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ABSTRACT Antiretroviral therapy (ART) cannot eradicate human immunodeficiency
virus (HIV) and a rapid rebound of virus replication follows analytical treatment inter-
ruption (ATI) in the vast majority of HIV-infected individuals. Sustained control of HIV
replication without ART has been documented in a subset of individuals, defined as
posttreatment controllers (PTCs). The key determinants of post-ART viral control re-
main largely unclear. Here, we identified 7 SIVmac239-infected rhesus macaques
(RMs), defined as PTCs, who started ART 8 weeks postinfection, continued ART for
�7 months, and controlled plasma viremia at �104 copies/ml for up to 8 months af-
ter ATI and �200 copies/ml at the latest time point. We characterized immunologic
and virologic features associated with post-ART SIV control in blood, lymph node
(LN), and colorectal (RB) biopsy samples compared to 15 noncontroller (NC) RMs. Be-
fore ART initiation, PTCs had higher CD4 T cell counts, lower plasma viremia, and
SIV-DNA content in blood and LN compared to NCs, but had similar CD8 T cell func-
tion. While levels of intestinal CD4 T cells were similar, PTCs had higher frequencies
of Th17 cells. On ART, PTCs had significantly lower levels of residual plasma viremia
and SIV-DNA content in blood and tissues. After ATI, SIV-DNA content rapidly in-
creased in NCs, while it remained stable or even decreased in PTCs. Finally, PTCs
showed immunologic benefits of viral control after ATI, including higher CD4 T cell
levels and reduced immune activation. Overall, lower plasma viremia, reduced cell-
associated SIV-DNA, and preserved Th17 homeostasis, including at pre-ART, are the
main features associated with sustained viral control after ATI in SIV-infected RMs.

IMPORTANCE While effective, antiretroviral therapy is not a cure for HIV infection.
Therefore, there is great interest in achieving viral remission in the absence of anti-
retroviral therapy. Posttreatment controllers represent a small subset of individuals
who are able to control HIV after cessation of antiretroviral therapy, but characteris-
tics associated with these individuals have been largely limited to peripheral blood
analysis. Here, we identified 7 SIV-infected rhesus macaques that mirrored the hu-
man posttreatment controller phenotype and performed immunologic and virologic
analysis of blood, lymph node, and colorectal biopsy samples to further understand
the characteristics that distinguish them from noncontrollers. Lower viral burden and
preservation of immune homeostasis, including intestinal Th17 cells, both before
and after ART, were shown to be two major factors associated with the ability to
achieve posttreatment control. Overall, these results move the field further toward
understanding of important characteristics of viral control in the absence of antiret-
roviral therapy.
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The advent of modern antiretroviral therapy (ART) has allowed for suppression of
HIV-1 replication in HIV-1-infected individuals and has dramatically reduced HIV

morbidity and mortality (1, 2). Unfortunately, due to the establishment of a pool of
quiescent, infected CD4 T cells that harbor replication-competent virus, discontinuation
of daily ART leads to rapid viral rebound and continued disease progression in most
individuals (3, 4). Therefore, there is great interest in understanding the mechanisms
regulating HIV persistence, the virologic and immunologic correlates of viral rebound,
and the approaches that may lead to maintenance of viremic control after treatment
interruption.

One model of such control is seen in a subset of patients referred to as posttreat-
ment controllers (PTCs). These individuals, best characterized by the VISCONTI and
CHAMP studies, display an ability to maintain viral suppression after undergoing
analytic treatment interruption (ATI) (5, 6). While definitions vary by study, PTCs are
typically characterized as maintaining plasma viral loads less than 400 copies/ml for at
least 6 months following ATI (5–12). Importantly, they seem to represent a distinct
group from the more widely characterized elite controller (EC) population. While ECs
have been shown to have an overrepresentation of protective HLA alleles (B*27 and
B*57), PTCs do not appear to be enriched in these alleles and so far have been shown
to have inferior CD8 activity compared to traditional ECs (6, 13). In fact, these individ-
uals may be more likely to carry HLA alleles previously characterized as “risk” alleles (6).
Furthermore, posttreatment control is more widely observed than spontaneous control,
with the occurrence estimated to range between 5 and 15% of individuals undergoing
ATI, compared to the estimated EC frequency of �0.5% (14, 15). As most approaches
targeted at achieving a functional HIV cure utilize HIV control after ATI as a primary
readout, it is important to understand the dynamics of HIV control in order to target
interventions toward this outcome, as well as be able to distinguish intervention-based
control from naturally occurring posttreatment control.

Current studies have been unable to identify the driving mechanisms for PTCs, but
control has been associated with earlier initiation of ART, lower prevalence of infected
long-lived CD4 T cells (central memory), and an overall smaller reservoir size prior to
cessation of treatment (5, 6, 15–17). Importantly, early initiation of ART may function to
both limit the size of the reservoir as well as preserve immune function, allowing for
robust immune control of the virus after treatment. Unfortunately, as with many HIV
studies, characterization of PTCs has been largely limited to analyses of peripheral
blood samples and limited analyses have been performed in early infection, before
initiation of ART. Further challenging to a broad understanding of the dynamics of
posttreatment control are the limitations of differing infection kinetics and demograph-
ics within and across cohorts of human PTCs.

The established SIV model of HIV infection using rhesus macaques (RMs) allows for
longitudinal investigations into dynamics of immunologic and virologic parameters of
HIV infection, including in tissues. In this study, we identified 7 SIV-infected RMs that
exhibit posttreatment control, allowing us to characterize features of virologic control
that further the understanding of the PTC phenomenon. Despite identical viral infection
and treatment timelines as noncontroller RMs, these animals showed robust control of
viremia post-ATI, with viral loads less than 104 copies/ml for the entire post-ATI
follow-up and less than 200 copies/ml at the latest experimental point, similar to
previously described human PTCs. We have identified important factors that seem to be
associated with this control, including reduced SIV “exposure” prior to ART initiation,
better preservation of blood and LN CD4 T cells, as well as of intestinal Th17 cells, lower
levels of immune activation, and a smaller reservoir size. Although limited in size, this
study enhances and expands to tissues the understanding of posttreatment control
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and suggests that nonhuman primate models of HIV can serve as an important tool in
understanding and targeting critical mechanisms of viral control in the absence of ART.

RESULTS
Identification of posttreatment controllers among SIV-infected rhesus ma-

caques. Among different studies performed at the Yerkes National Primate Research
Center in which rhesus macaques (RMs) were experimentally infected with SIV, initiated
on ART, and underwent analytic treatment interruption (ATI), we identified 7 RMs with
superior ability to control viral rebound after ATI compared to what is normally seen in
SIVmac239-infected RMs. Specifically, these 7 RMs, defined as posttreatment controllers
(PTCs) maintained plasma viremia of �104 copies/ml up to 8 months post-interruption
and all had viral loads of �200 copies/ml at the final experimental time point (Fig. 1A).
To investigate the main features associated with posttreatment control, multiple
virologic and immunologic parameters were assessed and compared with those of 15
RM noncontrollers (NCs) that did not control viral rebound after ATI, with plasma
viremia of �104 copies/ml for the majority of posttreatment follow-up (Fig. 1B). Among
the large number of SIVmac239-infected RMs that do not control viral rebound after ATI,
these 15 animals were selected because they matched the experimental conditions
used for the 7 PTCs, including (i) being infected via the same route and with the same
virus (intravenously; SIVmac239); (ii) starting ART 8 weeks postinfection (p.i.); (iii) being
on ART for a period between 7 to 14 months; and (iv) having multiple viral load
measures following ATI, with many of those overlapping with the PTCs in terms of time
post-ATI. Characteristics of each animal are described in Table S1. All 22 animals were
negative for B*08 and B*17, the MHC class I alleles associated with the control of SIV
replication (18, 19). Five out of 7 PTCs were MamuA01�, compared to 4 out of 15 NCs.
As indicated in Table S1, two different ART regimens were used, with a similar PTC and

FIG 1 PTCs exhibit strong viral control after ART interruption. (A and B) Plasma viral load for PTCs (A) (n � 7) and NCs (B) (n � 15) at multiple time points
throughout infection (see the Materials and Methods for definitions). NC1 to 9 are those included in all subsequent analyses. (C) Average viral load for PTCs
and NCs displayed as mean � standard deviation (SD). Shaded area designates the period for which animals were on ART. Dotted line designates the limit of
detection (60 copies/ml).
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NC distribution among the two regimens: (i) tenofovir (PMPA), emtricitabine (FTC),
raltegravir, and ritonavir-boosted darunavir (5 PTC and 9 NC); or (ii) tenofovir (TDF), FTC,
and dolutegravir (DTG) (2 PTC and 6 NC). Furthermore, at ATI, all PTCs and NCs reached
plasma viremia below the limit of detection (�60 copies/ml) of our standard assay,
confirming a comparable efficacy of the two treatments. Control of plasma viremia after
ATI in PTCs was partial, with detectable plasma viremia (�60 copies/ml) in 6 out of 7
RMs (Fig. 1A). However, viral control was clearly superior compared to NCs, with more
than a 3-log difference in the average plasma viremia among the two groups of RMs up
to 8 months post-ATI (mean: 2.1 versus 5.9 log10 copies/ml; Fig. 1C).

RM PTCs had reduced SIV loads, but similar CD8 T cell responses, prior to ART
initiation. Taking advantage of the availability of specimens collected at multiple
phases of infection, we first investigated if animals that became PTCs had a reduced
pathogenic SIV infection before initiation of ART compared to NCs. The levels of plasma
viremia were significantly lower in PTCs than NCs both at peak (mean: 6.4 versus 7.0
log10 copies/ml, P � 0.02) and at chronic phase (mean: 5.1 versus 6.6 log10 copies/ml,
P � 0.0008) of infection (Fig. 2A). Due to sample availability and timing of analyses, only
5 of the 7 identified PTCs and 9 of the 15 NCs (PTCs 1 to 5 and NCs 1 to 9) were included
in subsequent analyses. Prior to ART initiation at week 8 postinfection, levels of total SIV
DNA in peripheral blood CD4 T cells (mean: 10,991 versus 41,405 SIV DNA copies per
106 CD4 T cells, P � 0.007; Fig. 2B) and cell-associated SIV RNA in the colorectal tissue
(mean: 38,445 versus 168,556 SIV RNA copies per 106 total cells, P � 0.04; Fig. 2C) were
lower in PTCs compared to NCs, while levels of SIV DNA in colorectal tissue showed only
a nonsignificant trend toward lower levels in PTCs (mean: 1,036 versus 2,171 SIV DNA

FIG 2 PTCs have reduced viral burden prior to ART initiation. (A) Plasma viral load levels at peak infection and pre-ART time points. (B) Total SIV DNA levels
in purified blood CD4 T cells pre-ART. (C) Cell associated SIV DNA and RNA levels in total rectal biopsy samples pre-ART. (D) Gating strategy for CD4 T cell subsets
from LN. (E) SIV DNA levels in sorted CD4 T cell subsets from peripheral blood (E) and lymph node (F) at a pre-ART time point. (G and H) Expression of CD8
T cell functional markers (GzmB, granzyme B; Perf, perforin) on total CD8 T cells in peripheral blood (G) and LN (H). Lines designate mean values.
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copies per 106 CD4 T cells, P � 0.09; Fig. 2C). To further investigate if the PTC status was
associated with reduced infection of a specific CD4 T cell subset, we then purified naive
(CD28� CD95� CCR7�), central memory (TCM; CD95� CCR7�), effector memory (TEM;
CD95� CCR7�), and T follicular helper (TFH; PD-1� CD200hi) CD4 T cell subsets from
blood and LN. A representative staining with the detailed gating strategy for LN is
shown in Fig. 2D. Of note, we previously showed that PD-1� CD200hi and PD-1�

CXCR5� identify the same frequency of Tfh cells in the LN of SIV-infected RMs (20). In
both peripheral blood (Fig. 2E) and LN (Fig. 2F), levels of total SIV DNA were significantly
lower in PTCs compared to NCs for all measured CD4 T cell subsets (P � 0.05 for all
comparisons). Thus, reduced levels of SIV replication and lower frequencies of infected
cells in all CD4 T cell subsets prior to ART is a general feature distinguishing RM PTCs
from NCs.

To address potential differences in CD8 responses between NCs and PTCs, we
assessed cytolytic capacity and proliferation of total CD8 T cells prior to ART initiation
in both peripheral blood and LN. Specifically, we analyzed ex vivo (without stimulation)
levels of granzyme B, perforin, T-bet, and Ki-67 by flow cytometry on total CD8 T cells.
Our analysis revealed no biologically important differences between NCs and PTCs in
expression of these markers, indicating similar CD8 cytolytic potential and proliferative
response within these animals despite different viral burdens pre-ART (P � 0.05 for all
comparisons; Fig. 2G and H).

RM PTCs had reduced SIV-induced immunopathogenesis prior to ART initia-
tion. We then investigated the main immunologic differences between RM PTCs and
NCs before ART initiation. Consistent with reduced levels of SIV infection, and despite
similar baseline (preinfection) levels, PTCs displayed significantly higher CD4 T cell
counts (mean: 684 versus 451 CD4 T cells per �l blood, P � 0.02; Fig. 3A) and lower
frequency of activated (HLA-DR� CD38�) memory CD4 T cells (mean: 4.6% versus 8.4%,
P � 0.03; Fig. 3B; Fig. S1A) than NCs in blood prior to starting ART. Consistently, the
preinfection to pre-ART change for blood CD4 T cell counts (mean change � �42 for
PTCs, P � 0.55; and mean change � �253 for NCs, P � 0.001) and % of HLA-DR�

CD38� memory CD4 T cells (mean change � �0.9% for PTCs, P � 0.56; and mean
change � 4.2% for NCs, P � 0.004) followed different patterns between the PTC and NC
groups. A trend toward better maintenance of CD4 T cells, as assessed by frequency of
CD4� cells in total CD3� cells, was also observed in LN (mean: 56% versus 44%, P �

0.15; Fig. 3C).
Recently, multiple studies have highlighted the loss of intestinal CD4 T cells,

particularly those belonging to the Th17 subset, as a main cause of compromised
mucosal integrity and systemic immune activation during HIV and SIV infection (21–26).
Interestingly, our comparative analyses showed that the frequency of bulk intestinal
CD4 T cells at preinfection and at initiation of ART were very similar between NCs and
PTCs (Fig. 3D). We also found equivalent levels of memory CD4 T-cell activation in
mucosal tissue (Fig. S1B). Th17 cells, defined as intestinal memory CD4 T cells express-
ing IL-17 after brief in vitro stimulation, were also present at comparable frequencies
preinfection (Fig. 3E). However, after SIV infection, NCs experienced a considerably
larger loss of Th17 cells than PTCs (P � 0.007; Fig. 3E), with reduction to 74% and 25%
of their baseline level, respectively (P � 0.001; Fig. 3F). Representative staining before
infection and before ART initiation is shown in Fig. 3G. Significantly higher maintenance
of Th17 cells, despite equivalent loss of total CD4 T cells in the gut, is remarkably similar
to the phenomenon observed when comparing nonpathogenic SIV infection of sooty
mangabeys with pathogenic models of SIV infection in RMs (21). Of note, although
limited to 5 PTCs and 9 NCs, receiver operating characteristic curve (ROC) analysis
suggests that total SIV DNA content in peripheral blood CD4 T cells and frequency of
Th17 cells in the gut were the two pre-ART markers most strongly associated with
increased likelihood of developing a PTC status (Fig. S2A), with an area under the curve
(AUC) of 0.93 for both predictors. The estimated AUC indicates a 93% probability that
a PTC animal had a higher (or lower) predicted probability of PTC status than an NC
animal for a random pair of animals with and without the outcome.
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Viral reservoir and immune dynamics of PTCs differ from NCs during ART. We
then assessed the viral and immunological status of NCs and PTCs during ART, prior to
ATI. First, we assessed the presence of residual viremia by using an ultrasensitive viral
load assay with a limit of detection of 3 copies of SIVmac239/ml of plasma (27).
Consistent with their lower viral loads before ART, PTCs were significantly faster to
suppress residual viremia while on ART compared to NCs, with 4 out of 5 animals (80%)
at 75 days and 5 out of 5 (100%) at 200 days after ART initiation achieving a plasma viral
load of �3 copies/ml, compared to 0 out of 9 (0%) and 3 out of 9 (33%) for NCs,
respectively (day 75: P � 0.002; day 200: P � 0.04; Fig. 4A). While SIV DNA content
declined in both PTCs and NCs during ART, PTCs continued to harbor lower levels of SIV
DNA in CD4 T cells from peripheral blood both at a mid (mean: 2,608 versus 7,402 SIV
DNA copies per 106 CD4 T cells, P � 0.04) and late ART (mean: 367 versus 1,596 SIV DNA
copies per 106 CD4 T cells, P � 0.004) time point (Fig. 4B). The total SIV DNA content
in peripheral blood CD4 T cells before ART interruption was the parameter with the
strongest association with the development of a PTC status (AUC of 0.96; Fig. S2B). We
further assessed levels of replication-competent, inducible SIV in LN CD4 T cells during
ART using a quantitative viral outgrowth assay. PTCs harbored a significantly lower
frequency of latently infected CD4 T cells compared to NCs (mean: 0.16 versus 4.46
infectious units per million; Fig. 4C). Since LN CD4 T cells expressing high levels of PD-1
have been identified as one of the main cellular targets for HIV/SIV infection and
persistence, we then measured their frequency among our animals (28). Consistent

FIG 3 PTCs experience reduced immunopathogenesis prior to ART initiation. (A) CD4 counts in peripheral blood at preinfection and pre-ART time points. (B)
CD4 T cell activation in peripheral blood preinfection and pre-ART as assessed by flow cytometry as HLA-DR� CD38� memory CD4 T cells. (C) CD4 frequency
in lymph node pre-ART. (D) CD4 frequency in rectal biopsy samples preinfection and pre-ART. (E) Th17 frequency in rectal biopsy samples as assessed by flow
cytometry as the frequency of memory CD4 T cells expressing IL-17 after a brief in vitro stimulation. (F) Levels of Th17 cells shown as the percentage of Th17
cells lost from the preinfection to pre-ART time points. Lines represent mean values. (G) Representative staining showing the identification of Th17 cells at
preinfection and pre-ART time points.
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with the lower level of replication-competent reservoir in LN, and despite similar levels
at pre-ART, PTCs showed a trend toward lower levels of PD-1� CD4� T cells in LN
throughout ART (Fig. 4D), providing further support for distinct reservoir environments
within NCs and PTCs. However, as seen prior to ART, there was no difference in cytolytic
capacity or proliferation of CD8 T cells between PTCs and NCs on ART in both peripheral
blood and LN (Fig. 4E and F).

RM PTCs show preservation of immunological homeostasis during 8 months of
ATI. Along with marked differences in viral rebound, we assessed immunological
characteristics that distinguished the PTCs and NCs after ATI. After treatment interrup-
tion, RM PTCs maintained stable CD4 T cell levels in peripheral blood, while NCs
experienced significant loss of CD4 T cells, as expected during normal disease progres-
sion (Fig. 5A). Notably, this immune preservation extended to mucosal tissues. Despite
similar levels of total mucosal CD4 T cells prior to and throughout the duration of ART,

FIG 4 Reservoir and immune characteristics of PTCs and NCs on ART. (A) Viral load as determined by
ultrasensitive assay (LOD � 3 copies/ml, dotted line) at mid-ART and late-ART. (B) SIV DNA levels in
purified CD4 T cells from peripheral blood at mid-ART and late-ART. (C) Frequency of latently infected LN
cells at late-ART, expressed as infectious units per million CD4 T cells, assessed by quantitative viral
outgrowth assay. (D) Levels of PD-1 expression on CD4 T cells in LN at pre-ART, mid-ART, and late-ART.
(E and F) Expression of CD8 T cell functional markers on total CD8 T cells in peripheral blood (E) and LN
(F). Lines designate mean values.
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FIG 5 PTCs maintain viral control and preserve immune homeostasis during ATI. (A) Longitudinal CD4 counts in peripheral blood. (B to D) Longitudinal
frequency of total CD4 T cells (B), Th17 cells (C), and proliferating CD4 T cells (D) in rectal biopsy samples. (E and F) Longitudinal SIV DNA levels in PBMC
(E) and rectal biopsy samples (F). Data shown as means � standard error of the mean (SEM). PTCs 1 to 5 and NCs 1 to 9 were included in this analysis.
See the Materials and Methods for time point definitions. Shaded area designates period for which animals were on ART. *, P � 0.05; **, P � 0.005; ***,
P � 0.0005.
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PTCs had a significantly higher frequency of CD4 T cells after treatment interruption
(mean: 27.5% versus 14.7% CD4� of CD3�, P � 0.03; Fig. 5B). Furthermore, similar to
the environment observed prior to ART, there was a continued maintenance of Th17
cells in PTCs but not NCs (mean: 11.2% versus 5.1% IL-17� of CD4�, P � 0.03; Fig. 5C).
Finally, we observed significantly lower levels of intestinal CD4 T cell proliferation in
PTCs compared to NCs when using Ki-67, a marker for which expression has been
associated with loss of function of mucosal T cells in SIV infection (mean: 3.4% versus
10.5% Ki-67� of CD4�, P � 0.004; Fig. 5D) (24).

To follow up on the lower viral burden observed prior to and on ART, we assessed
levels of cell-associated virus in peripheral blood CD4 T cells and in colorectal biopsy
samples also following ATI. We found significantly lower levels of total SIV DNA in blood
CD4 T cells in PTCs compared to NCs at multiple time points during the ATI (mid: 213
versus 29,976 copies SIV DNA per 106 CD4 T cells, P � 0.002; late: 95 versus 26,706
copies SIV DNA per 106 CD4 T cells, P � 0.001; Fig. 5E). Similarly, in colorectal tissue
samples, despite having equivalent levels of SIV DNA at the time of ART interruption,
PTCs had lower levels of total SIV DNA at a late-ATI time point (mean: 52 versus 499
copies SIV DNA per 106 total cells, P � 0.002; Fig. 5F). Remarkably, in both peripheral
blood mononuclear cells (PBMC) and mucosal tissue, despite the absence of ART for
more than 6 months and persistent plasma viremia in the majority of animals, PTCs
experienced stable or even decreasing levels of SIV DNA. All together, these data
highlight the ability of PTCs to maintain both immune homeostasis and viral control in
the absence of ART, while NCs experience continued disease progression.

DISCUSSION

Achieving sustained control of HIV replication in the absence of ART is a critical goal
for people living with HIV and the most important readout for currently tested HIV cure
strategies. Unfortunately, no interventions have shown efficacy in achieving HIV remis-
sion after treatment interruption in humans. The identification of human PTCs, gener-
ally characterized by their ability to maintain plasma viral loads at less than 400
copies/ml for at least 6 months following ATI (5–12), offers an important opportunity to
identify key mechanisms contributing to HIV remission and provide targets for future
interventions. This study identifies 7 SIV-infected RM PTCs that exhibit robust control of
viremia for an extended period after ATI and adds to the growing knowledge of the
immunologic and virologic characteristics of individuals who maintain low viral load in
the absence of ART.

The RM PTCs described in this study mirror much of what has been seen in cohorts
of HIV-infected human PTCs. For up to 8 months post-ATI, at which point the study was
terminated, RM PTCs maintained viral loads remarkably lower than the NCs and
experienced decreased pathogenesis, with significantly higher CD4 counts and lower
immune activation in blood. Thus, virologic control did result in clinically relevant
immunologic benefits for the RM PTCs. This is important, since a functional cure needs
not only to control viral replication but also to reconstitute and maintain a functional
immune system. In addition, RM PTCs harbored lower levels of SIV DNA than NCs at all
time points of infection. In particular, as observed in multiple human PTC cohorts, total
SIV DNA content at the time of ART interruption was lower in RM PTCs than NCs (8, 11,
17, 29). While this assay largely measures defective viral DNA, it has been shown that
human PTCs do not harbor a significantly different ratio of defective to intact HIV
genomes compared to NCs (17). The lower levels of total SIV DNA pre-ATI in RM PTCs
fits with what was seen in the SPARTAC study of acutely treated HIV-infected individ-
uals, in which it was found that HIV DNA levels at ART cessation predicted time to viral
rebound (30). Importantly, taking advantage of the RM model, we were able to extend
our analysis to lymphoid tissue. In addition to the periphery, using a quantitative viral
outgrowth assay we found lower levels of replication-competent virus in CD4 T cells of
lymph nodes from RM PTCs compared to NCs, in agreement with our measures of total
DNA content. Furthermore, in both LN and PBMC, we found lower levels of SIV DNA in
naive, central memory, effector memory, and T follicular helper subsets of CD4 T cells,
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suggesting that RM PTCs have an overall lower viral burden that is not limited to a
particular anatomic location or differentiation subset. In lymphoid tissues, PD-1� CD4
T cells have been previously described as a main contributor to HIV/SIV persistence due
to their enrichment for HIV content and the ability of PD-1, once engaged, to inhibit HIV
production and limit HIV reactivation (28, 31, 32). RM PTCs showed lower levels of
PD-1� CD4 T cells in LN throughout ART, which could indicate an environment less
favorable to viral persistence. Interestingly, during ATI, the low levels of SIV DNA
remained stable in both peripheral blood and colorectal tissues, with some animals
showing a decrease after ART interruption, despite the presence of detectable viremia
in most animals. This suggests that, after ART withdrawal, PTCs are capable of clearing
virally infected cells at a rate at least equivalent to the rate of new cell infection in the
presence of viremia.

Identification of a PTC population within an SIV model allowed for tissue access and
assessment of populations previously undescribed in human PTCs. Importantly, we
found that the continued maintenance of CD4 T cells during ATI described in peripheral
blood of human PTCs extends to both lymphoid and mucosal sites in RM PTCs.
Furthermore, we were able to assess mucosal Th17 cells throughout primary infection,
ART suppression, and treatment interruption. Th17 cells are among the first cells to be
infected after HIV transmission (33), harbor high levels of HIV DNA (34–36), and are
preferentially depleted following HIV and SIV infection, and this loss is known to be a
main driver of mucosal barrier breakdown, systemic immune activation, and disease
progression (21–26, 37). Before initiation of ART, mucosal CD4 T cells were similarly
depleted in RM PTCs and NCs; however, PTCs selectively maintained higher frequencies
of Th17 cells than NCs. This phenotype is remarkably similar to what is observed in the
nonpathogenic SIV infection in the natural host sooty mangabey (SM), which, following
SIV infection, have a significant depletion of CD4� T cells from mucosal sites but
maintain normal levels of Th17 cells and do not experience systemic immune activation
equivalent to the pathogenic infection of RMs (38). Our findings in RM PTCs, which
experienced significantly less Th17 loss and peripheral immune activation compared to
NCs, continue to support these described relationships between Th17 preservation,
chronic immune activation, and disease outcome. Early ART initiation in HIV-infected
individuals has also been shown to preserve Th17 cells and mucosal integrity, and is
also associated with higher occurrence of posttreatment control (15, 39, 40). Synthesis
of these findings in humans, in conjunction with our findings in RMs, suggests a model
in which the early initiation of ART limits viral exposure and preserves mucosal immune
integrity, both of which are likely contributors to the development of posttreatment
control in a subset of individuals. Furthermore, the demonstrated maintenance of CD4
T cell populations in both lymph node and mucosal tissue in RM PTCs in the absence
of ART strongly suggests that even partial control of viremia can prevent immune
dysfunction.

There are several caveats associated with this study. First, analyses were performed
post hoc on RMs selected from studies not directly intended to assess posttreatment
control. Animals in those studies initiated ART 8 weeks after SIV infection thus, although
very unlikely based on many studies of SIVmac239 infection in RMs, we cannot fully rule
out the possibility that these PTCs may have progressed to spontaneous control of
plasma viremia in the absence of ART (8). Furthermore, since some animals received
immune-based interventions in addition to ART, for those we cannot discriminate
between the relative contribution of ART or immune-based intervention in inducing the
PTC phenotype. However, it is important to note that those interventions were shown
to have no significant impact on viral rebound, that PTC incidence was not increased
in treated animals, and that our NCs also included animals receiving the same immune-
based interventions (Table S1) (41, 42). While RM PTCs did have a lower viral burden at
ART initiation compared to controls, this alone is not enough to indicate future control
without ART. Cases of spontaneous controller RM infected with SIVmac239 have been
reported, but are typically associated with favorable MHC class I alleles Mamu-B*08 and
B*17, similar to human elite controllers with HLA-B*57 and HLA-B*27 alleles (18, 19). In
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analyses of Mamu-B*08- and B*17-negative RMs infected with the same SIVmac239 virus
and who never initiate ART, natural control is rarely observed by our group or others,
even in animals with low set point viral loads (data not shown). We did observe a higher
frequency of Mamu-A*01 in the PTC group compared to NC, raising the possibility that
Mamu-A*01 may predispose a subset of RMs to posttreatment control but may not be
strong enough to induce spontaneous control. Importantly, while we were unable to
assess SIV-specific CD8 T cells, we did not find differences between RM PTCs and NCs
with regard to cytolytic capacity or proliferative response of total CD8 T cells, neither
prior to nor after ART. This is in agreement with reports that HIV-specific CD8 responses
are generally weak in human PTCs compared to spontaneous controllers and viremic
individuals (6, 43, 44). It is likely, however, that the decreased systemic presence of SIV
in the PTC animals prior to starting ART critically contributed to their capacity to control
viremia at ATI. Data on human PTCs vary by cohort, with most showing equivalent set
point viral loads to NCs but some showing decreased viral load at ART initiation in PTCs
(5, 6, 8). It has also been demonstrated in humans that HIV DNA content at the time of
starting ART is lower in PTCs than NCs (8). Our data on RM PTCs support the notion that
lower HIV levels in both tissue and blood contribute to control of viremia after ATI.
Unfortunately, the retroactive nature of our analysis prevents any further mechanistic
characterization of the PTC phenomenon described here. Further studies in RM could
be designed to specifically address outstanding mechanistic questions of posttreat-
ment control, particularly with regard to the importance of the timing of ART initiation
and the role of CD8 T cells in this viral control.

In summary, our data identify 7 SIV-infected RMs characterized as PTCs due to their
ability to maintain viral control after cessation of ART. Our RM PTCs exhibit virologic and
immunologic characteristics largely similar to those previously reported in cohorts of
HIV-infected PTCs, and we extend this analysis into previously unexplored periods of
infection and anatomical sites. Importantly, our data highlight the benefits of limiting
immune activation, immune damage, and the size of the reservoir early in HIV/SIV
infection, all most achievable by early ART initiation, to promote potential viral control.
It may be valuable to tailor early stages of intervention trials toward individuals
who initiated ART early or who harbor small reservoirs, as they are likely best positioned
to experience a positive outcome. Lastly, this report highlights the importance of
including nonintervention control arms in all studies in both the SIV and HIV fields, to
allow for best analysis of intervention-specific impact on viral control in the absence of
ART.

MATERIALS AND METHODS
Animals, SIV infection, and antiretroviral therapy. Twenty-two Indian rhesus macaques (RMs) all

housed at the Yerkes National Primate Research Center (YNPRC) in Atlanta, GA, were selected for this
study. All RMs were Mamu-B*08� and Mamu-B*17�; A*01 status for all animals is listed in Table S1. All
RMs were infected intravenously with SIVmac239 (provided by Koen Van Rompay, U.C. Davis) at the dose
designated in Table S1. Approximately 8 weeks postinfection, all RMs initiated daily antiretroviral therapy.
Fourteen animals were on a regimen composed of tenofovir (PMPA; 20 to 25 mg/kg/d, subcutaneous
[s.c.]), emtricitabine (FTC; 30 to 50 mg/kg/d, s.c.), raltegravir (100 to 150 mg/bid, oral), darunavir (400 to
700 mg/bid, oral), and ritonavir (50 mg/bid, oral). Eight animals were on a regimen composed of
dolutegravir (DTG; 2.5 mg/kg/d, s.c.), tenofovir disoproxil fumarate (TDF; 5.1 mg/kg/d, s.c.), and emtric-
itabine (FTC; 40 mg/kg/d, s.c.). Animals received daily ART for up to 60 weeks. All animals reached viral
loads below the limit of detection (60 copies/ml) for multiple time points before undergoing analytic
treatment interruption (ATI), at which point animals were followed for up to 8 months until necropsy.

In addition to ART, RM designated “IL-21 treated” in Table S1 were treated with recombinant
IL-21–IgFc at the beginning and at the end of ART and at the beginning of ATI (41). Animals designated
“aCTLA-4/aPD-1 treated” in Table S1 received bi-specific �CTLA-4/�PD-1 IgG1 over 4 weeks starting 6
weeks prior to ATI (42).

Study approval. All animal experimentation was conducted following guidelines set forth by the
Animal Welfare Act and by the NIH’s Guide for the Care and Use of Laboratory Animals, 8th edition. All
studies were reviewed and approved by Emory’s Institutional Animal Care and Use Committee (IACUC;
permit numbers 3000065, 2003297, 2003470, 201700665, and 2001973) and animal care facilities at
YNPRC are accredited by the U.S. Department of Agriculture (USDA) and the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) International. Proper steps were taken to
minimize animal suffering and all procedures were conducted under anesthesia with follow-up pain
management as needed.
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Experimental time points. For consistency across groups, time points were defined as the following:
preinfection (15 to 21 days preinfection); peak infection (D14 postinfection [p.i.]); early infection (D28 to
42 p.i.); pre-ART/ART initiation (D56 to 60 p.i.); early ART (D84 to 102 p.i.); mid ART (D110 to 140 p.i); late
ART (D197 to 256 p.i.); pre-ATI (13 to 15 days pre-ATI); early ATI (D27 to 28 post-ATI); mid ATI (D59 to 60
post-ATI); and late ATI (D180 to 240 post-ATI).

Sample collection and processing. Peripheral blood, lymph node, and rectal biopsy sample
collections were conducted throughout the study and were processed as previously described (45).

Flow cytometry. Fourteen parameter flow cytometry was performed on collected tissues according
to previously optimized standard procedures using anti-human antibodies that have been shown to be
cross-reactive with RMs. The following antibodies were used: (from BD Biosciences) anti-CD3–APC–Cy7
(clone SP34-2), anti-CD95–PE–Cy5 (clone DX2), anti-CD28-PE-594 (clone CD28.2), anti-Ki-67-Alexa Fluor
700 (clone B56), anti-CD8-PE-CF-594 (clone RPA-T8), anti-CCR7-PE-Cy7 (clone 3D12), anti-HLA-DR-PerCp-
Cy5.5 (clone G46-6); anti-IL-17-Alexa Fluor 488 (clone eBio64DEC17, eBioscience); (from Biolegend)
anti-CD4-BV421 (clone OKT4), anti-CD4-BV605 (clone OKT4), anti-PD1-PE (clone EH12.2H7), anti-PD1-
BV421 (clone EH12.2H7), anti-T-Bet-PE (clone eBio4B10), anti-CD200-PE (clone OX104); (from Invitrogen)
anti-CD8-Qdot705 (clone 3B5), anti-GzmB-PE-TR (clone GB11), Aqua LIVE/DEAD amine dye AmCyan;
anti-CD38-FITC (clone AT-1; STEMCELL Technologies); and anti-Perforin-FITC (clone-Pf344; MABTECH).
Flow cytometric acquisition was performed on at least 100,000 CD3� T cells on a BD LSR II flow cytometer
driven by BD FACSDiva software and analysis of the acquired data was performed using FlowJo software.

Th17 analysis. Th17 cells in rectal biopsy samples were determined as previously described (24).
Briefly, isolated cells were stimulated for 4 h with phorbol myristate acetate (PMA) and A23187 in the
presence of BD GolgiStop, stained for surface markers, permeabilized, and stained intracellularly for
cytokines. Th17 levels were determined as the percentage of memory CD4 T cells that produced IL-17.

Plasma viral load. Levels of SIV RNA copies in plasma were determined by real-time reverse
transcriptase quantitative PCR (qRT-PCR) as previously described with a limit of detection (LOD) of 60
copies/ml, with values below the LOD imputed as half of the LOD (46). Ultrasensitive measurements were
performed by ultracentrifugation at the described time points on ART as previously described (27).

Cell-associated SIV DNA and RNA measurements. SIV DNA and RNA levels in rectal biopsy
samples, as well as SIV DNA in peripheral CD4 T cells, were assessed quantitatively by qRT-PCR assays as
previously described (41). For analysis of SIV DNA content in CD4 T cell subsets, isolated cells from
peripheral blood and lymph node were sorted on a FACS AriaII (BD Biosciences) into the following CD4
T cell subsets: naive (CD28� CD95� CCR7�), central memory (TCM; CD95� CCR7�), effector memory (TEM;
CD95� CCR7�), and T follicular helper (TFH; PD-1� CD200hi) cells. Sorting strategy is shown in Fig. 2D. SIV
DNA levels were then assessed on sorted populations as previously described (41).

Quantification of replication-competent virus in CD4 T cells from lymph node. CD4 T cells were
purified from cryopreserved lymph node samples and assessed for levels of replication-competent SIV as
previously described (41). Briefly, cells were cocultured with CEMx174 cells (NIH AIDS Reagent Program)
in serial dilutions for 25 days, with analysis at days 9, 16, and 25. Positive wells were determined based
on flow cytometric analysis of SIV-Gag p27 expression and SIV-GAG viral RNA detection by qPCR, and
frequencies of infected cells were determined by maximum likelihood method (47) and expressed as
infectious units per million CD4 T cells.

Statistical analysis. Statistical tests were all two-sided and P values of �0.05 were considered to be
statistically significant for each comparison. Data plotted as longitudinal grouped analysis are displayed
as means � SEM unless otherwise indicated. Comparisons of parameters between noncontrollers and
posttreatment controllers were calculated using Mann-Whitney U tests. Analyses were conducted using
GraphPad Prism 8.3. Analysis of mean change for CD4 T cell count and % HLA-DR� CD38� of blood
memory CD4 was done by repeated-measures analyses using a mixed-effects model via the SAS MIXED
Procedure (version 9.4; SAS Institute, Cary, NC), providing separate estimates of the means by time on
study and study group (48). Two approaches were used to evaluate PB SIV DNA and Th17 frequency as
potential markers or predictors of PTC status. First, the risk of PTC status was modeled as a function of
PB SIV DNA (and separately using Th17 frequency) by using logistic regression (outcome � PTC or NC).
Second, marker performance was summarized with classification performance measures, such as sensi-
tivity, specificity, the receiver operating characteristic curves (ROC), and the area under the curve (AUC).
The AUC for each marker can be interpreted as the probability that a PTC animal had a higher (or lower)
predicted probability of PTC status than an NC animal, for random pairs with and without the outcome.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.3 MB.
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