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Abstract

Natural Killer (NK) cells play an essential role in anti-viral immunity, but knowledge of their
function in secondary lymphoid organs is incomplete. Lymph node follicles constitute a major
viral reservoir during HIV-1 and SIVmac infections. In contrast, during non-pathogenic SIVagm
infection of African green monkeys (AGM), follicles remain generally virus-free. We show that
NK cells in secondary lymphoid organs from chronically SIVagm-infected AGM were frequently
CXCR5" and entered and persisted in lymph node follicles throughout the follow-up (240 days
post-infection). These follicles were strongly positive for IL-15, which was primarily presented in
its membrane-bound form by follicular dendritic cells. Anti-IL-15-induced NK cell-depletion
during chronic SIVagm infection resulted in high viral replication (follicles and T zone) and viral
DNA increase in lymph nodes. Our data reveal that in non-pathogenic SIV infection, NK cells

migrate into follicles and play a major role for viral reservoir control in lymph nodes.
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The persistence of Human immunodeficiency virus (HIV) in individuals treated efficiently with
combined antiretroviral therapy (CART) remains a tremendous obstacle to achieving sustained
virologic remission in HIV-infected individuals'. A major anatomical HIV reservoir are lymph
nodes (LN)??. Studies in the non-human primate model for HIV, macaques (MAC) infected by
SIVmac, showed that during the first weeks post-infection (p.i.), the virus replicates solely in the
T cell zone of LNs. Only later on the virus spreads to B cell follicles, where it replicates to a
large extent in follicular helper T cells (Tg)* . Moreover, numerous viral particles are trapped by
follicular dendritic cells (FDC) and remain infectious'®. Finally, in chronic infection, more virus

is present in follicles than in the T zone'2.

In HIV controllers, the virus also persists
preferentially in these LN follicles and productive infection is markedly restricted to Try cells™.
Follicles thus seem to constitute ‘sanctuaries’ for persistent viral replication even in HIV
controllers who are capable of developing potent anti-viral CD8" T cell responses®. Indeed, B
cell follicles are mostly devoid of CD8" T cells except for the rare follicular cytotoxic T cells. In
patients under long-term cART, Tgy cells equally represent the major viral reservoir, potentially
complicating efforts to cure HIV infection with T cell immunotherapylS'le.

NK cells play an essential role in viral infections’’*®. Little attention has however been given to
them in LN as their frequency is low in these tissues in contrast to other body compartments, such
as liver or uterus™. In rodent LN, NK cells are more dense in the medulla than in T or B cell areas
and they are mainly located within lymphatic sinuses?®®*. Upon immunization or viral challenge

in rodents, NK cells infiltrate draining LNs?2%3

. Little information is available regarding the
trafficking of NK cells to LN during viral infections in humans and on NK cell migratory
behavior within LN in general. During HIV-1 or SIVmac infections, LN display limited
recruitment of NK cells that instead seems to be deviated toward the intestinal mucosa, and
therefore provide a niche where the virus can replicate unabated by early NK-cell-mediated innate
pressure??,

Non-human primates from Africa, such as African Green monkeys (AGM), are natural hosts of

SIV®, They usually do not experience disease progression, despite displaying high viremia and
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high viral replication in the intestine concomitant with massive acute depletion of mucosal CD4"
T cells®®. A major distinction of SIV infection in natural hosts is the rapid resolution of viral
inflammation and the lack of microbial translocation®%. In addition, AGM display a rapid control
of viral replication in the secondary lymphoid organs and lack of viral trapping by FDC in
follicles? *. Another natural host of SIV, the sooty mangabey, also showed strong viral control
in LN®%,

In AGM, most pro-inflammatory cytokines such as TNF-(, IL-6, IFN-© and IL-8 are not or only
weakly induced upon SIV infection?®. However, AGM display high plasma levels of IFN-( and
IL-15 during acute infection®. IL-15 is well known to promote mobilization and homeostatic

%37 Moroever, IL-15

proliferation of T cells and to be essential for the survival of NK cells
contributes to the preservation of cytotoxic CD8'T cells and also enhances NK cell suppressor
function *. We have observed increases in NK cell proliferation as well as of CD107a" NK cells
in peripheral LN during acute SIVagm infection®. We therefore raised the question whether NK
cells play a role during non-pathogenic SIV infection in LN. Here we demonstrate that NK cells
accumulate in a CXCR5- and IL-15-dependent manner in follicles of secondary lymphoid organs

in SIV-infected AGM and exert efficient control of viral replication within LN contributing to a

low viral reservoir in these organs.

RESULTS

Lack of virus in lymph node follicles during non-pathogenic SIV infection

We first determined the level and distribution of virus in LN of six AGM and six MAC infected
with SIVagm.sab92018 and SIVmac251, respectively. Plasma viral RNA copies were always at
least as high in AGM as in MAC (Supplementary Fig.la-c). The viremia peak was reached
around day 9 p.i. for all animals. The quantification of the cell-associated (ca) viral RNA and ca-
viral DNA copy numbers in LN cells showed similar high levels for both SIVagm and SIVmac
infections at peak viremia (Fig.la and Supplementary Fig.1d). However, a strong decrease was
observed after the viral peak in AGM LN (p=0.001). This viral control in AGM LN resulted in a

strong difference compared to SIVmac infection, as the median quantity of ca-viral RNA and
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DNA in LN were, respectively, 2.5 log and 1.5 log lower in AGM than MAC during the chronic
phase (Fig.la and Supplementary Fig.1d). In situ evaluation of viral RNA showed indeed a
dramatic decrease of productively infected cells in the T zone of AGM LN during the chronic
phase of infection and a constant absence of productively infected cells within the follicles of
AGM throughout the follow-up (240 days p.i.) (Fig.1b,c). These results contrast with SIVmac
infection where, as expected, large amounts of viral RNA were detected both in the T zone and

within follicles during chronic infection throughout the follow-up (Fig.1b,c).

Accumulation of NK cells in lymph node follicles during non-pathogenic SIV infection

NK cells were gated as previously reported (Supplementary Fig.2)35’39

. A progressive and
persistent reduction in the frequency of LN NK cells was observed during chronic infection as
compared to pre-infection levels in the pathogenic model (p<0.001), but not in AGMs where,
after a transient decline, NK cells recovered to pre-infection levels (p=0.8) (Fig.1d). The decrease

in MAC was due to a decline of the major NK cell population in LN (i.e. CD16 NK cells), while,

as in a previous report in macaque LN39, there was an increase in CD16" NK cells in SIVmac

infection (p<0.001) (Fig.1g).

Evaluation of NK cell distribution in situ showed that in uninfected animals, NK cells were
localized as expected in the marginal and parafollicular zone in both species (Supplementary
Fig.3a). The localization of NK cells however changed dramatically in response to SIV infection.
Indeed, many NK cells were found outside the marginal zones following SIV infection in both
species (Supplementary Fig.3b+c). Of note, the distribution became highly distinct between
pathogenic and non-pathogenic SIV infection. In SIV-infected AGM, NK cells were mostly
found around or within follicles (Fig.1le,f and Supplementary Fig.3b), whereas MAC NK cells
followed a random distribution within the LN after SIV infection and did not accumulate in
follicles (Fig.le,f and Supplementary Fig.3c). The total numbers of NK cells decreased in the T
cell zone in both species after SIV infection. In contrast, NK cell numbers increased in follicles of

AGM (Fig.1h).
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These analyses reveal that NK cell distribution within LN changes significantly in response to
SIV infection and differently between pathogenic and non-pathogenic infections. Moreover, the
study in the non-pathogenic SIV infection uncovers that NK cells are able to migrate into

follicles.

Decreases in LN homing receptors on NK cells in both pathogenic and non-pathogenic SIV
infection

Since MAC showed persistently decreased NK cell levels in contrast to AGM, we wondered
whether AGM NK cells have a better LN homing capacity than MAC during SIV infection. We
examined the expression of major LN homing markers for NK cells (CCR7, CD62L, CX3CR1
and CXCR3). No significant changes as compared to pre-infection levels were detected on total
peripheral blood NK cells for both species (Supplementary Fig.4a+b), while CD16™ NK cells
displayed decreases in CXCR3 and CX3CR1 (Supplementary Fig.5a+b).

In LN, the frequencies of NK cells expressing CCR7, CD62L or CX3CR1 were markedly down-
regulated in both pathogenic and non-pathogenic SIV infections (Supplementary Fig.4). The
decreases were again more pronounced in the CD16™ than in the CD16" subsets (Supplementary
Fig.5).

Altogether, strong decreases of homing receptors were observed for both species, in particular for
CD16  NK cells. The homing receptor profiles were in most tissues similar between AGM and
MAC and do not clearly explain the differences in NK cell levels in LN between AGM and

MAC.

AGM NK cells express CXCR5 in secondary lymphoid organs during SIV infection

The preferential localization of NK cells in follicles during non-pathogenic SIV infection could
be due to specific trafficking towards follicles and/or to an enhanced survival inside the follicles.
In order to address the hypothesis of specific trafficking, we measured the expression of CXCR5
on NK cells. CXCRS5 is known to be both necessary and sufficient for B and Tgy cell migration

into follicles****. We compared the level of CXCR5 expression on B cells, CD8" T cells and NK
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cells of LN from chronically infected animals (Fig.2a). As expected, the majority and minority of
B and CDS8'T cells, respectively, expressed CXCR5 (Fig.2a,b). The frequencies of CXCR5'NK
cells were also low for MAC NK cells but, surprisingly, were elevated in AGM (Fig.2a,b). In
contrast to spleen and LN, the levels of CXCR5'NK cells were similarly low in AGM and MAC
in blood and gut (jejunum, colon) (Fig.2b).

Thus we have identified high levels of CXCR5'NK cells in LN of SlIVagm-infected AGM.

CXCR5 expression on AGM NK cells most likely allows their access to lymphoid tissue follicles.

Elevated frequencies of CD107a” and CD32°CXCR5'NK cells in secondary lymphoid
organs during non-pathogenic SIVagm infection

We wondered whether these CXCR5'NK cells could exert a suppressor function and
characterized their functional phenotype. Major differences were observed between CXCR5" and
CXCR5 NK cells in LN from SIV-infected AGM. Indeed CXCR5'NK cells expressed more
frequently CD69, CD16, CD107a and the Fcy receptor CD32 and more rarely NKG2D and
NKp46 (Fig.2 c,d). These cells might thus possess both an ADCC as well as cytoxic activity. The
majority of CXCR5'NK cells (median 60%) were CD16" (not shown). CXCR5" NK cells were
also more often PD-1" than CXCR5 NK cells (Fig.2d), which might be associated with their
location in follicles.

We wondered whether these results are representative of other secondary lymphoid organs and
analyzed spleen NK cells from 10 AGM and 10 MAC in chronic infection (Fig.3). First we
quantified the ca-viral RNA and DNA loads in spleen. As in LN, they were significantly lower in
AGM than in MAC (Fig.3a). The viral DNA levels were negatively correlated with NK cell levels
in AGM but not in MAC (Fig.3c). As in LN, NK cell frequencies in spleen were higher in
SIvagm than in SIVmac infection (Fig.3d). The frequency of CXCR5'NK cells in spleen was
again significantly higher in AGM than in MAC, while the CXCR5'CD8'T cell frequencies were
similar between the two species (Fig.3b,e). The major phenotypic difference between spleen

CXR5'NK and CXCR5'NK cells consisted in the higher levels of cells positive for CD107A" and
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CD32" (Fig.3f). Also similar to LN, spleen CXCR5'NK cells were more often PD-1" and less
often NKp46™.

We then compared the NK cell phenotypes between AGM and MAC in LN and spleen. Since
CXCR5'NK cells are rare in MAC, we compared total NK cells consisting in the majority of
CXCR5'NK cells. No significant differences in the phenotype of these cells were observed
between AGM and MAC, except that total NK cells from AGM in spleen were more frequently
CD32" than in MAC but the difference was weaker than for CXCR5'NK cells and was not
observed in LN (Fig.2e and Fig.3g).

Altogether, we observed elevated levels of CXCR5'NK cells expressing CD32" and CD107a" in

secondary lymphoid organs from SIVagm-infected AGM.

Follicles of AGM lymph nodes constitute a niche for trans-presentation of IL-15

Since NK cell numbers increased in follicles during SIVagm infection without clearly showing a
better homing receptor expression profile than in macaques, we wondered whether additional
mechanisms, such as in situ proliferation or increased survival, participate in the accumulation of
NK cells in follicles during SIVagm infection. The levels of NK cell proliferation in LN, as
measured by Ki-67 staining, were not higher during SIVagm than SIVmac infection (not shown).
Because IL-15 is essential for NK cell survival, we studied IL-15 production and distribution in
LN in response to SIV infection. We detected IL-15 in LN during both infections, but IL-15
production was significantly higher in chronically infected AGM than MAC (Fig.4a,b and
Supplementary Fig.6). In addition, it was primarily limited to follicles, whereas in MAC the
production was diffuse (Fig.4b and Supplementary Fig.6). Remarkably, we observed NK cells in
AGM follicles most often only if the follicles were IL-15 positive (Fig.4d).

To identify the cellular source of IL-15 in the follicles, we examined the ex vivo expression of IL-
15 in distinct hematopoietic and stromal cell subpopulations from the LN of infected animals. The
gating was performed in such a way as to allow the identification of as many as seven distinct cell
populations (Supplementary Fig.7a). We did not detect significant [I-15 production by

intracellular staining even if the cells were stimulated with PMA/lonomycin (data not shown).
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Since intracellular detection of cytokines by flow cytometry was probably not sensitive enough,
we evaluated IL-15 mRNA in situ expression by FISH. Expression of IL-15 mRNA was higher in
AGM than in MAC LN (Fig.4e). Moreover, I1L-15 mRNA was expressed predominantly within
follicles during SIVagm infection. Many mRNA-positive cells had dendritic-like shape and might
thus correspond to FDC and/or dendritic cells located within the follicles.

IL-15 is particularly potent for stimulating immune responses if presented membrane-bound. We
therefore co-stained the hematopoietic and stromal cell subpopulations for IL-15 and IL-15Ra
surface expression (Supplementary Fig.7). Most of the cells that presented membrane-bound IL-
15 (mbIL-15; i.e. IL-157IL-15R(" cells) corresponded to APC-like cells (CD3'CD4") and stromal
cells, including follicular dendritic cells (FDC). The most pronounced difference in the levels of
mblIL-15 between AGM and MAC was observed for FDC (Fig.4c).

We next addressed the question whether distinct levels of IL-15Ra between AGM and MAC
could explain these profiles. IL-15Ra expression was measured on the same cell populations as
above. The percentages of IL-15Ra’ cells were highest for FDC, while the mean intensities of
expression were highest on APC-like cells (CD3'CD4") and FDC (Supplementary Fig.7b,c). This
was the case for both AGM and macaques. Thus the IL-15Ra expression levels were not
responsible for higher levels of mblL-15 in AGM.

Altogether, NK cell accumulation in follicles during non-pathogenic SIVagm infection was
associated with the presence of high levels of IL-15. IL-15 was produced within the follicles and

presented membrane-bound, in particular on FDC.

Anti-1L15 treatment of SIVagm-infected AGM induces NK cell depletion

A major question is if NK cells in AGM LN have a crucial impact on viral load. We therefore
aimed to deplete NK cells in vivo in AGM. While there is presently no antibody specific for NK
cells in primates, it has been recently reported that anti-IL-15 treatment preferentially and
dramatically depletes NK cells in MAC®. We treated five chronically infected AGM with this
anti-1L-15 mAb using the same doses as previously described for MAC for a short period (2

weeks) (Fig.5a).
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Blood NK cells were rapidly depleted (Fig.5b,c). The nadir was observed in 3 animals at day 7
post-treatment and for the two others at day 14. The latter two animals had higher NK cells at
baseline. The levels remained low until autopsy at day 42 post-treatment. In contrast, the
percentages of total blood CD4" T cells showed only a slight, transient increase (p=0.043) and the
absolute CD4" T cell counts did not show any significant changes (p=0.21) (Fig.5d). The transient
increases of CD4" T cells might be explained by strong proliferation at days 7 and 14 (Fig.5f).

Blood CD8" T cell counts displayed a decrease that was mostly due to depletion of effector

memory T cells (Fig.5e).

Anti-IL-15 depleted NK cells in all analyzed tissues, i.e. in LN, spleen and gut (Fig.5b and
Supplementary Fig.8). In contrast to NK cells, the CD4" and CD8" T cell frequencies in LN were
not different between day O and day 42 post-treatment (Fig.5g,h), with two exceptions. The
frequencies of central memory CD4" and effector memory CD8" T cells were decreased in LN at
days 21 and 42 post-treatment (Fig.5i,k).

Altogether, we show that anti-IL15 treatment induces a marked depletion of NK cells in SIVagm

infected AGM in blood and tissues, including LN.

NK cell depletion during SIVagm infection leads to high viral replication in lymph nodes
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We quantified the viral load in the anti-IL-15 treated animals. The viremia levels significantly
increased and reached a median plateau around 10° viral RNA copies/ml at day 14 post-treatment
(Fig.6a). Notably, in LN, both the ca-viral RNA and DNA were significantly increased (Fig.6b).
In situ hybridization at days 21 and 42 post-treatment revealed many viral RNA-positive cells in
LN of all treated animals (Fig.6¢) and large foci of viral RNA-positive cells were detected in the
T zone and within follicles. The increase in viremia in the blood of the anti-IL-15 treated animals
is most likely the result of this increase in viral replication in the lymph nodes. There was no
statistically significant correlation between the cell-associated VRNA or vDNA levels in LN and
the proliferation (Ki-67) of total, naive or or naive, memory or effector CD8" T cells in LN.

This is the first time that a high number of SIV-infected cells are observed within follicles of

AGM.

DISCUSSION

We present here the first documented evidence for a distinct anatomical location of NK cells in
response to a lentiviral infection within LN in any species. Previous studies in mice have shown,
that infections by L. major induce NK cells to be recruited to the paracortex®®. Similarly, we show
that NK cells are recruited to the paracortex in response to SIV infection, but in addition we
demonstrate here that NK cells can also accumulate around and within follicles of peripheral LNs
in SIV-infected AGMs. This is an important observation, because it suggests the potential of NK
cells to interact directly with other cells present in LN follicles, such as B cells and Tgy cells. It
has been shown in murine models that NK cells can influence Tgy and germinal center B-cell
responses* . Our results highlight the need for further studies on the effects of viral infections
and vaccination on NK cell-B cell interactions and antibody responses, and on the potential role
of NK cell localization within follicles in mediating these responses.

In contrast to B and T cells, the mechanisms governing NK cell trafficking remain poorly
dissected. In this study, we correlated the capacity of NK cells to migrate into the follicles with

CXCR5 expression. Moreover we show that I1L-15, a NK survival molecule, was found at high
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levels in follicles of SIVagm-infected AGM. IL-15 expression has been recently reported in LN
of HIV-infected individuals, but only in the T zone*®. We have shown that IL-15 is produced
within follicles and presented as membrane-bound in particular by FDC, but also by APC-like
cells during SIVagm infection. This finding agrees with previous reports showing that human
APC and FDC can present mbIL-15"*%, The IL-15-mediated promotion of NK cell survival
would then result in the accumulation of these cells in a critical region of the LN. These results
support previous reports suggesting the existence of in situ differentiated NK cells in LN,

The effect of IL-15 on NK cell survival, differentiation and function is much stronger when
presented in trans, as it is the case here, than in its soluble form®*®!. In vitro studies have indeed
shown that the decreased control of HIV-1 infection in CD4" T cells by NK cells is due, at least in
vitro, to the decreased presentation of mbIL-15*. IL-15 induces LFA-1 expression which is a late

step required for cytotoxic differentiation®. Thus, in addition to promoting NK cell survival, the

IL-15 in the AGM follicles might contribute to the differentiation toward a mature cytotoxic

phenotype®. The study reveals that most of the CXCR5" NK cells were indeed within the CD16"

subset and many expressed CD107a. In addition, the phenotypic analyses demonstrated that even

more CXCR5" NK cells expressed the Fc© receptors CD16 and CD32. These NK cells might thus
display superior antibody-dependent cellular cytotoxicity (ADCC). This needs to be confirmed by

functional studies. Altogether, CXCR5*NK cells clearly showed a distinct phenotype that could

explain their superior capacity for viral control.

We confirm here a strong viral control in LN during SIVagm infection. We cannot exclude that
only follicles from peripheral secondary lymphoid organs are virus-free. It is still possible that

lymphoid structures from the gut show viral replication and/or trapping since viral replication is

not controlled in the gut in natural hosts. We also cannot exclude that in AGM the viral control in

LN is stronger than in other natural hosts such as sooty mangabeys. However, our data are in line

with previous reports on a strong SIVsm control in both the LN T zone and follicles of sooty
mangabeys ®**. HIV infection in LN causes inflammation that when untreated leads to collagen
deposition, fibrosis and disruption of the LN architecture™. In addition, persistent HIV infection

in LN might severely impact the development of effective immune cells >***. Our results highlight



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

that AGM have the extraordinary capacity to mount a tissue-specific viral control. Together with

other studies showing that memory CD4'T cells are less infected in natural hosts®, our data
suggest that natural hosts, while unable to control viremia, developed mechanisms to specifically
protect those key organs and cells which are critical for the education and memory of immune

responses and protect secondary lymphoid structures from viral-induced damages. In addition,

strong control of viral replication in the secondary lymphoid organs might contribute to the lack

of inflammation during chronic infection in natural hosts.

NK cell depletion during SIVagm infection was associated with strong increases of viral

replication in LN. This confirms the key role of NK cells for viral control in LN. The increase of
viral replication was observed both in the T zone and within follicles. It is unclear which NK cell

phenotype is associated with viral control in the T zone. It is possible that in AGM, NK cells are
not exhausted in contrast to MAC, since AGM are capable to resolve chronic inflammation®>.
We also cannot totally exclude that in the IL-15 treated animals, increases of CD4" target cells or
decreases of CD8" T effector cells or their function contributed to the increases in viral load.
However, in LN, the memory CD4'T cells were either decreased or unchanged. Regarding
CDS8'T cells, previous studies have shown that AGMs infected by SIVagm do not exhibit strong
suppressive CD8'T cell capacities nor significant infiltrations of CD8'T cells into LN

28,56,57

follicles . In addition, in vivo depletion of CD8T cells in SIVagm-infected AGM have not

lead to strong increases in viral load®®. It is still possible that CD8'T cells contribute to the

control of viral load in the LN during SIVagm infection, but it is unlikely that they play a major
role in this model.

Genetic and functional studies have long highlighted that NK cells impact significantly HIV
infection'®. However, the role of NK cells in the control of HIV/SIV reservoirs might have been
underestimated in the past. NK cells play an important role for immune-surveillance in cancer.
Clinical trials testing approaches for enhancing NK cell expansion and suppressor activity during
cancer therapies are expanding. Based on our results, we anticipate that a better comprehension of
NK cell biology in lymphoid tissues as provided here will endorse the search for novel NK-cell

based immunotherapies in HIV infection.
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Taken together, this study reveals that SIV infection induces a trafficking of NK cells within LNs.
Most importantly, we discovered the potential of a unique, CXCR5" and IL-15 dependent
localization of NK cells within LN follicles. This study therefore uncovers a new feature of NK
cells during viral infections. Furthermore, we provide here the evidence that NK cells during non-
pathogenic SIVagm infection play an unforeseen key role in the control of viral replication in
lymph nodes. The discovery that NK cells have the potential to efficiently control the viral

reservoir in follicles might have important implications for cure and vaccine research.

METHODS

Methods are available online.
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ONLINE METHODS

Animals, SIV infections and anti-1L15 treatment

Fifteen African green monkeys (Caribbean Chlorocebus aethiops) and fifteen cynomolgus
macaques (Macaca fascicularis) were used in this study. The animals were free of simian
retrovirus type D and simian T-lymphotropic virus type 1 and were housed in single cages within
level 3 biosafety facilities at the IDMIT Center (Fontenay-aux-Roses, France). Because H6
haplotypes are significantly associated with viral control in cynomolgus macaques, macaques
with H6 haplotype were excluded from this study. The average weight of the monkeys was
between 3 and 5 kg. All monkeys were young adults and with an average of 3 to 4 years at
inclusion. Both males and females were used (60 % of females and 40 % of males for each
species). The sample size varied between 5 and 10 animals per group (N=6 in most experiments),
chosen according to the tripartite harmonized ICH Guideline on Methodology (previously coded
Q2B). Sample collection was determined in a random order. The investigators were unblinded,
while the animal handlers were blinded.

Animals were sedated with Ketamine Chlorhydrate (Rhone-Mérieux, Lyons, France) before
handling. All experimental procedures were conducted in strict accordance with the international
European guidelines 2010/63/UE on protection of animals use for experimentation and other
scientific purposes (French decree 2013-118) and with the recommendations of the Weatherall
report. IDMIT center complies with Standards for Human Care and Use of the Office for
Laboratory Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-86. The
monitoring of the animals was under the supervision of the veterinarians in charge of the animal
facilities. Animal experimental protocols were approved by the Ethical Committee of Animal
Experimentation (CETEA-DSV, IDF, France) (Notification #12-098). AGM and macaques were
infected IV with, respectively, 250 TCIDg, of SIVagm.sabg,g;3 and 5000 AIDs, of SIVmac,s;, as
previously reported®®,

From the six AGM and six MAC described in Figure 1, four of each species were randomly

chosen for sacrifice at day 240 p.i., and the tissues (spleen and gut) collected at sacrifice used for
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the analyses described in Figures 2 and 3. The spleens from the additional 6 animals described in
Figure 3 correspond to randomly chosen, chronically SIVagm.sab92018-infected AGM from

previous studies®®

. The two remaining AGM from Figure 1 were included in the group of
animals treated with the simianized anti-IL15 mAb. The three other AGMs treated with the anti-
IL-15 mAb derived from previous studies and were also randomly chosen®. The five AGMs were

chronically infected with SIVagm.sab92018 for 1 to 3 years at the time of anti IL-15

administration.

Tissue collection and processing

Blood and LN biopsies were collected longitudinally. Whole venous blood was collected in
EDTA tubes. Mononuclear cells were isolated by Ficoll density-gradient centrifugation. Biopsies
of peripheral LNs were performed by excision. Other tissues (spleen, gut) were collected at
autopsy. After careful removal of adhering connective and fat tissues, LN and spleen were
digested using Collagenase 1V, Collagenase D and DNase | and at 37°c for 5min. The tissue was
then mechanically disrupted and filtered through a 40 um cell strainer. Gut was washed with cold
medium and cut in pieces. A 20 min digestion with Collagenase IV was performed at 37°C. The
cell suspension was filtrated subsequently through 100 and 40 um cell strainers and cells 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.

Viral detection assays

Plasma viral load was determined by real-time PCR as described®®. For cell-associated viral RNA,
RNA was extracted as follows: samples were lysed in NaCl (3M), EDTA (0.5M, pH 8), SDS
(10%, Bio-Rad) and Proteinase K (Img/mL, Qiagen) in a 45min incubation at 55° C. Then, NaCl
(5M) was added and incubated at 4° C between 15 and 60min, followed by centrifugation for
15min at 3000rpm at 4° C. DNA was precipitated in Phenol:Chloroform:isoamyl alcohol 25:24:1
(pH = 8, Sigma Aldrich). Viral RNA was measured by qPCR in duplicate. SIVagm and SIVmac

products of T7 transcription from plasmids were used as standards to calculate SIV RNA copy
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numbers. 18SrRNA and CCR5 DNA quantification was used for normalization Sample
preparation, enzyme mix preparation and PCR set-up were performed in three separate rooms to

avoid PCR contamination. Negative controls were used to exclude sample contamination.

Flow cytometry

All analyses on blood cells and most analyses on LN cells, including those on the homing
receptors, were performed on fresh cells. Hypotonic ammonium chloride solution was used to
lyse contaminating red blood cells. Cytofix/Cytoperm (BD Biosciences, La Jolla, CA) was used
for all intracellular stainings. Intra cellular staining for IL-15 was performed without and after
stimulation with Phorbol Myristate Acetate (PMA) and lonomycin at final concentrations of
respectively 10ng/mL and Ipg/mL. After 1 hour of incubation, 10 pg/mL of Brefeldin A was
added. FcR blocking reagent (Miltenyi) was used to block unspecific antibody binding.
Antibodies used are shown in Supplementary Table 1. Flow cytometry acquisitions were done on
an LSR Fortessa (BD Biosciences), and FlowJo software (version 9.6.4, Tree Star, Ashland, OR)

was used for all analyses.

Immunohistology

Fresh LN tissues were embedded and snap frozen in optimum cold temperature compound (OCT)
and 10um frozen sections were stained using unconjugated primary antibodies followed by
appropriate secondary antibodies conjugated to Alexa 488 (green), Alexa 568 (red) (Molecular
Probes, Eugene, OR). Antibodies used are shown in Supplementary Table 2. Stained slides were
incubated with 100-200uL of ice cold methanol and 5% acetic acid, placed at -20°C for 10 min
and then washed. Image analysis was performed using a Leica TCS SP8 confocal microscope

equipped with white lasers (Leica Microsystems, Exton, PA).

Fluorescent in situ hybridization
The probes were prepared as follows. SIVenv and IL-15 mRNA were RT-PCR amplified and

cDNA was cloned, using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific) as
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recommended by the manufacturer. The vectors were digested and in vitro transcribed using T7
RNA polymerase (Ambion) to make Alexa Fluor 488 [Life Technologies] single-strand RNA
probes. The FISH assay combined with immunofluorescent staining was performed as follows:
Cryosections were rehydrated in PBS for 15 minutes and then permeabilized by incubating in
0.5% (v/v) Triton X-100 in PBS for 20 minutes at RT. The slides were placed in container filled
with 200 ml of 10 mM sodium citrate buffer (pH 6.0) and the RNA unmasked by putting the
container in a microwave set at 700 W, before heating for 2.5 minutes or until first signs of
boiling. This step was repeated seven times. The slides were transferred to 2X SSC and
subsequently incubated in formamide-SSC solution for at least 4 hours. The probe was mounted
using glass chambers. Prehybridization was performed by incubating the slides with the mounted
probe for 1-2 hours at 37°C. Cellular RNA and RNA probes were simultaneously denatured by
incubating the slides with a mounted probe on a heating block for 5 minutes at 80°C, followed by
hybridization in humid dark chambers for 1 day at 37°C. Sections were washed three times at
high stringency in 0.1X SSC at 60°C and three times in 2X SSC buffer. Finally they were
incubated in 0.05 pg/ml DAPI in SSC/Tween for 10 minutes, rinsed briefly in 2X SSC and
mounted. As negative controls, we used a RNAse degraded probe, as well as LNs from
uninfected animals. Images were acquired on a Confocal Laser Scanning Microscope Leica TCS
SP8, running LAS AF 3 (Leica Application Suite Advanced Fluorescence). Individual optical
slices were collected at 1024 x 1024 pixel resolution. Image J software was used to assign colors

to the channels collected.

Statistical analyses

Nonparametric Mann-Whitney U-tests was used to compare continuous factors between two
groups, while non-parametric Wilcoxon signed rank test was used to compare paired variables.
The Spearman rank correlation was used to assess the association between 2 continuous variables.
These statistical analyses as well as graphic treatments were performed with GraphPad Prism 7.0
software (GraphPad Software, La Jolla, CA). To evaluate changes over time, mixed effect models

were used to account for multiple repeated measurements, with testing of interactions between
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time and species, time being considered as a categorical or continuous variable depending on the
number of values. We first assessed if the marker’s distribution was Gaussian; if not, a
logarithmic transformation was used and tested if efficient. Secondly, a LOWESS (locally
weighted scatterplot smoothing) curve was used to assess whether the marker’s trajectory was
linear. Finally, a mixed effect linear or piecewise-linear model was applied. Stata 13 (Stata Corp.,
College Station, TX, USA) was used for the analyses. In all analyses, p-values <0.05 were

considered significant.
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LEGENDS

Figure 1. Numbers and distribution of SIV RNA and NK cells in lymph nodes. Peripheral
LNs from six AGM and six macaques infected by SIVagm and SIVmac, respectively, were
analyzed. (a) Cell-associated viral RNA in total LN cells. (b) Representative confocal images of
LN sections from chronically infected animals stained for CD20 (green), SIV RNA (red) and total
nucleus (blue). Cells containing viral RNA were detected by in-situ hybridization. The picture
represents the distribution of the productively-infected cells in LNs. One representative picture in
the B and T zones is shown for each species. The time points analyzed in chronic phase
corresponded to days 80, 150 and 250 days p.i. (¢) The graph on the left shows the numbers of
SIV RNA positive-cells per follicle. A total of 24 follicles were counted. The graph on the right

shows the numbers of follicles positive for SIV RNA. A total of 8 LN sections per animal were

counted. (d) Frequencies of NK cells among total CD45" lymphocytes in LNs of AGM (purple)
and MAC (grey). (e) Percentages of follicles positive for at least one NK cell. A total of 32 LN
sections were counted. (f) Examples of the distribution of NK cells in LNs during chronic
SIVmac and SIVagm infections as evaluated by confocal imaging. NK cells were stained with
anti-NKG2A (green) and B cells with anti-CD20 (purple). Staining of NK cells were verified with
other markers, such as NKp30" and NKp80* (not shown). The analysis reveals the localization of
NK cells in and around follicles during SIVagm infection in AGM. (g) Frequencies of CD16™ NK
and CD16" NK cells of LN in AGM (purple) and MAC (grey). (h) Numbers of NK cells in the T
and B cell zones. A total of 32 LN sections from 6 animals per species were counted (4-6 sections
per animal). A nonparametric Mann-Whitney U-tests, for panels c,e and h were applied. For
panels d and g a mixed effect model was used. Asterisks indicate significant differences *p<0.05;

**p<0.005; ***p<0.001. Median and inter-quartile range are shown. Dpi= days post-infection.

Figure 2. CXCRS5 expression on NK cells and phenotyping of CXCR5" NK cells in AGM.

CXCRS5 was measured on cells from six chronically infected AGM and six chronically infected
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macaques. (a) Gating strategy used to analyze CXCR5 expression on B cells, CD8" T cells and
NK cells. Cells from macaque are plotted in grey and from AGM in purple. Representative plots
are shown. (b) Frequencies of CXCR5" cells for a given cell population in LNs from distinct
tissues. (c) Phenotype of CXCR5™ and CXCR5" lymph node NK cells in AGM. A representative
dot plot for one animal is shown. (d) Frequencies of CXCR5" and CXCR5™ NK cells expressing a
given marker in AGM LN. () NK cell subset frequencies in LN from AGM and MAC.

Individual values for AGM are shown as purple circles and for MAC as grey squares. A

nonparametric Mann-Whitney U-test, was applied *p<0.05 ; **p<0.005; ***p<0.001.

Figure 3. Viral load and NK cells in spleen from chronically infected AGM and MAC. Ten
animals per species were analyzed. (a) Cell-associated SIV DNA and RNA in spleen (b) CXCR5"
NK cells. Representative dot plots for 5 out of 10 randomly chosen animals (alphabetic order) are
shown. (c) Cell-associated viral DNA in spleen was plotted against the frequency of spleen NK
cells of MAC (left) and AGM (right). (d) Frequencies of NK cells among CD45" cells in spleen
(e) Frequencies of CXCR5" among NK and CD8" T cells in spleen. (f) Frequencies of
CXCR5" and CXCR5 NK cells expressing a given marker in spleen. (g) NK cell subsets in
spleen from AGM and MAC. Individual values for AGM are shown as purple circles and
of MAC as grey squares. In panel ¢ a nonparametric Spearman's rank-order correlation
was run to determine the relationship between LOG(DNAsIv) and NK cell frequencies
for each species . For all panels exept panel ¢, a nonparametric Mann-Whitney U-test,

was applied *p < 0.05; **p<0.005.

Figure 4. IL-15 expression in lymph nodes during SIV infection in AGM and macaques.
LNs from six chronically infected AGM and six chronically infected macaques were analyzed.
(a) Percentage of follicles positive for at least one IL-15" cell per analyzed LN section. A total of
10 LN sections per animal were counted. (b) Confocal image of LN sections stained for IL-15

(red) and total nucleus (blue). The picture represents the distribution of IL-15 positive cells for
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each species. IL-15 staining was strong in LNs from SIVagm-infected AGM and predominant in
the follicles (c) Frequencies of cells positive for both IL-15 and IL-15Ra among distinct cell
subpopulations of stromal (CD45-) and hematopoietic (CD45+) cells. (d) Confocal image of LN
sections stained for NK cells (green), IL-15 (red) and nucleus (blue), showing the spatial
association between IL-15 and NK cells. The zooms on the right side show enlarged images of
AGM follicles showing typical NK cell distribution in AGM follicles, i.e. within and surrounding
IL-15 positive follicles during SIVagm infection (¢) Confocal image of LN sections hybridized
with a IL-15 RNA probe (red) and stained with DAPI (blue). IL-15 mRNA positive cells were
mainly detected in follicles in both species. The enlargements display representative examples of
the shape of the IL-15 mRNA positive cells. Nonparametric Mann-Whitney U-tests were applied.
Asterisks indicate significant differences (p<0.05). Median and interquartile range are shown.

AGM : purple circle; MAC: grey squares. FDC= follicular dendritic cell.

Figure 5. Anti—IL-15 administration results in near-complete NK cell depletion in AGM. (a)
Schematic representation of the anti—IL-15 treatment schedule used in this study. Five chronically
infected AGM received 20 mg/kg of anti—-IL-15 mAb on day 0 and 10 mg/kg on day 14. The red
arrows show the days of anti—IL-15 mAb administration. The blue arrow indicates the day of
necropsy (Nx). (b) Dot plots showing NK cells (CD3"NKG2A") in peripheral blood of one
representative AGM before and after anti—IL-15 administration (c¢) Follow up of NK cells in
blood and LN. In blood, five animals were followed. LN were available for 4 and 5 animals LN at
day 21 and d42 post-treatment, respectively. In blood, grey and purple lines represent the
trajectories for each animal and the median values from all animals, respectively. For the
statistical analyses, the mean values of the three pre-infection time points were used. (d) Follow
up of CD4'T cells and CD4'T cell subpopulations in blood during anti-IL-15 treatment. (e)
Follow up of CD8'T cells and CD8'T cell subpopulations in blood during anti-IL-15 treatment.
(f) Levels of CD4'T and CD8'T positive for Ki-67 in blood. (g) CD4'T cells in LN (h) CD8+ T

cells in LN (i) CD4™T cell subpopulations in LN (k) CD8'T cell subpopulations in LN. Median

values and interquartile range are indicated. Each dot represents the values of an individual



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

animal. Ty: naive T cells; Ty: central memory T cells; Tg: Effector memory T cells.

Nonparametric Mann-Whitney U-tests were applied *p < 0.05; **p<0.005.

Figure 6. NK cell depletion results in increases of SIV RNA, SIV DNA and productively
infected cells in lymph nodes. (a) Quantification of SIVagm.sabg,0;3 RNA in plasma by gRT-
PCR in 5 chronically infected AGM (the same as in Fig.5), before and after anti-IL-15
administration. The grey line represents the viremia levels in individual monkeys over time and
the purple line represents the median viremia. The black arrows show the days of anti-IL-15
administration. (b) Quantification of the cell-associated SIV RNA and DNA in LN. The LN of 6
animals without treatment were compared to LN from 5 anti-IL-15 treated monkeys. Each dot
represents an individual animal (c) Virus-producing cells (SIV RNA, red) in the LN of NK cell-
depleted AGM. Representative images of an inguinal LN from five different animals. One image
for each of the five anti-IL-15 treated animals is shown. Follicles are delineated by the dashed
white lines. Images derived from mounted multiple confocal projected z-scans. Pictures were
obtained using a Leica SP8 confocal microscope and processed with ImageJ software. Confocal
images were collected with a 40X objective. Tx= anti-IL15 treatment. Nonparametric Mann-

Whitney U-tests were applied *p < 0.05; **p<0.005.
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Supplementary Figure 1: Viral load in peripheral blood and lymph nodes from AGM and
macaques (a) Quantification of SIVmac RNA in plasma in six macaques. (b) Quantification of
SIVagm RNA in plasma in six AGM. (c) Median (interquartile range) values of plasma viral
RNA in the six AGM and six macaques (d) Median (interquartile range) values of ca-viral DNA

load in peripheral LN of the six AGM and six macaques.

Supplementary Figure 2. Gating strategy for identifying NK cells within blood and lymph
nodes from MAC and AGM. Dot plots represent the main steps of the gating strategy that was

the same as reported for other NHP studies®

. NK cells were defined by morphology and as
CD45" CD20" CD3  CD4" NKG2A" CD8". NK cells from LN were CD8"°"™9 in contrast to
blood NK cells that were CD8*. NKG2A was identified as the most inclusive NK cell marker in

both AGM and macaques, as previously reported**.

Supplementary Figure 3. Localization of NK cells in lymph nodes. (a) SIV-naive animals.
Representative LN tissue section from a SIV-naive macaque, stained with anti-NKG2A (pink) to
label NK cells, DAPI (blue) to label nucleus and anti-ER-TR7 (green) to label stromal cells
(reticular fibroblasts). The enlarged figure shows NK cells (pink) and high endothelial venules
(green). NK cells were mostly located in the medulla and sometimes in the paracortex. The same
distribution was observed for NK cells in LN from non-infected AGMs. (b) Localization of NK
cells in lymph nodes of chronically SIVagm-infected African green monkeys. (i+ii)
Representative LN tissue sections stained with anti NKG2A (white) to label NK cells and with
DAPI (blue) to label nucleus of all cells. (i) Inguinal LN from animal SV083 (AGM) at day 150
p.i. (ii) Axillary LN from animal SV091 (AGM) at150 day p.i. (iii) Magnification showing NK
cells stained in green, B cells in white and nuclei in blue. Enlargements show examples of NK
cells for both the B zone and T zone. NK cells were predominantly localized in the B zones
(follicles), showing two types of predominant localization: most of the times they accumulated
within follicles and sometimes they accumulated around the follicles (see also Fig.1f). (c)

Localization of NK cells in lymph nodes of chronically SIVmac-infected macaques. (i+ii)
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Representative LN tissue sections stained with anti NKG2A (white) to label NK cells and DAPI
(blue) to label nucleus of all cells. (i) Inguinal LN section from animal CA275 (macaque) at day
150 p.i. (ii) Axillary LN section from animal CBBO001 (macaque) at 150 days p.i. (iii)
Magnifications showing B cells in white, NK cells in green and cell nuclei in blue. Starting from
the acute phase, the distribution of NK cells in LN from SIV-infected macaques was different
from that of non-infected animals. While in infected AGM and MAC, NK cells were found more
often outside the medulla than in non-infected animals, NK cells in SIV-infected MAC were
randomly distributed in the tissue and did not accumulate in follicles in contrast to SIVagm-

infected AGM.

Supplementary Figure 4. Dynamics of lymph node homing markers on blood and lymph
node NK cells in response to SIVmac and SlVagm infection. Blood and LN cells were
analyzed, respectively, 3 times and one time before infection and 3 times during the chronic phase
(days 80, 150, and 250 p.i.) (@) The levels of NK cells expressing homing markers were
compared in the same animals before and in chronic infection. The values for the six AGM are
depicted in green and for the six macaques in red. Statistically significant differences are
indicated by asterisks (*p<0.05; ***p<0.001 ;). (b) The levels of NK cells expressing homing
markers are shown before infection and longitudinally for each time point in chronic infection.
The values for the six AGM are depicted in violet and for the six macaques in grey. Median and

interquartile range are shown. Nonparametric Mann-Whitney U-tests were applied for each

panel.

Supplementary Figure 5. Follow up of homing markers on CD16+ and CD16- NK
cells in blood and lymph nodes from AGM and MAC before and in chronic SIV
infection. Blood and LN cells were analyzed, respectively, 3 times and one time before
infection and 3 times during the chronic phase (days 80, 150, and 250 p.i.) from six AGM

and six macaques (a). The levels of CD16" and CD16™ NK cells expressing specific
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homing markers were compared in the same animals before and in chronic infection. (b)
The levels of CD16+ and CD16- NK cells expressing specific homing markers are shown
before infection and for each time point in chronic infection. Nonparametric Mann-
Whitney U-tests were applied. Statistically significant differences are indicated by

asterisks (*** p<0.001 ; * p<0.05). Median and interquartile ranges are shown.

Supplementary Figure 6. IL-15 expression in lymph nodes from chronically SIV-infected
AGM and macaques. Representative LN tissue sections stained with anti IL-15 (red), CD20
(white) and Dapi (blue). The first two rows at the top show inguinal and axillary LN sections
from chronically infected AGM. The third row shows axillary LN section from a chronically
infected macaque. More IL-15 staining was observed in AGM. In AGM, IL-15 positive cells were
mainly present in follicles. In macaques, IL-15 was weak and IL-15-positive cells were

distributed randomly in the LNs.

Supplementary Figure 7. Representative gating strategy for identifying membrane-bound
IL-15 in total lymph node cells from chronically SIV-infected AGM and macaques. (a)
Frozen LN cells from chronically SIV-infected animals were used for the analysis. Living cells
were identified as Aqua dye-negative. LN cell sup-populations were defined as follows: stromal
cells as CD45 CD16" Podoplanin™ ; FDC as CD45 CD16" Podoplanin® ; CD4 T cells as CD45"
CD3" CD4"; CD8 T cells as CD45" CD3" CD8"; NK cells as CD45" CD3" NKG2A"; and two
other population as CD45" CD3” CD8 CD16" NKG2A CD4"". Positive cells for mbIL-15 were
defined when cells were double positive for IL-15 and IL-15Ra. (b) Mean of fluorescent intensity
of IL-15Ra on the LN cell-subpopulations described above (c) Frequency of IL-15Ra” cells in LN
cell-subpopulations. Nonparametric Mann-Whitney U-tests were applied. Statistically significant
differences are indicated by asterisks (*** p<0.001 ; * p<0.05). Median and interquartile ranges

are shown.
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Supplementary Figure 8. Cell phenotypes and frequencies in chronically infected AGM
treated with anti IL-15. (top) NK cell, T CD4 cell and T CD8 cell frequencies in tissues from
chronically SIVagm-infected AGM without and after anti-IL-15 treatment. Tissues (spleen and
four gut compartments) were obtained at necropsy. Samples from 4 non-treated (black circles)
and five anti—IL-15 treated AGM (grey squares) were available for the analyses. NK cells were
significantly depleted in duodenum, ileon, jejunum and spleen, while no significant changes were
observed for CD4+ and CD8+ T cells in gut or spleen. (middle) Frequencies of each T cell subset
within CD45" cells in blood. Five AGMs were studied. Individual animals are depicted by grey
lines and the purple line represents the median values. (bottom) Frequencies of Ki-67+ cells for
each T cell subset at days 0, 21 and 42 post-treatment. LN from 4 AGM at day 21 and 5 animals
at day 42 post-treatment were available. Each circle represents the value of an individual AGM.
The black arrows indicate the days of anti-IL15 administration. Ty: naive T cells; Ty: central
memory T cells; Tg: effector memory T cells. Nonparametric Mann-Whitney U-tests were
applied. Statistically significant differences are indicated by asterisks (*** p<0.001 ; * p<0.05).

Median and interquartile ranges are shown.
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