
The loss of CCR6þ and CD161þ CD4þ T-cell
homeostasis contributes to disease progression in
SIV-infected rhesus macaques
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Although previous studies have shown that CD4þ Tcells expressing CCR6 and CD161 are depleted from blood during

HIV infection, the mechanisms underlying their loss remain unclear. In this study, we investigated how the homeostasis

of CCR6þ and CD161þ CD4þ Tcells contributes to SIV disease progression and the mechanisms responsible for their

loss from circulation. By comparing SIV infection in rhesus macaques (RMs) and natural host sooty mangabeys (SMs),

we found that the lossofCCR6þ andCD161þ CD4þ Tcells fromcirculation is adistinguishing featureof progressiveSIV

infection in RMs. Furthermore, while viral infection critically contributes to the loss of CD161þCCR6�CD4þ Tcells, a

redistribution of CCR6þCD161� and CCR6þCD161þCD4þ T cells from the blood to the rectal mucosa is a chief

mechanism for their loss during SIV infection. Finally,we provide evidence that the accumulation of CCR6þCD4þ Tcells

in themucosa is damaging to the host by demonstrating their reduction from this site following initiation of antiretroviral

therapy inSIV-infectedRMsand their lackof accumulation inSIV-infectedSMs.Thesedataemphasize the importanceof

maintaining CCR6þ and CD161þ CD4þ T-cell homeostasis, particularly in themucosa, to prevent disease progression

during pathogenic HIV/SIV infection.

INTRODUCTION

Progressive HIV-1 infection results in both a disruption of
mucosal barrier integrity1–3 as well as a massive depletion of
mucosal CD4þ T cells.4–6 The impact of mucosal CD4þ T-cell
depletion on HIV disease progression was initially unclear, as
CD4þ T cells were found to be lost during the acute phase of
both pathogenic SIV infection of rhesus macaques (RMs) as
well as in nonpathogenic SIV infection of African green
monkeys and sooty mangabeys (SMs).7,8 Yet, further investiga-
tion revealed the preferential loss of T helper 17 cells (Th17) in
pathogenic HIV/SIV infection of humans and RMs, respec-
tively.9–13 Th17 cells, a subset of CD4þ T cells found
predominantly in mucosal tissues,9,14 critically contribute to
mucosal defenses through their secretion of IL-17 and IL-22,15

which cause the production of antimicrobial molecules and

strengthen the intestinal barrier through the production of
enterocytes and claudins.16–19 As a result, the preferential
depletion of Th17 cells during HIV/SIV infection is associated
with a reduction of mucosal barrier integrity and an increase in
microbial translocation from the intestinal lumen into circula-
tion, thereby leading to systemic immune activation in HIV-
infected individuals.11–13,20,21 Thus, the maintenance of Th17
cells has been a major goal for reducing immune activation and
subsequent disease progression in HIV-infected individuals.

Several mechanisms have been proposed to contribute to the
loss of Th17 cells from the mucosa during pathogenic HIV/SIV
infection. First, numerous groups have demonstrated that Th17
cells are highly permissive to HIV/SIV infection9,22–26 and are
primary targets of SIV infection,27 which supports their early
and sustained depletion. Second, CD103þ DCs, a subset of
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dendritic cells that promote Th17 differentiation,28 are
similarly depleted from the mucosa of SIV-infected RMs.18

Third, HIV and SIV infection results in decreased levels of IL-
21-producing cells and serum IL-21, a pleiotropic cytokine
whose functions include the maintenance of Th17 cells.29–33

Indeed, the administration of IL-21 to SIV-infected RMs
transiently increased intestinal Th17 cell frequencies and
decreased systemic immune activation, even in the absence of
antiretroviral therapy (ART), thus supporting the molecular
link between IL-21 availability and Th17 cell homeostasis.12,34

In addition, alterations in the recruitment of CD4þ T cells have
been suggested to contribute to Th17 cell loss during HIV/SIV
infection.35

CCR6 is a chemokine receptor expressed on Th17 cells
(although not exclusively) that governs their migration to the
small intestine as a result of CCL20 (MIP-3a) production, the
exclusive chemokine for CCR6.36–39 Th17 cells and their
precursors also express the C-type lectin receptor CD161.40,41

CD161 is expressed onNK cells, as well as on CD8þ and CD4þ

T cells, where its expression is tightly associated with the
expression of other Th17 markers, including CCR6, thus
imprinting a gut homing potential.41–43 In HIV-infected
individuals, circulating CCR6þ and CD161þ CD4þ T cells
are lost from the blood and are unable to be restored to near-
normal levels with ART.24,44–46 However, whether the loss of
theseCCR6 andCD161-expressing cells from the blood reflects a

Figure 1 CCR6þ and CD161þ CD4þ T cells contribute to interleukin (IL)-17 production in the blood and tissues. (a) Representative flow plot for the
measurement of CD4þ T cells by their CCR6 and CD161 expression is shown from the blood of an uninfected rhesus macaque (RM). (b) Memory
phenotypes were evaluated within CCR6 and CD161-expressing subsets in 42 healthy RMs using the following definitions: naive (CD28þCD95� ),
central memory (CM; CD95þCD62Lþ ), and effector memory (EM; CD95þCD62L� ). The frequencies of naı̈ve and memory subsets are shown as a
percentage of theCD4þ T-cell subsets.Medians are indicated by the horizontal bars oneachgraph (±IQR). **Po0.01; ****Po0.0001, as determined by
Mann–WhitneyU-tests. (c) Peripheral blood mononuclear cells (PBMCs) or lymphocytes isolated fromRB of 8 healthy RMs were stimulated for 4 h with
PMA/Ionomycin, containing GolgiStop and Brefeldin A, in order to quantify their production of IL-17 and interferon (IFN)-g. The average contribution by
each CCR6 and CD161-expressing CD4þ T-cell subset to IL-17 and IFN-g production within the blood and RB are represented by the pie charts. (d)
Representative flow plots are shown for the levels of IL-17 and IFN-g production produced by each CCR6 and CD161-expressing subset following 4 h
PMA/Ionomycin stimulation (n¼ 8). The frequencies of IL-17þ IFN-g� as well as IFN-gþ IL-17� producing cells within these subsets are shown for eight
uninfected RMs. Averaged data are presented as the mean±s.e.m., and analysis of variances (ANOVAs) using Tukey’s adjustment for multiple
comparisons were used to compare differences between subsets. *Po0.05; ****Po0.0001.
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true depletion of this subset from HIV-infected individuals is
uncertain, since few studies have been able to examine their
cellular dynamics in different anatomic tissues. CCL20 is
secreted by mucosal epithelial cells in response to inflammatory
stimuli, including cytokines (IL-1a and TNFa) and bacteria
(Salmonella and Segmented filamentous bacteria).47–49 There-
fore, progressive HIV infection, which is characterized by loss of
mucosal barrier integrity and increased interaction with
pro-inflammatory mediators, may lead to increased CCL20
production and consequently, increased recruitment of CCR6-
expressing cells to the gut mucosa.1,3 It is unclear, then, what
drives the loss of CCR6þ and CD161þ CD4þ T cells from the
blood and how these dynamics contribute to the preferential
depletion of mucosal Th17 cells during pathogenic HIV/SIV
infection.

In this study, we sought to determine how the homeostasis of
CCR6þ and CD161þ CD4þ T cells contributes to SIV disease
progression by comparing the dynamics of these populations
between a cohort of SIV-infected RMs and a cohort of naturally
SIV-infected SMs. In addition, we investigated the mechanisms
responsible for the loss of these cell subsets from circulation
during pathogenic SIV infection. Our results indicate that
CCR6þ and CD161þ CD4þ T cells are only depleted from the
blood during progressive SIV infection of RMs, but not during
SIV infection of SMs, which supports a link between the loss of
these cells and SIV disease progression. Our results also revealed
that, while CD161þCCR6� CD4þ T cells are depleted by viral
infection across all tissues sampled, CCR6þCD161� and
CCR6þCD161þ CD4þ T cells are redistributed to the gut.
Altogether, these data underline the importance of maintaining
CCR6þ and CD161þ CD4þ T-cell homeostasis, particularly in
the mucosa, to prevent HIV/SIV disease progression.

RESULTS

Characterization of CCR6þ and CD161þ CD4þ T cells in
rhesus macaques

CCR6þ and CD161þ CD4þ T cells distinguish Th17 lineage
polarization and Th17 precursor cells, respectively, in
humans.36,37,40,41 Therefore, we first sought to characterize
the phenotypic and functional properties of circulating CCR6
and CD161-expressing CD4þ T cells in healthy RMs. CCR6
and CD161 was expressed on approximately 10.6±0.5% and
5.5±0.5% of CD4þ T cells in the blood, respectively
(Figure 1a). Unlike previous human studies where the
majority of CD161þ cells co-express CCR6,40 o15% of
CD161þ CD4þ T cells co-expressed CCR6, suggesting a
differential expression pattern between humans and RMs
(Figure 1a). However, in agreement with human literature,36,40

the majority of CCR6þCD161� , CD161þCCR6� , and
CCR6þCD161þ CD4þ T cells fell within the memory
(CD95þ ) compartment, where they were predominantly
effector memory cells, defined here by the absence of
CD62L expression (EM, CD95þCD62L� ; Figure 1b).

The co-expression of CCR6 and CD161 has been used with
other surface markers in humans to phenotypically distinguish
IL-17-producing cells (Th17) ex vivo in lieu of intracellular

staining for cytokine production or the master regulator
RORgt.36,37,40 Thus, we investigated the ability of these subsets
to produce IL-17 following stimulation with PMA and
ionomycin. Within the blood, CCR6þCD161� CD4þ T cells
were the CD4þ T-cell subset contributing the most to IL-17
production, comprising 70.8±3.0% of IL-17-producing cells
(Figure 1c). However, the contribution of CCR6þCD161�

CD4þ T cells to IL-17 production was substantially lower in the
rectal mucosa (RB), where they comprised only 1.05±0.13% of
IL-17-producing cells (Figure 1c). This difference likely results
from a combination of factors: (i) the lower frequency of
CCR6þCD161� T cells within the CD4þ T-cell population in
the rectal mucosa; and (ii) a reduced ability of mucosal
CCR6þCD161� CD4þ T cells to produce IL-17 (RB:
10.9±2.3% vs. Peripheral blood mononuclear cells (PBMCs):
34.7±1.5%; Figure 1d). CCR6þCD161þ (DP) cells contained
the highest frequency of IL-17 producers, both in PBMCs
(41.5±3.1%) and in RB (22.7±3.7%; Figure 1d). Interestingly,
only 5.4±1.9% of CD161þCCR6� CD4þ T cells produced IL-
17 in the blood, as compared with 16.8±2.3% in the rectal
mucosa (Figure 1d). Instead, CD161þCCR6� CD4þ T cells
produced high levels of IFN-g, in both the blood and rectal
mucosa (Figure 1d). Moreover, CD161þCCR6� CD4þ T cells
contributed significantly more to IL-17þ IFN-gþ production in
the rectal mucosa than the other subsets (Supplementary
Figure 1 online). Thus, in RMs, the small subset
of CCR6þCD161þ behaves similarly to IL-17-producing
CCR6þCD161þ CD4þ T cells in humans, while
CD161þCCR6� CD4þ T cells contribute minimally to
IL-17 production, particularly in the blood.

We then examined the potential susceptibility of these CCR6
and CD161-expressing subsets to SIV infection by investigating
their expression of the SIV co-receptor CCR5 and Ki-67 as a
marker of T-cell activation and proliferation. Interestingly, we
found that while few CCR6þCD161� CD4þ T cells expressed
CCR5 (2.66±0.36%), CD161-expressing CD4þ T cells con-
tained significantly higher frequencies of CCR5þ cells, parti-
cularly among the CD161þCCR6� subset (17.0%; Figure 2a).
Furthermore, CCR6þCD161þ CD4þ T cells, which had high
levels of CCR5þ cells similar to CD161þCCR6� cells (17.7%),
contained the highest fraction of proliferating cells (20.1%;
Figure 2b). In fact, the frequencies of proliferating CD4þ T cells
were significantly higher in all CCR6 and CD161-expressing
T-cell subsets compared with non-expressing subsets, which is
consistent with their status as effector memory cells. Taken
together, the increased levels of CCR5, particularly among
CD161-expressing cells, combinedwith the higher baseline levels
of proliferating cells among all CCR6 and CD161-expressing
CD4þ T cells would suggest a heightened permissivity of these
CD4þ T-cell subsets to SIV infection when comparedwith non-
expressing cells.

DepletionofCCR6þ andCD161þ CD4þ Tcells is specific to
pathogenic SIV infection

Previous studies in humans have shown that CCR6þ and
CD161þ CD4þ T cells are depleted in the blood ofHIV-infected
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individuals, even upon antiretroviral therapy (ART) initia-
tion.24,44–46 Whether this loss of CCR6þ and CD161þ

CD4þ T cells contributes to disease progression, though, has
not yet been determined. To answer this question, we compared
the levels of CCR6 and CD161-expressing CD4þ T-cell subsets
between SIV-infected and uninfected RMs, in which SIV
infection invariably progresses to AIDS, to those levels found
in SIV-infected and uninfected SMs, a natural host for SIV
infection that generally remain AIDS free. In the SIV-infected
animals, the average durations of infection were 8.91±0.90 years
for SMs, as estimated by the date of the first SIV-positive test, and
1.02±0.12 years for RMs. We found that CCR6þCD161� ,
CCR6þCD161þ , and CD161þCCR6� CD4þ T cells were all
significantly depleted from the blood of SIV-infected RMs when
compared with their levels in uninfected animals (CCR6þ

CD161� : 5.5 vs. 9.1%, P¼ 0.0002; CCR6þCD161þ : 0.06 vs.
0.45%, Po0.0001; CD161þCCR6� : 1.18 vs. 2.35%, Po0.0001;
Figure 3a). However, in the natural host SMs, we found that SIV
infection did not alter the levels of these CCR6 and CD161-
expressing CD4þ T cells, suggesting that the loss of these subsets
from the blood may contribute to disease progression during
pathogenic infection. Consistently, when we related the
frequencies of CCR6þCD161� CD4þ T cells in SIV-
infected RMs and SMs with their different durations of SIV
infection, we confirmed that CCR6þCD161� CD4þ T cells
decay at an approximate rate of 2.97%per year of SIV infection in
RMs, while they are maintained over the duration of infection in
SIV-infected SMs (Supplementary Table 1 online, slopes
estimated by linear regression). Importantly, we found that
the functional profiles of CCR6 and CD161-expressing CD4þ T
cells, as determined by cytokine production, were comparable

between SMs andRMs,withCCR6þCD161� CD4þ Tcells also
comprising the highest fraction of IL-17-producing cells in the
blood of SIV-uninfected SMs (74.0±4.0%; Supplementary
Figure 2A). In addition, CD161þCCR6� CD4þ T cells
produced the highest levels of IFN-g among the subsets, with
26.2±3.2%ofCD161þCCR6� cells secreting IFN-g, on average
(Supplementary Figure 2B), which together, suggests that these
subsets behave similarly between the two species.

Interestingly, we found that the loss of CCR6þ cells was
specific to CD4þ T cells, as the levels of CD8þCCR6þ T cells
were comparable between SIV-infected and uninfected animals
in both SMs and RMs (Figure 3b). Nevertheless, SIV infection
was associated with a loss of CD8þCD161þ T cells in RMs, a
finding that agrees with the well-documented loss of mucosal-
associated invariant T (MAIT) cells in HIV-infected
individuals (Figure 3c).50 These results demonstrate for the
first time that the loss of CCR6þ and CD161þ CD4þ T cells
from the blood is a feature which distinguishes pathogenic from
nonpathogenic SIV infection, and thus, may be a contributing
factor to disease progression in SIV-infected RMs and HIV-
infected individuals.

CCR6þCD161� and CCR6þCD161þ CD4þ T cells
accumulate in the rectalmucosa as a result of SIV infection,
while CD161þCCR6� CD4þ cells are depleted across all
tissues

While CCR6þ and CD161þ CD4þ T cells are lost from the
blood of HIV/SIV-infected humans/RMs,24,44–46 previous
studies have been unable to determine if this is due to a true
depletion or if it reflects redistribution of these subsets into
lymphoid tissues. Therefore, we performed a longitudinal

Figure 2 CCR6þ and CD161þ CD4þ T cells are susceptible to SIV infection. Representative flow plots of CCR5 (a) and Ki-67 (b) expression within
CCR6andCD161-expressingCD4þ Tcells are shown from the blood of an individual uninfectedRM.The frequencies ofCCR5þ (a) andKi-67þ cells (b)
within these subsets are shown for 42 uninfected RMs. Medians are indicated by the horizontal bars on each graph (±IQR). *Po0.05; ****Po0.0001, as
determined by Mann–Whitney U-tests. A full color version of this figure is available at theMucosal Immunology journal online. IQR, interquartile range.
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analysis of the frequencies of CCR6 andCD161-expressing cells
within CD4þ T cells in the blood, RB, and lymph nodes (LN) of
6 SIV-infected RMs to better understand the kinetics of these
cell subsets. CCR6þCD161� CD4þ T cells were rapidly lost
from the blood and LN following SIV infection, with their levels
significantly lower than pre-infection levels by six and 2 weeks
post infection (P¼ 0.0018 and 0.0006) and remaining dimin-
ished throughout chronic SIV infection (week 23, Figure 4a).
Surprisingly, we found that both CCR6þCD161� and
CCR6þCD161þ CD4þ T cells accumulated in the rectal
mucosa as early as 4 and 6 weeks post-SIV infection,
respectively, (P¼ 0.0280 and P¼ 0.0055) and were
maintained at significantly elevated levels as late as 23
weeks post-SIV infection (P¼ 0.0120 and Po0.0001). The
kinetics of this increase was highly variable between animals.
Nevertheless, by week 23, 5 of 6 RMs had heightened
frequencies of CCR6þCD161� CD4þ T cells in the
mucosa as compared with pre-infection, which was unique
to this anatomic location, since the frequencies of those cells
were reduced 1.9 and 4.2-fold at the same time point in blood
and LN, respectively (Figure 4b). Consistent with their CCR6
expression, CCR6þCD161þ CD4þ T-cell frequencies were

also increased 2.2-fold in the mucosa at 23 weeks post-SIV
infection when compared with their pre-infection frequencies,
but decreased 3.1 and 4.3-fold in the blood and LN, respectively
(Figure 4b). This accumulation was distinct to CCR6-
expressing cells, though, and was not seen in
CD161þCCR6� CD4þ T cells. Instead, CD161þCCR6�

CD4þ T cells were depleted across all compartments, where
their decline was progressive and significant in all tissues (WB:
Po0.0001; RB: P¼ 0.0016; LN: P¼ 0.0026) by week 23 post-
SIV infection (Figure 4a and b). Of note, in agreement with the
loss of CCR6 and CD161-expressing CD4þ T cells from blood
and LN, there were corresponding increases in the frequencies
of CCR6�CD161� (DN)CD4þ Tcells during SIV infection in
these sites (Figure 4a and b). These results suggest a different
pattern of regulation between CCR6þ and CD161þCD4þ T
cells during SIV infection, whereby the depletion of CCR6-
expressing cells from the bloodmay result, at least in part, from
their redistribution to the gut mucosa while the depletion of
CD161þCCR6� CD4þ T cells from the blood and tissuesmay
result more specifically from viral infection. Indeed, this
scenario is consistent with the high levels of CCR5 expression
found on CD161þCCR6�CD4þ T cells in Figure 2a.

Figure 3 Only pathogenic SIV infection of rhesus macaques (RMs) results in a significant depletion of peripheral CCR6þ and CD161þ CD4þ T cells.
(a) Frequencies of CCR6 and CD161-expressing CD4þ T-cell subsets were measured in whole blood and compared between uninfected and SIV-
infected sootymangabeys (SMs) and RMs. In the SIV-infected animals, the average lengths of infection were 8.91±0.90 years for SMs, and 1.02±0.12
years for RMs (seeMethods).Medians are indicated by the horizontal bars on each graph (±IQR). *Po0.05; ***Po0.001; ****Po0.0001, as determined
byMann–WhitneyU-tests. (b) The frequencies of CD8þ T cells expressing CCR6 were compared between uninfected and SIV-infected SMs and RMs.
(c) The percentages ofCD161þ cellswithin CD8þ Tcells were compared between healthy andSIV-infectedSMs andRMs.Samplemeans are indicated
by the horizontal bars (±s.e.m.), and Mann–Whitney U-tests were used to compare frequencies. **Po0.01. IQR, interquartile range.
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RedistributionofCCR6þCD4þ Tcells is concurrentwith an
increase in intestinal CCL20 levels

To investigate whether an early increase in CCL20 (MIP-3a)
production during acute SIV infection could be responsible for
the observed accumulation of CCR6-expressing CD4þ T cells
(both CCR6þCD161� and CCR6þCD161þ ) in the gut
mucosa,39,51,52 we performed in situ hybridization analysis for
CCL20 longitudinally in rectal biopsy tissues of the same 6 SIV-
infected RMs (Figure 5a). Levels of CCL20 in RB significantly
increased during acute SIV infection (4 weeks post infection
(PI); P¼ 0.019; Figure 5b), which corresponded to the
accumulation of CCR6-expressing CD4þ T cells in the gut
mucosa. This increase was transient, as the levels of mucosal
CCL20 returned to pre-SIV baseline levels by 6 weeks post
infection and chronic SIV infection (Figure 5b). Importantly,
when we related the rate of bulk CCR6þCD4þ T-cell decline
from the blood to the increasing rate of bulk CCR6þCD4þ

T-cell levels in RB, we found a statistically significant inverse
relationship between the two populations, suggesting that the
accumulation of CCR6-expressing CD4þ T cells in themucosa
is partially related to their loss from the blood (Figure 5c;
P¼ 0.0150). Furthermore, the effect of increased CCL20
production was not restricted to CD4þ T cells but

extended to CCR6þCD8þ T cells, which similarly
increased in the gut mucosa by 6 weeks of SIV infection
(although not significantly, P¼ 0.098; Figure 5d). Therefore,
our data show that the redistribution of CCR6þCD4þ T cells
from the blood to the gut mucosa is directed by the increased
production of CCL20 during acute infection and is partially
responsible for their depletion from circulation during SIV
infection of RMs.

CD161þCCR6� CD4þ T cells harbor higher levels of SIV
RNA in lymphoid tissues

While the migration of CCR6-expressing CD4þ T cells to the
gut mucosa affects the levels seen in circulation after SIV
infection, additional mechanisms such as increased infectivity
may be contributing to the loss of circulating CCR6þ and
CD161þ CD4þ T cells during chronic SIV/HIV infection. As
such, we sortedmemoryCD4þ Tcells from the PBMCs and LN
of 10 chronically SIV-infected, ART-naive RMs (average length
of SIV infection: 517.0±34.4 days) based on their expression of
CCR6 or CD161 and quantified the levels of cell-associated SIV
DNA and RNA within each subset (Supplementary Figure 3).
Although CCR6þCD161� cells contained the highest
frequencies of infected cells in both PBMCs (median: 4560

Figure 4 CCR6þCD4þ T cells accumulate in the rectal mucosa during SIV infection, but CD161þCCR6� CD4þ T cells are depleted in all tissues. (a)
The frequencies of CCR6 and CD161-expressing T cells, expressed as a percentage of live CD4þ T cells, were measured longitudinally in the blood,
rectal mucosa (RB), and lymph nodes (LN) during the course of SIV infection for 6 RMs. Data are represented as mean±s.e.m. *Po0.05; **Po0.01;
***Po0.001; ****Po0.0001, as determined by repeated-measures analyses. (b) Longitudinal assessment of the fold change of CCR6 and CD161-
expressingCD4þ T-cell subsets relative to their percentages ofCD4þ Tcells prior to infection (Week-2)within the blood, RB, and LN. Samplemeans are
indicated by the horizontal bars (±s.e.m.).

ARTICLES

MucosalImmunology | VOLUME 10 NUMBER 4 | JULY 2017 1087



copies SIV per million cells) and LN (median: 8000 copies
of SIV per million cells), neither CCR6þCD161� nor
CD161þCCR6� memory CD4þ T cells were
enriched in SIV DNA when compared with
CCR6�CD161� (DN) memory CD4þ T cells in both the
blood and LN (Figure 6a).

We also measured cell-associated SIV RNA to determine the
contribution of each subset to viral production. In the PBMCs,
there was a trend towards CCR6þCD161� CD4þ T cells
expressing higher levels of SIV RNA, as demonstrated by the
three representative animals shown in Figure 6b; however, the
RNA expression was not significantly different among any of
the sorted subsets. Nevertheless, in the LN, CD161þCCR6�

memory CD4þ T cells harbored significantly higher levels of
SIV RNA on a per cell basis than DN memory CD4þ T cells
(Figure 6c; P¼ 0.0078). Together, these data suggest
that in lymphoid tissues, CD161þCCR6� CD4þ T cells
are highly susceptible to both viral infection and subsequent

viral production. Consistent with their higher levels
of cell-associated RNA, we found that CD161þCCR6�

CD4þ T cells contained significantly higher frequencies of
cells expressing the SIV co-receptor CCR5 than the other
CD4þ T-cell subsets in LN and RB (Supplementary
Figure 4A). CD161þCCR6� CD4þ T cells also contained
the highest levels of CXCR3þ cells, which is in agreement
with a recent report that found CXCR3þ T follicular helper
(TFH) cells harbor higher levels of virus in the
LN (Supplementary Figure 4B).53 Therefore, although the
redistribution of CCR6þCD161� and CCR6þCD161þ

CD4þ T cells from circulation to the gut mucosa
appears to be a predominant mechanism for their
depletion during SIV infection, the depletion of CD161þ

CCR6� CD4þ T cells results more from their heightened
susceptibility to SIV infection in lymphoid tissues, thus
supporting their depletion from all tissue compartments
following infection.

Figure 5 Increases in mucosal CCL20 production correspond to an accumulation of CCR6þ T cells during SIV infection. (a) Fixed rectal mucosal
tissues underwent in situ hybridization for CCL20 (MIP-3a, red) and counterstaining for nuclei (DAPI, green) longitudinally during SIV infection.
Representative images (40x) of each time point are shown from an individual RM (RLz8)- upper row, Weeks -2 and 4; bottom row, Weeks 6 and 23. (b)
Quantitative image analysis demonstrating the fraction of total cells in the rectal mucosa that express CCL20 at 4 separate time points before and during
SIV infection. Sample means are indicated by the horizontal bars (±s.e.m.), and Mann–WhitneyU-tests were used to compare percentages. *Po0.05.
(c) CCR6þCD4þ T-cell frequencies fromWB and RB were ln transformed (log base e) prior to analysis by a mixed effects model. The estimated rate of
linear decline for CCR6þCD4þ T cells in the RB was statistically different from zero (P¼ 0.0150), indicating a linear relationship between
ln(%CCR6þCD4þ ) in RB and ln(%CCR6þCD4þ ) inWB. (d) The frequencies of CCR6þ T cells, expressed as a percentage of live CD8þ T cells, were
measured longitudinally in the rectal mucosa (RB) during the course of SIV infection for six RMs. Data are represented as mean±s.e.m.

ARTICLES

1088 VOLUME 10 NUMBER 4 | JULY 2017 |www.nature.com/mi

http://www.nature.com/mi


CCR6þCD161� andCCR6þCD161þ CD4þ Tcells aremore
prone to apoptosis

Since there was no clear preference for viral infection in
CCR6þCD161� CD4þ T cells, we also wanted to investigate if
an increased susceptibility to apoptosis may contribute to the
loss of these CD4þ T cells from the blood during SIV infection.
To do this, we evaluated apoptosis by measuring Annexin V
binding in combination with Live/Dead free amine staining in
PBMCs from eight healthy RMs under two different experi-
mental conditions: (1) ex vivo, or immediately following PBMC
isolation; and (2) following a 24 h incubation in the absence of
additional stimulation (spontaneous apoptosis). We found
that, at baseline, only CCR6þCD161þ (DP) CD4þ T cells had
significantly elevated apoptosis levels when compared with the
other CD4þ T-cell subsets (Po0.0001, Figure 7a). However,
following 24 h of culture, the levels of spontaneous apoptosis
significantly increased in the CCR6þCD161� CD4þ T-cell
subset, with 28.6±1.8% positive for both Annexin V and Live/

Dead staining (Figure 7b) compared with only 3.20±0.53% at
baseline (Figure 7a). Levels of spontaneous apoptosis in these
CCR6þCD161� CD4þ T cells were comparable to DP levels,
suggesting that CCR6þ CD4þ T cells are more prone to
apoptosis. Thus, in addition to migrating to the mucosa during
SIV infection, increased susceptibility to apoptosis may
contribute to the preferential loss of CCR6þ CD4þ T cells
from circulation during chronic HIV/SIV infection.

CCR6þCD161� CD4þ T-cell relocalization is damaging to
the host

Previous studies have reported a loss of Th17 cells from the
mucosa following pathogenic HIV/SIV infection.9,12 Whether
the increase in CCR6-expressing CD4þ T cells in RB, then, is
beneficial to the host in promoting Th17 reconstitution or
detrimental by recruiting potential viral targets has yet to be
determined. To assess this, we investigated if suppressive ART
restored CCR6þCD161� CD4þ T-cell levels in the mucosa to

Figure 6 CD161þCCR6� CD4þ T cells harbor the highest levels of SIV RNA in lymphoid tissues. (a) Levels of cell-associated SIVgag DNA were
quantified from CCR6 and CD161-sorted subsets in the blood and LN of 10 SIV-infected RMs. Representative SIV RNA levels in the peripheral blood
mononuclear cells (PBMCs) (b) and LN (c) for three RMs during chronic SIV infection. Cumulative data for SIV RNA levels in the CCR6 and CD161
memoryCD4þ T-cell subsets is shown in the scatter plots. DNAandRNAmeasurementswere excluded for samples inwhicho15,000 cellswere sorted,
due to assay sensitivity limitations; two additional data points were excluded due to technical error. Medians are indicated by the horizontal bars on each
graph (±IQR). **Po0.01, as determined by Mann–Whitney U-tests. IQR, interquartile range.
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pre-infection levels in 6 ART-treated, SIV-infected RMs.
Even when started during chronic SIV infection (ranging
from 23 to 42 weeks of infection), ART was able to reduce
CCR6þCD161� CD4þ T-cell frequencies in RB within 4
weeks of therapy (P¼ 0.0047, Figure 8a), and to levels
comparable to those found in uninfected RMs (Figure 8b).
In contrast, the effect of this short ART treatment on
CD161þCCR6� CD4þ T-cell frequencies was less pro-
nounced, as two months of ART was unable to significantly
increase the circulating levels of this subset (Supplementary
Figure 5A and B). However, ART was able to restore
mucosal CD161þCCR6� levels to pre-infection frequencies
(Supplementary Figure 5A and B). These results suggest that
the migration of CCR6þCD161� CD4þ T cells to the mucosa
is a feature of disease progression.

Given these results, we hypothesized that CCR6þCD161�

CD4þ T cells would not accumulate in the RB of naturally SIV-
infected SMs. Therefore, we compared the levels of CCR6 and
CD161-expressing CD4þ T-cell subsets in RB between SIV-
infected and uninfected SMs. In contrast to RMs, the
frequencies of CCR6þCD161� CD4þ T cells in RB were
remarkably similar between SIV-infected and uninfected SMs
(Figure 8c). In addition, the fraction of CCR6þCD161þ

CD4þ T cells significantly decreased in RB of SIV-infected SMs
compared with uninfected animals (P¼ 0.0049, Figure 8c). To

further confirm the association of CCR6þCD161� CD4þ

T-cell accumulation in RB with damage to the host, we
examined the relationship between frequencies of
CCR6þCD161� CD4þ T cells and immunologic and
virologic measures of disease progression in SIV-infected
RMs. We found that the levels of CCR6þCD161� CD4þ T
cells in RB at week 23 PI were inversely related to the absolute
levels of CD4þ T cells in the blood of untreated RMs at the
same time point (r¼ � 0.8286, P¼ 0.0583; Figure 8d).
Similarly, the frequencies of CCR6þCD161� CD4þ T cells
in the blood at week 6 PIwere negatively associatedwith plasma
viral load at the same time point (r¼ � 1.000, P¼ 0.0167;
Figure 8e). Thus, these findings suggest that the migration of
CCR6þCD161� CD4þ T cells from circulation into the
mucosal tract promotes immune dysfunction, may contribute
to damage to the host, and ultimately advances disease
progression.

DISCUSSION

The loss of mucosal CD4þ T-cell homeostasis is one of the
earliest manifestations of progressive HIV infection and has
been linked to microbial translocation, systemic immune
activation, and ultimately, disease progression in untreated,
HIV-infected individuals.1,2,54 Concomitant with this disrup-
tion ofmucosal immunity is the loss of gut homingCCR6þ and

Figure 7 CCR6þCD161� and CCR6þCD161þ CD4þ T cells are more susceptible to cell death than CD4þ T cells not expressing CCR6. (a)
Peripheral blood mononuclear cells (PBMCs) from 8 healthy RMs were stained ex vivo with Annexin V and Live/Dead; a representative flow plot within
each of the CCR6 and CD161-expressing CD4þ T-cell subsets is shown. The frequencies of AnnexinVþLive/Deadþ (Dead) cells within these subsets
are shown for the 8 uninfected RMs. (b) Isolated peripheral blood mononuclear cells (PBMCs) were cultured for 24 h in the presence of complete RPMI
media alone, prior to staining for cell death; representative flow plots within each of the CCR6 and CD161-expressing CD4þ T-cell subsets are shown.
The frequencies of AnnexinVþLive/Deadþ cells within these subsets are shown for the 8 uninfected RMs. Averaged data are presented as the
mean±s.e.m., and analysis of variances (ANOVAs) using Tukey’s adjustment for multiple comparisons were used to compare differences between
subsets. ****Po0.0001.
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CD161þ CD4þ T cells from the periphery of untreated HIV-
infected individuals.24,44–46 These cell subsets are known to
migrate toward the gut mucosa in response to CCL20
production, which is elevated in the presence of

pro-inflammatory stimuli and bacteria.47–49,55 Our findings
revealed that the redistribution of CCR6þCD161� and
CCR6þCD161þ CD4þ T cells to the gut mucosa, largely
driven by the acute production of CCL20, is a keymechanismof

Figure 8 Increased CCR6þCD161� CD4þ T-cell levels in the mucosa are associated with SIV disease progression. (a) The frequencies of
CCR6þCD161� T cells, expressed as a percentage of live CD4þ T cells, were measured longitudinally in RB during antiretroviral therapy (ART)
administration in 6 SIV-infected RMs. Data are represented as mean±s.e.m. **Po0.01, as determined by repeated-measures analyses. The shaded
area representsART; the dotted red line indicates thebaseline levels ofCCR6þCD161� CD4þ Tcells in theRBofSIV-uninfectedhistoricalRMcontrols.
(b) Cross-sectional analysis of CCR6þCD161þ CD4þ T cells in RB of uninfected (n¼ 12), untreated (PreART; n¼14), and ART-suppressed (n¼ 8)
SIV-infected RMs. Medians are indicated by the horizontal bars on each graph (±IQR). **Po0.01, as determined by Mann–Whitney U-tests. (c)
Frequencies of CCR6þCD161� and CCR6þCD161þ CD4þ T-cell subsets were measured in RB and compared between uninfected and SIV-infected
sootymangabeys (SMs). Samplemeans are indicated by the horizontal bars (±s.e.m.). **Po0.01, as determined by unpaired t tests. (d) The correlation
between the percentage ofmucosal CCR6þCD161� CD4þ T cells and absolute CD4þ T-cell counts are shown for SIV-infectedRMs (n¼ 6) at week 23
post infection. (e) The correlation between the percentage of CCR6þCD161� CD4þ T cells in the blood and viral load, expressed following log
transformation, are shown for SIV-infected RMs (n¼6) at week 6 post infection. Statistical analyses were performed using Spearman rank correlation
tests. A full color version of this figure is available at the Mucosal Immunology journal online. IQR, interquartile range.
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this cell subset’s depletion from the blood and lymph node. In
addition, our data demonstrate that the relocalization of
CCR6þCD161� CD4þ T cells to the gut is damaging to the
host, as accumulation is not seen in SIV-infected SMs
(Figure 8c) and is reversed in RMs by effective ART
(Figure 8a). In contrast, CD161þCCR6� CD4þ T cells
were depleted from all anatomic sites accessed (blood, RB, and
LN), and this subset harbored high levels of SIV RNA,
particularly in the LN; therefore, we hypothesize that these cells
are depleted from multiple tissue sites as a result of viral
infection. Despite these distinct mechanisms, the differential
loss of both CCR6þ and CD161þ CD4þ T cells between
pathogenic and nonpathogenic SIV infections supports their
depletion from the blood as a distinguishing feature ofHIV/SIV
disease progression.

Although previous studies have reported the loss of CCR6þ

CD4þ T cells from the blood of HIV-infected individuals and
their incomplete restoration during ART, few studies have been
able to monitor their kinetics longitudinally to define the
impact of HIV infection on subset frequencies.24,44 Using the
RM model of SIV infection, we were able to relate the loss of
CCR6þCD161� and CCR6þCD161þ CD4þ T cells from the
blood with their accumulation in gut mucosal tissues. The
recruitment of CCR6-expressing CD4þ T cells to the gut
mucosa during untreated SIV infection is not unexpected, since
breaches in the intestinal epithelial layer and microbial
translocation are well-documented consequences of patho-
genic HIV/SIV infection and previous studies have found
increased CCL20 levels both in HIV-infected individuals and
SIV-infected RMs.51,56 Consistent with our findings, Loiseau
et al. recently described an inverse relationship between
CCR6þCD4þ T-cell frequencies in the blood and mucosal
tissues of ART-treated, HIV-infected individuals, confirming
that the trafficking between these two tissue compartments
occurs at all stages of HIV/SIV infection, not simply during
active viral replication.45 Interestingly, our data did not support
preferential viral infection as a predominant mechanism of
CCR6þCD161� CD4þ T-cell loss from the blood. CCR6þ

CD161� CD4þ T cells harbored similar levels of SIV to other
CD4þ T-cell subsets in the blood and LN, which differs from
previous studies that demonstrated higher levels of integrated
HIV DNA in CCR6þCD4þ T cells, when compared with
CCR6� cells, in viremic ART-naı̈ve humans.24 This discre-
pancy may arise from differences in viral DNA quantification,
since measuring total cell-associated SIV DNA, as we did, may
dilute the enrichment of integrated SIVDNA in CCR6þCD4þ

T cells. In addition, due to limited cell subset numbers in the
rectal mucosa (resulting from an overall CD4þ T-cell
depletion), we were unable to quantify levels of viral infection
in CCR6þCD161� CD4þ T cells in the gut. However, the
finding that CCR6þCD161� CD4þ T cells are maintained at
an elevated frequency in the gut mucosa supports a mechanism
where their loss from the blood during SIV infection is
primarily a result of their migration to the gut mucosa as
opposed to their distinct susceptibility to viral infection. In
addition to their redistribution throughout the body, our data

also support an increased susceptibility of CCR6þCD161�

and CCR6þCD161þ CD4þ T cells to apoptosis (Figure 7),
which is an additional mechanism contributing to their loss
from the blood during HIV/SIV infection.

In our study, the elevated frequencies of CCR6þCD161�

CD4þ T cells in the gut mucosa following SIV infection were
diminished upon ART administration (Figure 8a). In
agreement with these results, a recent study found reduced
production of CCL20 by enterocytes of the small intestine in
ART-treated, HIV-infected individuals when compared with
uninfected individuals, resulting in reduced CCR6þCD4þ

T-cell frequencies in the gut.45 Furthermore, we found that SIV-
infected SMs maintain comparable or lower frequencies of
CCR6þCD161� and CCR6þCD161þ CD4þ T cells, respec-
tively, in the mucosa (Figure 8c), which strengthens our model
in which redistribution of CCR6þCD4þ T cells to the mucosa
is ultimately damaging to the host. The damage that
accompanies CCR6þCD161� and CCR6þCD161þ

(CCR6þ ) CD4þ T-cell accumulation in the mucosa may
result from a number of mechanisms. First, recruiting
CCR6þCD4þ T cells to the mucosa may increase the
inflammation present there, as these cells are able to
produce IFN-g and TNF-a in addition to IL-17, thus
creating a pro-inflammatory microenvironment that is able
to promote viral replication and weaken intestinal structural
integrity.10,57Alternatively, the accumulation ofCCR6þCD4þ

T cells could be a consequence of the high levels of
inflammation present during pathogenic HIV/SIV infection,
rather than the cause of it, since inflammation and microbial
translocation increase CCL20 production by epithelial
cells.47,48 In addition to epithelial cells, CCR6þCD4þ T cells
are also able to produce CCL20,24 which attracts more CCR6þ

CD4þ viral targets to the gut mucosa as well as CCR6-
expressing plasmacytoid dendritic cells (pDCs). These pDCs
can subsequently recruit CCR5þ targets through their MIP-1a
and MIP-1b production and produce high levels of Type-I
IFNs.52 In fact, blocking CCL20 production using the inhibitor
glycerol monolaurate was able to prevent acquisition of SIV in
vaginally challenged RMs.52 Thus, recruiting and accumulating
CCR6þCD4þ T cells to the gut mucosa may be damaging
to the host by accelerating recruitment of viral targets, which
then expands the pool of virally infected cells, and, invariably,
the viral reservoir. Indeed, CCR6þCXCR3þ CD4þ T cells
were recently shown to be enriched in integrated HIV
DNA in long-term ART-suppressed HIV-infected individuals,
when compared with other memory CD4þ T-cell subsets;58

thus, accumulating CCR6þCD4þ T cells in the mucosa can
damage the host due both to their own susceptibility to
infection but also to their ability to persist and sustain the viral
reservoir.

Apart from its functional role in coordinating the migration
of CD4þ T cells, CCR6 also is used to phenotypically identify
Th17 cells, most often in combination with CCR4 and
CD161.36,37,40,41 In our study, the accumulation of CCR6þ

CD161� and CCR6þCD161þ CD4þ (CCR6þCD4þ ) T cells
in the gutmucosa of SIV-infectedRMsdid not correspond to an
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increase in mucosal Th17 cells (data not shown), likely due to a
combination of factors. First, it is possible that environmental
factors promoting the polarization of Th17 cells are not present
in this setting. The differentiation of Th17 cells requires a
combination of cytokines, including IL-6, transforming growth
factor-b (TGF-b), and IL-1b, and later IL-21 and IL-23 for their
expansion and survival.59,60 Although some studies have
demonstrated an upregulation of a number of Th17 polariza-
tion cytokines during HIV infection, including TGF-b, IL-6,
and IL-23,61,62 other studies have found reduced production of
IL-21 in the RB of SIV-infected RMs, which could impact the
maintenance of CCR6þCD4þ T cells as Th17 cells in the
mucosa.30 Second, even if CCR6þCD4þ T cells accumulated
in the presence of Th17-polarizing cytokines, this subset may
express lower levels of cytokine receptors on their surface, thus
leaving them unable to receive the Th17-polarizing signals.
While the expression levels of these receptors remains to be
tested specifically on CCR6þCD4þ T cells, both IL-6R and
TGF-bR levels are decreased on bulk CD4þ T cells during HIV
and SIV infection, respectively.63,64 Finally, an upregulation of
negative regulatory genes, such as PIAS3, SHP2, and SOCS3,
may suppress the expression of IL-17 in these accumulated
CCR6þCD4þ T cells during SIV infection, as these genes are
upregulated in bulk CD4þ T cells from SIV-infected RMs.65

Understanding how these mechanisms coordinate specifically
within mucosal CCR6þCD4þ T cells to suppress Th17
expression will be an important future question in elucidating
their role in disease progression.

Along with identifying the redistribution of CCR6þCD161�

and CCR6þCD161þ CD4þ T cells to the gut mucosa as a main
mechanism for their loss from the blood of chronically infected
individuals, we found that CD161þCCR6� CD4þ T cells were
depleted from all tissue compartments during SIV infection and
harbored significantly higher levels of viral RNA. These results
underline the heightened susceptibility of CD161þCCR6�

CD4þ T cells to SIV infection, which is likely facilitated by
their high levels of CCR5 expression (Figure 2a, Supplementary
Figure 3A). Although high levels of CXCR3 expression on
CD161þCCR6� CD4þ T cells (Supplementary Figure 4B)
favor a Th1 phenotype and agree with their increased IFN-g
production, their CXCR3 expression may also suggest their
contribution to a subset of germinal center TFH cells that are
preferentially infected in LN, given their high levels of cell-
associated SIV RNA (Figure 6c).53 Indeed, higher levels of SIV
RNA with comparable levels of SIV DNA would indicate
increased transcriptional activity in the CD161þCCR6� CD4þ

T-cell subset inLN, as has been shown inTFH fromHIV-infected
persons.66 We also found a loss of CD161þCD8þ T cells in the
blood of SIV-infected RMs (Figure 3c). Circulating
CD161þCD8þ MAIT cells are similarly decreased from the
blood ofHIV-infected individuals, where their depletion has been
proposed to result from increased activation-induced cell death
following interaction with microbial products in mucosal sites.50

The preservation of CD161þCCR6� CD4þ T cells in the
blood of SIV-infected natural host SMs supports amodel where
the infection and loss of these cells promotes disease

progression. Indeed, elite controllers (ECs) also maintain their
levels of circulating CD161þCD4þ T cells.67 Preservation of
CD161þCCR6� CD4þ T cells in these two models is still
compatible with viral infection being a key contributor to the
depletion of this cell subset during progressive HIV/SIV
infection. The ability of SMs to preserve CD161þCCR6�

CD4þ T cells despite high levels of plasma viremia may result
from their markedly lower levels of CCR5 expression on CD4þ

T cells as compared with RMs,68,69 while preservation of
CD161þ CD4þ T cells in ECs may result from their
significantly lower levels of HIV viremia when compared
with normal progressors.70

In conclusion, CCR6 and CD161-expressing CD4þ T cells
are preferentially lost from the blood during pathogenic SIV
infection in RMs, but their loss disrupts immune homeostasis
by distinct mechanisms. Increased levels of the SIV co-receptor
CCR5 likely contribute to the enriched viral targeting of
CD161þCCR6� CD4þ T cells and their eventual depletion
from multiple tissue compartments during chronic infection.
On the other hand, CCR6þCD161� and CCR6þCD161þ

CD4þ T cells traffic from the blood to the gut mucosa during
SIV infection, migrating towards increased levels of CCL20
produced there. Therefore, although the loss of CCR6þCD4þ

T cells from circulation is indicative of disease progression,
their accumulation in the gutmucosa further promotes damage
to the host, as evidenced by their maintained levels in the
mucosa of SIV-infected SMs. Moreover, ART is only able to
partially reverse the redistribution and cell loss of these CD4þ

T-cell subsets incurred during active viral replication, both in
the blood of humans24 and in tissues here, thus underscoring
the need for additional therapies that can restore CCR6 and
CD161-expressing CD4þ T-cell homeostasis throughout the
body and halt disease progression.

METHODS

Animals and SIV infection. For cross-sectional analysis, forty SIV-
negative (13.3±0.8 years old) and 42 naturally SIV-infected
(16.6±0.8 years old) SMs and 47 SIV-negative (8.3±0.9 years old)
and 31 SIVmac239-infected (6.8±0.7 years old) RMs were included.
In the SIV-infected animals, the average durations of infection were
8.91±0.90 years for SMs, as estimated by the date of the first SIV-
positive test, and 1.02±0.12 years for RMs. For longitudinal analysis,
six female RMs (8.6±0.6 years old) were included, where all animals
were Mamu-B*08 and B*17 negative. All 6 animals were infected
intravenously with 300 TCID50 SIVmac239 (day 0). For cell sorting
and analysis of cell-associated SIV DNA and RNA, ten chronically
SIV-infected RMs were included, all of which had been infected
intravenously with SIVmac239 (7 at a dose of 200 TCID50; 1 at 100
TCID50; and 2 at 3000 TCID50). The average duration of infection at
the time of cell sorting (necropsy) was 517.0±34.4 days. For long-
itudinal analysis of CCR6þ and CD161þ CD4þ T-cell frequencies
during antiretroviral therapy (ART), eight RMs (4.2±0.2 years old)
were included. These RMs had been SIV-infected between 23 and 42
weeks (average of 31.5 weeks) before initiating a daily combination
ART regimen consisting of a coformulated three-drug cocktail of
tenofovir (PMPA), emtricitabine (FTC), and dolutegravir, adminis-
tered with a daily subcutaneous injection. Two RMs were sacrificed
within the first 4 weeks of ART due to rapid disease progression and
weight loss.
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Sample collection and processing. Blood, lymph node (LN) and
rectal (RB) biopsies were performed longitudinally from RMs as
previously described.12 Blood samples were taken for a complete blood
count and routine chemical analysis, and centrifuged within 1 h of
phlebotomy for plasma separation. PBMCs were isolated from whole
blood by density gradient centrifugation for both RMs and SMs. To
obtain rectal biopsies, an anoscope was placed a short distance into the
rectum for the collection of up to 20 pinch biopsies with biopsy forceps.
RB-derived lymphocyteswere digestedwith 1mgml� 1 collagenase for
2 h at 37 1C, and then passed through a 70 mm cell strainer to remove
residual tissue fragments. For LN biopsies, the skin over the axillary or
inguinal region was clipped and surgically prepped before making an
incision in the skin over the LN, whichwas exposed by blunt dissection
and excised over clamps. LNs were then homogenized and passed
through a 70 mm cell strainer to isolate lymphocytes. All samples were
processed, fixed (1% paraformaldehyde), and analyzed within 24 h of
collection. Chronically SIV-infected RMswere electively sacrificed and
lymph nodes were collected from 3 sites—axillary, inguinal, and
mesenteric, whose lymphocytes were pooled for FACS cell sorting.

Flow cytometric analysis. Fourteen-parameter flow cytometric
analysis was performed on peripheral blood-, LN-, and RB-derived
cells according to standard procedures using a panel of monoclonal
antibodies that we and others have shown to be cross-reactive with
SMs and RMs.12 The following antibodies were used at predetermined
optimal concentrations: anti-CCR6-PE-Cy7 (clone 11A9), anti-
CCR5-PE and -APC (clone 3A9), anti-CD3-APC-Cy7 (clone SP34-2),
anti-CD62L-FITC (clone SK11), anti-CD95-PE-Cy5 (clone DX2),
anti-Ki-67-Alexa700 (clone B56), anti-IFN-g-Alexa700 (clone B27),
and anti-CXCR3-AlexaFluor 488 (clone 1C6/CXCR3) from BD
Biosciences; anti-CD161-PE (clone HP-3G10) and anti-IL-17-
Alexa488 (clone eBio64DEC17) from eBioscience; anti-CD28-ECD
(clone CD28.2) from Beckman Coulter; anti-CD4-BV421 (clone
OKT4), anti-CD4-BV605 (clone OKT4), and anti-CD161-BV421
(cloneHP-3G10) fromBiolegend; anti-CD8-Qdot705 (clone 3B5) and
Aqua Live/Dead amine dye-AmCyan from Invitrogen (Waltham,
MA). Flow cytometric acquisition was performed on at least 100,000
CD3þ T cells on an LSRII cytometer driven by the FACS DiVa
software, or at least 10,000CD3þ T cells for rectal biopsy-derived cells.
The data acquired were analyzed using FlowJo software (version 9.8.5;
TreeStar, Ashland, OR).

Intracellular cytokine staining. Freshly isolated PBMCs and RBMCs
were resuspended at a concentration of 3� 106 cells per ml in RPMI
1640 medium supplemented with 10% FBS, 100 IUml� 1 penicillin,
and 100mgml� 1 streptomycin. Stimulations were conducted for 4 h at
37 1C in the presence of phorbol myristate acetate (PMA; 80 ngml� 1),
ionomycin (500 ngml� 1), brefeldin A, and GolgiStop. After 4 h, cells
were washed once with PBS to remove stimuli and stained with surface
markers for CD3, CD4, CD8, CCR6, CD161, CD28, CD95, and CCR5
for 30min at room temperature. Cells were then fixed with cytofix/
cytoperm (BD Pharmingen, San Diego, CA), washed, and stained
intracellularly with antibodies specific for IL-17 and IFN-g for 1 h at
room temperature. Following staining, cells were washed and fixed
with PBS containing 1% paraformaldehyde prior to acquiring on an
LSRII cytometer.

CCL20 in situ hybridization and quantitative image analysis. In situ
hybridization (ISH) was performed on formalin-fixed, paraffin-
embedded rectal biopsy tissues from the 6 RMs monitored long-
itudinally. First, tissue sections were deparaffinized. Antigen retrieval
was then performed by heating slides with alkaline antigen retrieval
(Vector, Burlingame, CA) for 20min in amicrowave oven, transferring
slides to 10mM citrate buffer, pH 6.0 until cool, and thenwashing twice
in 2� SSC. A LAN probe was designed against CCL20 (Exiqon) and
doubly labeled with Digoxigenin (dig) at each end (CCL20 probe: /
5digN/TGTGAAAGACGACAGCATTGA/3DIG_N/). The protocol
was optimized for the detection of CCL20 and beta-actin (control

RNA) following common protocols. Briefly, tissue sections were
covered with the hybridization buffer (50% deionized formamide, 10%
dextran sulfate, 1� Denhardt medium, 2mM EDTA) containing
20 ngml� 1 CCL20 probes and hybridized for 2 h at 30 1C. Slides were
washed following hybridization: twice in 5� SSC for 5min, twice in 1 x
SSC for 5min, twice in 0.1� SSC for 5min- all at 37 1C- and then once
in 1� Tris-buffered saline at room temperature for 5min. Slides were
blocked (Vector blocking solution) for 30min, before incubating with
anti-DIG antibody (1:200, Roche) for 1 h at room temperature. After
washing slides twice with 1� Tris-buffered saline for 10min, BICP/
NBT was added to the slides and incubated for 20min to allow for
detection of the hybridized probe. DAPI (Sigma, St. Louis, MO) was
used as a counter stain for detecting nuclei. Quantification of CCL20
mRNA ISH positive cells was performed on SIV-infected rectal
biopsies at different time points during the course of infection and
compared with pre-infection control samples from the same animal.
CCL20 RNA ISH positive cells were counted in 10 high-power fields
(20� ) for each biopsy. Images were collected using liquid crystal
tunable filter multispectral imaging (Nuance Multispectral imaging
system; Perkin-Elmer). Using the image analysis software Inform
(Perkin-Elmer, Waltham, MA), we counted CCL20 positive cells and
expressed this data as cells per nuclei counted (DAPI stained).

FACS cell sorting. Mononuclear cells isolated from the blood and
pooled lymph nodes (axillary, inguinal and mesenteric) of chronically
SIV-infected RMs were stained with anti-CD3, anti-CD4 (clone
OKT4; BV650, Biolegend), anti-CD28, anti-CD95, anti-CCR6, and
anti-CD161. Memory CD4þ T cells were then sorted based on their
expression, or lack of expression, of CCR6 and CD161 using a FACS
AriaII (BD Biosciences).

Quantification of cell-associated SIV DNA and RNA. Cell-associated
SIV DNA and RNA were quantified for CCR6 and CD161-expressing
memory CD4þ T cells. Briefly, cellular DNA and RNAwere extracted
from sorted memory CD4þ T cells lysed in RLT Plus buffer (Qiagen,
Germantown, MD) and isolated using the AllPrep DNA/RNA Mini
Kit (Qiagen) per the manufacturer’s instructions. Cell input ranged
between 15,000 and 550,000 sorted cells from the PBMCs, and between
20,000 and 600,000 for LN. cDNA was synthesized from extracted
RNA, and quantification of SIVmac gag DNA and cDNA was per-
formed on samples using the QX100Droplet Digital PCR system (Bio-
Rad). Total SIV DNA and RNA were quantified for these samples
using SIVmac gag primers and probes, and normalized to the GAPDH
gene. Data was analyzed using the Quantasoft analysis software 1.3.2.0
(Bio-rad, Hercules, CA).

Apoptosis analysis. Freshly isolated PBMCs from 8 healthy RMs
(2� 106 cells) were washed once with Annexin V buffer (BD
Biosciences, San Jose, CA). PBMCs were then stained ex vivo with
surfacemarkers for CD3, CD4, CD8, CCR6, CD161, CD28, andCD95,
as well as with Annexin V (APC; BDBiosciences) and Aqua Live/Dead
amine dye-AmCyan (Invitrogen) for 30min at room temperature.
Following staining, cells were washed with Annexin V buffer and
immediately acquired on an LSRII cytometer. 4� 106 freshly isolated
PBMCs from the same animals were also cultured for 24 h in complete
RPMI media prior to performing Annexin V staining, as described
above.

Statistics. Prior to implementation of any specific statistical analysis for
each cross-sectional outcome, assumptionswere assessed (i.e., normality
and homogeneity of variance). If the underlying assumptions were met,
a two-sided two-sample equal-variance t-testwas performed to compare
the differences in immunologic parameters between uninfected and
SIV-infected animals, as well as between different CD4þ T-cell subsets.
If the assumptionswere violated, the two-sampleMann–WhitneyU-test
was used to compare differences in outcomes between uninfected and
SIV-infected animals. DNA and RNAmeasurements were excluded for
samples in which o15,000 cells were sorted, as the assay was not
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sensitive enough to detect viral measurements consistently outside of
this range. Two additional data points were excluded due to technical
error. Cross-sectional analyses and comparisons of SIV DNA were
conducted using GraphPad Prism 6.0 (San Diego, CA).
For our longitudinal investigations, repeated-measures analyses

were performed for CD4þ and CD8þ T-cell subsets with a means
model via the SASMIXEDProcedure (version 9.4; SAS Institute, Cary,
NC), which provides separate estimates of themeans at each time point
of the study. The model examined one predictor (time on study) with
up to 13 categorical levels, and was fit separately for each anatomic
location. A compound-symmetric variance-covariance form in
repeated measurements was assumed for each outcome and robust
estimates of the standard errors of parameters were used for
performing statistical tests and constructing 95% confidence intervals.
The model-based means are unbiased with unbalanced and missing
data, so long as the missing data was non-informative (missing at
random, MAR). Four statistical tests were done within the framework
of the mixed effects linear model for blood and rectal biopsy
comparisons, and three for lymph node comparisons. All statistical
tests were two-sided and unadjusted for multiple comparisons. A P-
valuep0.05 was considered statistically significant for every statistical
comparison.
To relate the decline of CCR6þCD4þ T-cell frequencies from the

blood to their increase in RB, subset frequencies were ln transformed
(log base e) prior to analysis by a mixed effects model. The model
specified that ln(%CCR6þ of CD4) in RB followed a linear regression
over ln(%CCR6þ of CD4) in blood, with a random intercept for each
animal. The variance components included estimates of inter-animal
and intra-animal variance.

Study approval. All animal experimentations were conducted
according to guidelines established by the AnimalWelfare Act and the
NIH for housing and care of laboratory animals and performed in
accordance with Institutional regulations after review and approval by
the Institutional Animal Care andUsage Committees (IACUC; Permit
number: 2001973) at the Yerkes National Primate Research Center
(YNPRC). Anesthesia was administered prior to performing any
procedure, and proper steps were taken to minimize the suffering of
the animals in this study.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper
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