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It is challenging to trace the complicated individual-based variations of HIV-
specific immunocompetence shift during the successful antiretroviral therapy (ART)
era. Using eight rhesus monkeys simulating a longitudinal stage-dependent cohort
(baseline-SIV acute infection-SIV suppression by ART-ART withdrawal), baseline
immunocompetence monitoring for 28 days (SIV-negative stage, SN) was compared
with host immunocompetence undergoing 90-day ART treatment (SIV-suppressed
stage, SS) to reveal the SIV-specific immunity shift aroused by undetectable individual
viral replication. During acute SIV infection for 98 days (SIV-emerged stage, SE), immune
activation was compared with re-immune activation post ART for 49-day follow-up (SIV-
rebounded stage, SR) to reveal the SIV-specific immune activation variation aroused
by detectable individual viral replication. Individual immunocompetence was measured
by co-expression of CD4, CD8, CD38, HLA-DR, CCR7, CD45RA, and PD-1 on T
cells and a cytokine panel. Compared with SN, mild immune activation/exhaustion was
characterized by increased CD38+ HLA-DR− CD4+/CD8+ T-cell subsets and PD-1+

memory CD4+/CD8+ T-cell subsets with three elevated cytokines (MIP-1β, IL-8, and
IL-10) significantly emerged in SS. Compared with SE, SR produced more exhaustion
characterized by increased PD-1+ CD4+ TCM cells and decreased PD-1+ CD4+ TEM

cells with four elevated pro-inflammatory cytokines (IFN-γ, IL-1β, IL-6, and TNF-α). By
such individualized stage-dependent comparison, the sustainable immune activation
was found from activation/exhaustion shifted into exhaustion during the longitudinal viral
persistence. Further, validated SIV accelerates host immunosenescence continuously
independent of viral replication.
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INTRODUCTION

As one of the most significant public problems, human
immunodeficiency virus type-1 (HIV-1) infection is now
associated with long-term subclinical survival due to
successful antiretroviral therapy (ART). Acute HIV infection
activates CD8+ T cells to produce high level systematic
inflammation against viral expansion (Douek, 2013; Paiardini
and Müller-Trutwin, 2013). Simultaneously, such inflammatory
cytokines accelerate CD4+ T-cell apoptosis and disturb
the immunocompetence balance to progress to immunity
deficiency. Despite that, successful ART could draw the host
from acute HIV-specific CD8+ T-cell activation cascade
into an undetectable antigenic presentation and very
low response, the “invisible” latency sustainably arouses
immunologic activation/exhaustion of memory T cells, the
process of which is similar to normal aging (Appay et al.,
2007; Pathai et al., 2014). Three attenuated mechanisms
on antigen-specific immunity competence, including clonal
deletion, functional unresponsiveness (exhaustion), and viral
persistence with evaded recognition, were simultaneously
studied on chronic ART-treated HIV patients (Goepfert
et al., 2000; Goulder et al., 2000; Kostense et al., 2001, 2002).
Among them, exhaustion remarkedly showed overexpressed
checkpoint makers, particularly programmed death 1 (PD-
1) (Brenchley et al., 2006). Elevated PD-1 expression on
HIV-specific CD8+ T cells plays the role of exhaustion
mediator of CD8+ T cells to reduce cytokine production and
proliferation (Kaufmann and Walker, 2008). Interestingly,
PD-1 upregulation linearly correlates with HIV-specific
memory CD8+ T-cell exhaustion in the acute infection stage
but not in long-term non-progressors (Zhang et al., 2007),
indicating that chronic virus–host molecular interaction
could be more complicated and subtle corresponding to
viral persistence. Increasing proofs indicate that continuous
high expression of immunoregulatory markers, including
PD-1 and other checkpoint receptors, supports sustainable
activation/exhaustion during chronic viral persistence (Day et al.,
2006; Kaufmann and Walker, 2008).

However, in the context of immunocompetence imbalance, it
has not been determined how exhausted T cells end to apoptosis
or regain mild activation (Zhang et al., 2007; Youngblood et al.,
2013; Hoffmann et al., 2016; Muenchhoff et al., 2019). These
differentiation-independent activation/exhaustion/apoptosis are
of high between-host heterogeneity (Zhang et al., 2007; Petrovas
et al., 2009; Youngblood et al., 2013; Muenchhoff et al.,
2019). Moreover, HIV-specific immune activation and CD8+
T cytotoxic response in HIV-undetectable status are different
between ART-treated individuals and “primed” elite controllers
(Sáez-Cirión and Sereti, 2021). As antigen presentation provides
costimulatory signals to maintain CD8+ T-cell polyfunctionality
to resist apoptosis, ART treatment reduces polyfunctionality
due to decreased antigenic stimulation instead of stabilization
on T-cell perturbation. These CD8+ T cells present a low
cytotoxic response against HIV and high susceptibility to
apoptosis, as apoptosis-resistant CD8+ T cells isolated from elite
controllers are primed to control HIV replication (Lichterfeld

et al., 2007; Streeck et al., 2009). Therefore, the individual-
based host–virus interaction shift cannot be achieved by
comparing ART-treated HIV carriers and HIV-controlled elite
patients due to “primed” genetic variation. The best strategy to
reveal such eventual immunocompetence shift from dominant
immune activation into sustainable activation/exhaustion until
exhaustion/senescence during HIV infection is to monitor
the baseline immunity before individual infection. Moreover,
longitudinal studies show the global shift from robustness
into exhaustion due to attenuated antigen presentation binding
costimulatory signals (van der Most et al., 2003). However,
such chronic exhaustion does not equate to irreversible
termination or deletion. Some exhausted CD8+ T cells could
circulate long in the peripheral blood with compromised yet
sustained polyfunctionality, highly similar to immunosenescent
phenotypes (Cao et al., 2016; Martínez-Zamudio et al., 2021).

HIV latency-dependent persistence promotes similar T-cell
phenotype shift to normal aging (Deeks, 2011) as chronic
low-level inflammatory activation also termed as “inflamm-
aging” (Monti et al., 2017). One of the attributive pathogens
is cytomegalovirus (CMV), considered responsible for the
T-cell immune activation and exhaustion by aging in the
general population. Notably, subclinical HIV carriers are more
susceptible to age-related cardiovascular disease, metabolic
disorders, neurocognitive decline, and cancers due to T-cell
immunosenescence (Hansson, 2005; Deeks et al., 2013; van
den Dries et al., 2017). From this aspect, HIV persistence is
regarded as accelerated immunosenescence (Appay et al., 2007;
Molina-Pinelo et al., 2009; Dock and Effros, 2011; Pathai et al.,
2014). A bundle of proofs indicates that old asymptomatic HIV
carriers who have undergone successful long-term ART harbor
heavier loads of aging-related diseases compared with their age-
gender matches (Schouten et al., 2014; Appay and Sauce, 2017).
Notably, CMV, regarded as the responsible antigen for “natural”
immunity aging, does not aggravatedly compromise the CD8+
T-cell response as HIV does within the same host (Naeger et al.,
2010). However, chronic CMV persistence contributes to more
accumulation of immunosenescence and inflammation than HIV
does within the same host (Booiman et al., 2017). Such CMV-
HIV co-persistence further aggravates the complexity of chronic
HIV immunity reconstitution. Within-individual comparison is
required to find the optimal balance between antigen-dependent
costimulatory signals and effective cytokine signals during an
individualized scenario.

Using our individual-based comparison, we attempt to
differentiate the overlapped process between T-cell exhaustion
and activation and reveal the potentially optimal balance of
activation/exhaustion/senescence along with the individual
scenario. In the present study, we overtook baseline profiling
to “replace” conventional elite controllers, which could adjust
residual immunocompetence to achieve within-individual
differences before and after ART. We attempt to reveal the
immunocompetence shift from host–virus interaction. Also,
we compared differences between acute infection and ART-
ceased rebound to replenish the “additional” shift of the
imbalance of immunity activation/exhaustion/senescence
during SIV infection.
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MATERIALS AND METHODS

Study Design
Eight 4–6-year-old, male and female pathogen-free (SPF)
rhesus monkeys (Macaca mulatta) were housed and cared for
following the Institutional Animal Care and Use Committee
(IACUC) of the Institute of Laboratory Animal Science and the
recommendations of the Weatherall report for the use of non-
human primates in research1 at the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-
accredited facility. Macaques were intravenously infected with
100 tissue culture infective doses (TCID50) of SIVmac239 as

1http://www.acmedsci.ac.uk/more/news/the-use-of-non-human-primates-in-
research/

described (Chong et al., 2019). All animal procedures and
experiments were performed following protocols approved by the
IACUC of the Institute of Laboratory Animal Science, Chinese
Academy of Medical Sciences (No. XJ19005). All animals were
anesthetized with ketamine hydrochloride (10 mg/kg) before
sample collection, and experiments were performed in a biosafety
level 3 laboratory.

Antiretroviral therapy was initiated 98 days after infection
and continued for 3 months. The ART regimen consisting
of two reverse transcriptase inhibitors, 5 mg/ml tenofovir
disoproxil fumarate (TDF) and 40 mg/ml emtricitabine (FTC),
plus 2.5 mg/ml of the integrase inhibitor dolutegravir (DTG), was
subcutaneously administered once daily at 1 ml/kg body weight
(Whitney et al., 2018). The eight monkeys were followed up
49 days after discontinuation of ART. As part of the longitudinal

FIGURE 1 | Study design. Eight Chinese-origin rhesus macaques were intravenously (i.v.) inoculated with 100 median tissue culture infectious doses (TCID50) of
SIVmac239. At 98 days post-infection (dpi), antiretroviral therapy (ART) (FTC/DTG/TDF) was administered for 3 months. ART was discontinued at 189 dpi with a
49-day follow-up. Peripheral blood was collected to measure viral RNA, CD4 T-cell counts, total viral DNA, immunocyte subsets, and cytokines at the indicated time
points during the observation period.

FIGURE 2 | Gating for activated T-cell populations by flow cytometry. (A) Gating for CD4+ T cells (red dot plot in the rectangle) and CD8+ T cells (gray dot plot in the
rectangle). (B,C) Gating for activated CD4+ T-cell subsets (B) and activated CD8+ T-cell subsets (C) with CD38 and/or HLA-DR expression.
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observation, the effect of SIV RNA and total viral DNA on CD4
T-cell counts, immunocyte subsets, and cytokines was measured
at the indicated time points (Figure 1).

Quantification of SIV RNA and Total SIV
DNA
Viral RNA (vRNA) was isolated from plasma using a QIAamp
viral RNA mini kit (Qiagen, Valencia, CA, United States). Total
viral DNA (vDNA) was extracted from monkey peripheral blood

mononuclear cells (PBMCs) using a QIAamp Blood DNA mini
kit (Qiagen, Valencia, CA, United States) as previously reported
(Chong et al., 2019). Viral RNA was subjected to quantitative
real-time reverse transcription-PCR (qRT-PCR) on an ABI 9700
real-time PCR system (Applied Biosystems) using the following
primers and probe: Gag91 forward primer: 5′–GCA GAG GAG
GAA ATT ACC CAG TAC–3′; Gag91 reverse primer: 5′–CAA
TTT TAC CCA GGC ATT TAA TGT T–3′; Probe: 5′-(FAM)-
ACC TGC CAT TAA GCC CGA—(MGB)-3′. The copy numbers
were estimated by comparison to a pGEM-SIV gag477 standard

FIGURE 3 | Gating for memory T-cell subsets and PD-1+ cells in memory T-cell subsets by flow cytometry. (A,B) Gating for CD4+ memory T-cell subsets (A) and
CD8+ memory T-cell subsets (B) with CCR7 and CD45RA expression (TCM, CD4+/CD8+ CCR7+CD45RA−, blue dot plot; TNaïve, CD4+/CD8+ CCR7+CD45RA+,
orange dot plot; TEM, CD4+/CD8+ CCR7−CD45RA−, light green dot plot; TEMRA, CD4+/CD8+ CCR7−CD45RA+, dark green dot plot). (C,D) Gating for PD-1+

cells in CD4+ memory T-cell subsets (C) and PD-1+ cells in CD8+ memory T-cell subsets (D) (PD-1+ TCM, CD4+/CD8+ PD-1+CCR7+CD45RA−, blue zebra plot;
PD-1+ TNaïve, CD4+/CD8+ PD-1+ CCR7+CD45RA+, orange zebra plot; PD-1+ TEM, CD4+/CD8+ PD-1+ CCR7−CD45RA−, light green zebra plot; PD-1+ TEMRA,
CD4+/CD8+ PD-1+ CCR7−CD45RA+, dark green zebra plot).
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curve. The limits of detection were 100 copy equivalents of
RNA or DNA per ml of plasma. Triplicate test reactions were
performed for each sample.

Flow Cytometry
Aliquots (50 µl) of EDTA-treated whole blood were stained
with monoclonal antibodies to CD3 PerCP (SP34-2, BD
Biosciences, 552851), CD4 FITC (OKT-4, Biolegend, 317408),
and CD8 PE (RPA-T8, BD Biosciences, 555367). CD4+
T-cell counts were determined with BD Trucount tubes
according to the manufacturer’s instructions (BD Biosciences,
San Diego, CA, United States). PBMCs were isolated using
conventional Ficoll-Hypaque density gradient centrifugation (GE
Healthcare, Uppsala, Sweden). Polychromatic flow cytometry
was performed to quantitate activated CD4+ or CD8+ T
lymphocytes (Figure 2) and CD4+ or CD8+ memory T
lymphocyte subsets (Figure 3). Activated or memory T
lymphocyte subsets (Table 1) from 1 × 106 PBMCs were stained
with anti-CD3 BV605 (SP34-2, BD Biosciences, 562994), anti-
CD4 BV711 (OKT-4, Biolegend, 317440), anti-CD8 PE (RPA-T8,
BD Biosciences, 557086), anti-CCR7 BV421 (G043H7, Biolegend,
352208), anti-CD45RA APC (5H9, BD Biosciences, 561210),
anti-CD38 FITC (AT-1, Stemcell, 60131FI), anti-HLA-DR BV510
(G46-6, BD Biosciences, 563083), and anti-PD-1 PerCP-cy5.5
(EH12.2H7, Biolegend, 329914) monoclonal antibodies. Cells
were resuspended in 1% paraformaldehyde, subjected to flow
cytometry within 24 h on a FACSAriaII (BD Biosciences,
San Diego, CA, United States), and analyzed using FlowJo
V10 software.

Multiplex Analysis Using Luminex
Blood samples were centrifuged for 10 min at 600 × g, and
serum was immediately aliquoted and stored at −80◦C. The
following 11 cytokines were measured with a Luminex kit
following the manufacturer’s instructions: IL-1β, IL-2, IL-6, IL-
8, IL-10, IFN-γ, MCP-1, MIP-1β, TNF-α (Merck Millipore,
Billerica, MA, United States, PRCYTOMAG-40K-09C), TGF-β
(Merck Millipore, Billerica, MA, United States, TGFBMAG-64K-
01), and IP-10 (Carlsbad, CA, United States, EPX01A-40284-
901). After thawing the samples on ice and sufficient mixing,
25 µl of supernatant was loaded into each well of a 96-well plate
and mixed with 25 µl of assay buffer and 25 µl of magnetic beads.
The plates were incubated with agitation overnight at 4◦C. After
washing, 25 µl of detection antibody was added to each well, and
the plate was incubated for 1 h at room temperature (RT). Then,
25 µl of streptavidin-PE was added to each well and incubated
for 30 min at RT. Next, 150 µl sheath fluid was added to each
well after washing. Plates were read on a Luminex R© 200 (Bio-
Rad, Hercules, CA, United States), and the data were analyzed
for median fluorescent intensity using a five-parameter logistic
method for calculating analyte concentration.

Statistical Analysis
Comparisons between the two groups were determined using
paired t-tests. Comparison of quantitative variables was assessed
with Friedman’s test. The Spearman rank test was used to
determine correlations. All data were analyzed using GraphPad

Prism 9.0 software (GraphPad Software Inc., San Diego, CA,
United States). Significance was set at ∗P < 0.05, ∗∗P < 0.01, and
∗∗∗P < 0.001.

RESULTS

Generation of the ART-Treated,
SIVmac239-Infected Monkey Model
Eight rhesus monkeys were intravenously infected with 100
TCID50 SIVmac239. A 3-month ART regimen consisting of daily
s.c. injections of TDF, DTG, and FTC was continued from 98 days
post-infection (dpi), with a 49-day follow-up after stopping ART.
During the observation periods, the levels of viral RNA and
total viral DNA were measured, together with counts of CD4+
T cells and ratios of immunocyte subsets and quantification
of cytokine levels (Figure 1). Data collection for the model
was divided into four stages: baseline (pre-infection), infection,
treatment, and withdrawal based on the variation of vRNA
replication (Figure 4A). Regarding the virus, at the baseline stage,
SIV was negative (SN, “baseline”); after acute and chronic SIV
infection, SIV emerged (SE, “infection”) with a peak plasma SIV
RNA level of 6.91 log10 copies/ml (range 5.75–7.58 log10 RNA
copies/ml); during ART, the SIV replication was suppressed (SS,
“treatment”) to undetectable levels (limits of detection, 2.00 log10
RNA copies/ml); after cessation of ART, the SIV RNA rebounded
(SR, “withdrawal”) with the peak of plasma viral RNA ranging
from 4.60 to 6.99 log10 RNA copies/ml. The longitudinal vDNA
ranged from 3.20 to 3.90 log10 vDNA copies/ml after acute SIV
infection. The vDNA in the SR phase was significantly lower than
in the SE phase (SR vs. SE, P = 0.0009) (Figure 4B, right panel).

The CD4+ T-cell counts and CD4/CD8 ratios were compared
to determine the status of immune reconstitution. CD4+ T-cell
counts during ART (SS phase) were slightly increased, but
differences were not significant (SS vs. SE, P = 0.4044; and SS
vs. SR, P = 0.8061) (Figure 4C). CD4/CD8 ratios in the SS phase
were significantly increased compared with those during SE (SS
vs. SE, P = 0.0017) and in the SR phase (SS vs. SR, P = 0.0128),

TABLE 1 | Polychromatic flow cytometry for staining of T lymphocyte subsets.

T lymphocyte subsets Biomarker

Activated T cells CD4+/CD8+ CD38+ HLA-DR+

CD4+/CD8+ CD38+ HLA-DR−

CD4+/CD8+ CD38− HLA-DR+

CD4+/CD8+ CD38− HLA-DR−

Naive T cells (TNaive) CD3+ CD4+/CD8+ CCR7+ CD45RA+

PD-1+ TNaive CD3+ CD4+/CD8+ CCR7+ CD45RA+ PD-1+

Central memory T cells (TCM) CD3+ CD4+/CD8+ CCR7+ CD45RA−

PD-1+ TCM CD3+ CD4+/CD8+ CCR7+ CD45RA− PD-1+

Effector memory RA+ T cells
(TEMRA)

CD3+ CD4+/CD8+ CCR7− CD45RA+

PD-1+ TEMRA CD3+ CD4+/CD8+ CCR7− CD45RA+ PD-1+

Effective memory T cells (TEM) CD3+ CD4+/CD8+ CCR7− CD45RA−

PD-1+ TEM CD3+ CD4+/CD8+ CCR7− CD45RA− PD-1+

Frontiers in Microbiology | www.frontiersin.org 5 July 2021 | Volume 12 | Article 704449

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-704449 July 13, 2021 Time: 16:49 # 6

Tong et al. Longitudinal SIV-Host Immunity Monkey Model

FIGURE 4 | Dynamics of viral RNA, viral DNA, CD4 T-cell counts, and CD4/CD8 ratio in ART-treated, SIVmac239-infected macaques. (A) Dynamics of viral RNA
replication. The observation period was divided into four phases according to viral replication: SIV negative (SN), SIV emerged (SE), SIV suppressed (SS), and SIV
rebounded (SR). The gray dotted lines indicate the changes in viral RNA in each monkey; the solid red line, the average of viral loads for all monkeys; the red shaded
area, the SEM of viral loads for all monkeys. (B–D) Dynamics of total viral DNA, CD4 T-cell counts, and CD4/CD8 ratio during the observation period. Left panel, the
changes in (B) total viral DNA, (C) CD4 T-cell counts, and (D) CD4/CD8 ratio during the four phases (gray dotted line, changes in each monkey; black solid line, the
average of all monkeys; gray shaded areas, the SD of all monkeys; solid red line, the average viral loads of all monkeys). Right panel, comparisons among SN, SE,
SS, and SR. The blue triangles in the left panel represent the time points in the right panel. (*P < 0.05, **P < 0.01, ***P < 0.001, paired t-test).

which returned to the normal level before infection (SS vs. SN,
P = 0.4280) (Figure 4D).

Significant Increase in Activated or
PD-1-Expressing T Cells With Elevated
Levels of Inflammatory Cytokines in SS
vs. SN
Ratios of CD38+ HLA-DR− CD4+ (P = 0.0027)/CD8+
(P = 0.0373) T-cell subsets in the SS phase were significantly
higher than in SN before infection (Figures 5A,E). No
significant difference was shown in CD38+ HLA-DR+, CD38−
HLA-DR+, or CD38− HLA-DR− activated CD4+/CD8+

T-cell subsets between SS and SN phases (P > 0.05). For
memory CD4+/CD8+ T-cell subsets, CD4+/CD8+ TCM,
TNaive, TEMRA, or TEM during ART (SS) were not significantly
different compared to those in SN (Figure 5B). There was
a significant increase in PD-1-expressing T-cell subsets
during SS including PD-1+/CD4+ TCM (P = 0.0018) and
PD-1+/CD4+ TEM (P = 0.0165) (Figure 5C, left panel and
Figure 5E) as well as PD-1+/CD8+ TCM (P = 0.0270)
and PD-1+/CD8+ TEM (P = 0.0106) (Figure 5C, right
panel and Figure 5E) compared to before infection. Serum
profiles of anti- and pro-inflammatory cytokines and
chemokines were compared between SS and SN (Figure 6).
IL-10 (P = 0.0482), IL-8 (P = 0.0040), and MIP-1β
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(P = 0.0080) were significantly elevated in SS compared to
SN phase (Figures 5D,E).

Significant Shift in PD-1-Activated
T Cells With Elevated Inflammatory
Cytokines in Relation to SIV Replication
in SR vs. SE
Comparing SR to SE, we found no significant difference in
activated CD4+/CD8+ T-cell subsets with CD38 and/or HLA-DR
expression (Figure 7A) as well as memory T-cell subsets with
CCR7 and/or CD45RA expression (Figure 7B) (P > 0.05). The
only significant changes were an increase in PD-1+ CD4+ TCM

cells (p = 0.0110) and decrease in PD-1+ CD4+ TEM cells
(P = 0.0466) in SR compared to SE (Figure 7C, left panel
and Figure 7E). IFN-γ (P = 0.0234), IL-1β (P = 0.0169), IL-6
(P= 0.0164), and TNF-α (P= 0.0435) were significantly elevated
in SR compared to SE (Figures 7D,E).

Systematic Comparison of the Level of
Inflammation in ART-Treated
SIVmac239-Infected Rhesus Macaques
Percentages of specific immune cells and cytokine levels in
the four phases of “baseline-infection-treatment-withdrawal”
were systematically compared in SN vs. SS and SE vs.

FIGURE 5 | Comparison of CD4+/CD8+ T-cell subsets and cytokines between SS and SN phases. (A) Comparison of activated CD4+ (left panel) and CD8+ (right
panel) T-cell subsets from PBMC in SS vs. SN. (B) Comparison of CD4+ (left panel) and CD8+ (right panel) memory T-cell subsets from PBMC in SS vs. SN. The
percentage of central memory CD4+/CD8+ T cells (CD4+/CD8+ TCM, CD3+ CD4+/CD8+ CCR7+ CD45RA−), naive CD4+/CD8+ T cells (CD4+/CD8+ TNaive,
CD3+ CD4+/CD8+ CCR7+ CD45RA+), TEMRA cells (CD4+/CD8+ TEMRA, CD3+ CD4+/CD8+ CCR7− CD45RA+), and effective memory T cells (CD4+/CD8+

TEM, CD3+ CD4+/CD8+ CCR7− CD45RA−) were compared between SS and SN phases (paired t-test, P > 0.05). (C) Comparison of percentages of PD-1+ cells
in memory T-cell subsets in SS vs. SN. Left panel, comparison of percentages of PD-1+ cells in CD4+ TCM, TNaive, TEMRA, and TEM cells; right panel, comparison of
percentages of PD-1+ cells in CD8+ TCM, TNaive, TEMRA, and TEM cells. (D) Comparison of anti- and pro-inflammatory cytokines and chemokines between SS and
SN phases. (E) Fold change of cytokines and T-cell subsets with significant differences (SS value/SN value; blue filled patterns represent increased values). Data are
the mean ± SD from three independent experiments (∗P < 0.05, ∗∗P < 0.01, paired t-test, SS vs. SN).

Frontiers in Microbiology | www.frontiersin.org 7 July 2021 | Volume 12 | Article 704449

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-704449 July 13, 2021 Time: 16:49 # 8

Tong et al. Longitudinal SIV-Host Immunity Monkey Model

SR (Figure 8A). The frequency of immunocyte types and
cytokine expression levels were compared among the four
stages (Figure 8B). Activated CD4+ T-cell subsets with high

expression of CD38 or HLA-DR and memory CD4+/CD8+ T-cell
subsets with high expression of PD-1 were consistently sustained
from stage to stage.

FIGURE 6 | Comparison of cytokines between SS and SN and between SR and SE. Cytokines were detected in the serum of SIV-infected macaques at the
indicated phase. Levels (pg/ml) of IFN-γ, IL-10, TGF-β1, IL-1β, IL-6, TNF-α, IL-2, IL-8, MIP-1β, MCP-1, and IP-10 were measured and assessed by paired t-test in
SS vs. SN and SR vs. SE. Data shown are the mean ± SD from three independent experiments (∗P < 0.05, ∗∗P < 0.01).
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FIGURE 7 | Comparison of CD4+/CD8+ T-cell subsets and cytokines between SR and SE phases. (A) Comparison of activated CD4+ (left panel) and CD8+ (right
panel) T-cell subsets from PBMC in SR vs. SE. (B) Comparison of CD4+ (left panel) and CD8+ (right panel) memory T-cell subsets from PBMCs in SR vs. SE. The
percentage of central memory CD4+/CD8+ T cells (CD4+/CD8+ TCM, CD3+ CD4+/CD8+ CCR7+ CD45RA−), naive CD4+/CD8+ T cells (CD4+/CD8+ TNaive,
CD3+ CD4+/CD8+ CCR7+ CD45RA+), TEMRA cells (CD4+/CD8+ TEMRA, CD3+ CD4+/CD8+ CCR7− CD45RA+), and effective memory T cells (CD4+/CD8+

TEM, CD3+ CD4+/CD8+ CCR7− CD45RA−) were compared between SR and SE phases (paired t-test, P > 0.05). (C) Comparison of percentages of PD-1+ cells in
memory T-cell subsets in SR vs. SE. Left panel, comparison of percentages of PD-1+ cells in CD4+ TCM, TNaive, TEMRA, and TEM cells; right panel, comparison of
percentages of PD-1+ cells in CD8+ TCM, TNaive, TEMRA, and TEM cells. (D) Comparison of anti- or pro-inflammatory cytokines and chemokines between SR and SE
phases. (E) The fold change of cytokines and T-cell subsets with the significant differences (SR value/SE value; red-filled patterns are the increased values, and
gray-filled patterns are the decreased values). Data are mean ± SD from three independent experiments (∗P < 0.05, paired t-test, SR vs. SE).

DISCUSSION

Our comparison was based on longitudinal within-individual
analyses of host–virus interaction on CD4+ T cells (supposed
target) and CD8+ T cells (supposed effector). We systematically
measured the subset of activation status in conjunction with
their exhaustion status and cytokine profiling in non-human
primate models. Our stage-dependent host–virus immunity

comparison longitudinally tracked eight SIVmac239-infected
rhesus macaques. We stratified the SIV persistent scenario by
viral load representative of viral stimulation (acute) or persistence
(chronic/latent) to obtain four individual-based stages. We
compared SS to SN to reveal the host–virus interaction in the
context of virus-undetectable host immunity status. Also, we
compared SR to SE to reveal the host–virus interaction in the
context of virus-detectable host immunity status. In each single
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stage, our findings were highly consistent with previous studies
(Hunt et al., 2008; Molina-Pinelo et al., 2009; Robbins et al., 2009;
Hunt, 2012; Vandergeeten et al., 2012; Wittkop et al., 2013; Osuji
et al., 2018; Yero et al., 2019; Antar et al., 2020; Bordoni et al.,
2020).

Comparing SS and SN, we found significantly elevated CD38+
activated CD4+/CD8+ T-cell subsets and PD-1+ memory
CD4+/CD8+ T-cell subsets. T-cell activation by elevated CD38
and HLA-DR co-expression during HIV acute infection is
commonly seen (Hua et al., 2014; Ndhlovu et al., 2015; Chen
et al., 2017). It was worthy to note that CD38 expression
indicated the activation against HIV and displays a tendency
to exhaustion. HLA-DR was observed at the earlier phase
of the acute infection and waned during the long-term SS
stage. Therefore, the difference between SN and SS presented a
CD38+HLA-DR− subset. Furthermore, overexpressed PD-1 was
shown between two stages. It has been documented that high
expression of PD-1 and CD38 on CD8+ T cells is correlated with
viral replication and disease progression in long-term chronic
cases, indicating exhaustion of activated T cells (Hoffmann et al.,
2016). Also, memory CD4+ T cells are continuously exhausted
with overexpression of PD-1 (Evans et al., 2018). Collectively,

our between-stage (SS vs. SN) comparison validated a dynamic
process of activation/exhaustion during chronic latency along
individual scenarios. Notably, such activation/exhaustion might
produce “paradoxical” cytokines. Our comparison revealed MIP-
1β, IL-8, and IL-10 as the most prominent. As ART suppresses
dominant cytokines cascade into low levels (Hansen et al., 2009;
Casetti et al., 2017; Sereti et al., 2017; Bordoni et al., 2020),
pro-inflammatory MIP-1β and IL-8 and anti-inflammatory factor
IL-10 are secreted to exaggerate the imbalance of host immunity.
Also, such imbalance of cytokine microenvironment is likely to
promote CD8+ T cells’ susceptibility to senescence/apoptosis,
forming a chronic vicious circle. Therefore, our stage-dependent
comparison validated the “paradoxical” activation/exhaustion of
HIV/SIV-specific memory/effector T cells, which responded to
the latent and continuous HIV/SIV antigen representation.

Comparing SR and SE, we found increased PD-1+CD4+
TCM cells with decreased PD-1+CD4+ TEM cells and four
remarkedly increased pro-inflammatory cytokines. These results
suggested that the targeted CD4+ T cells were undergoing
exhaustion and senescence. During HIV replication, CD4+ T
cells were impaired, resulting in reduced immunity hemostasis.
In previous studies, the majority of PD-1 is overexpressed

FIGURE 8 | Systematic comparison of immune features in ART-treated, SIVmac239-infectecd macaques. (A) P values of immunocyte subsets and cytokines in SS
vs. SN and SR vs. SE. (B) Expression pattern of immunocyte subsets and cytokines during SN, SE, SS, and SR stages. All data are standardized by z-score and
analyzed by Friedman matched paired test (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).

Frontiers in Microbiology | www.frontiersin.org 10 July 2021 | Volume 12 | Article 704449

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-704449 July 13, 2021 Time: 16:49 # 11

Tong et al. Longitudinal SIV-Host Immunity Monkey Model

on the memory CD8+ T cells in both SR and SE stages
(Hansen et al., 2009), which could explain the low disparity
between the two stages. Regarding the cytokines, non-specific
and robust pro-inflammatory cytokines including TNF-α, IL-6,
and IFN-γ (Regidor et al., 2011; Vandergeeten et al., 2012; Osuji
et al., 2018) were significantly elevated. Such pro-inflammatory
profiling indicated that the host immunity was hyperactive and
imbalanced. It was paradoxical that such robust cytokines could
not eliminate the rebounding virus, which was also attributed to
the imbalanced cytokine shift. As the SR stage occurred after a
long host–virus interaction undergone ART treatment, it meant
that host global immunocompetence was eventually shifted from
activation/exhaustion to exhaustion/senescence, reflected by our
differential cytokine profiling between the two stages (SE vs. SR).

Our study had numerous limitations. First, the size of our
non-primate monkeys was relatively small, leading to the low
validity of the present findings. Secondly, we merely measured
PD-1 among a bundle of checkpoint receptors, such as Tim-3
and Lag-3, to represent immune checkpoint receptors on CD4
and CD8+ T cells. Thirdly, the profound polyfunctionality of
CD4+ and CD8+ T cells and cytokine profiles have not been
comprehensively measured. Fourthly, the dynamic trajectory
on CD4+ and CD8+ T-cell functionality and cytokine profiles
was not individually tracked and explained by intra-individual
and inter-individual variation due to the small size and low
frequency of measurements. Fifthly, the co-expression was not
joint analyzed as most combinations of multiple phenotypes were
functionally undetermined.

In summary, our stage-dependent individual-traced
comparison has presented an eventual shifting tendency from
activation/exhaustion to exhaustion/senescence using eight
rhesus macaques undergoing four stages. It was supposed
that sustained expression of PD-1 attempted to check the
point and maintain the balance, yet actually accelerated the
immune activation and exhausted the immunity response. The
dynamic imbalance and shift of host immunity during the
chronic scenario could be individually seen using the present
within-individual comparison. Overall, this stage-dependent
longitudinal comparison further confirmed that SIV accelerates
host immunosenescence continuously independent of viral
replication, the findings of which may provide insights into
identifying targets for novel intervention reducing persistent
immunoactivation in ART-treated individuals.
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