIV persistence: implications for curative approaches to

HIV infection. Immunol. Rev. 254, 326–342. https://doi.org/10.1111/imr.

12065.
Cell Reports Medicine 5, 101745, October 15, 2024 9

mailto:timothy.henrich@ucsf.edu
http://Clinicialtrials.gov
https://doi.org/10.1016/j.xcrm.2024.101745
https://doi.org/10.1016/j.xcrm.2024.101745
https://doi.org/10.1111/imr.12065
https://doi.org/10.1111/imr.12065


Article
ll

OPEN ACCESS
2. International AIDS Society Scientific Working Group on HIV Cure; Deeks,

S.G., Autran, B., Berkhout, B., Benkirane, M., Cairns, S., Chomont, N.,

Chun, T.W., Churchill, M., Di Mascio, M., et al. (2012). Towards an HIV

cure: a global scientific strategy. Nat. Rev. Immunol. 12, 607–614,

nri3262 [pii]. https://doi.org/10.1038/nri3262.

3. Deeks, S.G., Archin, N., Cannon, P., Collins, S., Jones, R.B., de Jong,

M.A.W.P., Lambotte, O., Lamplough, R., Ndung’u, T., Sugarman, J.,

et al. (2021). Research priorities for an HIV cure: International AIDS Society

Global Scientific Strategy 2021. Nat. Med. 27, 2085–2098. https://doi.org/

10.1038/s41591-021-01590-5.

4. Reeves, D.B., Duke, E.R., Hughes, S.M., Prlic, M., Hladik, F., and Schiffer,

J.T. (2017). Anti-proliferative therapy for HIV cure: a compound interest

approach. Sci. Rep. 7, 4011. https://doi.org/10.1038/s41598-017-04160-3.

5. Gamper, C.J., and Powell, J.D. (2012). All PI3Kinase signaling is not

mTOR: dissectingmTOR-dependent and independent signaling pathways

in T cells. Front. Immunol. 3, 312. https://doi.org/10.3389/fimmu.2012.

00312.

6. Isotani, S., Hara, K., Tokunaga, C., Inoue, H., Avruch, J., and Yonezawa, K.

(1999). Immunopurified mammalian target of rapamycin phosphorylates

and activates p70 S6 kinase alpha in vitro. J. Biol. Chem. 274, 34493–

34498.

7. Moes, D.J.A.R., Guchelaar, H.J., and de Fijter, J.W. (2015). Sirolimus and

everolimus in kidney transplantation. Drug Discov. Today 20, 1243–1249,

S1359-6446(15)00196-8 [pii]. https://doi.org/10.1016/j.drudis.2015.05.006.

8. Cutler, C., and Antin, J.H. (2004). Sirolimus for GVHD prophylaxis in allo-

geneic stem cell transplantation. Bone Marrow Transplant. 34, 471–476.

https://doi.org/10.1038/sj.bmt.1704604. 1704604 [pii].

9. Cutler, C., and Antin, J.H. (2010). Sirolimus immunosuppression for graft-

versus-host disease prophylaxis and therapy: an update. Curr. Opin. Hem-

atol. 17, 500–504. https://doi.org/10.1097/MOH.0b013e32833e5b2e.

10. De Simone, P., Fagiuoli, S., Cescon, M., De Carlis, L., Tisone, G., Volpes,

R., and Cillo, U. (2017). Use of Everolimus in Liver Transplantation: Recom-

mendations From a Working Group. Transplantation 101, 239–251.

https://doi.org/10.1097/TP.0000000000001438.

11. Di Benedetto, F., Di Sandro, S., De Ruvo, N., Montalti, R., Ballarin, R.,

Guerrini, G.P., Spaggiari, M., Guaraldi, G., and Gerunda, G. (2010). First

report on a series of HIV patients undergoing rapamycin monotherapy af-

ter liver transplantation. Transplantation 89, 733–738. https://doi.org/10.

1097/TP.0b013e3181c7dcc0.

12. Donia, M., McCubrey, J.A., Bendtzen, K., and Nicoletti, F. (2010). Potential

use of rapamycin in HIV infection. Br. J. Clin. Pharmacol. 70, 784–793.

https://doi.org/10.1111/j.1365-2125.2010.03735.x.

13. Samonakis, D.N., Cholongitas, E., Triantos, C.K., Griffiths, P., Dhillon,

A.P., Thalheimer, U., Patch, D.W., and Burroughs, A.K. (2005). Sustained,

spontaneous disappearance of serum HCV-RNA under immunosuppres-

sion after liver transplantation for HCV cirrhosis. J. Hepatol. 43, 1091–

1093, S0168-8278(05)00563-5 [pii]. https://doi.org/10.1016/j.jhep.2005.

08.005.

14. Stock, P.G., Barin, B., Hatano, H., Rogers, R.L., Roland, M.E., Lee, T.H.,

Busch, M., and Deeks, S.G.; for Solid Organ Transplantation in HIV Study

Investigators (2014). Reduction of HIV persistence following transplanta-

tion in HIV-infected kidney transplant recipients. Am. J. Transplant. 14,

1136–1141. https://doi.org/10.1111/ajt.12699.

15. Oswald-Richter, K., Grill, S.M., Leelawong, M., and Unutmaz, D. (2004).

HIV infection of primary human T cells is determined by tunable thresholds

of T cell activation. Eur. J. Immunol. 34, 1705–1714. https://doi.org/10.

1002/eji.200424892.

16. Roy, J., Paquette, J.S., Fortin, J.F., and Tremblay, M.J. (2002). The immu-

nosuppressant rapamycin represses human immunodeficiency virus type

1 replication. Antimicrob. Agents Chemother. 46, 3447–3455.

17. Heredia, A., Latinovic, O., Gallo, R.C., Melikyan, G., Reitz, M., Le, N., and

Redfield, R.R. (2008). Reduction of CCR5 with low-dose rapamycin

enhances the antiviral activity of vicriviroc against both sensitive and
10 Cell Reports Medicine 5, 101745, October 15, 2024
drug-resistant HIV-1. Proc. Natl. Acad. Sci. USA 105, 20476–20481,

0810843106 [pii]. https://doi.org/10.1073/pnas.0810843106.

18. Heredia, A., Le, N., Gartenhaus, R.B., Sausville, E., Medina-Moreno, S.,

Zapata, J.C., Davis, C., Gallo, R.C., and Redfield, R.R. (2015). Targeting

of mTOR catalytic site inhibits multiple steps of the HIV-1 lifecycle and

suppresses HIV-1 viremia in humanized mice. Proc. Natl. Acad. Sci.

USA 112, 9412–9417, 1511144112 [pii]. https://doi.org/10.1073/pnas.

1511144112.

19. Coppock, J.D., Wieking, B.G., Molinolo, A.A., Gutkind, J.S., Miskimins,

W.K., and Lee, J.H. (2013). Improved clearance during treatment of

HPV-positive head and neck cancer through mTOR inhibition. Neoplasia

15, 620–630.

20. Molinolo, A.A., Marsh, C., El Dinali, M., Gangane, N., Jennison, K., Hewitt,

S., Patel, V., Seiwert, T.Y., and Gutkind, J.S. (2012). mTOR as a molecular

target in HPV-associated oral and cervical squamous carcinomas. Clin.

Cancer Res. 18, 2558–2568, 1078-0432.CCR-11-2824 [pii]. https://doi.

org/10.1158/1078-0432.CCR-11-2824.

21. Keating, R., Hertz, T., Wehenkel, M., Harris, T.L., Edwards, B.A., McCla-

ren, J.L., Brown, S.A., Surman, S., Wilson, Z.S., Bradley, P., et al.

(2013). The kinase mTOR modulates the antibody response to provide

cross-protective immunity to lethal infection with influenza virus. Nat. Im-

munol. 14, 1266–1276, ni.2741 [pii]. https://doi.org/10.1038/ni.2741.

22. Krown, S.E., Roy, D., Lee, J.Y., Dezube, B.J., Reid, E.G., Venkatara-

manan, R., Han, K., Cesarman, E., and Dittmer, D.P. (2012). Rapamycin

with antiretroviral therapy in AIDS-associated Kaposi sarcoma: an AIDS

Malignancy Consortium study. J. Acquir. Immune Defic. Syndr. 59,

447–454. https://doi.org/10.1097/QAI.0b013e31823e7884.
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mann, C., Kretzschmar, I., Volkmer-Engert, R., Volk, H.D., and Reinke, P.

(2000). Analysis of CD8 T cell reactivity to cytomegalovirus using protein-

spanning pools of overlapping pentadecapeptides. Eur. J. Immunol. 30,

1676–1682. https://doi.org/10.1002/1521-4141(200006)30:6<1676::AID-

IMMU1676>3.0.CO;2-V.

24. Mhatre, M., McAndrew, T., Carpenter, C., Burk, R.D., Einstein, M.H., and

Herold, B.C. (2012). Cervical intraepithelial neoplasia is associatedwith gen-

ital tract mucosal inflammation. Sex. Transm. Dis. 39, 591–597, 00007435-

201208000-00004 [pii]. https://doi.org/10.1097/OLQ.0b013e318255aeef.

25. Gilliam, B.L., Heredia, A., Devico, A., Le, N., Bamba, D., Bryant, J.L.,

Pauza, C.D., and Redfield, R.R. (2007). Rapamycin reduces CCR5

mRNA levels in macaques: potential applications in HIV-1 prevention

and treatment. AIDS 21, 2108–2110, 00002030-200710010-00016 [pii].

https://doi.org/10.1097/QAD.0b013e3282f02a4f.

26. Heredia,A.,Amoroso,A.,Davis,C.,Le,N.,Reardon,E.,Dominique,J.K.,Klin-

gebiel, E., Gallo, R.C., and Redfield, R.R. (2003). Rapamycin causes down-

regulation of CCR5 and accumulation of anti-HIV beta-chemokines: an

approach to suppress R5 strains of HIV-1. Proc. Natl. Acad. Sci. USA 100,

10411–10416. https://doi.org/10.1073/pnas.1834278100. 1834278100 [pii].

27. Ponticelli, C. (2014). The pros and the cons of mTOR inhibitors in kidney

transplantation. Expet Rev. Clin. Immunol. 10, 295–305. https://doi.org/

10.1586/1744666X.2014.872562.

28. Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F.A., Yas-

sine-Diab, B., Boucher, G., Boulassel, M.R., Ghattas, G., Brenchley,

J.M., et al. (2009). HIV reservoir size and persistence are driven by T cell

survival and homeostatic proliferation. Nat. Med. 15, 893–900, nm.1972

[pii]. https://doi.org/10.1038/nm.1972.

29. Wagner, T.A., McLaughlin, S., Garg, K., Cheung, C.Y.K., Larsen, B.B.,

Styrchak, S., Huang, H.C., Edlefsen, P.T., Mullins, J.I., and Frenkel, L.M.

(2014). HIV latency. Proliferation of cells with HIV integrated into cancer

genes contributes to persistent infection. Science 345, 570–573, sci-

ence.1256304 [pii]. https://doi.org/10.1126/science.1256304.

30. Maldarelli, F., Wu, X., Su, L., Simonetti, F.R., Shao, W., Hill, S., Spindler, J.,

Ferris, A.L., Mellors, J.W., Kearney, M.F., et al. (2014). HIV latency. Spe-

cific HIV integration sites are linked to clonal expansion and persistence

https://doi.org/10.1038/nri3262
https://doi.org/10.1038/s41591-021-01590-5
https://doi.org/10.1038/s41591-021-01590-5
https://doi.org/10.1038/s41598-017-04160-3
https://doi.org/10.3389/fimmu.2012.00312
https://doi.org/10.3389/fimmu.2012.00312
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref6
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref6
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref6
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref6
https://doi.org/10.1016/j.drudis.2015.05.006
https://doi.org/10.1038/sj.bmt.1704604. 1704604 [pii]
https://doi.org/10.1097/MOH.0b013e32833e5b2e
https://doi.org/10.1097/TP.0000000000001438
https://doi.org/10.1097/TP.0b013e3181c7dcc0
https://doi.org/10.1097/TP.0b013e3181c7dcc0
https://doi.org/10.1111/j.1365-2125.2010.03735.x
https://doi.org/10.1016/j.jhep.2005.08.005
https://doi.org/10.1016/j.jhep.2005.08.005
https://doi.org/10.1111/ajt.12699
https://doi.org/10.1002/eji.200424892
https://doi.org/10.1002/eji.200424892
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref16
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref16
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref16
https://doi.org/10.1073/pnas.0810843106
https://doi.org/10.1073/pnas.1511144112
https://doi.org/10.1073/pnas.1511144112
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref19
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref19
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref19
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref19
https://doi.org/10.1158/1078-0432.CCR-11-2824
https://doi.org/10.1158/1078-0432.CCR-11-2824
https://doi.org/10.1038/ni.2741
https://doi.org/10.1097/QAI.0b013e31823e7884
https://doi.org/10.1002/1521-4141(200006)30:6&lt;1676::AID-IMMU1676&gt;3.0.CO;2-V
https://doi.org/10.1002/1521-4141(200006)30:6&lt;1676::AID-IMMU1676&gt;3.0.CO;2-V
https://doi.org/10.1097/OLQ.0b013e318255aeef
https://doi.org/10.1097/QAD.0b013e3282f02a4f
https://doi.org/10.1073/pnas.1834278100. 1834278100 [pii]
https://doi.org/10.1586/1744666X.2014.872562
https://doi.org/10.1586/1744666X.2014.872562
https://doi.org/10.1038/nm.1972
https://doi.org/10.1126/science.1256304


Article
ll

OPEN ACCESS
of infected cells. Science 345, 179–183, science.1254194 [pii]. https://doi.

org/10.1126/science.1254194.

31. Mendoza, P., Jackson, J.R., Oliveira, T.Y., Gaebler, C., Ramos, V., Cas-

key, M., Jankovic, M., Nussenzweig, M.C., and Cohn, L.B. (2020). Anti-

gen-responsive CD4+ T cell clones contribute to the HIV-1 latent reservoir.

J. Exp. Med. 217, e20200051. https://doi.org/10.1084/jem.20200051.

32. Simonetti, F.R., Zhang, H., Soroosh, G.P., Duan, J., Rhodehouse, K., Hill,

A.L., Beg, S.A., McCormick, K., Raymond, H.E., Nobles, C.L., et al. (2021).

Antigen-driven clonal selection shapes the persistence of HIV-1-infected

CD4+ T cells in vivo. J. Clin. Invest. 131, e145254. https://doi.org/10.

1172/JCI145254.

33. Bacchus-Souffan, C., Fitch, M., Symons, J., Abdel-Mohsen, M., Reeves,

D.B., Hoh, R., Stone, M., Hiatt, J., Kim, P., Chopra, A., et al. (2021). Rela-

tionship between CD4 T cell turnover, cellular differentiation and HIV

persistence during ART. PLoS Pathog. 17, e1009214. https://doi.org/10.

1371/journal.ppat.1009214.

34. Hiener, B., Horsburgh, B.A., Eden, J.S., Barton, K., Schlub, T.E., Lee, E.,

von Stockenstrom, S., Odevall, L., Milush, J.M., Liegler, T., et al. (2017).

Identification of Genetically Intact HIV-1 Proviruses in Specific CD4+ T

Cells from Effectively Treated Participants. Cell Rep. 21, 813–822,

S2211-1247(17)31386-4 [pii]. https://doi.org/10.1016/j.celrep.2017.

09.081.

35. Gantner, P., Pagliuzza, A., Pardons, M., Ramgopal, M., Routy, J.P., Fro-

mentin, R., and Chomont, N. (2020). Single-cell TCR sequencing reveals

phenotypically diverse clonally expanded cells harboring inducible HIV

proviruses during ART. Nat. Commun. 11, 4089. https://doi.org/10.1038/

s41467-020-17898-8.

36. Battaglia, M., Stabilini, A., and Roncarolo, M.G. (2005). Rapamycin selec-

tively expands CD4+CD25+FoxP3+ regulatory T cells. Blood 105, 4743–

4748, 2004-10-3932 [pii]. https://doi.org/10.1182/blood-2004-10-3932.

37. Wiederrecht, G.J., Sabers, C.J., Brunn, G.J., Martin, M.M., Dumont, F.J.,

and Abraham, R.T. (1995). Mechanism of action of rapamycin: new in-

sights into the regulation of G1-phase progression in eukaryotic cells.

Prog. Cell Cycle Res. 1, 53–71.

38. Jiang, W., Younes, S.A., Funderburg, N.T., Mudd, J.C., Espinosa, E.,

Davenport, M.P., Babineau, D.C., Sieg, S.F., and Lederman, M.M.

(2014). Cycling memory CD4+ T cells in HIV disease have a diverse

T cell receptor repertoire and a phenotype consistent with bystander acti-

vation. J. Virol. 88, 5369–5380. https://doi.org/10.1128/JVI.00017-14.

39. Younes, S.A., Freeman, M.L., Mudd, J.C., Shive, C.L., Reynaldi, A., Pani-

grahi, S., Estes, J.D., Deleage, C., Lucero, C., Anderson, J., et al. (2016).

IL-15 promotes activation and expansion of CD8+ T cells in HIV-1 infec-

tion. J. Clin. Invest. 126, 2745–2756. https://doi.org/10.1172/JCI85996.

40. Morris, S.R., Chen, B., Mudd, J.C., Panigrahi, S., Shive, C.L., Sieg, S.F.,

Cameron, C.M., Zidar, D.A., Funderburg, N.T., Younes, S.A., et al.

(2020). Inflammescent CX3CR1+CD57+CD8+ T cells are generated and

expanded by IL-15. JCI Insight 5, e132963. https://doi.org/10.1172/jci.

insight.132963.

41. Bruner, K.M., Wang, Z., Simonetti, F.R., Bender, A.M., Kwon, K.J., Sen-

gupta, S., Fray, E.J., Beg, S.A., Antar, A.A.R., Jenike, K.M., et al. (2019).

A quantitative approach for measuring the reservoir of latent HIV-1 provi-

ruses. Nature 566, 120–125, 10.1038/s41586-019-0898-8 [pii]. https://doi.

org/10.1038/s41586-019-0898-8.

42. Henrich, T.J., Hanhauser, E., Marty, F.M., Sirignano, M.N., Keating, S.,

Lee, T.H., Robles, Y.P., Davis, B.T., Li, J.Z., Heisey, A., et al. (2014). Anti-

retroviral-Free HIV-1 Remission and Viral Rebound After Allogeneic Stem

Cell Transplantation: Report of 2 Cases. Ann. Intern. Med. 161, 319–327,

[pii]. https://doi.org/10.7326/M14-1027.

43. Henrich, T.J., Hatano, H., Bacon, O., Hogan, L.E., Rutishauser, R., Hill, A.,

Kearney, M.F., Anderson, E.M., Buchbinder, S.P., Cohen, S.E., et al.

(2017). HIV-1 persistence following extremely early initiation of antiretrovi-

ral therapy (ART) during acute HIV-1 infection: An observational study.

PLoS Med. 14, e1002417, PMEDICINE-D-17-02137 [pii]. https://doi.org/

10.1371/journal.pmed.1002417.
44. Henrich, T.J., Schreiner, C., Cameron, C., Hogan, L.E., Richardson, B.,

Rutishauser, R.L., Deitchman, A.N., Chu, S., Rogers, R., Thanh, C., et al.

(2021). Everolimus, an mTORC1/2 inhibitor, in ART-suppressed individ-

uals who received solid organ transplantation: A prospective study. Am.

J. Transplant. 21, 1765–1779. https://doi.org/10.1111/ajt.16244.

45. Martin, A.R., Pollack, R.A., Capoferri, A., Ambinder, R.F., Durand, C.M.,

and Siliciano, R.F. (2017). Rapamycin-mediated mTOR inhibition uncou-

ples HIV-1 latency reversal from cytokine-associated toxicity. J. Clin.

Invest. 127, 651–656, 89552 [pii]. https://doi.org/10.1172/JCI89552.

46. Araki, K., Turner, A.P., Shaffer, V.O., Gangappa, S., Keller, S.A., Bach-

mann, M.F., Larsen, C.P., and Ahmed, R. (2009). mTOR regulates memory

CD8 T-cell differentiation. Nature 460, 108–112, nature08155 [pii]. https://

doi.org/10.1038/nature08155.

47. Ho, Y.-C., Shan, L., Hosmane, N.N., Wang, J., Laskey, S.B., Rosenbloom,

D.I.S., Lai, J., Blankson, J.N., Siliciano, J.D., and Siliciano, R.F. (2013).

Replication-Competent Noninduced Proviruses in the Latent Reservoir In-

crease Barrier to HIV-1 Cure. Cell 155, 540–551.

48. Gandhi, R.T., Cyktor, J.C., Bosch, R.J., Mar, H., Laird, G.M., Martin, A.,

Collier, A.C., Riddler, S.A., Macatangay, B.J., Rinaldo, C.R., et al. (2021).

Selective Decay of Intact HIV-1 Proviral DNA on Antiretroviral Therapy.

J. Infect. Dis. 223, 225–233. https://doi.org/10.1093/infdis/jiaa532.

49. Gandhi, R.T., McMahon, D.K., Bosch, R.J., Lalama, C.M., Cyktor, J.C.,

Macatangay, B.J., Rinaldo, C.R., Riddler, S.A., Hogg, E., Godfrey, C.,

et al. (2017). Levels of HIV-1 persistence on antiretroviral therapy are not

associated with markers of inflammation or activation. PLoS Pathog. 13,

e1006285. https://doi.org/10.1371/journal.ppat.1006285.

50. Varco-Merth, B.D., Brantley, W., Marenco, A., Duell, D.D., Fachko, D.N.,

Richardson, B., Busman-Sahay, K., Shao, D., Flores, W., Engelman, K.,

et al. (2022). Rapamycin limits CD4+ T cell proliferation in simian immuno-

deficiency virus-infected rhesus macaques on antiretroviral therapy.

J. Clin. Invest. 132, e156063. https://doi.org/10.1172/JCI156063.

51. Grossman, Z., Singh, N.J., Simonetti, F.R., Lederman, M.M., Douek, D.C.,

and Deeks, S.G.; Contributing authors (2020). Rinse and Replace’: Boost-

ing T Cell Turnover To Reduce HIV-1 Reservoirs. Trends Immunol. 41,

466–480. https://doi.org/10.1016/j.it.2020.04.003.

52. Sadowski, I., and Hashemi, F.B. (2019). Strategies to eradicate HIV from

infected patients: elimination of latent provirus reservoirs. Cell. Mol. Life

Sci. 76, 3583–3600. https://doi.org/10.1007/s00018-019-03156-8.

53. Lee, E., Bacchetti, P., Milush, J., Shao, W., Boritz, E., Douek, D., Fromen-

tin, R., Liegler, T., Hoh, R., Deeks, S.G., et al. (2019). Memory CD4 +

T-Cells Expressing HLA-DR Contribute to HIV Persistence During Pro-

longed Antiretroviral Therapy. Front. Microbiol. 10, 2214. https://doi.org/

10.3389/fmicb.2019.02214.

54. Pitman,M.C., Lau, J.S.Y., McMahon, J.H., and Lewin, S.R. (2018). Barriers

and strategies to achieve a cure for HIV. Lancet. HIV 5, e317–e328. https://

doi.org/10.1016/S2352-3018(18)30039-0.

55. Lee, Y.R., Yang, I.H., Lee, Y.H., Im, S.A., Song, S., Li, H., Han, K., Kim, K.,

Eo, S.K., and Lee, C.K. (2005). Cyclosporin A and tacrolimus, but not rapa-

mycin, inhibit MHC-restricted antigen presentation pathways in dendritic

cells. Blood 105, 3951–3955, 2004-10-3927 [pii]. https://doi.org/10.

1182/blood-2004-10-3927.

56. Baan, C.C., van der Mast, B.J., Klepper, M., Mol, W.M., Peeters, A.M.A.,

Korevaar, S.S., Balk, A.H.M.M., and Weimar, W. (2005). Differential effect

of calcineurin inhibitors, anti-CD25 antibodies and rapamycin on the in-

duction of FOXP3 in human T cells. Transplantation 80, 110–117.

00007890-200507150-00019 [pii].

57. Coenen, J.J.A., Koenen, H.J.P.M., van Rijssen, E., Hilbrands, L.B., and

Joosten, I. (2006). Rapamycin, and not cyclosporin A, preserves the highly

suppressive CD27+ subset of human CD4+CD25+ regulatory T cells.

Blood 107, 1018–1023, 2005-07-3032 [pii]. https://doi.org/10.1182/

blood-2005-07-3032.

58. Kumar, N.A., McBrien, J.B., Carnathan, D.G., Mavigner, M., Mattingly, C.,

White, E.R., Viviano, F., Bosinger, S.E., Chahroudi, A., Silvestri, G., et al.

(2018). Antibody-Mediated CD4 Depletion Induces Homeostatic CD4(+)
Cell Reports Medicine 5, 101745, October 15, 2024 11

https://doi.org/10.1126/science.1254194
https://doi.org/10.1126/science.1254194
https://doi.org/10.1084/jem.20200051
https://doi.org/10.1172/JCI145254
https://doi.org/10.1172/JCI145254
https://doi.org/10.1371/journal.ppat.1009214
https://doi.org/10.1371/journal.ppat.1009214
https://doi.org/10.1016/j.celrep.2017.09.081
https://doi.org/10.1016/j.celrep.2017.09.081
https://doi.org/10.1038/s41467-020-17898-8
https://doi.org/10.1038/s41467-020-17898-8
https://doi.org/10.1182/blood-2004-10-3932
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref37
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref37
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref37
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref37
https://doi.org/10.1128/JVI.00017-14
https://doi.org/10.1172/JCI85996
https://doi.org/10.1172/jci.insight.132963
https://doi.org/10.1172/jci.insight.132963
https://doi.org/10.1038/s41586-019-0898-8
https://doi.org/10.1038/s41586-019-0898-8
https://doi.org/10.7326/M14-1027
https://doi.org/10.1371/journal.pmed.1002417
https://doi.org/10.1371/journal.pmed.1002417
https://doi.org/10.1111/ajt.16244
https://doi.org/10.1172/JCI89552
https://doi.org/10.1038/nature08155
https://doi.org/10.1038/nature08155
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref47
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref47
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref47
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref47
https://doi.org/10.1093/infdis/jiaa532
https://doi.org/10.1371/journal.ppat.1006285
https://doi.org/10.1172/JCI156063
https://doi.org/10.1016/j.it.2020.04.003
https://doi.org/10.1007/s00018-019-03156-8
https://doi.org/10.3389/fmicb.2019.02214
https://doi.org/10.3389/fmicb.2019.02214
https://doi.org/10.1016/S2352-3018(18)30039-0
https://doi.org/10.1016/S2352-3018(18)30039-0
https://doi.org/10.1182/blood-2004-10-3927
https://doi.org/10.1182/blood-2004-10-3927
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref56
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref56
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref56
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref56
http://refhub.elsevier.com/S2666-3791(24)00475-0/sref56
https://doi.org/10.1182/blood-2005-07-3032
https://doi.org/10.1182/blood-2005-07-3032


Article
ll

OPEN ACCESS
T Cell Proliferation without Detectable Virus Reactivation in Antiretroviral

Therapy-Treated Simian Immunodeficiency Virus-Infected Macaques.

J. Virol. 92, e01235-18. https://doi.org/10.1128/JVI.01235-18.

59. Cohn, L.B., Silva, I.T., Oliveira, T.Y., Rosales, R.A., Parrish, E.H., Learn,

G.H., Hahn, B.H., Czartoski, J.L., McElrath, M.J., Lehmann, C., et al.

(2015). HIV-1 integration landscape during latent and active infection.

Cell 160, 420–432, S0092-8674(15)00063-X [pii]. https://doi.org/10.1016/

j.cell.2015.01.020.

60. Velu, V., Titanji, K., Zhu, B., Husain, S., Pladevega, A., Lai, L., Vanderford,

T.H., Chennareddi, L., Silvestri, G., Freeman, G.J., et al. (2009). Enhancing

SIV-specific immunity in vivo by PD-1 blockade. Nature 458, 206–210, na-

ture07662 [pii]. https://doi.org/10.1038/nature07662.

61. Trautmann, L., Janbazian, L., Chomont, N., Said, E.A., Gimmig, S., Bes-

sette, B., Boulassel, M.R., Delwart, E., Sepulveda, H., Balderas, R.S.,

et al. (2006). Upregulation of PD-1 expression on HIV-specific CD8+

T cells leads to reversible immune dysfunction. Nat. Med. 12, 1198–

1202, nm1482 [pii]. https://doi.org/10.1038/nm1482.

62. Day, C.L., Kaufmann, D.E., Kiepiela, P., Brown, J.A., Moodley, E.S.,

Reddy, S., Mackey, E.W., Miller, J.D., Leslie, A.J., DePierres, C., et al.

(2006). PD-1 expression on HIV-specific T cells is associated with T-cell

exhaustion and disease progression. Nature 443, 350–354. https://doi.

org/10.1038/nature05115.

63. Rinaldi, S., de Armas, L., Dominguez-Rodrı́guez, S., Pallikkuth, S., Dinh,

V., Pan, L., Gӓrtner, K., Pahwa, R., Cotugno, N., Rojo, P., et al. (2021). T

cell immune discriminants of HIV reservoir size in a pediatric cohort of peri-

natally infected individuals. PLoS Pathog. 17, e1009533. https://doi.org/

10.1371/journal.ppat.1009533.

64. Scully, E.P., Rutishauser, R.L., Simoneau, C.R., Delagrèverie, H., Euler, Z.,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
A5337 was a phase I/II, open-label, single-arm clinical trial to evaluate the effect of sirolimus on the HIV-reservoir size and immune

function among well-suppressed individuals on antiretroviral therapy (ART). The target enrollment of this study was 30 participants

R18 years of age and on a suppressive ART regimen (excluding PI-based or cobicistat-based regimens) for at least 24 months, with

CD4+ cell counts R350 cells/mL at study screening. Participants were to complete 20 weeks of oral sirolimus following a 12-week

lead period and an additional 12 weeks follow-up period following cessation of the study drug. Because the aim of this pilot study

was to investigate the biologic effects of sirolimus, the pre-defined, primary analyses were as-treated, limited to subjects who

have data at baseline and week 32 (20 weeks on sirolimus) and who remained on study treatment and ART (and without virologic

failure) through week 32.

Inclusion criteria
Additional inclusion criteria included plasmaHIV-1 RNA below the level of quantitation forR24months by an FDA-approved assay at

any US laboratory that has a CLIA certification or its equivalent. Two plasma HIV-1 RNA measurements above the limit of quantifi-

cation but <500 copies/mL in the 24 months prior to screening were allowed if directly preceded and followed by HIV-1 RNA below

assay limit. Females of reproductive potential whowere participating in sexual activity that could lead to pregnancymust have agreed

to initiate effective contraceptives before sirolimus therapy, continued and maintained use for at least 12 weeks after sirolimus ther-

apy has been stopped. The following laboratory criteria had to have been met: white blood cell (WBC)R3000 cells/mL, platelet count

R125,000/mm3, absolute neutrophil count >1300 cells/mL, aspartate aminotransferase (AST) < 1.25 x upper limit of normal (ULN),

alanine aminotransferase (ALT) < 1.25 x ULN, calculated creatinine clearance (CrCl) R60 mL/min as estimated by the Cockcroft-

Gault equation, fasting or non-fasting triglyceride level %350 mg/dL, fasting or non-fasting LDL <160 mg/dL, urine protein to urine

creatinine ratio %1 g/g from random urine collection.

Exclusion criteria
Exclusion criteria included serious illness requiring systemic treatment and/or hospitalization within 30 days prior to study entry,

AIDS-defining condition or oropharyngeal candidiasis within 90 days prior to study entry, intended modification to ART during the

study, latent tuberculosis infection if prophylaxis had not been complete at least 48 weeks prior to study entry, active tuberculosis

infection within 48 weeks of entry, history of current or active hepatitis B infection, HCV RNA+ within 90 days of study entry, history of

a neoplastic disorder or clinically significant organ dysfunction prior to study entry, detectable Epstein-Barr virus in blood, any active

infection requiring systemic antimicrobial therapy within 90 days of study entry, hypersensitivities to macrolide-like drugs or mTOR

inhibitors, active drug or alcohol use or dependence vaccination within 14, breastfeeding, and anal or perianal administration of anti-

HPV therapies 90 days prior to entry.
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Discontinuation/Stopping criteria
Treatment was discontinued if any two consecutive CD4+ cell counts <300 mL or >50% decreased from study entry value, any two

consecutive HIV-1 RNA levels were >200 copies/mL, participant was repeatedly noncompliant missing >3 doses of study drug a

week for 2 or more weeks, participant missed two consecutive PKmonitoring blood draws, or if a participant missed two consecutive

clinic visits. Participants were prematurely withdrawn from the study if ART was permanently discontinued or if the participant, pri-

mary care provider or study investigator felt that the participant should stop for any reason.

Sirolimus dosing and drug levels
Because of drug-drug interactions between sirolimus and ritonavir and cobicistat, participants on protease-inhibitor-based therapies

were excluded from the study. For participants on an ART regimen that did not include a non-non-nucleoside reverse transcriptase

inhibitor (NNRTI) regimen, and for those on rilpivirine (RPV) based regimen sirolimus was initiated at 0.025 mg/kg/day initial dose and

0.05 mg/kg/day. Dosing was adjusted based on trough sirolimus concentrations to achieve target concentrations between 5 and

10 ng/mL. Sirolimus levels were measured by FDA-approved clinical laboratory assays in Clinical Laboratory Improvement Amend-

ments (CLIA) certified laboratories using liquid chromatography/tandemmass spectrometry to enable accurate and consistent mea-

sures of levels across study sites. The average sirolimus level was calculated for each participant using a weighted average to ac-

count for the differing numbers of trough measurements. Spearman correlations assessed associations between average trough

level and virologic and immunologic changes.

Sample size estimation and biological sample allocations
Regarding the assessment of safety, the sample size of 30 sirolimus-treated participants would provide >90% probability of

observing a sirolimus-related adverse event that would occur in 8% or more of treated individuals. Statistical power for identifying

treatment effects on primary immunologic and virologic endpoints assumed 25 evaluable participants, on changes over 20 weeks

of sirolimus treatment. Based on the paired t-test, power was estimated to be 80% to identify an effect size corresponding to a prob-

ability of 0.72 that a participant receiving sirolimus would have an observed increase in HIV-1 Gag-specific CD8 responses from pre-

to post-treatment (probability 0.5 under the null hypothesis), and similarly a probability of 0.72 to have a decrease in cell-associated

RNA. Power was estimated to be 80% to identify sirolimus effects corresponding to iSCA having probability of 0.75 to be below assay

limit post-treatment, compared to probability 0.50 pre-treatment.

Human samples
Whole blood was collected at timepoints specific in the study protocol (Data S1) followed by plasma separation and isolation of hu-

man peripheral bloodmononuclear cells (PBMCs). Plasmawas frozen and stored at�80�C in a central biospecimen bank until further

processing and testing. PBMCswere cryopreserved and stored in liquid nitrogen in a central biospecimen bank until further process-

ing and testing.

Study approval
Institutional review boards from each participating ACTG site reviewed and approved the study documents, including informed con-

sent forms. Informed consent was obtained from all participants in the study prior to participation.

METHOD DETAILS

HIV DNA and RNA quantification
HIV reservoir activity and size were assessed by the quantification of cell-associated HIV-1 RNA (CA-RNA) and DNA (CA-DNA).80

Intracellular RNA and DNA were isolated from cryopreserved peripheral blood mononuclear cells (PBMCs) using the AllPrep DNA/

RNA Mini Kit (Qiagen) as per manufacturer specifications with the addition of the optional spin column drying procedure prior to

elusion in nuclease free water. 10 mL of genomic DNA, 12.5 mL of Universal Taqmanmastermix (ABI), 0.75 mL of 10 mM forward primer

(50-TACTGACGCTCTCGCACC), 0.75 mL of 10 mM reverse primer (50-TCTCGACGCAGGACTCG), and 1.0 mL of 5 mM FAM-MGB

labeled probe (50-FAM-CTCTCTCCTTCTAGCCTC) were added to each reaction well. HIV-1 standards were constructed by ampli-

fying a cDNA region with primers that flank the region specified above from the HIV-1 reference strain HXB2 using the forward primer

50-GGCTCACTATGCTGCCGCCC and the reverse primer 50-TGACAAGCAGCGGCAGGACC. Cellular integrity for RNA analysis was

assessed by themeasurement of total extracted RNA and evaluation of the IPO-8 housekeeping gene.81 Unspliced CA-RNA and total

CA-DNA were quantified using a real-time PCR approach with primers/probes targeting conserved regions of HIV LTR/gag as pre-

viously described.82 The IPDA was performed as described41 at baseline (treatment week 0), treatment 4 and treatment week 20 in

participants in the primary efficacy analysis. Primer and probe sequences for the PCR quantitation experiments were as follows:J F

(CAGGACTCGGCTTGCTGAAG),J R (GCACCCATCTCTCTCCTTCTAGC),J Probe (TTTTGGCGTACTCACCAGT), Env F (AGTGGT

GCAGAGAGAAAAAAGAGC), Env R (GTCTGGCCTGTACCGTCAGC), Env intact probe (CCTTGGGTTCTTGGGA), Env hypermut

(CCTTAGGTTCTTAGGAGC). ddPCR was performed on the Bio-Rad QX100 system using the ddPCR Supermix for probes

(no dUTPS; Bio-Rad Laboratories). IPDA thermocycling was performed as follows: 1 cycle of enzyme activation at 95C for
e3 Cell Reports Medicine 5, 101745, October 15, 2024
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10 min, 45 cycles of denaturing (94C)/annealing/extension (59C), 1 cycle of enzyme deactivation (98C) for 10 min and hold for 4-12C

until ready for droplet reading. Droplet quantitation was performed using a QX100 ddPCR droplet reader (BioRad).

HIV single-copy assay
Plasma HIV residual viremia were measured using the validated ultrasensitive integrase single-copy assay (iSCA),83 commonly used

to assess levels of residual viral load.42,64,80,84–87 Plasma from the participants was spiked with an internal Replication-Competent

ASLV long terminal repeat with a Splice acceptor (RCAS) virion standard as a control for RNA extraction efficiency.88 Real-time PCR

reactions were performed with a Roche LightCycler 480 system using primers and probes specific to a conserved region of the HIV

integrase gene.83

Plasma inflammation markers
Levels of soluble CD14 (sCD14), IL-6, IL7, and IP10 in EDTA plasma samples were measured using the Quantikine ELISA kits; Cat#

DC140, HS600C, HS750 and DIP100 respectively, (all from R&D Systems) according to the manufacturer’s instructions. Levels of

D-dimers were measured using the Asserachrom D-DI immunoassay: cat#00947 (Diagnostica Stago, Asnieres France).

Flow cytometric analyses
Cryopreserved peripheral blood mononuclear cells (PBMCs) were thawed with RPMI1640 (Gibco) containing 10%FCS (Sigma) and

50U/mL benzonase (EMDMillipore). Cells were stained for 30min at room temperature with LIVE/DEAD Fixable Aqua DeadCell Stain

Kit (Invitrogen) followed by cell-surface staining with anti-CD3 PerCP (SK7, BioLegend), anti-CD4 AF700 (RPA-T4, BD), anti-CD8

APC-Cy7 (SK1, BioLegend), anti-CCR7 PE-CF594 (150503, BD), anti-CD45RA BB515 (HI100, BD), anti-CD27 BV786 (O323,

BioLegend), anti-CCR5 PE (2D7, BD), anti-PD-1 BV421 (EH12.1, BD), and anti-CD69 PE-Cy7 (FN50, BioLegend). Cells were then

permeabilized with Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent (eBioscience) for 30 min at 4�C
and stained intracellularly for 45 min at 4�C with anti-Ki67 APC (Ki-67, BioLegend). Samples were acquired on a BD LSRII flow cy-

tometer and analyzed with BD FACSDiva software.

In vitro stimulations
Cryopreserved PBMCs were thawed with RPMI1640 (Gibco) containing 10%FCS (Sigma) and 50U/mL benzonase (EMD Millipore)

and then rested at 37�C in RPMI 1640 with10% FCS, 2mM L-glutamine (Gibco), and 50U/mL Pen Strep (Gibco) for approximately

6 h. Cells were then stimulated with 1 mg/mL HIV-1 Gag peptides, 1 mg/mL SEB (Toxin Technology Inc.), 10 mg/mL human CMV

pp65 peptide pool, or a medium control along with Brefeldin A (BioLegend) and CD107a PE-CF594 (H4A3, BD) for 16 h at 37�C.
The following reagents were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 PTE Gag Peptide

Set (cat# 11554) and HCMV pp65 Peptide Pool (cat# 11549)23,89,90

Cells were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen) followed by cell-surface staining with anti-CD3

BV711 (UCHT1, BD), anti-CD4 BUV395 (SK3, BD), and anti-CD8 APC-Cy7 (SK1, BioLegend). Cells were permeabilized with BD

Cytofix/Cytoperm for 30 min at 4�C followed by intracellular staining for 45min at 4�C with anti-IFN-g PE-Cy7 (B27, BioLegend),

anti-TNF-a FITC (Mab11, BioLegend), anti-IL-2 APC (MQ1-17H12, BioLegend), anti-MIP-1b PE (D21-1351, BD), and anti-CD40L/

CD154 (24–31, BioLegend). Samples were acquired on a BD LSRII flow cytometer and analyzedwith FlowJo software. For each stim-

ulant/marker combination onCD4+ andCD8+ T cells, there was an analogous unstimulated result measured by the samemarker. This

value was subtracted from the corresponding HIV GAG-, CMV- and SEB-stimulated result to yield the results used in analysis (setting

to zero if subtracting the unstimulated result yielded a negative number).

QUANTIFICATION AND STATISTICAL ANALYSIS

HIV RNA and DNA
Statistical analyses are based on paired t-tests of each outcome, testing changes from baseline to treatment week 20 for the primary

analysis population, and testing changes from baseline to treatment week 4 for the secondary analysis population. Results were

log10-transformed prior to analyses. For the primary outcome of change in cell-associated HIV-1 RNA, a paired t-test also assessed

changes between pre-treatment time points (treatment week�12 (study week 0) and treatment week 0 (study week 12)). Baseline is

defined as the average of treatment weeks�12 and 0 (study weeks 0 and 12), or one of these time points if the other is missing. In the

figures, both treatment weeks �12 and 0 are presented. To address left-censoring of CA-RNA, the analysis lower limit was deter-

mined from the normalized CA-RNA values as the largest assay lower limit across all results; results less than the analysis lower limit

were imputed to half the analysis lower limit for analysis. This approach was also implemented for CA-DNA, iSCA and soluble bio-

markers of inflammation. A supplemental analysis based on the left-censored normal distribution was also performed, left-censoring

at the analysis lower limit.91 No adjustments have been made regarding multiple comparisons.

Cell-associated HIV-1 RNA and DNA were normalized to copies/106 CD4+ T cells by dividing by CD4% (divided by 100) from the

same specimen date as the CA-RNA and CA-DNA sample. In cases where the CD4% was not available on the same date, CD4%

from the closest date (before or after) was used. All statistical tests were 2-tailed, and 2-tailed confidence intervals are presented

in the graphical results. Linear mixed effects models with random intercept, and fixed effects for the intercept and change from
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baseline, were applied to pre-treatment and all 3 on-treatment time points (treatment wk4, wk12, wk20), and combining the primary

and secondary analysis populations (i.e., n = 29 contributing to pre-treatment and wk4, n = 16 contributing to wk12 and wk20) to

further explore the relationship between sirolimus use and HIV-1 persistence measures over time.

IPDA
To summarize IPDA changes (separately for changes to treatment week 4 and to treatment week 20), a descriptive approach was

performed given the smaller evaluable sample size, excluding participants with no IPDA change (IPDA not detected at both time

points). Longitudinal changes were estimated by themedian change, derived from participant-specific changes of log10-transformed

measures, and the proportion with decreases vs. increases. Participants whose intact proviral DNA levels went from detected to not

detected were analyzed as the change with the lowest rank (greatest decreases). Participants whose intact proviral DNA levels went

from not detected to detected were analyzed as the change with the highest rank (greatest increases).

All statistical and analysis codes used in analyses will be provided upon request. Data acquisition of clinical data at the sites was

obtained prospectively during the study using the study case report form (CRFs), with data entry at each participating clinical site

using standard ACTG procedures and trained personnel. Batch-tested laboratory data was generated at each testing lab and sub-

mitted securely (using Excel templates) to the ACTG’s datamanagement center, where it was loaded into INGRES tables after quality

assurance review. All study data was then transferred securely to the statistical analysis center and converted to SAS datasets using

validated programs. Statistical analyses were performed using SAS version 9.4. A supplemental analysis was performed in R using

the lmec package.

Flow cytometric analyses
Longitudinal summaries are presented. Statistical analyses are based on 2-tailed paired t-tests for the secondary flow-based out-

comes, testing changes from baseline to treatment week 20 for the primary analysis population, and testing changes from baseline

to treatment week 4 for the secondary analysis population.

ADDITIONAL RESOURCES

ClinicalTrial.Gov registration number: NCT02440789 (https://clinicaltrials.gov/study/NCT02440789).
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