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2Université Paris Diderot,
Sorbonne Paris Cité, Paris,
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SUMMARY

Some viruses have established an equilibrium with their host. African green mon-
keys (AGM)displaypersistent highviral replication in theblood and intestineduring
Simian immunodeficiency virus (SIV) infection but resolve systemic inflammation af-
ter acute infection and lack intestinal immuneor tissue damageduring chronic infec-
tion.WeshowthatNKG2a/c

+CD8+T cells increase in thebloodand intestineofAGM
in response to SIVagm infection in contrast to SIVmac infection in macaques, the
latter modeling HIV infection. NKG2a/c

+CD8+ T cells were not expanded in lymph
nodes, and CXCR5+NKG2a/c

+CD8+ T cell frequencies further decreased after SIV
infection. Genome-wide transcriptome analysis of NKG2a/c

+CD8+ T cells from
AGM revealed the expression ofNK cell receptors, and ofmolecules with cytotoxic
effector, gut homing, and immunoregulatory and gut barrier function, including
CD73.NKG2a/c

+CD8+ T cells correlated negativelywith IL-23 in the intestine during
SIVmac infection. The data suggest a potential regulatory role of NKG2a/c

+CD8+

T cells in intestinal inflammation during SIV/HIV infections.

INTRODUCTION

The implementation of combined antiretroviral therapy (ART) to treat HIV infection has been an incredible

success and has saved millions of lives. Antiretroviral treatment reduces viremia to undetectable levels in

the blood of people living with HIV (PLWH). However, a residual inflammation persists in most PLWH,

despite virological suppression, in particular in those individuals who started ART in the chronic phase

of infection, which still today is the case most often (Hunt et al., 2011). HIV-1 infection induces damages

to the tissues, already at very early stages of infection. For instance, collagen deposition is observed in

B cell follicles of the intestine and lymph nodes (LNs) already in HIV-1 primary infection causing fibrosis

and a disruption of the follicular dendritic cell (FDC) network (Zeng et al., 2012). The integrity of the intes-

tinal barrier is also damaged during HIV infection leading to microbial translocation in chronic infection,

which most likely fuels systemic inflammation (Brenchley et al., 2010). ART initiated in chronic infection

does not fully restore these tissue damages (Hunt et al., 2014). Antiretroviral treatment initiated in acute

HIV infection can avoid follicle damage in the intestine and restore intestinal Th17 cell levels, but does

not fully restore the functional activity of these cells (Schuetz et al., 2014).

CD8+ T cells are critical in the control of viral replication and tumor cells (Cao et al., 2018; Collins et al.,

2020). However, CD8+ T cells are highly affected by a persistent antigenic stimulation and chronic inflam-

mation. In such settings, CD8+ T cells up-regulate immune checkpoint inhibitors, such as PD-1, CTLA-4,

Lag-3, or Tim-3 (Blackburn et al., 2008; Day et al., 2006; Kaufmann and Walker, 2009; Trautmann et al.,

2006). Such inhibitory receptors are generally induced to dampen inflammation, for example, for the res-

olution of an infection-induced inflammation that otherwise would be harmful for the tissues (Thangama-

thesvaran et al., 2018). However, it facilitates T cell exhaustion and is hampering the antiviral efficacy of the

cells (Odorizzi and Wherry, 2012).

Inhibitory natural killer (NK) cell receptors, such as NKG2A, can also be induced on CD8+ T cells (Mingari

et al., 2019; Thimme et al., 2005; Vivier and Anfossi, 2004). The expression of NKG2A can be induced on
iScience 24, 102314, April 23, 2021 ª 2021 The Author(s).
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human CD8+ T cells after T cell receptor (TCR) triggering and is differentially modulated by cytokines such

as IL-6, IL-10, IL-21, IL-15, and TGF-b depending on the conditions (Bertone et al., 1999; Cho et al., 2011;

Derre et al., 2002; Kim and Cantor, 2011; Maria et al., 1997; Mingari et al., 1998; Suvas et al., 2006). Commit-

ment to expression of the inhibitory NKG2A generally is a clonal attribute restricted to a subset of memory/

effector CD8+ T cells (Jabri et al., 2002). NKG2A marks a unique immune effector T CD8+ subset preferen-

tially co-expressing tissue-resident markers, but not immune checkpoint inhibitors (Eugène et al., 2020; Sun

et al., 2019). NKG2A has been implicated in the down-regulation of T cell function in various cancers and

diminished responses against some viral infections, such as chronic hepatitis C virus infection (Mingari

et al., 1995; van Montfoort et al., 2018; Moser et al., 2002; Nattermann et al., 2006; Noppen et al., 1998),

By contrast, NKG2A+CD8+ T cells were also found in other infections to be more efficient at protecting

against viral challenge than their counterparts. For example, NKG2A does not inhibit responses against

LCMV and even optimizes CD8+ T cell responses during some viral infections, such as acute poxvirus infec-

tion (Byers et al., 2006; Miller et al., 2002; Rapaport et al., 2015),. A regulatory function of the NKG2a/c
+ CD8+

T cells is also not excluded (Keynan et al., 2008). Dynamic changes in blood and intestinal NKG2A+ T cells

can reflect immune responses mounted against intestinal injuries (Katsurada et al., 2012). In mice models it

has been shown that NKG2A+ T cells can be expanded in the intestine to prevent tissue damages resulting

from excessive immune responses (Katsurada et al., 2012). Human NKG2A+ T cells also exert immunoreg-

ulatory functions in some autoimmune disorders (Katsurada et al., 2012; Kim and Cantor, 2011). Thus,

NKG2A+ T cells have immunoregulatory, and in most cases immunosuppressive, functions. These dimin-

ished responses might be harmful in the context of tumors and many infections, but could play an impor-

tant, beneficial role in the context of inflammatory diseases, tissue grafts, and tissue injuries (Bhagat et al.,

2008; Saito et al., 2003; Walsh et al., 2011). However, the disruption of NKG2A activity has also been shown

to unleash CD8+ Treg cell activity, and in that case NKG2a/c
+CD8+ T cells impaired the resolution of the

autoimmune disease (Lu et al., 2008).

CD8+ T cells expressing NKG2A have been observed during HIV-1 infection, ranging between 2% and 18%

in the peripheral blood of asymptomatic untreated PLWH (Maria et al., 1997). There is evidence that HIV-

specific NKG2A+ CD8+ T cells display impaired cytolytic function (Maria et al., 1997; Wesch and Kabelitz,

2003). However, the percentage of NKG2A+ CD8+ T cells in the blood was lower in PLWH than in healthy

donors (Zeddou et al., 2007). Within PLWH, the percentages were higher in PLWH controlling viremia than

in viremic individuals (Zeddou et al., 2007). Based on these reports, one might speculate that the antiviral

function of NKG2A+ CD8+ T cells is diminished, but that theymight deliver some other benefit to the host. It

cannot be excluded, though, that in viremic PLWH, these cells were decreased in the blood because they

homed more intensively to the tissues. Immunization of macaques with a CMV-based vector expressing

HIV-Gag induced a strong Simian immunodeficiency virus (SIV) control that was associated with major his-

tocompatibility complex (MHC)-E-restricted CD8+ T cells (Hansen et al., 2016). The latter were in large ma-

jority CD8a/b+ and TCRg/d� cells not expressing NKG2a/c and thus recognized viral antigen presented by

MHC-E via TCR and not NKG2A (Hansen et al., 2016).

The role of NKG2A+CD8+ T cells in HIV infection is thus not clearly understood. NKG2A+CD8+ T cells in

PLWH have beenmostly studied in blood, whereas they might be particularly important in tissues, in partic-

ular in the intestinal tissue. Animal models allow the analysis of immune responses in tissues. HIV originates

from the SIV whose reservoir resides in African nonhuman primates (NHP). Natural hosts of SIV, such as Af-

rican green monkeys (AGM), display high levels of replication in the blood and intestine, without inducing

chronic inflammation (Raehtz et al., 2016). They maintain a normal intestinal architecture, including normal

FDC networks and an intact epithelial barrier, and show no loss of intestinal Th17 cells (Favre et al., 2009;

Gordon et al., 2010; Micci et al., 2012; Pallikkuth et al., 2013; Pandrea et al., 2007). This contrasts with Asian

monkeys (macaques [MAC]) that do not carry SIV in their natural habitat and display the same physiopa-

thology as HIV-1-infected humans (Garcia-Tellez et al., 2016). AGM infected by SIV therefore represent a

goodmodel to search for mechanisms that protect against chronic inflammation and tissue damage during

a chronic viral infection.We raised the hypothesis that NKG2A+CD8+ T cells might be increased in tissues of

AGM where the virus replicates (i.e., intestine) and contribute to tissue protection. We determined the

genome-wide transcriptional profiles of these cells during SIVagm infection in AGM. We phenotyped

and longitudinally followed NKG2a/c
+CD8+ T cells in blood, LNs, and intestine during pathogenic SIVmac

infection in macaques and nonpathogenic SIVagm infection in AGM. We evaluated the correlations with

viremia profiles and level of inflammation in the intestine. Our study supports a role of NKG2a/c+CD8+

T cell in the protection against intestinal inflammation during SIV infection.
2 iScience 24, 102314, April 23, 2021
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Figure 1. Identification and analysis of NKG2a/c
+ T cells in the blood of healthy nonhuman primates. Analyses were performed on six monkeys per

species

(A and B)Multidimensional viSNE analysis in blood cells of (A) AGM and (B) cynomolgusmacaques (CM). Cells were stained with 16markers andmeasured by

flow cytometry. viSNE analysis was run on 60,000 live CD45+ single cells per sample using all surface markers.

(C) Gating of the NKG2a/c
+ T cells based on CD45+ lin�CD3+NKG2a/c

+ cells. The numbers in each quadrant represent the percentage among CD45+ Lin�

cells in AGM (upper panel, blue) and CM (lower panel, orange). Each panel represents a distinct animal. Data from three representative animals per species

are shown.

(D) Mean fluorescence intensity (MFI) of NKG2A/C at the surface of NKG2a/c
+ T cells, NK cells, and conventional CD8a+ T cells (left). Frequency of CD8a

among NKG2a/c
+ T cells, NK cells, and conventional CD8a+ T cells (right).

(E) Absolute numbers of NKG2a/c
+ T cells compared with NK and conventional CD8a+ T cells.

(F) Frequencies of naive, memory, and effector NKG2a/c
+ T cells according to CD28 and CD95 expression. Dot plots with three representative animals per

species are shown on the left.

(G) MFI of intracellular cytokine expression ex vivo in unstimulated cells.

(H) Frequency of cells expressing homing markers.

(I) Frequencies of cells expressing NK cell markers. A nonparametric Mann-Whitney U test was applied; *p < 0.05, **p < 0.005. Horizontal bars indicate

median values, and error bars indicate interquartile range. Each symbol (triangles for AGM and rectangles for CM) represents a distinct animal.

ll
OPEN ACCESS

iScience
Article
RESULTS

NKG2a/c expression on T cells in healthy nonhuman primates defines a subset of CD8+ T cells

mainly displaying an effector phenotype with effector tissue homing profile

We first performed a comparative analysis of the phenotype of NKG2a/c+ T cells in blood from six healthy

AGM and six healthy cynomolgus MAC (CM). The data of peripheral blood-derived viable CD45+lin� lym-

phocytes were analyzed by dimensional reduction using viSNE algorithm (Figures 1A and 1B). On NHP

cells, the available antibodies against NKG2A also recognize NKG2C. NKG2a/c showed elevated expres-

sion on a small cluster of CD3+ T cells. These clusters of NKG2a/c
+CD3+ T cells were distinct from NK cells

and were found close to or within the cluster of conventional CD8+ T cells (Figures 1A, 1B, and S1A). When

theNKG2a/c
+CD3+ T cells fromAGMandMACwere analyzed together, they were found in the same cluster

(Figure S1A). These results indicate that NKG2a/c can be used to define a subset of CD8+ T cells in NHP. We

detected NKG2a/c expression also on CD4+ T cells. In both species, however, the vast majority, more than

75%, of the NKG2a/c
+ T cells expressed CD8a showing that similar to humans, CD3+NKG2a/c+ cells

are mainly composed of CD8+ T cells in the blood of healthy AGM and MAC (Figures 1C and 1D).

NKG2a/c
+CD8+ T cell numbers in blood were low compared with conventional CD8+ T or NK cells in

both species and did not differ between species (Figures 1D, 1E, and S1B). Most of the NKG2a/c
+CD8+

T cells were of the effector phenotype (Figure 1F) and expressed both IFN-g and Perforin (Figure 1G).

We measured chemokine receptor expression to evaluate their tissue homing potential. The large majority

of the NKG2a/c
+ T cells expressed CXCR3 and CD62L in AGM and MAC (Figure 1H). Some of them also ex-

pressed CX3CR1, CCR7, and CXCR5 (Figure 1H). For instance, the median of CXCR5+ NKG2a/c
+CD8+

T cells were 12.92% and 5.98% in, respectively, AGM and MAC (Figure 1H).

We then assessed the expression of other NK cell markers on NKG2a/c
+ T cells. The NK cell receptors

NKG2D and NKP30 were expressed as frequently as on NK cells (Figure 1I). NKG2a/c
+ T cells positive for

the other NK cell markers tested, i.e., CD16, NKp80, NKp46, and NKp44 could also always be detected

to variable extents (Figure 1I). NKp44 marks NK cells that persist in the intestine (Sagebiel et al., 2019).

Comparisons of the frequency and mean fluorescence intensity for each of these homing and NK cell

markers expressed by NKG2a/c
+ CD8+ T cells did not reveal any differences between AGM and MAC,

with the exception of the frequencies of CXCR3+ and in particular NKP80+ NKG2a/c+CD8+T cells, which

were higher in healthy AGM than in healthy MAC (Figures S1C–S1F).

Taken together, our data show the existence of NKG2a/c
+ T cells in NHP peripheral bloodmainly composed

of CD8+ T cells with effector potential, expressing NK cell receptors and an inflammatory/effector tissue

homing profile.
NKG2a/c
+CD8+ T cells expand during primary SIVagm infection

We next deciphered the dynamics of NKG2a/c-expressing T cells in response to SIV infection. The cells were

followed in blood of 12 SIVagm.sab92018-infected AGMs and nine SIVmac251-infected CM before infec-

tion, in acute infection (starting from day 2 post-infection [p.i.]) and in chronic infection until day 220 p.i. The
4 iScience 24, 102314, April 23, 2021
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Figure 2. Dynamics of NKG2a/c
+CD8+ T cells in blood during pathogenic SIVmac infection and non-pathogenic

SIVagm infection

Nine animals per species were analyzed. AGM are represented in blue and CM in orange.

(A) Dot plots illustrating the dynamics of CD45+CD20�CD3+NKG2A/C
+ cells during SIV infection in AGM (upper panel)

and CM (lower panel). The days after SIV infection are indicated at the top of each dot plot. The dot plots show a

representative animal for each species. The numbers in each quadrant indicate the percentage of NKG2A/C
+ T cells

among CD45+ cells.

(B) Frequency of CD8a+ cells among CD45+CD20�CD3+NKG2A/C
+ cells during SIV infection in CM (left) and AGM (right).

(C) CD45+CD20�CD3+NKG2A/C
+CD8+ cell dynamics in response to SIV infection. The dark line represents the median.

Day 0 represents the median value from all the time points analyzed before infection.

(E–F) Dynamics of NKG2a/c
+CD8+ T cells expressing homing markers. The cells were followed in blood before and during

the time course of SIV infection in nine AGM (blue) and nine CM (orange). Each symbol represents an individual monkey,

the black line the median values, and day 0 the median values of all time points before infection. dpi: days post-infection.

*p < 0.05.
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viremia of all animals are described in Figure S2 and in Table S1. In concordance with previous studies, the

viremia levels were as high in AGM than in the MAC Figure S2.

Analysis of NKG2a/c+CD8+ T cells after SIV infection showed that these cells continued to represent the

vast majority of the NKG2a/c
+ T cells (Figures 2A and 2B). During SIVagm infection, the NKG2a/c

+CD8+

T cell subpopulation remained clearly detectable, whereas in SIVmac infection, NKG2a/c staining on

CD3+ T cells sometimes failed to clearly define a population mainly due to a low number of positive cells.

Indeed, in MAC, a transient decline of their absolute numbers in blood was observed at days 9 and 11 p.i.

(Figure 2C). This decline thus occurred concomitantly to the viremia peak (Figure S2). In AGM, the cells

expanded in primary infection and reached a peak at days 28 and 35 p.i. (Figure 2C).

The differences observed in the dynamics of NKG2a/c
+CD8+ T cells between pathogenic and non-patho-

genic SIV infection could be a consequence of distinct tissue trafficking in response to infection. We longi-

tudinally assessed the frequencies of NKG2a/c
+CD8+ T cells expressing tissue homing markers in blood. In

both species, the CCR7+NKG2a/c
+CD8+ T cell frequencies did not show any significant changes in primary

infection and remained low during chronic infection (Figure 2D). The frequencies of CD62L+, CX3CR1+, and

CXCR3+ NKG2a/c
+CD8+ T cells were strongly and rapidly decreased after SIV infections in both MAC and

AGM (Figures 2E–2G). The levels of CXCR3+NKG2a/c
+CD8+ T cells were partially recovered after day 80 p.i.

Here we show that AGM displayed an expansion of NKG2a/c
+CD8+ T cells in blood during primary

infection. Both in pathogenic and non-pathogenic SIV infection, NKG2a/c+CD8+ T cells expressing

CCR7, CD62L, CXC3CR1, and CXCR3 were low or decreased in blood in response to SIV infection.

These decreases could either mean that these cells are constantly recruited into tissues and/or that

NKG2a/c
+CD8+ T cells further differentiate into an effector profile upon SIV infection.

SIV replication sustains proliferation and effector function of NKG2a/c
+CD8+ T cells

In order to better understand the dynamics following SIV infection, we longitudinally evaluated the proliferative

activity and effector profiles of NKG2a/c
+CD8+ T cells. We examined the proliferative activity of these cells

ex vivo by measuring the intracellular expression of Ki-67, a cell-cycle marker expressed by cycling or recently

divided cells (Figure 3A). During SIVmac infection, NKG2a/c
+CD8+ T cells displayed proliferative responses that

were shorter in time when compared with conventional CD8+ T cells than in SIVagm infection. In AGM, the con-

ventional CD8+ T cells did not show significant increases in proliferation, in line with the literature (Favre et al.,

2009)(Raehtz et al., 2020) (Jacquelin et al., 2014), whereas NKG2a/c
+CD3+CD8+ T cells showed a strong increase

in proliferative capacity in acute infection (day 7 p.i.) (Figure 3A).

To evaluate the functional activity of the NKG2a/c
+CD8+ T cells, the surface expression of CD107a (a surro-

gate marker for cytolytic function [Alter et al., 2004]) was measured ex vivo on unstimulated cells (Figure 3B).

In MAC, increases in the cytotoxic activity of both conventional and NKG2as/c
+CD8+ T cells were detected

in primary infection, and for the NKG2a/c
+CD8+ T cells, also in chronic infection. In AGMs, cytotoxic activity

was observed for NKG2a/c
+CD8+ T cells in primary and chronic infection (days 4, 9, 21, and 150 p.i.) but was

not increased on conventional CD8+ T cells (Figure 3B).

We also longitudinally measured Perforin and TNF-a expression levels by intracellular cytokine staining

ex vivo in unstimulated cells. The data show the existence of NKG2a/c
+CD8+ T cells with increased levels
6 iScience 24, 102314, April 23, 2021
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Figure 3. Longitudinal analysis of NKG2a/c+ CD8+ T cell proliferation and functional phenotypes in blood and evaluation of correlation with

viremia

(A–D) Longitudinal analyses. Orange symbols indicate CM (left) and blue symbols AGM (right). Each symbol corresponds to a distinct animal. (A) Cell

proliferation as evaluated by intracellular staining of Ki-67+. (B–D) Ex vivo suppressor activity as evaluated by (B) surface staining of CD107a and intracellular

staining (C) of Perforin and (D) TNF-a. Each symbol represents a distinct animal. dpi: days post-infection. A nonparametric Mann-Whitney U test was applied,

bars indicate median values, and error bars indicate interquartile range *p < 0.05, **p < 0.005, ***p < 0.0005.

(E–F) Correlation matrix of measures of viremia and NKG2a/c+ CD8+ T cell parameters. The Pearson correlation is shown. The matrix was built using the

values obtained between day 0 and day 150 p.i from (E) 6 MAC and (F) 6 AGM.
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of Perforin and TNF-a expressions during primary SIV infection in both species and in both NKG2a/c
+ and

conventional CD8+ T cells (Figures 3C and 3D). In both species, the increases of Perforin and TNF-a in

NKG2a/c
+CD8+ T cells were observed as soon as days 7 and 2 p.i., respectively. In AGM, the increases of

Perforin and TNF-a expressions seemed to be resolved earlier (days 14 and 28 p.i., respectively) than in

MAC (days 35 and 80 p.i., respectively).

To analyze if these dynamics were associated with viral replication levels, a correlation matrix was gener-

ated between viremia levels and the different parameters measured for NKG2a/c
+CD8+ T cells (Figures

3E and 3F). In both species, strong positive correlations were observed between viremia and Ki-67 or Per-

forin levels of NKG2a/c
+CD8+ T cells, suggesting that viremia (i.e., antigen stimulation) was driving the pro-

liferation and effector phenotype of these cells. Moreover, positive correlations were detected between

Perforin and TNF-a levels for the NKG2a/c
+CD8+ T cells. In summary, both AGM and CM showed increases

in proliferation and cytotoxic phenotype of NKG2a/c
+CD8+ T cells in response to SIV infection in blood, and

these were associated with viremia levels.
No increases of total or CXCR5+NKG2a/c
+CD8+ T cells in secondary lymphoid tissues during

SIVagm and SIVmac infections

To address the question of whether NKG2a/c
+CD8+ T cells home to the tissues during SIV infections, we

examined their frequencies in tissues, first in secondary lymphoid tissues (SLT) from AGM and CM. We

analyzed non-infected, acutely infected, and chronically infected animals. We did not find an enrichment

of NKG2a/c
+CD8+ T cells in spleen from chronically infected animals when compared with healthy animals

independently of the type of SIV infection studied (Figure 4A). The longitudinal analysis of NKG2a/c
+CD8+

T cells in peripheral LN (pLN) during the time course of SIV infection within each species also did not show

changes over time in their frequencies (Figure 4B). Likewise, comparison of CD3+NKG2a/c+ T cell fre-

quency between the two species in both spleen and pLN during the time course of infection did not reveal

differences with the exception of days 14 and 80 p.i, where NKG2a/c
+CD8+ T cells were more frequent in

AGM’ pLN than inMAC (Figure S3A). We analyzed the spleen of CM treated with combination antiretroviral

therapy (cART) in chronic infection for 2 years (Table S1). In these cART-treated animals where viremia was

suppressed also, no differences regarding the frequency of NKG2a/c
+CD8+ T cells were observed when

compared with viremic CM (Figure 4C). We also evaluated NKG2a/c
+CD8+ T cell frequencies in rhesus

MAC (RM) that spontaneously controlled SIV (SIV controllers [SIC]) (Table S1). The frequency of NKG2a/

c
+CD8+ T cells in LN of chronically infected SIC was similar to that in viremic RM, but significantly increased

compared with that in healthy animals (Figure 4D). Thus, except for SIV controllers, NKG2a/c
+CD8+ T cells

were not increased in peripheral secondary lymphoid organs when compared with uninfected animals.

We next assessed if NKG2a/c
+CD8+ T cells could access B cell follicles, the latter being described as a sanc-

tuary for HIV/SIV replication in SLT (Bronnimann et al., 2018; Fukazawa et al., 2015), by evaluating CXCR5

expression on these cells. The median frequencies of NKG2a/c
+CD8+ CXCR5+ T cells in SLT (LN, spleen)

were low, including in SIV controllers (Figures 4E–4H). Furthermore, they decreased in the LN after SIV

infection in both acutely and chronically infected CM as well as in chronically infected RM (Figures 4E

and 4H). In AGM, the levels of NKG2a/c
+CD8+ CXCR5+T cells in LN were also decreased in acute infection

(Figure 4E). In the spleen, the median levels of CXCR5+ NKG2a/c
+CD8+ T cells were similar to that in LN and

also did not increase after SIV infection in CM nor AGM (Figure 4F). Additionally no difference was noticed

regarding the frequency of NKG2a/c
+CD8+CXCR5+ T cells when they were compared between the two spe-

cies in both pLN and spleen (Figure S3). ART treatment did not change the frequency of NKG2a/c
+CD8+

CXCR5+ T cells in the spleen of CM (Figure 4G). We cannot exclude that cART administered during primary

infection would have restored the cells. Altogether, NKG2a/c
+CD8+ T cells showed no signs of increased

capacity to migrate into B follicles within SLT during SIV infection, neither in AGM nor in SIV controllers.
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Figure 4. Dynamics and functional phenotype of NKG2a/c+CD8+ T cells in secondary lymphoid organs and intestine from naive and SIV-infected

monkeys

Each symbol corresponds to a distinct animal. Orange symbols indicate CM, blue symbols AGM, violet symbols ART-treated CM, and red symbols rhesus

macaques (RM). Bars indicate median values.

(A) Frequencies of NKG2a/c+ CD8+ T cells among CD45+ cells in the spleen from CM (orange) and AGM (blue).

(B) Dynamics of NKG2a/c+CD8+ T cells during SIV infection in peripheral lymph nodes (pLN) from CM (orange) and AGM (blue). The black line indicates the

median values.

(C) NKG2a/c+CD8+ T cells in the spleen of viremic and ART-treated virologically suppressed CM.

(D) NKG2a/c+CD8+ T cells in the pLN of naive, viremic, and virological controller (SIC) RM.

(E and F) Frequencies of NKG2a/c+CD8+ T cells expressing CXCR5 in (E) pLN and (F) spleen from CM (orange) and AGM (blue).

(G) NKG2a/c+CD8+ T cells expressing CXCR5 in spleen from viremic and ART-treated virologically suppressed CM.

(H) NKG2a/c+CD8+ T cells expressing CXCR5 in pLN from naive, viremic, and virological controller (SIC) RM.

(I) Dynamics of NKG2a/c+CD8+ T cells in rectal biopsies from CM (orange) and AGM (blue).

(J) Dynamics of NKG2a/c+ CD8+ T cells in distinct intestinal compartments from CM (orange) and AGM (blue).

(K–M) Lymphocytes were isolated from rectal biopsies and surface (CD107a) or intracellular stainings (IFN-g and Perforin) were assessed ex vivo in

unstimulated NKG2a/c+CD8+ T cells for CM (orange) and AGM (blue). dpi: days post-infection. *p < 0.05.
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The NKG2a/c
+CD8+ CXCR5+ T cells were lower in LN than in blood before infection and further decreased

upon SIV infection in both species.
Rapid expansion of cytotoxic NKG2a/c
+CD8+ T cells during SIV infection in the gut

We then longitudinally followed up NKG2a/c
+CD8+ T cells in the intestine (rectal biopsies). This revealed

differences with respect to SLT and also between pathogenic and non-pathogenic SIV infection (Figures

4I and S3). In AGM, the NKG2a/c
+CD8+ T cells increased during primary infection in the intestine after

SIV infection and represented between 5% and 10% of the leukocytes between days 2 and 28 p.i. (Figure 4I).

In CM, the levels never reachedmore than 5% (Figure 4I). The increases of NKG2a/c
+CD8+ T cells also lasted

longer in SIVagm than SIVmac infection (day 14 and day 2 p.i., respectively). In order to further comprehend

the distribution of NKG2a/c
+CD8+ T cells in the gut, we analyzed if their levels varied or not between distinct

compartments of the intestine and analyzed the ileum, jejunum, and colon from healthy, acutely (day 9 p.i.)

and chronically infected animals (between day 200 and 300 p.i.) (Figure 4J). The samples here have been

analyzed in later stages of chronic infection than the rectal biopsies. In MAC, the NKG2a/c
+CD8+ T cell

levels did not change in the three intestinal compartments compared with uninfected animals, besides a

trend for decrease in acute (day 9 p.i.) infection. In AGM, the NKG2a/c
+CD8+ T cells showed significant in-

creases in chronic infection when compared with before infection in colon (p = 0.0083), jejunum (p =

0.0228), and ileum (p = 0.0099). Thus, we observed in all intestinal compartments signs for stronger and

more long-lasting increases of the NKG2a/c
+CD8+ T cells in the gut during SIVagm than during SIVmac

infection (Figure S3). Altogether, increases of NKG2a/c
+CD8+ T cells were seen in the intestine during SI-

Vagm infection in contrast to SLT.

We analyzed the functional phenotype of these intestinal NKG2a/c
+CD8+T cells before and during SIV

infection by measuring ex vivo cell surface CD107a as well as intracellular IFN-g and Perforin in unstimu-

lated cells (Figures 4K–4M). Perforin and CD107a expression were rapidly and strongly increased in

NKG2a/c
+CD8+ T cells from rectal biopsies of SIV-infected MAC and AGM starting from day 2 p.i. and

throughout day 14 p.i. at least. The changes in IFN-g expression were not significant (Figures 4I and S3).

Altogether, the effector activity of NKG2a/c
+ CD8+ T cells was mobilized in the intestine upon SIV infection

in both MAC and AGM. This mobilization in the intestine occurred very early (day 2 p.i.) in both MAC and

AGM. In both species, the cytotoxic markers were more up-regulated than IFN-g. The functional profile of

the cells in the gut was similar between the two types of infection, whereas the levels of NKG2a/c
+ CD8+

T cells increased more in SIVagm than in SIVmac infection.
Transcriptional signatures in NKG2a/c
+CD8+ T cells during SIVagm infection indicates

cytotoxic effector concomitant with regulatory functions

The NKG2a/c
+CD8+ T cells were therefore expanded in blood and intestine during non-pathogenic SIV

infection. In order to define them in depth, we determined their genome-wide transcriptome. Three

distinct CD8+ T cell subpopulations were sorted from blood of five chronically SIVagm-infected AGM:

the NKG2a/c
+CD8+ T cells as well as the conventional memory and effector CD8+ T cells. As shown in

the heatmaps, the NKG2a/c
+CD8+ T cells clustered clearly separately from both the memory and effector

conventional CD8+ T cells (Figures 5A, 5B and S4). The analysis revealed differential expression for 298
10 iScience 24, 102314, April 23, 2021
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Figure 5. Genome-wide transcriptome analysis of NKG2a/c+CD8+ T cells

NKG2a/c+CD8+ T cells, conventional memory CD8+ T cells (CD95+CD28+), and conventional effector CD8+ T cells (CD95+CD28-) were sorted from blood of

five chronically SIVagm-infected AGM.

(A and B) Heatmaps of unsupervised hierarchical clustering showing differentially expressed genes (A) between NKG2a/c+CD8+ T cells and conventional

memory CD8+ T cells and (B) between NKG2a/c+CD8+ T cells and conventional effector CD8+ T cells. A p value adjustment was performed to take into

account multiple testing and control the false-positive rate to a chosen level. The level of controlled false-positive rate was set to Padj <0.05.

(C and D) Volcano plots that represent up- and down-regulated transcripts of NKG2a/c+CD8+ T cells when compared with (C) conventional memory CD8+

T cells (CD95+CD28+) (D) and conventional effector CD8+ T cells (CD95+CD28-). The position of each data point is calculated as -log10 (p value) 3 log2 (FC),

with a p value cutoff < 0.05. The red (up-regulated) and green dots (down-regulated) represent differentially expressed genes with a log2 fold change higher

than 2. The list of all transcripts is given in Tables S2 and S3.

(E–G) Graphs shows the enriched Gene Ontology (GO) terms for the genes that were (E) up-regulated in NKG2a/c+CD8+ T cells when compared with

conventional memory CD8+ T cells (CD95+CD28+); (F) up-regulated in NKG2a/c+CD8+ T cells when compared with conventional effector CD8+ T cells

(CD95+CD28+). No significant pathways were down-regulated when compared with conventional effector CD8+ T cells. The mRNAs were input for ClueGO

plugged into Cytoscape for GO enrichment analysis. The ‘‘cellular component,’’ ‘‘biological process,’’ ‘‘molecular function,’’ and ‘‘immune system process’’

GO terms such as KEGG, Wiki pathways, and REACTOME were selected for this analysis. The two-sided hypergeometric test was used in the statistical

inference. (G) Enriched GO terms for the genes that were down-regulated in NKG2a/c+CD8+ T cells when compared with conventional memory CD8+ T cells

(CD95+CD28+). The adjusted p value threshold was set to 0.05. The term value corrected with the Bonferroni stepdown method was applied for p value

correlation and indicated in the figure. Bars indicate the minus log of p-value. The list of the associated genes found for each term is given in Tables S4–S6.
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genes when NKG2a/c
+CD8+ T cells were compared with memory CD8+ T cells (Figure 5A) and 252 genes

when compared with effector CD8+ T cells (Figure 5B). All up- and down-regulated genes are listed in Ta-

bles S2 and S3, also shown on Figures S4A and S4B. Among the up-regulated genes in the NKG2a/c
+CD8+

T cells figured many NK cell receptors, such as NCR1 (NKp46), KIR2DL4, KIR3DL3, KIR2DL1, and both

KLRC1 (NKG2A) and KLRC2 (NKG2C). Of note, NKG2A expression was more up-regulated (3.5–4.9 times,

p < 10�9–10�5) than NKG2C (1.9–3.6 times, p < 10�5–10�2) compared with conventional memory/effector

CD8+ T cells (Figures 5C and 5D and Tables S2 and S3). The NKG2a/c
+CD8+ T cells also expressed higher

levels of CXCR6 and IL23R compared with the conventional effector CD8+ T cells, suggesting a gut homing

profile, in line with the data described earlier. Indeed, IL-23 is known to be expressed by intestinal myeloid

cells, which is also the case of the CXCR6-ligand CXCL16, and CXCR6 can be expressed by intestinal acti-

vated lymphocytes (Diegelmann et al., 2010; Sato et al., 2005). The NKG2a/c
+CD8+ T cells also expressed

higher levels of IL12RB2 compared with memory CD8+ T cells. The expression of IL12RB2 is found to be

associated with a number of inflammatory diseases, such as Crohn disease. The NKG2a/c
+CD8+ T cells

were also characterized by higher expression levels of cytolytic granules (i.e., Perforin, Granzyme A and

B, NKG7) as well as of CCL4 (MIP1-b) and TBX21 (T-bet), whereas lower levels of the immune checkpoint

molecule Lag-3 when compared with the conventional memory CD8+ T cells, in line with their effector

phenotype (Tables S2 and S3). The molecular profiles also revealed lower expression of LAMTOR1 and

higher levels of CREM, CD73 (NT5E), IGFBP3, CD26 (DPP4), SerpinA3 and SerpinA5 when compared

with conventional effector memory CD8+ T cells (Figure S4 and Tables S2 and S3). These molecules are

associated with cellular metabolism and with regulatory function of T cell activity (Miyagawa et al., 2017).

CD73 is often expressed on regulatory T cells. CD26 is known to cleave chemokines and inhibit T cell traf-

ficking (Hollande et al., 2019). SerpinA3 and SerpinA5 inhibit proteases, which protect some tissues, such as

the lung mucosa, from damage caused by proteolytic enzymes (Kalsheker, 1996; Miyagawa et al., 2017),.

Among all differentially regulated genes in NKG2a/c
+CD8+ T cells, we also determined which ones were the

same when compared with both memory and effector conventional CD8+ T cells together. As displayed in

the Venn diagrams, 37 genes were commonly up-regulated and 4 commonly down-regulated (Figure S4C).

Among the commonly up-regulated genes were KLRC1, IL23R, KLRC2, SerpinA5, CCL4, and KIR3DL3 (Fig-

ure S4D). One of the commonly down-regulated ones corresponded to Lag3.

We then analyzed the pathways that were involved. The Gene Ontology (GO) enrichment analysis focusing

on genes showing a >2-fold change uncovered several pathways important at different levels for the func-

tions of NKG2a/c+CD8+ T cells. Thus, pathways associated with cytotoxic activity and cell development

such as ‘‘NK cell mediated immunity,’’ ‘‘NK cell mediated cytotoxicity,’’ ‘‘GEFs activate RhoA,B,C,00 ‘‘posi-
tive regulation of epithelial cell apoptotic process,’’ and ‘‘cell-cell-junction assembly’’ are found to be up-

regulated in NKG2a/c+CD8+ T cells when compared with memory conventional CD8+ T cells. At the oppo-

site, pathways involved in regulation of cellular proliferation (‘‘SET1 complex trimethylates H3K4 at the

MYC gene’’) are down-regulated (Figures 5E and 5F and Tables S4 and S5). The same analysis when

comparing NKG2a/c+CD8+ T cells with conventional effector CD8+ T cells demonstrated an up-regulation

of pathways mostly involved in immune activity, such as ‘‘regulation of lymphocyte mediated immunity,’’
12 iScience 24, 102314, April 23, 2021
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‘‘positive regulation of defense response to virus by host,’’ and in particular ‘‘immunoregulatory interac-

tions between a lymphoid and a non-lymphoid cell’’ (Figure 5G and Table S6). Together, these data

demonstrate that the NKG2a/c
+CD8+ T cells present during SIVagm infection have a transcriptional expres-

sion profile clearly distinct from other CD8+ T cell populations. They confirm the NK cell-like properties, the

effector and cytotoxic profile, as well as the preferential gut homing profile. Furthermore, they support a

regulatory function of these cells.

NKG2a/c+CD8+ T cells correlated negatively with IL-23 in the intestine during SIVmac

infection

We next explored markers of intestinal inflammation and tissue stress. We therefore measured IL-23, IP-10

(CXCL10), and Hsp60. We chose IL-23 because the transcriptomic analysis revealed that NKG2a/c
+CD8+

T cells expressed high levels of IL23R and because this pro-inflammatory cytokine is known to be expressed

in the gut (Lim et al., 2020). IP-10 was selected because it was shown that it is increased in the gut during

SIVmac infection (Ploquin et al., 2016). Furthermore, it is the ligand of CXCR3 that was expressed on the

majority of NKG2a/c
+CD8+ T cells at steady state (Figure 1). In addition, IP10 is the substrate of the pepti-

dase CD26 that was up-regulated in the NKG2a/c
+CD8+ T cells. HSP60 is a stress protein that has been

shown to be an independent marker for inflammatory bowel disease (Cappello et al., 2019).

The plasma levels of IP-10 were increased already at day 2 p.i. in SIVagm infection, and not in SIVmac infec-

tion, as previously described (Figures 6A, 6B, and S5) (Jacquelin et al., 2009; Ploquin et al., 2016). At the

opposite, plasma levels of soluble Hsp60 showed significant increases at days 2 p.i in SIVmac infection,

but not in SIVmac infection (Figures 6A, 6B and S5). HSP60 levels correlated with NKG2a/c
+CD8+ T cell

counts in SIVagm infection (Figures 6C and 6D). We next investigated HSP60 levels in the intestine. Longi-

tudinal analyses of Hsp60 protein in supernatants of rectal biopsies collected longitudinally showed high

expression of HSP60 at day 2 p.i. (p = 0.05) and in chronic phase (day 80 p.i.) (p = 0.0045) of SIVmac infection,

whereas no increase was observed after SIVagm infection (Figures 6E and 6F). IL-23 levels showed trends

for increases in the gut at day 80 p.i. (p = 0.07). Intestinal IL-23 correlated negatively with NKG2a/c
+CD8+

T cell levels during SIVmac infection (Figures 6G, 6H, and S5).

Altogether, the levels of Hsp60 in the intestine were increased in SIVmac but not in SIVagm infection. IL-23

in the gut correlated negatively with intestinal NKG2a/c+CD8+ T cell levels in SIVmac infection.

DISCUSSION

We compared non-pathogenic SIVagm infection in the natural host (AGM) with pathogenic SIVmac infec-

tion in macaques, the latter modeling HIV infection. In both species, it is well known that the SIV virus rep-

licates to high titers in blood and intestine throughout chronic infection. However, whereas this persistent

infection induces intestinal damage during SIVmac infection in macaques, it does not in SIVagm-infected

AGM (Brenchley et al., 2010). Protection against viral-induced tissue damage can generally be achieved

either through strong pathogen control or through resilience strategies (Chovatiya and Medzhitov,

2014). The latter could include improved homeostatic mechanisms, improved wound healing, control

of inflammation, and/or resistance to stress (Cohen et al., 2012). In this report, we provide novel

insights into the potential role of NKG2a/c-expressing CD8+ T cells during SIV infection. We show that

NKG2a/c
+CD8+ T cells were expanded in the blood and intestine but not in the LNs of AGM in response

to SIVagm infection and provide data suggesting that these cells play a role in the regulation of intestinal

inflammation during SIV infection.

In both SIVagm and SIVmac infection, the NKG2a/c
+CD8+ T cells showed an effector phenotype, similar to

what has been described for human NKG2a/c
+CD8+ T cells (Barbarin et al., 2017; Pereira et al., 2019). Cyto-

toxicity markers such as Perforin were up-regulated very strongly in the gut during both SIV infections. How-

ever, by performing longitudinal studies simultaneously in distinct tissues, we detected a more intense

expansion of NKG2a/c
+CD8+ T cells in the blood and intestine in response to SIVagm in AGM compared

with SIVmac infection. In SIVmac infection, the NKG2a/c
+CD8+ T cells were even decreased in blood. These

data in the macaques are in line with PLWH, where the levels of NKG2a/c
+CD8+ T cells were lower than in

healthy donors (Zeddou et al., 2007). In both SIVagm and SIVmac infection, the expression of the cytotoxic

marker (Perforin) was more up-regulated than IFN-g, suggesting a more cytotoxic than pro-inflammatory

activity of these cells in the intestine. Genome-wide transcriptome analysis of the NKG2a/c+CD8+ T cells

in SIVagm infection demonstrated the cytotoxic effector function and gut homing profile of these cells
iScience 24, 102314, April 23, 2021 13
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Figure 6. Levels of systemic and intestinal inflammatory and cellular stress markers

Each symbol corresponds to a distinct animal. Orange symbols indicate CM and blue symbols AGM.

(A and B) Longitudinal IP-10 and Hsp60 concentrations in plasma during SIV infection in (A) CM and (B) AGM.

(C and D) IP-10 and Hsp60 plasma concentrations were plotted against NKG2a/c+CD8+ T cell counts in blood of (C) CM and (D) AGM.

(E and F) Longitudinal measurement of IL-23 and HSP60 concentrations produced by total rectal biopsy cells from (E) CM and (F) AGM. Horizontal bars

indicate median values, and error bars indicate interquartile range.

(G and H) IL-23 and HSP60 levels from rectal biopsies were plotted against NKG2a/c+CD8+ T cells of (C) CM and (D) AGM. NKG2a/c+CD8+ T cells

corresponded to the percentage among CD45+ measured in the respective rectal biopsy. The Spearman correlation is shown, and r and p values are

indicated in each graph. *p < 0.05.

ll
OPEN ACCESS

iScience
Article
and also revealed strong expression of several immunoregulatory molecules, such as CD73. Moreover,

IL-23 levels in the intestine were negatively correlated with intestinal NKG2a/c
+CD8+ T cell levels during

SIVmac infection, whereas only low levels of IL-23 were observed concomitantly to a high frequency of

NKG2a/c
+CD8+ T cells in the gut during infection in the natural host. Together these results suggest that

these cells rather contribute to inflammatory control in the gut than to control of viral replication during

SIV infection.

The levels of NKG2a/c
+CD8+ T cells were associated with viremia both in SIVagm and SIVmac infection, sug-

gesting that antigenic stimulation was driving the expansions of these cells. NKG2A recognizes peptides

presented via the non-classical MHC-E class I molecule. The peptides presented via MHC-E can also be

recognized by the activatory NKG2C receptor as well as by the TCR. On NHP, the available antibodies
14 iScience 24, 102314, April 23, 2021
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cannot distinguish between the NKG2A and NKG2C, and thus a phenotypic analysis to discriminate be-

tween the expression of the inhibitory and activatory receptors was not possible. The transcriptome ana-

lyses, though, allowed the analysis of NKG2A and NKG2C mRNA expression levels. NKG2a/c
+CD8+ T cells

expressed both NKG2A and NKG2C mRNA. The expression levels of NKG2C in CD8+ T cells were, howev-

er, less up-regulated than those of NKG2A. Similarly, in humans, the proportion of CD8+ T cells expressing

the activatory NKG2C receptor was similar between PLWH and healthy donors and also between viremic

and non-viremic patients, suggesting that NKG2C regulation on these cells is not contributing to a control

of HIV infection (Zeddou et al., 2007).

MHC-E displays a selective preference for peptides derived from the leader sequence of various MHC class

I alleles. Binding of a peptide is needed to stabilize and increase MHC-E expression at the cell surface.

MHC-E is expressed in almost all tissues, including on CD4+ T cells and also to high levels on intestinal

epithelial cells. MHC-E has been described to be up-regulated during HIV-1 and SIVmac infections on

CD4+ T cells, both on infected and un-infected CD4+ T cells, respectively, in vitro and in vivo (Nattermann

et al., 2005; Wu et al., 2018),. The up-regulation on un-infected cells might be a consequence of stronger

expression of classical MHC-I molecules in activated CD4+ T cells and of HIV proteins that directly modify

the expression levels of MHC-E in infected cells (Nattermann et al., 2005; Takao et al., 2010). Among the

small numbers of other cellular peptides that have been identified to bind to MHC-E and stimulate

CD8+ T cells is a HSP60-derived peptide (Michaëlsson et al., 2002). Under stress conditions, Hsp60 is suf-

ficiently processed and its peptide competes with the MHC-I-derived peptides for binding to MHC-E.

Therefore changes in the level of the Hsp60 peptide presented by MHC-E during SIV infection, relative

to the amount of MHC class I-derived peptides, may result in the modulation of NKG2a/c
+CD8+ T cell ac-

tivity toward these cells (Perera et al., 2007; Shao et al., 2005). We report here increased levels of Hsp60

protein in the intestine of SIVmac-infected MAC, whereas they were not increased in SIVagm infection.

It could be that NKG2a/c
+CD8+ T cells get activated by cells presenting the Hsp60 instead of MHC-I pep-

tide. In that case, stressed cells might be more efficiently eliminated by NKG2A+CD8+ T cells in SIVagm

infection allowing improved wound healing. Alternatively, NKG2A+CD8+ T cells in SIVagm infection might

bemore relevant for their immunoregulatory role, and because there are less stressed cells in SIVagm infec-

tion, this would avoid killing and thereby result in less tissue damage compared with SIVmac infection. An

intervention study to prove the immunoregulatory role of these cells in the gut of SIV-infected animals

could not be performed. Indeed, even if an NKG2A monoclonal antibody specific for NHP would be avail-

able, by targeting NKG2A, one would also inhibit NK cell responses in the animals, NKG2A being ex-

pressed on >80% of NK cells in NHP (Huot et al., 2020). In order to differentiate between NKG2A and

TCR-mediated recognition, and to evaluate SIV-specific activity, it would be useful if pentamers would

be available. A clonal expansion of these cells, similar to what has been described for these cells in other

settings, is also not excluded (Warren et al., 2006). The expansion of SIV-specific NKG2a/c
+CD8+ T cells

could facilitate viral persistence, which is in line with the high level of viral replication observed in the intes-

tine of natural host.

It is notable that the expression of NKG2A is known to be influenced by a number of cytokines, which are

differentially expressed between non-pathogenic and pathogenic SIV infections, including IL-6, IL-10, IL-

21, IL-23, and TGF-b (Cho et al., 2011) (Hong et al., 2017; Manickam et al., 2018; Micci et al., 2012; Ploquin

et al., 2006). Differences in the tissue cytokine environment, in particular in the intestinal tissues, between

SIVagm and SIVmac infection, as described (Favre et al., 2009; Maloy and Kullberg, 2008), could thus

contribute to the differences we observed regarding the dynamics of the NKG2a/c
+CD8+ T cells.

Previous studies on such cells in HIV infection were mostly limited to peripheral blood, although it is impor-

tant to understand the function of the effector cells in tissues. We provide here important insights into

differential tissue dynamics. We performed a large study, in multiple tissues, that were analyzed concom-

itantly, in animals followed transversally and longitudinally, including ex vivo analyses on functional profiles

of unstimulated cells as well as a genome-wide transcriptomic study. Altogether we demonstrate that

NKG2a/c
+CD8+ T cells did not expand in LN but in the blood and intestine during non-pathogenic SIV infec-

tion. These cells displayed a strong cytotoxic and immunoregulatory function as indicated by the expres-

sion of genes such as CD73. We show that NKG2a/c
+CD8+ T cell levels correlated negatively with intestinal

inflammation. This study suggests that NKG2a/c
+CD8+ T cells do not contribute to viral control but rather

participate in the control of immunopathology in the intestine during SIV infection. They might thus

contribute, together with other mechanisms (Brenchley et al., 2010), in the protection of the epithelial
iScience 24, 102314, April 23, 2021 15
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barrier integrity in SIVagm infection. Our study underlines the need to further analyze the role of these cells

in HIV infection and also to gainmore insight into their function and regulation in tissues during chronic viral

infections.

Limitations of the study

Here we used established experimental infection models and performed high-dimensional RNA

sequencing to efficiently analyze the NKG2a/c+CD8+ T cell subpopulation in a natural host of SIV infection.

To further verify the function of this subpopulation, functional and cytotoxic assays could be very useful.

However, this remains challenging to set up given the lack of pentamers for HLA-E and also given the

many different functions (antiviral, immunoregulatory, gut barrier preservation) to assess. Therefore, we

attributed the potential function of the cells to the expression of proteins with well-known mechanisms al-

lowing future studies to explore these directions.

In this study, we have analyzed the genome-wide transcriptome of NKG2a/c+CD8+ T cells only in SIVagm

infection and one tissue. Similar studies could be performed for analyses in SIVmac infection. We evalu-

ated, though, a wide range of cell surfacemarkers of the NKG2a/c+CD8+ T cells in macaques as well as their

dynamics in tissues in response to SIVmac infection. Monoclonal antibodies for studying additional markers

if made available should help to further define the heterogeneity in the NKG2a/c+ CD8+ T cells in these

models.

Another interesting future challenge could be the tracking of the NKG2a/c+CD8+ T cells in order to search

if a potential clonal expansion is underlying the increases in the gut seen in response to SIV infection.
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N.G., Basbous, S., Lefèvre, L., Abdallah, M.,
Piccirilli, N., Morin, B., Lavoue, V., et al. (2017).
Phenotype of NK-like CD8(+) T cells with innate
features in humans and their relevance in cancer
diseases. Front. Immunol. 8, 316.

Bertone, S., Schiavetti, F., Bellomo, R., Vitale, C.,
Ponte, M., Moretta, L., and Mingari, M.C. (1999).
Transforming growth factor-b-induced
expression of CD94/NKG2A inhibitory receptors
in human T lymphocytes. Eur. J. Immunol. 29,
23–29.

Bhagat, G., Naiyer, A.J., Shah, J.G., Harper, J.,
Jabri, B., Wang, T.C., Green, P.H.R., and
Manavalan, J.S. (2008). Small intestinal
CD8+TCRgd+NKG2A+ intraepithelial
lymphocytes have attributes of regulatory cells in
patients with celiac disease. J. Clin. Invest. 118,
281–293.

Blackburn, S.D., Shin, H., Freeman, G.J., and
Wherry, E.J. (2008). Selective expansion of a
subset of exhausted CD8 T cells by aPD-L1
blockade. Proc. Natl. Acad. Sci. 105, 15016–
15021.

Brenchley, J.M., Silvestri, G., and Douek, D.C.
(2010). Nonprogressive and progressive primate
immunodeficiency lentivirus infections. Immunity
32, 737–742.

Bronnimann, M.P., Skinner, P.J., and Connick, E.
(2018). The B-cell follicle in HIV infection: barrier
to a cure. Front. Immunol. 9, 20, https://doi.org/
10.3389/fimmu.2018.00020.

Byers, A.M., Andrews, N.P., and Lukacher, A.E.
(2006). CD94/NKG2A expression is associated
with proliferative potential of CD8 T cells during
persistent polyoma virus infection. J. Immunol.
176, 6121–6129.
Cao, Y., Cartwright, E.K., Silvestri, G., and
Perelson, A.S. (2018). CD8+ lymphocyte control
of SIV infection during antiretroviral therapy. PLoS
Pathog. 14, e1007350.

Cappello, F., Mazzola, M., Jurjus, A., Zeenny,
M.-N., Jurjus, R., Carini, F., Leone, A.,
Bonaventura, G., Tomasello, G., Bucchieri, F.,
et al. (2019). Hsp60 as a novel target in IBD
management: a prospect. Front. Pharmacol. 10,
26.

Cho, J.-H., Kim, H.-O., Webster, K., Palendira, M.,
Hahm, B., Kim, K.-S., King, C., Tangye, S.G., and
Sprent, J. (2011). Calcineurin-dependent
negative regulation of CD94/NKG2A expression
on naive CD8+ T cells. Blood 118, 116–128.

Chovatiya, R., and Medzhitov, R. (2014). Stress,
inflammation, and defense of homeostasis. Mol.
Cell 54, 281–288.

Cohen, S., Janicki-Deverts, D., Doyle, W.J., Miller,
G.E., Frank, E., Rabin, B.S., and Turner, R.B.
(2012). Chronic stress, glucocorticoid receptor
resistance, inflammation, and disease risk. Proc.
Natl. Acad. Sci. U S A 109, 5995–5999.

Collins, D.R., Gaiha, G.D., and Walker, B.D.
(2020). CD8 + T cells in HIV control, cure and
prevention. Nat. Rev. Immunol. 20, 471–482.

Day, C.L., Kaufmann, D.E., Kiepiela, P., Brown,
J.A., Moodley, E.S., Reddy, S., Mackey, E.W.,
Miller, J.D., Leslie, A.J., DePierres, C., et al. (2006).
PD-1 expression on HIV-specific T cells is
associated with T-cell exhaustion and disease
progression. Nature 443, 350–354.

Derre, L., Corvaisier, M., Pandolfino, M.-C., Diez,
E., Jotereau, F., and Gervois, N. (2002).
Expression of CD94/NKG2-A on human T
lymphocytes is induced by IL-12: implications for
adoptive immunotherapy. J. Immunol. 168, 4864–
4870.

Diegelmann, J., Seiderer, J., Niess, J.-H., Haller,
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Supplemental Figure 1: Comparisons of NKG2a/c
+
CD8

+
 T cell blood phenotype between AGM and MAC. 

Related to Figure 1. (A) viSNE analysis on the concatenated flow cytometry data for 12 markers on peripheral blood mononuclear cells 

analyzed in 6 AGMs and 6 CMs. viSNE analysis was run on 120,000 live CD45+ single concatenated viable cells from monkeys and subjected 

to the t-distributed stochastic neighbor embedding (t-SNE) algorithm. Each dot plot represents the distribution of total cells (white dots). For 

each dot plot, the sub-population of cells of interest is highlighted in blue for AGM and orange for MAC. The population highlighted is defined 

at the top of each dot plot. (B) Graphs showing the comparisons of blood NKG2a/c
+CD8+ T cells frequency (left panel) and absolute count 

(right panel) between healthy AGM (blue) and MAC (orange). Comparisons of the frequencies (C) (D) and MFI (E) (F) of homing and NK 

cell markers measured on blood NKG2a/c
+CD8+ T cells between healthy AGM (blue) and MAC (orange). For all graphs, each dot represents 

an individual monkey. Bars represents the mean, and error bars indicate the standard deviation. Statistical significance of differences was 

assessed using non-parametric Mann-Whitney U tests, *p < 0.05, **p < 0.005, ***p<0.0005. 

 



 

Supplemental Figure 2. Plasma viral RNA copy numbers in the longitudinally followed animals 

Related to Figure 2.  The longitudinal studies included 12 cynomolgus macaques (CM) infected with SIVmac251 and 

12 AGM infected with SIVagm.sab92018. The animals were followed until 240 days p.i. except for three per species that 

were sacrificed at day 9 p.i. for tissue collections in the acute phase of infection. The same animals have already been 

served for other studies.(Huot et al., 2017, 2020) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 3. Comparisons of tissue NKG2a/c
+
CD8

+
 T cell frequencies and phenotypes between 

AGM and MAC Related to Figure 4. Graphs showing the comparisons in (A) spleen and (B) pLN NKG2a/c
+CD8+ T cell frequencies  

between AGM (blue) and MAC (orange) before, during acute and chronic SIV infection. (C) Graphs showing the comparisons in spleen (left 

panel) and pLN (right panel) of NKG2a/c
+CD8+ CXCR5+ T cell frequency  between AGM (blue) and MAC (orange) before and during acute 

and chronic SIV infection. (D) Comparisons of rectal biopsy’s NKG2a/c
+CD8+ T cell frequency between AGM (blue) and MAC (orange) before 

and at the indicated time point during SIV infection. (E) Graphs showing the comparisons of NKG2a/c
+CD8+ T cell frequency in colon (left 

panel), jejunum (middle panel) and ileum (right panel), between AGM (blue) and MAC (orange), before, during acute and chronic phase of 

SIV infection. (F) Comparisons of NKG2a/c
+CD8+ T cell frequencies positive for CD107a, IFNg, and Perforin in rectal biopsies between AGM 

(blue) and MAC at the indicated time point before and during SIV infection. For all graphs, each dot represents an individual  monkey. Bars 

represents the mean, and error bars indicate the standard deviation.  Statistical significance of differences was assessed using one-way analysis 

of variance (ANOVA) and followed by a Tukey’s multiple-comparison test. The latter is a post-hoc test based on the studentized range 

distribution.  *p < 0.05, **p < 0.005, ***p<0.0005. 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

Supplemental Figure 4. Genome-wide transcriptome analysis of NKG2a/c
+
CD8

+
 T cells from 

SIVagm-infected AGMs. Related to Figure 5. NKG2a/c
+CD8+ T cells, conventional memory CD8+ T cells 

(CD95+CD28+) and conventional effector CD8+ T cells (CD95+CD28-) were sorted from blood of five chronically SIVagm-

infected AGM. (A-B) Heat maps of unsupervised hierarchical clustering showing differentially expressed genes (A) between 

NKG2a/c
+CD8+ T cells and conventional memory CD8+ T cells and (B) between NKG2a/c

+CD8+ T cells and conventional 

effector CD8+ T cells. A p-value adjustment was performed to take into account multiple testing and control the false positive 

rate to a chosen level. The level of controlled false positive rate was set to Padj <0.05.  (C) Venn diagrams generated by the 

intersection of the down- or up-regulated genes with a padj <0.05. (D) Unsupervised heat map showing the four down- and 37 

up-regulated genes in the NKG2a/c
+CD8+ T cells compared to both memory and effector conventional CD8+ T cells. The entire 

list of the differently transcripts are given in the supplemental tables. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplemental Figure 5. Comparisons of HSP60, IP-10 and Il-23 levels measured in blood and 

rectal biopsies during SIV infection between AGM and MAC. Related to Figure 6. Comparison of 

plasma concentrations of (A) HSP60 and (B) IP-10 between AGM (blue) and MAC (orange) at the indicated time points. 

Comparison of (C) HSP60 and IL-23 (D) levels in cellular supernatants of unstimulated rectal biopsy cells ex vivo between 

AGM (blue) and MAC (orange) at the indicated time points. Bars represents the mean, and error bars indicate the standard 

deviation. Statistical significance of differences was assessed using one-way analysis of variance (ANOVA) and followed by 

a Tukey’s multiple-comparison test. The latter is a post-hoc test based on the studentized range distribution.  *p < 0.05, **p < 

0.005, ***p<0.0005. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Animal # Species Sex Age at 

inclusion 

(years) 

SIV status Duration 

after ART 

initiation 

vRNA at 

necropsy 

(Copies/ ml 

plasma) 

% of CD4 T cells 

in thawed PBMC 

at necropsy 

AA840K Cyn.mac Male 7.1 ART treated 118 weeks Indétectable 19% 

AM28F Cyn.mac Male 7.2 ART treated 119 weeks Indétectable 23.15% 

GA342F Cyn.mac Male 7.1 ART treated 120 weeks Indétectable 18.15% 

SL44B Cyn.mac Male 7.1 ART treated 122 weeks Indétectable 19.45% 

PS6C Cyn.mac Male 6.5 ART treated 120 weeks Indétectable 23.45% 

CE355 Cyn.mac Female 3.1 Viremic n.a 4 .65E+04 15.4% 

CG588 Cyn.mac Male 2.6 Viremic n.a 1.76E+04 10.5% 

CBB001 Cyn.mac Male 2.6 Viremic n.a 2.08E+04 9.84% 

CA797 Cyn.mac Female 3.8 Viremic n.a 1.30E+06 23.6% 

CA552 Cyn.mac Female 3.8 Viremic n.a 3.69E+03 15.8% 

CA275 Cyn.mac Female 3.8 Viremic n.a 2.19E+04 3.59% 

CDI031 Cyn.mac Female 3.3 Viremic n.a 1.17E+06 7.67% 

CDK110 Cyn.mac Male 3.1 Viremic n.a 9.86E+05 10.56 % 

CDL093 Cyn.mac Male 3.08 Viremic n.a 1.93E+06 12% 

CBK061 Cyn.mac Female 5.5 Viremic n.a 3.89E+02 8.22% 

CCB028 Cyn.mac Male 5.1 Viremic n.a 5.06E+04 12% 

CCB070 Cyn.mac Female 5.5 Viremic n.a 7.76E+04 6.56% 

BC554D Cyn.mac Female 8.6 Uninfected n.a n.a 27.78% 

BT145 Cyn.mac Female 8.9 Uninfected n.a n.a 21.34% 

CBL004 Cyn.mac Male 8.6 Uninfected n.a n.a 31% 

CC840 Cyn.mac Male 8.4 Uninfected n.a n.a 27.45% 

CCB116 Cyn.mac Male  5.3 Uninfected n.a n.a 15.56% 

RM 2153 Rh.Mac Male 4.12 Viremic n.a 7.E+4 1.21% 

RM13909 Rh.Mac Male 6.2 Viremic n.a 7.91E+4 1.16% 

RM8644 Rh.Mac Male 4.7 Viremic n.a approx 5E+4 6.67% 

RM15925 Rh.Mac Male 5.5 Viremic n.a 4.12E+4 26.00% 

RM13914 Rh.Mac Male 6.3 Viremic n.a 3.56E+5 19.70% 

RM2347 Rh.Mac Male 6 Viremic n.a 3.60E+6 28.20% 

RM14222 Rh.Mac Male 17.7 Healthy n.a n.a 16.30% 

RM2362 Rh.Mac Male 5 Healthy n.a n.a 8.39% 

RM2564 Rh.Mac Male 7.4 Healthy n.a n.a 36.40% 

RM14225 Rh.Mac Male 16.9 Healthy n.a n.a 52.50% 

RM13926 Rh.Mac Female 6.3 Controller n.a < 40 23.10% 

RM12671 Rh.Mac Male 5.1 Controller n.a < 40 33.20% 

RM2139 Rh.Mac Male 4.6 Controller n.a < 40 27.50% 

RM2284 Rh.Mac Male 6.2 Controller n.a < 40 27.40% 

RM13919 Rh.Mac Male 5.9 Controller n.a < 40 12.80% 

RM13923 Rh.Mac Female 7.8 Controller n.a < 40 44.80% 

RM2155 Rh.Mac Male 4.4 Controller n.a < 40 29.40% 

SV083 AGM Male 4,97 Viremic n.a 1 .24E+04 5.82% 

SV091 AGM Female 4,96 Viremic n.a 1.24E+04 15.5% 

SV092 AGM Female 6,00 Viremic  n.a 1.45E+04 13% 

SV101 AGM Male 4,26 Viremic n.a 2.37E+04 17% 

SV104 AGM Female 5,22 Viremic n.a 2.45E+04 9.45% 

SV093 AGM Female 5,16 Viremic n.a 5.2E+04 18.45% 

SV075 AGM Male 5,18 Uninfected n.a N.a 11.21% 

SV1102 AGM Male 4,36 Uninfected n.a N.a 9.34% 

SV1201 AGM Male 5,00 Uninfected n.a N.a 12.12% 

SV1401 AGM Male 3,98 Uninfected n.a N.a 13.24% 

SV1104 AGM Male 6,64 Viremic n.a 1.30E+06 6.34% 

SV1301 AGM Male 5,23 Viremic n.a 7.64E+05 8.78% 

SV1303 AGM Male 6,23 Viremic n.a 1.94E+05 9% 

SV072 AGM Female 6,12 Viremic n.a 3.24E+04 12.45% 

SV073 AGM Female 5,23 Viremic n.a 5.78E+04 13.32% 

SV074 AGM Male 6.45 Viremic n.a 2.83E+04 9.34% 

SV062 AGM Female 7.1 Viremic n.a 1.6E+04 8% 

 

 

Supplementary Table 1. Description of the animals used in the study. Related to Figure 1-6. CD4+ 

T cell proportions and plasma viremia levels of animals at the time point of the study, corresponding to the day of necropsy. Five CM initiated 

ART treatment at Week 17 following SIVmac251 infection. They belonged to the ANRS SIVART cohort.  



GOID Ontology Source GOTerm 
% 
Associated 
Genes 

Term PValue 
Term PValue 
Corrected with 
Bonferroni step down 

Associated Genes 
Found 

GO:0001885 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

endothelial cell development 4.347826 
0.0119870483149
93875 

0.0599352415749693
8 

[CLDN1, COL18A1, 
HEG1] 

GO:0002228 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

natural killer cell mediated 
immunity 

8.974359 
1.1032257318717
99E-6 

6.288386671669254E-
5 

[GZMB, GZMH, 
KIR2DL4, KLRC2, 
NCR1, PVR, 
SH2D1B] 

GO:0004896 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

cytokine receptor activity 4.347826 
0.0012005024286
238558 

0.0444185898590826
7 

[CXCR2, IL12RB2, 
IL15RA, IL23R, 
IL2RB] 

GO:0007043 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

cell-cell junction assembly 4.4585986 
1.0837452182363
503E-4 

0.0058522241784762
915 

[ADRB2, CDH22, 
CLDN1, DAB2IP, 
HEG1, MYO1E, 
RHOC] 

GO:0032731 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

positive regulation of 
interleukin-1 beta 
production 

4.285714 
0.0124618461442
11374 

0.0498473845768454
97 

[CCL3, TYROBP, 
XK] 

GO:0034405 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

response to fluid shear stress 6.521739 
0.0038942346933
158677 

0.0856731632529490
9 

[ABCA1, ADAM12, 
PDGFRB] 

GO:0042287 
GO_MolecularFunction-EBI-
UniProt-GOA_27.02.2019_00h00 

MHC protein binding 5.4545455 
0.0064347396718
22862 

0.0900863554055200
7 

[ATP5MC1, FCRL6, 
TRGV9] 

GO:0042554 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

superoxide anion generation 6.122449 
0.0046561586659
93858 

0.0931231733198771
6 

[AIFM2, BCHE, 
TYROBP] 

GO:0060193 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

positive regulation of lipase 
activity 

4.0816326 
0.0047006726009
3246 

0.0893127794177167
5 

[NKG7, NMUR1, 
PDGFRB, RHOC] 

GO:0070273 
GO_MolecularFunction-EBI-
UniProt-GOA_27.02.2019_00h00 

phosphatidylinositol-4-
phosphate binding 

7.142857 
0.0030045359643
36873 

0.0721088631440849
5 

[ARHGEF40, 
DAB2IP, OSBPL5] 

GO:0072577 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

endothelial cell apoptotic 
process 

6.4102564 
2.0227006172385
953E-4 

0.0101135030861929
76 

[CCL4, COL18A1, 
DAB2IP, FASLG, 
SEMA4C] 

GO:1904037 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

positive regulation of 
epithelial cell apoptotic 
process 

8.0 
3.8632518460008
4E-4 

0.0185436088608040
32 

[CCL4, COL18A1, 
FASLG, GSN] 

GO:2000010 
GO_BiologicalProcess-EBI-
UniProt-GOA_27.02.2019_00h00 

positive regulation of protein 
localization to cell surface 

14.285714 
3.8678195422708
18E-4 

0.0181787518486728
44 

[RANGRF, SNX33, 
TYROBP] 

KEGG:04650 KEGG_27.02.2019 
Natural killer cell mediated 
cytotoxicity 

6.8702292 
3.1005693723421
92E-7 

1.7983302359584714
E-5 

[FASLG, GZMB, 
KIR2DL4, KLRC1, 
KLRC2, NCR1, 
PRF1, SH2D1B, 
TYROBP] 

R-HSA:419166 
REACTOME_Reactions_27.02.20
19 

GEFs activate RhoA,B,C 7.4074073 
5.1934884389314
58E-4 

0.0228513491312984
13 

[ARHGEF12, 
ARHGEF40, RHOC, 
TIAM2] 

R-HSA:421270 
REACTOME_Pathways_27.02.20
19 

Cell-cell junction 
organization 

4.6875 
0.0097716535675
50697 

0.0977165356755069
8 

[CLDN1, PVR, 
SDK2] 

WP:623 WikiPathways_27.02.2019 Oxidative phosphorylation 4.83871 
0.0089586842934
33222 

0.1075042115211986
6 

[ATP5MC1, 
GZMB, NDUFS6] 

 

Supplemental Table 4. Table showing all pathways up-regulated between NKG2a/c
+CD8+ T cells and conventional memory 

CD8+ T cells Related to Figure 5.  

 

 

 

 

 

 

 

 

 



 

GOID Ontology Source GOTerm % 

Associated 

Genes 

Term PValue Term PValue 

Corrected with 

Bonferroni step down 

Associated Genes 

Found 

GO:0002507 GO_BiologicalProcess-EBI-UniProt-

GOA_27.02.2019_00h00 

tolerance 

induction 

9.67742 6.125632163125366E-4 0.01592664362412595 [CCR4, FOXP3, 

ICOS] 

GO:0004896 GO_BiologicalProcess-EBI-UniProt-

GOA_27.02.2019_00h00 

cytokine 

receptor 

activity 

6.0869565 2.9547866470393074E-6 2.2160899852794805E-4 [CCR4, CCR7, 

CCR9, CXCR5, 

IFNGR2, IL1RL1, 

IL9R] 

KEGG:04672 KEGG_27.02.2019 Intestinal 

immune 

network for 

IgA 

production 

6.122449 0.0023402692874925244 0.025742962162417768 [CCR9, CD28, 

ICOS] 

R-HSA:3364026 REACTOME_Reactions_27.02.2019 SET1 complex 

trimethylates 

H3K4 at the 

MYC gene 

10.810811 6.16868692768435E-9 7.464111182498064E-7 [HIST1H2AJ, 

HIST1H2BM, 

HIST1H2BN, 

HIST1H2BO, 

HIST1H3C, 

HIST1H3D, 

HIST1H4H, LEF1] 

R-HSA:5083635 REACTOME_Pathways_27.02.2019 Defective 

B3GALTL 

causes Peters-

plus syndrome 

(PpS) 

8.1081085 0.001034303497677411 0.02068606995354822 [ADAMTS17, 

SEMA5A, SPON1] 

WP:4494 WikiPathways_27.02.2019 Selective 

expression of 

chemokine 

receptors 

during T-cell 

polarization 

13.793103 1.707156275710322E-5 0.0011096515792117093 [CCR4, CCR7, 

CD28, IFNGR2] 

 

Supplemental Table 5. Table showing all pathways up- or down-regulated between NKG2a/c
+CD8+ T cells and conventional 

memory CD8+ T cells Related to Figure 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



GOID Ontology Source GOTerm % 
Associated 
Genes 

Term PValue Term PValue Corrected 
with Bonferroni step 
down 

Associated 
Genes Found 

GO:0001937 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

negative regulation of 
endothelial cell 
proliferation 

4.0 0.03125888333934946 0.03125888333934946 [CCL4, VASH1] 

GO:0002230 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

positive regulation of 
defense response to 
virus by host 

8.823529 8.701810162827896E-4 0.0417686887815739 [CISD2, IL23R, 
SELENOK] 

GO:0002706 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

regulation of 
lymphocyte mediated 
immunity 

4.4198895 7.55541956823745E-6 4.684360132307219E-4 [HAVCR2, 
IL18RAP, 
IL23R, 
KIR2DL4, 
NECTIN2, 
PARP3, PGAP2, 
SH2D1B] 

GO:0007000 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

nucleolus organization 25.0 8.307247081446358E-4 0.040705510699087157 [EMG1, RRN3] 

GO:0033198 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

response to ATP 4.0816326 0.0301154484631127 0.0602308969262254 [P2RY11, SELL] 

GO:0034706 GO_CellularComponent-EBI-
UniProt-GOA_27.02.2019_00h00 

sodium channel 
complex 

6.6666665 0.011922019122552217 0.22651836332849212 [GRIK4, 
SCN5A] 

GO:0051974 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

negative regulation of 
telomerase activity 

14.285714 2.0379652147891909E-4 0.01080121563838271 [CCL4, PARP3, 
TEN1] 

GO:0070475 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

rRNA base methylation 18.181818 0.0016141598572718167 0.07263719357723175 [EMG1, 
METTL15] 

GO:1990166 GO_BiologicalProcess-EBI-UniProt-
GOA_27.02.2019_00h00 

protein localization to 
site of double-strand 
break 

50.0 1.8061201312994564E-4 0.009933660722147011 [PARP3, SLF1] 

R-
HSA:198933 

REACTOME_Pathways_27.02.2019 Immunoregulatory 
interactions between a 
Lymphoid and a non-
Lymphoid cell 

5.263158 9.223647161178101E-6 5.626424768318642E-4 [KIR2DL4, 
KLRB1, KLRC1, 
NECTIN2, SELL, 
SH2D1B, 
SIGLEC6] 

R-
HSA:380108 

REACTOME_Pathways_27.02.2019 Chemokine receptors 
bind chemokines 

4.1666665 0.028989214286469226 0.08696764285940768 [CCR6, CXCR6] 

R-
HSA:5633008 

REACTOME_Pathways_27.02.2019 TP53 Regulates 
Transcription of Cell 
Death Genes 

4.5454545 0.024660773437397414 0.14796464062438447 [IGFBP3, PERP] 

R-
HSA:8865265 

REACTOME_Reactions_27.02.2019 TFAP2C homodimer 
binds MYC and KDM5B 

66.666664 9.063425410090201E-5 0.005075518229650512 [KDM5B, MYC] 

WP:3644 WikiPathways_27.02.2019 NAD+ metabolism 12.5 0.003458754124243925 0.12797390259702524 [NMNAT1, 
NT5E] 

 

Supplemental Table 6. Table showing all pathways up-regulated between NKG2a/c
+CD8+ T cells and conventional memory 

CD8+ T cells Related to Figure 5.  

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplemental Table 7.  Related to Figure 1-6. Antibodies used for flow cytometry.  

 

 

 

 

 

 

 

 

 

 

 

Antibody Clone Suppliers Control 

CD3 SP34-2 BD biosciences Isotype + FMO 

CD45 D058-1283 BD biosciences Isotype + FMO 

CD20 2H7 Biolegend Isotype + FMO 

NKG2A/C Z199 Beckman Coulter, Inc. Isotype + FMO 

CD16 3G8 Beckman Coulter, Inc. Isotype + FMO 

CXCR5 710D82.1 NHP reagent Isotype + FMO 

CD8 BW135/80 Miltenyi Isotype + FMO 

CD4 L200 BD biosciences Isotype + FMO 

CXCR3 1C6/CXCR3 BD biosciences Isotype + FMO 

NKp80 4A4.D10 Miltenyi Isotype + FMO 

NKP30 AF29-4D12 Miltenyi Isotype + FMO 

CD279 (PD-1) EH12.2H7 BD biosciences Isotype + FMO 

CD107a H4A3 BD biosciences Isotype + FMO 

CD28 CD28.2 BD biosciences Isotype + FMO 

 CD95 DX2 BD biosciences Isotype + FMO 

CD69 FN50 BD biosciences Isotype + FMO 

HLA-DR TU36 BD biosciences Isotype + FMO 

PRF1 PF-344 mabtech Isotype + FMO 

CXCR3 1C6/CXCR3 BD biosciences Isotype + FMO 

CCR7 3d12 eBioscience Isotype + FMO 

CD62L 150503 R&D Isotype + FMO 

CX3CR1 2a9-1 biolegends Isotype + FMO 

CXCR5 MU5UBEE eBioscience Isotype + FMO 

NKG2d ON72 Beckman Coulter, Inc Isotype + FMO 

NKP46 BAB281 Beckman Coulter, Inc Isotype + FMO 

NKP44 2.29 Miltenyi Isotype + FMO 

Ki-67 MIB-1 Dako Isotype + FMO 

CD107a H4A3 BD biosciences Isotype + FMO 

TNF-a MAb11 BD biosciences Isotype + FMO 

IFN-g 45-15 Miltenyi Isotype + FMO 



Transparent Methods 

 

Monkeys and SIV infections 

Seventeen African green monkeys (Caribbean Chlorocebus sabaeus, AGM), twenty-two cynomolgus 

macaques (Macaca fascicularis, CM) and 17 rhesus macaques (M. mulatta, RM) were included in the 

study. Twelve AGM were infected with SIVagm.sab92018, 17 CM with the SIVmac251 and 13 RM 

with the  SIVmac239 as previously described (Diop et al., 2000; Huot et al., 2017; Jacquelin et al., 

2009). The ART-treated CM are part of the SIVART cohort from the ANRS. Animals received ART 

regimen once daily at 1 ml kg-1 body weight via the subcutaneous route with TDF administered at 5.1 

mg/kg, FTC at 40 mg/kg and DTG at 2.5 mg/kg. Treatment was initiated 17 weeks p.i. All ART-treated 

animals were virologically suppressed at the time of this study. Viral load in AGM, CM and RM was 

quantified as previously described (Huot et al., 2017; Jacquelin et al., 2014). The viremia and CD4+ T 

cell levels of the animals are given in Supplementary Figure 2 and Supplemental Table 1. 

The AGM and CM were housed at the IDMIT Center (Fontenay-aux-Roses, France) and the RM at the 

German Primate Center (DPZ). All experimental procedures were conducted in strict accordance with 

the international European guidelines 2010/63/UE on the protection of animals used for 

experimentation and other scientific purposes, with the German and French law (French decree 

2013-118) and the recommendations of the Weatherall report. The IDMIT center complies with 

the Standards for Human Care and Use of the Office for Laboratory Animal Welfare (OLAW, 

USA) under OLAW Assurance number A5826-86. The DPZ has the permission to breed and 

house NHPs under license number 392001/7 granted by the local veterinary office and 

conforming with §11 of the German Animal Welfare act. Monitoring of the monkeys was under 

the supervision of the veterinarians in charge of the animal facilities. The animals used here 

were shared with other studies (Huot et al., 2017),(Huot et al., 2020). Animal experimental 

protocols were approved by the Ethical Committee of Animal Experimentation (CETEA-DSV, IDF, 

France) (Notification 12-098, 16_010, APAFIS#11236-2017091214402801 v1, and number A15-

035 by the ethics committee “Comité d'Ethique en Expérimentation Animale du CEA”), 

registered and authorized under Number 2453-2015102713323361v2 by the French Ministry 

of Education and ResearchThe study at DPZ was approved by the Lower Saxony State Office 

for Consumer Protection and Food Safety and performed with the project licences 33.19-42502-

04-12/0820 and 33.19-42502-04-17/2500. The DPZ has the permission to breed and house 

nonhuman primates under license number 392001/7 granted by the local veterinary office and 

conforming with § 11 of the German Animal Welfare act. 

The animals were healthy and seronegative for SIV, type D retrovirus, and simian T-cell 

lymphotropic virus type 1 at the time of infection and were housed in single cages within level 

3 biosafety facilities after infection. At the inclusion in the study the average weight of the 

monkeys was between 3 and 7 kg. All monkeys were young adults at inclusion (supplemental 



table 1). Both males and females were used. Because H6 haplotypes are notably associated with 

viral control in cynomolgus macaques, macaques with H6 haplotype were excluded from this 

study. 

Monkeys were sedated with Ketamine Chlorhydrate (Rhone-Mérieux, Lyons, France) before handling. 

The sample size varied between 3 and 9 monkeys per group (n = 6 in most experiments). Sample 

collection was performed in random order, according to the tripartite harmonized International Council 

for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) Guideline on 

Methodology (previously coded Q2B). The investigators were not blinded while the animal handlers 

were blinded to group allocation. 

 

Tissue collection and processing for flow analysis 

Whole blood was collected in EDTA tubes. Mononuclear cells were isolated by Ficoll density-gradient 

centrifugation. Lymph node and rectal biopsies were collected longitudinally before and during 

infection. The other tissues were collected at autopsy and cleaned of adhering connective and fat tissues. 

Fractions of the ileum, jejunum and colon were removed immediately after sacrifice, trimmed free of 

adjacent tissue and cleaned of stool. Adhering connective and fat tissues were carefully removed and 

approximately 7 cm intestinal pieces were placed in PBS supplemented with 20 % of SVF, 

1.0%Glutamine, 0.8% antibiotics/antimycotics (all Sigma-Aldrich, St Louis, MO), 1 mM dithiothreitol 

(Roth, Karlsruhe, Germany) and 1.5 mM EDTA (Roth) and then cut in little pieces with scissors. Cells 

were dissociated using the gentleMACS™ Dissociator technology (Miltenyi Biotec, Germany). The 

suspensions were centrifuged (7 min, 300g, RT) and cell pellets were re-suspended in DMEM containing 

fetal calf serum, L-glutamine and antibiotics. For each tissue cell suspension was filtrated subsequently 

through 100- and 40-μm cell strainers, and cells were washed with cold PBS. Cells were either 

immediately stained for flow cytometry or cryopreserved in 90% FBS, 10% DMSO and stored in liquid 

nitrogen vapor. 

 

Polychromatic flow cytometry 

Cells were stained as previously described (Huot et al., 2017) . Briefly, FcR blocking reagent (Miltenyi) 

was used to block unspecific antibody binding. Antibodies used are shown in Supplemental Table 7. 

The anti-CD8 monoclonal antibody corresponded to BW135/80 (Miltenyi), staining CD8a. Flow 

cytometry acquisitions were performed on an LSR II (BD Biosciences). Intra-cellular staining was 

performed using BD Cytofix/Cytoperm™. Intracellular cytokines were measured ex vivo without prior 

in vitro stimulation. The data were further analyzed using FlowJo 10.4.2 software (FlowJo, LLC, 

Ashland, OR, USA). t-SNE (t-distributed stochastic neighbor embedding) was carried out using the t-

SNE feature in FlowJo using 2000 iterations and a perplexity of 50. 

 

 



Cell sorting 

Cells were thawed in 20% fetal bovine serum-containing media supplemented with Benzonase nuclease, 

washed and stained with Aqua Live/Dead stain (Molecular Probes). Cell counts and viabilities were 

determined (Life Technologies). After a washing step, cells were blocked using normal mouse IgG 

(Caltag). Cells were surface-stained for CD3 (SP34-2, dilution 1/10, BD), CD8 (BW135/80, dilution 

1/20, Miltenyi), CD95 (DX2, dilution 1/20, BD), NKG2a/c (Z199, dilution 1/20, Beckman Coulter, 

Inc.), CD20 (2H7, dilution 1/20, Biolegend), CD14 (M5E2, dilution 1/25, BD) and CD28 (CD28.2, 

dilution 1/20, BD). Post-surface staining, cells were washed, filtered and CD45+CD14-CD20-CD3+ 

effector (NKG2a/c
-CD28-CD95+), memory (NKG2a/c

-CD28+CD95+) and NKG2a/c
+ CD8+ T cells sorted 

on a FACS ARIA II (BD Biosciences). Cells were directly collected in a lysis buffer containing TCEP. 

All samples were re-examined by flow cytometry following sorting, to ensure purity above 99%. 

 

Hsp60, IL-23 and IP-10 quantification 

Hsp60, IL-23 and IP-10 were quantified in plasma and supernatants of tissue biopsies. After biopsy, the 

tissues were transported to the laboratory and kept during the transport for 2-3 hours at 4°C in RPMI 

medium. The tissues were then cut into pieces, grinded with a gentleMACS Dissociator (Miltenyi 

Biotec, 130-093-235) in 500µl of RPMI per biopsy of similar size. The tissue cell suspension was 

centrifugated at 1500g for 5 min to pellet the cells. The cells were used fresh or were frozen in FBS with 

10% of DMSO and stored in liquid nitrogen until further use. The supernatants were filtered at 70µm 

(Clearline, 141379C), centrifugated (1000g for 20 min) to clean from remaining cell debris and then 

stored at -80°C. The proteins were quantified using the Mouse HSP60 ELISA Kit (AbCAM), Monkey 

IL-23 ELISA kit, U-CyTech biosciences and the Human CXCL10/IP-10 Quantikine ELISA Kit R&D 

systems, according to the provider’s instructions.  

 

RNA-seq profiling  

RNA was isolated from the sorted cells using the RNeasy® Plus Micro Kit (74034, Qiagen). RNA 

integrity was verified with the Agilent Bioanalyzer. RNA molecules were treated for library preparation 

using the Truseq Stranded mRNA sample preparation kit (Illumina, San Diego, California) according to 

manufacturer’s instructions. An initial poly(A) RNA isolation step (included in the Illumina protocol) 

was performed on 10 ng of total RNA to keep only the polyadenylated RNA fraction and remove the 

ribosomal RNA. A step of fragmentation was applied on the enriched fraction by divalent ions at high 

temperature. The fragmented RNA samples were randomly primed for reverse transcription followed 

by second-strand synthesis to create double-stranded cDNA fragments. No end repair step was 

necessary. An adenine was added to the 3'-end and specific Illumina adapters were ligated. Ligation 

products were submitted to PCR amplification. The obtained oriented libraries were controlled by 

Bioanalyzer DNA1000 Chips (Agilent, # 5067-1504) and quantified by spectrofluorimetry (Quant-iT™ 



High-Sensitivity DNA Assay Kit, #Q33120, Invitrogen). Sequencing was performed on the Illumina 

Hiseq2500 platform to generate single-end 100 bp reads bearing strand specificity. 

 

RNA-seq data analyses  

Reads were cleaned of adapter sequences and low-quality sequences using cutadapt version 1. 

1162.Bowtie version 1.2.2, with default parameters, was used for alignment of reads on the reference 

genomes (Chlorocebus sabaeus from Ensembl release 90). Genes were counted using HTseq-count 

version 0.11.1. Count data were analyzed using R version 3.4.361 and the Bioconductor package 

DESeq2 version 1.18.162. The normalization and dispersion estimation were performed with DESeq2 

using the default parameters and statistical tests for differential expression were performed applying the 

independent filtering algorithm. For each comparison, p-values were adjusted for multiple testing 

according to the Benjamini and Hochberg procedure and genes with an adjusted p-value lower than 0.05 

were considered as differentially expressed. Heatmaps representations were generated based on the 

rescaled gene expression levels. Hierarchical clustering, shown as dendrograms on the top and on the 

left of the heatmaps, were generated based on the Euclidian distance and using the complete linkage 

method. 

 

Functional Enrichment analysis 

Analyses and visualization of GO terms associated with differentially expressed genes were performed 

using ClueGO. Both groups of genes (up- and downregulated, p value < 0.05 and fold change >2) were 

used as dual input for GO and pathway annotation networks of the expressed genes and proteins pathway 

enrichment analysis (Bindea et al., 2009). Each list was used to query the Kyoto Encyclopedia of Genes 

and Genomes (KEGG), GO-biological function database, REACTOME and Wiki pathways. ClueGo 

parameters were set as follows: Go Term Fusion selected; only display pathways with p values ≤ 0.05; 

GO tree interval, all levels; GO term minimum genes, threshold of 4% of genes per pathway; and a 

kappa score of 0.42. GO terms are presented as nodes and clustered together based on the similarity of 

genes present in each term or pathway. The most significant term was chosen as a representative of the 

group (Benjamini-Hochberg correction). 

 

Statistical analyses  

The GraphPad Prism 7 (GraphPad Software, San Diego, CA) was used to analyze data and to perform 

statistical analyses. Statistical significance of differences was assessed using non-parametric Mann-

Whitney U tests (Figure 1, Figure 4C, G, H), or Wilcoxon matched-pairs signed rank test, for paired 

samples (Figure 4 A,D,E,F). All group comparisons were carried out by means of a one-way analysis of 

variance (ANOVA) and followed by a Tukey’s multiple-comparison test. The latter is a post-hoc test 



based on the studentized range distribution (Figure2, Figure3, Figure 4 B, L, K, M and Figure 6).  Values 

of p < 0.05 were considered significant. Correlation analyses were performed according to the Spearman 

or Pearson coefficient of correlation.  
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