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Abstract

Depletion of gut T helper 17 (Th17) cells during HIV infection leads to decreased mucosal integrity and increased
disease progression. Conversely, T regulatory (Treg) cells may inhibit antiviral responses or immune activation. In
HIV elite controllers, a balanced Th17/Treg ratio is maintained in the blood, suggesting a role for these responses in
controlling inflammation and viral replication. HIV-infected individuals exhibit a range in responsiveness to com-
bination antiretroviral therapy (cART). Given the link between the Th17/Treg ratio and HIV disease, we reasoned
these responses may play a role in cART responsiveness. In this study, we investigated the relationship between the
mucosal Th17/Treg ratio to acute simian immunodeficiency virus (SIV) viremia and the response to cART. Nineteen
rhesus macaques were infected with highly pathogenic SIVDB670 virus and cART was initiated 6 weeks postin-
fection. Mucosal CD4 T cell subsets were assessed by intracellular cytokine staining in the colon and mesenteric
lymph nodes. Higher baseline Th17/Treg ratios corresponded with increased acute SIV viremia. Th17/Treg ratios
decreased during acute SIV infection and were not restored during cART, and this corresponded to increased gut
immune activation (Ki67+), markers of microbial translocation (sCD14), and T cell exhaustion (TIGIT+). Animals
that maintained a more balanced mucosal Th17/Treg ratio at the time of cART initiation exhibited a better virological
response to cART and maintained higher peripheral CD4 counts. These results suggest mucosal Th17 and Treg
homeostasis influences acute viremia and the response to cART, a result that suggests therapeutic interventions that
improve the Th17/Treg ratio before or during cART may improve treatment of HIV.
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Introduction

Globally, over 37 million people are infected with
HIV, and despite the effectiveness of combination an-

tiretroviral therapy (cART) in limiting viral replication, drug
therapies are unable to completely eliminate HIV reservoirs
that persist in lymphoid and gut tissues.1 To develop new
interventions to improve viral control or eliminate viral res-
ervoirs, a better understanding of how gut CD4 T cell subsets
contribute to the effectiveness of cART and HIV persistence
in these tissues is needed. In particular, T helper 17 (Th17)
and T regulatory (Treg) cells represent two unique CD4+ T
cell subsets with opposing regulatory functions.2 In the gut,

preferential depletion of Th17 cells during early infection
corresponds to a loss of mucosal integrity, increased micro-
bial translocation, immune activation, and disease progres-
sion.3,4 In addition, Th17 responses have antiviral effects that
could directly contribute to reducing residual virus in the gut.5

The contribution of CD4+ Tregs to HIV disease remains
unclear, but it is hypothesized that Tregs may decrease chronic
immune activation that can benefit the host in controlling the
disease or they can exacerbate disease by inhibiting HIV-
specific CD8 T cell activity during HIV infection.6 The dif-
ferential impact of Tregs on HIV disease may depend on the
stage of infection, the immune compartment being analyzed,
and the proportion of other T cell subsets observed.7,8
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The Th17/Treg ratio, measured in the peripheral blood, has
been shown to be a marker of disease progression during
HIV. Lower ratios, indicating reduced Th17 cells and ele-
vated Tregs, correlate with more rapid disease progression,
whereas higher Th17/Treg ratios are found in elite controllers
and HIV-uninfected populations.9,10 During cART, virus
persists in the gut mucosa. Therefore, it is important to un-
derstand how the mucosal Th17/Treg ratio is modulated
during HIV infection and cART treatment, whether there is a
relationship between this ratio and progressive HIV disease
and responsiveness to therapeutic interventions, and how the
dynamics of the mucosal Th17/Treg ratio during acute infec-
tion influences disease progression or intervention strategies.

Here, we infected rhesus macaques (RMs) with a highly
pathogenic strain of simian immunodeficiency virus (SIV;
SIVDB670) and evaluated the relationship between Th17 and
Treg cells in the colon and mesenteric lymph nodes (MLNs)
before and during acute infection, and the impact on viremia,
the virological response to cART, and the restoration of
mucosal CD4+ T cells during cART. We provide evidence
that baseline Th17/Treg ratios before infection and mainte-
nance of Th17/Treg ratios in the gut mucosa during acute
infection may be important factors influencing acute viremia
and the immunological and virological responses to cART.

Materials and Methods

Animals, infection, antiretroviral therapy,
and specimen collection

All animals used in this study were housed at the Wa-
shington National Primate Research Center (WaNPRC), an
accredited institution by the American Association for As-
sessment and Accreditation of Laboratory Animal Care In-
ternational (AAALAC). All experiments performed on the
RMs were approved by the University of Washington’s In-
stitutional Animal Care and Use Committee (IACUC) and
were in compliance with the U.S. Department of Health and
Human Services Guide for the Care and Use of Laboratory
Animals and Animal Welfare. Nineteen male RMs of Indian
origin received an intravenous (i.v.) inoculation of 100
TCID50 of cryopreserved SIVDB670 in 1 mL of RPMI,
as previously described.11 Starting at 6 weeks postinfec-
tion (wpi), RMs received daily subcutaneous injections of
20 mg/kg 9-(2-phosphoryl-methoxypropyly) adenine (PMPA;
Gilead Sciences, Foster City, CA) and 20–30 mg/kg 2¢,3¢-
dideoxy-5-fluroro-3¢-thiacytidine (FTC; Gilead Sciences),
and twice-daily oral administrations of 150–250 mg per an-
imal of Raltegravir (RAL; Merck & Co., Kenilworth, NJ).

Vital signs of the animals were monitored throughout the
course of infection, including weight, complete blood counts,
blood CD4 T cell count, and clinical signs indicative of op-
portunistic infections. WaNPRC guidelines define simian
AIDS as (1) >15% weight loss, (2) anemia (sustained he-
matocrit <15%), (3) blood CD4 counts of <200 cells/lL, and
(4) presence of opportunistic infections. Animals were eval-
uated for all four measures at least once a month and at each
specimen collection time point, and more frequently if two or
more criteria were filled.

Blood was collected every 1–4 weeks and colonic pinch
biopsies were collected by endoscopic biopsy under direct
visualization with biopsy forceps, as described12 before in-
fection, during acute SIV infection, and before initiating

cART (6 wpi), and 2 and 22 weeks after cART initiation
(8 and 28 wpi). In addition, MLNs were collected by lapa-
roscopic technique, as previously described,12 before infec-
tion and at 2 and 22 weeks after the start of cART, but not
during acute SIV infection. Animals were sedated with an
intramuscular injection (10 mg/kg) of ketamine (Ketaset�;
Henry Schein) to perform SIV infections and blood collec-
tions. For collection of MLN and colon biopsies, animals
were sedated with intramuscular injections of ketamine
(10 mg/kg) and dexmedetomidine (Dexdormitor�; Zoetis,
Inc.) (0.015 mg/kg), and then intubated and maintained on
isoflurane gas (Isothesia�; Henry Schein). Animals received
i.v. isotonic fluids and heat support during biopsy procedures,
and vital signs and anesthetic depth were monitored contin-
uously (jaw tone, heart rate, respiration rate, SPO2, ETCO2,
noninvasive blood pressure, and body temperature). Animals
received buprenorphine sustained release 0.2 mg/kg subcu-
taneously (Buprenorphine SR�; SR Veterinary Technolo-
gies) immediately before biopsy procedures, and bupivacaine
local blocks were provided at each lymph node biopsy site
(Marcaine�; Hospira, Inc.). Animals were given atipame-
zole 0.15 mg/kg intramuscularly (Antisedan�; Zoetis, Inc.)
following biopsy procedures to reverse dexmedetomidine
sedative.

Lymphocyte isolation from gut tissues

Intraepithelial and lamina propria lymphocytes were iso-
lated from colon biopsies following enzymatic digestion, as
previously described.13 Lymphocytes were isolated from
whole MLN biopsies by straining through a 70-lm filter in
supplemented RPMI-1640 media. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from whole blood using
an ACCUSPIN�–Histopaque� technique. After isolation,
cells were resuspended in freezing media (90% fetal bovine
serum +10% dimethyl sulfoxide), then placed in a Mr. Frosty�
container at -80�C overnight, and then transferred to liquid
nitrogen freezer for long-term storage.

Plasma viral load quantification

SIVDB670 plasma viral RNA was evaluated by quantita-
tive real time polymerase chain reaction (RT-PCR) using
previously described primers.11,14 All viral loads were de-
termined by the Virology Core at the WaNPRC.

Complete blood counts

Blood CD4 counts and CD4/CD8 ratios were determined
from the complete blood counts as determined on a Beckman
Coulter� AC*T� 5diff hematology analyzer.

Intracellular cytokine staining

Cells isolated from colon biopsies, PBMCs, and MLNs
were left unstimulated or stimulated overnight with 10 ng/mL
PMA (Sigma) and 1 lg/mL ionomycin (Life Technologies)
in supplemented RPMI-1640. All samples were treated
overnight with 1 lg/mL brefeldin A (Sigma) and in the
presence of CD107a antibody (eBioH4A3; eBioscience).
Viability was assessed using a live/dead stain (Life Tech-
nologies) and cells were stained using the surface markers
identified in Supplementary Table S1. Cells were fixed and
permeabilized with True-Nuclear Transcription Buffer Set
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(BioLegend) and stained for the intranuclear transcription
factor FoxP3 (206D; BioLegend), and for intracellular cy-
tokines shown in Supplementary Table S1. Samples were
acquired on an LSRII (BD Biosciences) and analyzed using
FlowJo software version 9.9.4 (FlowJo; LLC). Gating
schemes are detailed in Supplementary Figure S1. Briefly
Tregs were identified by coexpression of CD25 and FoxP3
within the CD4+ T cell subset from unstimulated samples,
Th17 cell frequencies were measured by gating on CD4 T cell
subsets expressing IL-17 and subtracting levels measured in
unstimulated controls, and polyfunctionality of Th17 cells
(IL-22, IFNc, TNFa, or IL-2) was evaluated by Boolean
gating.

TIGIT staining

Cryopreserved PBMCs were thawed in cold R10 media
and rested at 37�C and 5% CO2 for 4 h. Cells were washed
twice with phosphate-buffered saline and stained with a
Live/Dead amine dye (Life Technologies). Next, cells were
stained for CCR7 (3D12; BD Biosciences) at 37�C and 5%
CO2 for 15 min. Cells were then stained for the surface
markers shown in Supplementary Table S2 at 4�C for 20 min
in the dark. Gating schemes are detailed in Supplementary
Figure S2. Samples were fixed in 1% paraformaldehyde and
acquired on an LSRII (BD Biosciences), and then analyzed
using FlowJo software version 9.9.4 (FlowJo; LLC).

Soluble CD14 ELISA

Soluble CD14 (sCD14) was quantified in plasma us-
ing the Quantikine ELISA Human CD14 Immunoassay kit
(R&D Systems) as per the manufacturer’s instruction. Re-
sults were analyzed using a 4-PL (four-parameter logistic)
function for fitting standard curves using Prism version
6.0h (GraphPad).

Statistical analyses

Nonparametric statistical methods were employed for all
comparisons. Specifically, paired Wilcoxon tests were used
to compare changes in values between the following time
points: before infection versus acute SIV infection (4–6 wpi);
before infection versus 2 weeks on cART; acute SIV infec-
tion versus 22–24 weeks on cART; and 2 weeks on cART
versus 22–26 weeks on cART (results shown in Figs. 1, 2, and
4 and Supplementary Figs. 3 and 4) for PBMC and endoscopic
biopsy ( p-values summarized in Supplementary Table S3).
Since MLN samples were not collected during acute in-
fection, Wilcoxon tests were used to compare changes in
values between the following time points: before infection
versus 2 weeks on cART and 2 weeks on cART versus 22–
24 weeks on cART (shown in Supplementary Fig. S5,
p-values summarized in Supplementary Table S3). Para-
meters in the blood and plasma were compared as follows:
before infection versus acute SIV infection (4–6 wpi); be-
fore infection versus 2–4 weeks on cART; acute SIV in-
fection versus 22–26 weeks on cART; and 2–4 weeks on
cART versus 22–26 weeks on cART (Supplementary
Table S3). Spearman rank-transformed correlation analyses
were conducted to evaluate correlation robustly (Figs. 3 and
4). All analyses were conducted using two-sided tests.
A value of p £ 0.05 was considered statistically significant.

All statistical measures were performed using Prism version
6.0h (GraphPad). A partial permutation test was used to
determine significance between pie charts (Fig. 2C) using
SPICE software (version 5.3), as previously described.15

Results

Study design and dynamics of SIV viremia
and CD4 T cells in blood and mucosal tissues

Nineteen RMs were infected intravenously with SIVDB670,
a highly pathogenic primary isolate that results in high viral
loads and generally leads to AIDS in untreated RMs within
11 months postinfection.11,16 Combination ART, consisting
of PMPA, FTC, and RAL (see Materials and Methods sec-
tion), was initiated at 6 wpi (Fig. 1A). Blood was collected
every 1–4 weeks to measure plasma SIV viremia and blood
T cell counts, and PBMCs were collected for analysis of
immune responses. Lymphocytes from colonic gut mucosal
tissue biopsies and MLNs were collected before SIV infec-
tion and at 2 and 22 weeks after cART initiation, and also
from the colon during acute SIV infection/before initiating
cART at 6 wpi (Fig. 1A). Peak SIV plasma viremia of 1.93–
370 · 106 copies/mL occurred 1–2 wpi, a result that is con-
sistent with in vivo virus loads previously reported in RMs for
this challenge stock.11 SIV viral burden was dramatically
reduced by 39%–100% within the first 4 weeks and by 93%–
100% by 22 weeks after cART initiation (Fig. 1B), with 8 of
the 19 animals (42.1%) reaching complete viral suppression
at levels below the limit of detection.

CD4+ T cells in the blood declined 2%–64%, and in the
colon 35%–89% during acute infection by 4–6 wpi, but were
significantly restored to 59%–104% in the blood and 48%–
155% in the colon of preinfection baseline levels after 22–26
weeks on cART (Fig. 1C, D and Supplementary Fig. S3A). The
frequencies of CD4+ T cells and central memory (CM) CD4+

T cells in the PBMCs also declined up to 60% in the first 6
weeks of infection (Supplementary Figs. S3A, S4A), a result
that is consistent with findings in HIV-infected patients.17

Furthermore, similar to HIV-infected patients,18 levels were
restored to that of baseline within 22 weeks on cART. The
MLN was not sampled during acute infection, but after 22
weeks on cART, CD4+ T cell levels in the MLN were com-
parable to preinfection levels (>91%) (Supplementary
Fig. S5A).

The blood CD4/CD8 ratio is a biomarker of HIV disease
progression, and individuals with a ratio <1.0 have a higher
rate of AIDS-related comorbidities.19,20 Following SIV in-
fection, blood and colon CD4/CD8 ratios declined, 11%–
78% and 49%–95%, respectively, within the first 6 weeks of
infection. Blood CD4/CD8 ratios were partially restored to
54%–95% of the preinfection levels after 24 weeks on cART,
whereas restoration of colonic CD4/CD8 ratios was highly
variable with levels restored to 25%–171% of preinfection
levels (Fig. 1C, D). Overall, loss of CD4+ T cell frequencies
and CD4/CD8 ratios followed by highly variable restoration
in the gut mucosa mirrored the dynamics of T cell loss and
recovery in the blood and in the PBMC. No relationship was
observed between the level of viral suppression after 22
weeks on cART and the levels or amount of restorations of
CD4+ T cells or the CD4/CD8 ratio in the blood or colon
before/after initiating cART, indicating these parameters
did not significantly influence responsiveness to cART.
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Th17/Treg homeostasis is disrupted during acute SIV
infection and not restored during cART

Dysregulation of the peripheral Th17/Treg ratio is nega-
tively associated with AIDS progression and HIV vire-
mia.9,21,22 To determine if a similar relationship occurs in
tissues of SIV-infected macaques and the impact of cART on
this ratio, we measured the frequency of Th17 and Treg CD4+

T cell subsets in the colon and MLN during acute infection
and cART. During the first 6 weeks of SIV infection, fre-
quencies of Th17 cells in the colon significantly declined by a
median of 2.5-fold concurrent with a 4.4-fold median in-
crease in Treg cell frequencies, resulting in an overall 8.7-
fold median decline in the Th17/Treg ratio when compared
to baseline levels (Fig. 2A), indicating a substantial disrup-
tion in the balance between Th17 and Tregs in the gut.
A similar pattern of CD4 dysregulation was also observed in
the PBMC within the first 6 weeks of infection (Supple-
mentary Fig. S3B). After 22 weeks on cART, frequencies of

Tregs were reduced ( p = 0.0602) by a median of 51%, but
there was no impact on Th17 cells in the colon ( p = 0.8288),
leading to no significant improvement in the Th17/Treg ratio
( p = 0.5949) (Fig. 2A). Similar results were seen in the MLN
(Supplementary Fig. S5B).

Loss of gut Th17 polyfunctionality during HIV and SIV in-
fection is associated with increased disease progression and
HIV/SIV persistence.23–25 To determine the impact of acute SIV
infection and cART on Th17 polyfunctionality in the gut, Bool-
ean gating was used to measure the frequency of polyfunctional
Th17 cells co-producing two or more cytokines, including IL-
22, IFNc, TNFa, and/or IL-2. Polyfunctional Th17 cells de-
clined by a median of 3.5-fold during acute SIV infection and
were not restored during cART with an overall 6-fold median
decline in the frequency of Th17 cells after 22 weeks on cART
(Fig. 2B, C). The decline in Th17 polyfunctionality was not
due to the loss of any specific effector function and was con-
sistent with an overall decline in frequencies of other cytokine-
producing (IFNc+, TNFa+, or IL-2+) CD4+ T cells in the colon

FIG. 1. cART reduces CD4 decline in blood and colon in SIV-infected macaques. (A) Rhesus macaques (N = 19) were infected
i.v. with SIVDB670 and put on daily cART starting 6 wpi (blue triangle). Blood, colon biopsies (blue squares), and MLN (green
circles) were collected before and after SIV infection. (B) Plasma viral RNA levels at each time point were measured by qRT-PCR.
The dotted line indicates the limit of detection (30 copies/mL of plasma). (C) CD3+CD4+ T cells (black line/left axis) and the CD4/
CD8 (CD3+CD4+/CD3+CD8+) ratio (red line/right axis) in the blood were quantified by CBC using a hematology analyzer.
(D) The frequency of CD4+ T cells (black line/left axis) within CD45+ cells and the CD4/CD8 ratio (red line/right axis) from colon
biopsies was determined by flow cytometry. (B–D) Shown are medians with interquartile ranges. Shaded regions indicate periods
of cART treatment. p-Values were determined using paired Wilcoxon tests, with p-values £0.05 considered significant. cART,
combination antiretroviral therapy; CBC, complete blood count; i.v., intravenously; MLN, mesenteric lymph node; qRT-PCR,
quantitative RT-PCR; SIV, simian immunodeficiency virus; wpi, weeks postinfection.
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(data not shown), demonstrating a generalized loss in T cell
polyfunctionality that is not restored during cART. Together
these results show that SIV infection leads to severe loss of Th17/
Treg cell homeostasis and immune function in the gut that, de-
spite partial-to-full restoration of CD4+ T cell counts and the
CD4/CD8 ratio, is not restored after >5 months of cART therapy.

Preinfection Th17/Treg ratios in the colon influence
early SIV viremia

Previous studies show that HIV-infected, cART-naive in-
dividuals, who have higher levels of peripheral Th17 cells

during the early stages of infection (i.e., 50–120 days post-
infection), exhibit lower viral loads and slower disease pro-
gression during chronic infection when compared to rapid
progressors,9 suggesting that levels of Th17 cells present early
in infection may contribute to improved viral control and
slower disease progression. However, it is unclear if slow
progressors develop higher Th17 responses during acute HIV
infection or if they inherently have higher levels before in-
fection. Since these previous studies evaluated Th17 responses
only in the blood, the relationship between disease progression
and Th17 levels in the gut is also not clear. Since we observed

FIG. 2. Th17/Treg homeostasis is disrupted during acute SIV infection and not restored during cART. (A) The percentage
of Th17 (IL-17+) (left panel), stimulated with PMA and ionomycin, or unstimulated Tregs (FoxP3+CD25+) (center panel) of
CD4+ T cells in the colon was determined by flow cytometry (as described in Materials and Methods section). The Th17/
Treg ratio (right panel) was determined by taking the percentage of IL-17+CD4+ cells and dividing it by the percentage of
FoxP3+CD4+ cells. The ratio is given as a log10 scale with the dotted line (1) indicating equilibrium of Th17 and Treg cells.
(B) Polyfunctional Th17 cells were identified as the percentage IL-17+ cells that produced at least two additional cytokines
(IL-22, IFNc, TNFa, and/or IL-2) as determined by Boolean gating, following in vitro stimulation with PMA and iono-
mycin. Medians with interquartile ranges (N = 19) are shown in (A, B). Paired Wilcoxon p-values are indicated, p £ 0.05 is
considered significant. (C) Pie charts show the relative average proportion (N = 19) of Th17 cells producing IL-17 and two
or more cytokines (IL-22, IFNc, TNFa, and/or IL-2) before infection (baseline), during acute infection, but before initiated
cART (6 wpi) and after 2 (8 wpi) and 22 (28 wpi) weeks on cART. Percentages were calculated by Boolean gating in
FlowJo. Pie Permutation tests were determined using SPICE. Approximate p-values are indicated, values £0.05 are con-
sidered significant. Shaded boxes indicate time points after cART imitation. Th17, T helper 17; Treg, T regulatory.
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FIG. 3. Higher acute SIV viremia is associated with higher preinfection Th17/Treg ratios. Correlations between plasma
viral load measured before initiation of cART at 6 wpi during acute SIV infection and preinfection Th17/Treg ratios (left
panel) and Th17 (center panel) or Treg (right panel) frequencies in the colon. Spearman’s rank correlation coefficients are
shown, p £ 0.05 is considered significant.

FIG. 4. Maintenance of the gut Th17/Treg ratio correlates with improved virological response to cART. (A) Correlation
between acute SIV plasma viral load (viral RNA copies/mL), measured as AUC 1–6 wpi, versus log10-fold change in the
Th17/Treg ratio during acute infection compared to preinfection levels (log10 6 wpi/-4 wpi). (B) Correlations between log10-
fold change in Th17/Treg ratio during acute infection (6 wpi/-4 wpi) versus restoration of peripheral blood CD4 counts as
percent of preinfection levels during cART (left panel) or CD4/CD8 ratio (right panel) (14–26 wpi). (C) Correlations
between log10-fold change in Th17/Treg ratio during acute infection (6 wpi/-4 wpi) versus plasma viral RNA (left panel) or
percent viral reduction in the plasma (right panel) after 22 weeks on cART. Percent viral reduction on cART using the limit
of viral detection for the assay of 30 copies/mL of plasma was calculated as follows: [(log FVL/IVL)/(log 30/IVL)]*100,
where FLV = final viral load measured after 22 weeks on cART, IVL = initial viral load measured at 6 wpi when cART was
first initiated. The dotted line indicates the limit of detection of the assay (left panel) or maximum percentage (100%) of
viral reduction (right panel). Spearman’s rank correlation coefficients are shown, with p-values £0.05 considered signifi-
cant. AUC, area under the curve.
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severe disruption of the Th17/Treg balance during acute SIV
infection in RMs, we wanted to determine if there was a rela-
tionship between the Th17/Treg ratio before infection or at the
earliest stages and acute viremia. Higher colonic Th17/Treg
ratios before infection positively correlated with higher acute
viral loads at 6 wpi ( p = 0.0286, r = 0.5018) and when analyzed
separately, higher Th17 ( p = 0.0675, r = 0.4281), but not Treg
( p = 0.5715, r = 0.1386), preinfection frequencies showed
a trend in positively correlating with higher acute viral loads
(Fig. 3). In contrast, higher viremia at 6 wpi did not corre-
late with colonic frequencies of Th17 cells ( p = 0.5280,
r = 0.1544), Tregs ( p = 0.7807, r = 0.0685), or the Th17/Treg
ratio ( p = 0.7535, r = -0.0772) at the same time point (data
not shown). These data suggest that higher frequencies of gut
Th17 cells may initially provide a larger SIV target pool,
leading to increased acute viremia, and furthermore, pre-
infection Th17/Treg homeostasis may be a key factor influ-
encing acute viral loads and subsequent disease progression.

Maintenance of the gut Th17/Treg ratio correlates
with improved virological responses to cART

During HIV infection, a loss in the balance of Th17 and Treg
cells in the periphery is associated with greater immune acti-
vation, CD4 decline, and faster HIV disease progression.9,21,26

We therefore investigated if there was a relationship between
the early dysregulation of Th17 and Treg cells we observed in
the gut of SIV-infected macaques and viral loads during
acute infection or cART. Greater SIV viral burden, mea-
sured as the area under the curve in the first 6 weeks of
infection, positively correlated ( p = 0.0477, r = -0.4596)
with greater gut dysregulation, measured as the fold change
in the Th17/Treg ratio within the first 6 wpi (between pre-
infection and 6 wpi time points) (Fig. 4A), indicating that
greater viral burden during acute infection leads to greater
dysregulation of Th17 and Treg cells in the gut.

We next investigated if animals that maintained a more
balanced Th17/Treg ratio in the colon during acute SIV
infection had improved responses to therapy after >3
months of cART. Maintenance of the Th17/Treg ratio was
defined as the fold change in the ratio between preinfection
and acute SIV infection (6 wpi) time points. Animals with
better maintenance of the colonic Th17/Treg ratio (fold
change closer to 1.0) at the time of cART initiation (6 wpi)
exhibited higher restoration of whole blood CD4 counts and
CD4/CD8 ratios after >3 months of cART (Fig. 4B), but not
CM CD4+ T cells in the PBMCs (Supplementary Fig. S4B),
when compared to preinfection levels. In correspondence,
animals with less Th17/Treg dysregulation in the first 6
weeks of SIV infection had lower plasma viral loads and
higher viral reduction after being on cART for 22 weeks
(Fig. 4C). Collectively, these data suggest that conservation
of the gut Th17/Treg ratio during acute SIV viremia cor-
responds to a more robust response to cART treatment.

Reduction of the Th17/Treg ratio is associated
with increased gut immune activation, microbial
translocation, and peripheral immune exhaustion

Despite the effectiveness of cART in reducing HIV vire-
mia, persistent immune activation and microbial transloca-
tion still occur in HIV-infected individuals, leading to

increased morbidity and mortality.27–31 We therefore inves-
tigated if there is a relationship between the Th17/Treg ratio
in the colon and the level of immune activation and microbial
translocation during acute infection and cART. Immune ac-
tivation in the colon, measured as the percentage of Ki67+

cells of CD4+ or CD8+ T cells, increased 2.9- and 1.79-fold,
respectively, during the first 6 weeks of infection (Fig. 5A),
a result that mirrors the increases in immune activation
we observed in the PBMC during the same time frame
(Supplementary Fig. S3C) and in the MLN after 2 weeks
on cART (Supplementary Fig. S5C). After 22 weeks on
cART, immune activation in the colon was significantly re-
duced, reaching levels similar to those found at preinfection
(Fig. 5A). However, plasma sCD14 levels, an indicator of
microbial translocation,32 significantly increased during
acute SIV infection and continued to escalate during the 5
months of cART (Fig. 5B), indicating that although cART
reduced gut immune activation, it was unable to protect against
progressive mucosal barrier dysfunction and microbial trans-
location. LPS binding protein (LBP), another measurement
of microbial translocation,32 was also evaluated in plasma.
However, changes in LBP levels were discerned in only 4 of
the 19 animals post-SIV infection (data not shown). Since our
analysis of microbial translocation focused on the earliest
weeks postinfection, levels of LBP in the blood may still be
below threshold levels of detection. Indeed, our results are
consistent with previous studies in SIV-infected macaques,
which similarly showed variable to no changes in LBP levels
within the first 5 weeks of infection.33

Elevated frequencies of the immune checkpoint receptor
and marker of exhaustion, T cell immunoreceptor with Ig,
and ITIM domains (TIGIT) on T cells is associated with
disease progression in HIV-infected people.34 Levels of TI-
GIT+ T cells remain elevated in cART-treated individuals or
elite controllers, indicating that immune exhaustion persists
despite potent suppression of viremia by cART.34,35 In the
SIV-infected RMs in this study, we similarly found that
frequencies of TIGIT+ CM (CD95+CD28+) T cells increased
in the PBMCs, with up to a 7.6- and 4.4-fold increase in
TIGIT+ CM CD4+ and CD8+ T cells, respectively, during the
first 6 weeks of infection (Fig. 5C). Combination ART ap-
peared to have no impact on immune exhaustion with a fur-
ther 11.1- and 7.4-fold median increase in the frequencies of
TIGIT+ CM CD4+ and CD8+ T cells, respectively, during cART
when compared to preinfection levels (Fig. 5C). Together these
data show that, similar to that observed during HIV infection,
cART in SIV-infected macaques has limited effects on barrier
dysfunction and peripheral immune exhaustion.

To determine if the dysregulation of the Th17/Treg ratio
we observed in the colon during SIV infection contributes to
persistence of AIDS-related symptoms during cART, we per-
formed longitudinal comparative analyses of these immune re-
sponses to the Th17/Treg ratio in the colon measured at key time
points during the study: preinfection, acute infection, and after 2
and 22 weeks on cART. The results in Figure 5 collectively
show that lower Th17/Treg levels correlated with greater
gut immune activation (Ki67+CD4+: p = 0.0002, r = -0.4199;
and Ki67+CD8+: p = 0.0330, r = -0.2449) (Fig. 5D), increased
microbial translocation (sCD14: p < 0.0001, r = -0.4567)
(Fig. 5E), and increased peripheral immune exhaustion (TI-
GIT+ CM CD4+: p = 0.0044, r = -0.3233; and TIGIT+ CM
CD8+: p = 0.0191, r = -0.2683) (Fig. 5F). Taken together, these
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results show that acute SIV infection results in severe disrup-
tion of the Th17/Treg ratio in the colon that is not restored by
cART, and this loss may contribute to the generalized gut
immune activation, subsequent microbial translocation, and
peripheral immune exhaustion that persists during cART.

Discussion

Previous studies in HIV-infected individuals and SIV-
infected macaques have investigated the relationship be-
tween Th17 and Treg responses in the peripheral blood or
mucosa and disease progression. These studies have consis-
tently shown that Th17 cells are primary initial targets of in-
fection and greater loss of Th17 cells in the blood or gut is
a strong predictor of higher immune activation, increased
microbial translocation, and more rapid disease progres-
sion.3,4,9,36–38 Although Tregs modulate immune activation,
their role in HIV/SIV disease has been less clear with studies

showing HIV/SIV infection increases,9,10,25,39 decreases,23,40–42

or causes no change41,43 in Treg frequencies in blood and mu-
cosal tissues.

Most studies have examined Th17 and Tregs as indepen-
dent cell subsets. However, Falivene et al., demonstrated that
chronic HIV infection, in the absence of cART, results in a
significant decline in the peripheral Th17/Treg ratio when
compared to healthy controls, and elite controllers maintain
higher Th17/Treg ratios than chronically infected individu-
als,9 indicating these two subsets work together to influence
the course of the disease, likely by impacting the kinetics and
magnitude of immune activation and the inflammatory re-
sponse to the infection. Since HIV-infected individuals with
higher immune activation and dysfunction generally exhibit a
less potent virological response to cART,44 we reasoned that
an imbalance between Th17 and Treg responses may simi-
larly influence effectiveness of cART. In this study, we show
a profound decline in the mucosal Th17/Treg ratio in the

FIG. 5. Reduction of the Th17/Treg ratio is associated with increased gut immune activation, microbial translocation, and
peripheral immune exhaustion. (A) Gut immune activation was measured in the colon as the frequency of Ki67+ of CD4+

(red line) or CD8+ ( purple line) T cells by flow cytometry. (B) Microbial translocation was measured as soluble CD14
(sCD14) in plasma by ELISA. (C) The frequencies of CM (CD95+CD28+) CD4+ (red line) or CD8+ ( purple line) T cells in
the PBMC expressing the immune exhaustion marker TIGIT were measured by flow cytometry. (D–F) Longitudinal
correlations between the Th17/Treg ratio in the colon measured at the indicated time points and (D) gut immune activation
(%Ki67+ of CD4+ or CD8+ T cells), (E) microbial translocation (sCD14 levels), and (F) immune exhaustion of CM T cells
in PBMC (%TIGIT+) were determined by Spearman’s rank correlation analyses. Lines in (A–C) indicate the medians with
interquartile ranges. p-Values were determined using paired Wilcoxon tests, p £ 0.05 is considered significant. Shaded gray
boxes in (A–F) indicate periods of cART. CM, central memory; PBMC, peripheral blood mononuclear cell.
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colon of SIV-infected RMs during acute infection, which is
not restored during cART. Furthermore, this decline corre-
sponded with the development of higher immune activation,
greater microbial translocation, increased peripheral immune
exhaustion, and an overall poorer response to cART. These
effects were specific to the Th17/Treg ratio since separate
Th17, Treg, and CD4 frequencies did not correlate with the
virological response to cART. Strikingly, our results also
showed that a higher Th17/Treg ratio measured before in-
fection predicted higher postinfection acute SIV viremia.
Since Th17 cells are primary targets of HIV/SIV infection,
the larger pool of these cells at the time of viral exposure may
have contributed to the observed enhanced susceptibility to
the infection. This suggests that the frequency of Th17 cells
and the balance between Th17 cells versus Tregs at the ear-
liest stages of infection partially determine the rate of disease
progression and the virological response to cART. The
analysis of the Th17/Treg ratio in our studies was limited to
colonic mucosal tissues and these findings may be translatable
to other mucosal tissues. In support of this, similar levels of
CD4+ T cell and Th17 depletion and immune activation were
observed in the jejunum and colon of SIV-infected ma-
caques.3,45,46 However, greater CD4+ T cell depletion has been
reported in the jejunum when compared to the colon in HIV-
infected individuals,47 and additional studies are needed to
determine if the magnitude of Th17/Treg dysregulation in the
colon reported here is similar at other mucosal sites.

The early loss of Th17 cells in the blood and gut we ob-
served following SIV infection is consistent with previous
studies3,10,42,48,49 and is likely a key factor leading to an im-
balance between Th17 and Tregs, and a profound decline in the
Th17/Treg ratio at the earliest stages of disease. Th17 cells and
Tregs likely work together to exert control over the inflam-
matory response to the infection, loss of mucosal integrity, and
T cell activation. With a significant loss in Th17 cells imme-
diately during acute infection, there becomes an imbalance in
these two subsets that may lead to increased immune activa-
tion and inflammation, providing a setting for enhanced viral
replication that could counteract the effects of potent cART.

The animals in our studies were infected with a highly
pathogenic strain of SIV, SIVDB670, that on average results
in progression to AIDS in untreated animals within 11 months.50

Previous studies evaluating mucosal dysfunction employed
RMs infected with more commonly used SIVmac251 or
SIVmac239 strains.3,42,48,49 Animals infected with these strains
also rapidly progress to AIDS, but at a slower rate, generally
within 14–18 months postinfection.51 The more aggressive
nature of SIVDB670 likely contributes to greater and more
accelerated gut dysfunction. In support of this, pigtail ma-
caques infected with SIV progress more rapidly to AIDS and
exhibit a more compromised gastrointestinal integrity when
compared to RMs.38,52 In addition, the route of challenge (i.e.,
single bolus i.v. employed in this study, compared to repeated
low-dose rectal challenges) may also impact the kinetics and
magnitude of mucosal dysfunction. Despite these differences,
there is consistency among all nonhuman primate models in
demonstrating a correlation between the level of mucosal
immune dysfunction and disease progression. Further studies
are needed to determine the non-human primate (NHP)
model that best resembles HIV gut dysfunction in humans.

We also found that the decline in the Th17/Treg ratio cor-
related with higher immune activation and an increase in the

frequency of T cells with an exhausted phenotype (TIGIT+).
Recent studies show that viral-specific Th17 responses can
develop during HIV/SIV infection.53,54 In addition, a subset of
Tregs with TIGIT coexpression can suppress Th17 re-
sponses55; so a loss of SIV-specific Th17 cells coupled with an
increase in Th17 and Treg immune exhaustion could also
contribute to reduced viral control during cART.

Although the NHP is a valuable model for studying human
HIV disease, additional studies are needed to determine if
these findings are consistent with HIV infection in humans.
For example, SIV infection induces AIDS in nonhuman
primates more rapidly than HIV infection in humans.
Therefore, viral replication in SIV-infected animals can be
difficult to suppress with antiretroviral drugs designed to
target HIV. Relative to humans, the period of cART therapy in
our macaques is quite short (e.g., several months vs. several
years) and restoration of gut homeostasis, and in particular the
Th17/Treg ratio, may require longer cART treatment. Indeed,
long-term cART (>5 years) in HIV-infected individuals has
been shown to provide partial restoration of gut mucosal CD4+

T cells and Th17 cells in a subset of individuals,25,58 sug-
gesting that future studies in long-term cART-treated SIV-
infected NHPs and in HIV-infected humans are needed to
determine if the Th17/Treg axis can be restored in the gut and
confirm its role in the response to cART.

Our studies were also limited to analysis of immune pa-
rameters in male NHPs, but sex differences in HIV patho-
genesis, including lower plasma viral load, higher CD4 T cell
counts, and greater levels of immune activation, have been
observed in HIV-infected women versus men,56 and the results
reported in this study for males may not fully reflect mucosal
dysregulation of CD4+ T cells in females. Consistent with this
possibility, in SIV-infected NHPs, differences in mucosal in-
nate immune responses, gut microbiota, and disease progres-
sion have been observed between males and females.57

Therefore, it is possible that similar gender differences may
occur in regard to mucosal dysregulation of CD4 T cells.

Taken together, our results suggest that Th17 cells and
Tregs play a complementary and defining role in the viro-
logical response to cART, likely by limiting microbial
translocation, immune activation, and immune exhaustion
that can enhance viral replication. These data highlight a role
for Th17 cells and, in particular, the balance between Th17
and Treg cells in SIV/HIV pathogenesis and in the response
to cART, and suggest that monitoring and maintaining the
mucosal Th17/Treg ratio during periods of therapeutic in-
tervention may be important for the success of immune-based
HIV cure strategies.
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