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SUMMARY
Innate lymphoid cells (ILCs) are an emerging subset of lymphocytes involved in surveillance
against virally infected cells. Here we show CD3−CD8high lymphocytes in macaque blood include
major subsets of ILCs including NK cells expressing CD16, NKp46 and NKG2A, but also
populations of ILCs in mucosal tissues having different properties. One ILC subset secreted IL-17
(ILC17), but these were restricted to mucosal tissues. Some mucosal ILC17 cells expressed
classical NK-cell markers, but little NKG2A or NKG2D. Some ILC17 cells secreted IL-22 and
TNF-α, but few produced IFN-γ or contained granzyme B. IL-17 production by ILCs was
induced by IL-6, TGF-β and IL-23. Further, SIV infection resulted in a significant loss of ILC17
cells, especially in the jejunum, which persisted throughout SIV infection. These findings ILC17
cells may be involved in innate mucosal immune responses, and their loss may contribute to loss
of intestinal mucosal integrity and disease progression in HIV/SIV infection.
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INTRODUCTION
Innate Lymphoid Cells (ILCs) represent a novel family of effector lymphocytes representing
the first line of defense against virally infected cells and neoplastic cells. ILCs include
Natural Killer (NK) cells, lymphoid tissue-inducer (LTi) cells and other subsets that produce
interleukin 17 (IL-17), IL-22 (NK-22/ILC22), IL-5 and/or IL-13, which have different
functions, but are developmentally related1, 2. Thus, ILCs are a heterogeneous subset of
CD3 negative lymphocytes with diverse functions, some of which may overlap with T cell
subsets such as Th17, Th22 or Th2 cells1, 2. However, the phenotypical characterization of,
and distinctions between NK cells and ILCs, and their relative distribution and function in
tissues are not yet clear.

As a major subset of ILCs, NK cells are thought to play an important role in controlling HIV
infection and disease progression3–5. Recent studies demonstrate dramatic changes in the
phenotype and function of NK cells occur in HIV/SIV infection6–8. Moreover, individuals
with “protective” KIR/HLA genotypes and/or robust NK cell responses are over-represented
in HIV controllers5, 9–11. This is consistent with studies of SIV-infected macaques in which
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the magnitude of NK cell responses inversely correlates with viremia and disease
progression12–14.

Among NK subsets, expression of distinctive surface molecules are highly polymorphic and
vary between species15–17. For example, mouse NK cells express NK1.1 and DX5, whereas
human NK cells are generally defined by CD56 expression, which is not expressed by
mouse NK cells. In humans, CD56bright NK cells possess higher capacity for proliferation
and cytokine production, but CD56dim cells display higher cytotoxicity15, 18, 19. In rhesus
macaques (Macaca mulatta), prior studies of NK cells and now ILCs have been complicated
by different gating strategies and phenotypic definitions. For example, efforts to identify
subsets of NK cells in nonhuman primates have included CD3−CD16+, CD3−CD8αα+,
CD3−CD20−HLA-DR+, CD16+/−CD56+/− etc. However, CD56, often used as a primary
marker for human NK cells, is also expressed on macaque monocytes, and may influence
data interpretation when gating on CD3− populations20. Another NK marker, CD16, also
known as FcγRIII, is important in antibody-dependent cell-mediated cytotoxicity, and is
among the first of activating receptors expressed on NK cells. However, detection of CD16
with the widely used 3G8 monoclonal antibody clone has been shown to be “masked” by
anti-SIV immunoglobulin G immune complexes in SIV-infected rhesus macaques, at least
when using whole blood staining techniques21. Therefore, some prior studies may reflect
misleading or incomplete definitions of NK cells in SIV-infected macaques. Thus, more
detailed phenotyping of NK cells, and now ILCs, needs to be performed, especially in
tissues of SIV-infected rhesus macaques to adequately track and characterize innate immune
responses.

NK cells have been described in blood and tissues of various species8, 22, yet they are
negative for the transcription factor RAR-related orphan γ receptor (RORγt)1. In contrast,
the RORγt is required for the generation of LTi cells which are CD117 (c-Kit)high and
CD127 (IL-7Rα)high, and other subsets characterized by the production of high amounts of
IL-22 including NK-like NKp46+ cells in the intestinal lamina propria which are
CD117lowCD127low 23–26. LTi cells are clustered in cryptopatches between crypts of the
intestinal lamina propria, where they, together with stromal cells, could direct the formation
of isolated lymphoid follicles by recruitment of DCs and B cells, and promote T-helper cell
survival and IgA production27, 28. In contrast, IL-22+NKp46+ cells are found within
intestinal villi29. In general, NK cells, LTis, ILC22 and other ILC subsets are all
characterized by secretion of proinflammatory and cytolytic mediators, and may play critical
roles in lentiviral infection30–33. However, little is known about the distribution of IL-17-
producing ILC subsets and their responses during SIV infection in rhesus macaques.

To better understand the characteristic of ILCs including NK cells in the peripheral blood
and mucosal lymphoid tissues, here we defined ILCs as CD8high lymphocytes, which were
lineage negative for B cells (CD20), T cells (CD3), and monocytes (CD14), and examined
their anatomical distribution, and changes in tissues after SIV infection. As previously
shown for NK cells8, 34, the data suggest that ILCs in peripheral blood are distinct from
mucosal-derived ILCs, and IL-17-producing ILCs were mostly restricted to mucosal tissues.
Further, although some ILC17 expressed classical NK cell markers, few expressed NKG2A
or NKG2D. Finally, there was a significant loss of ILC17 cells in SIV infection, which may
contribute to loss of intestinal epithelial mucosal integrity.

RESULTS
CD3−CD8high populations define ILCs subsets in rhesus macaques

To better define the phenotype of macaque ILCs by flow cytometry, we first gated on
CD3−CD8high lymphocytes (Fig. 1a), confirmed they were lymphocytes by CD45
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expression, showed they lacked CD20 (B cells), CD14 (monocytes), CD11c (dendritic
cells), CD163 and CD11b+CD11cint (macrophage/eosinophil) expression, and then
examined their expression of typical NK markers on these Lineage negative (Lin-)
CD3−CD8high ILC populations for comparison with CD4+ and CD8+ T cell subsets (Fig.
1b, c). Lin-CD3−CD8high cells were essentially all CD45+ lymphocytes, whereas the
Lin−CD8− population was CD45 negative (Fig. 1a). The CD3−CD8high population was thus
distinguished from B cells, monocytes, dendritic cells, macrophage and eosinophils, and
expressed low levels of HLA-DR (Fig. 1b). Analysis of surface NK markers showed that
circulating (blood) CD3−CD8high cells expressed CD16 (90.9%), CD56 (11.5%), NKp46
(82.4%) and NKG2A (87.2%), compared with T cell subsets and/or CD3−CD8− cells,
which either lacked, or had much lower expression of these markers (Fig. 2c and d).
However, since phenotyping NK cells in rhesus macaques is difficult, and since none of
these markers alone could definitively distinguish NK cells, these are referred to here as
ILCs.

Distribution of NK subsets in macaque tissues
It was previously reported that detection of CD16 on NK cells in whole blood preparations
can be “masked” by non-covalent binding of SIV/IgG immune complexes when using the
anti-CD16 antibody clone 3G8, which is not observed in fractionated (washed) peripheral
blood mononuclear cells21. To identify a better antibody for detecting CD16, we compared 4
different anti-human CD16 antibody clones, which target different CD16 epitopes, which
were reported to cross-react with rhesus macaques, and compared percentages of CD16+
ILCs (CD3−CD8high) cells of whole blood and isolated (washed) PBMCs from chronically
SIV-infected macaques. Consistent with the previous report, the binding of anti-CD16
antibody was significantly reduced in whole blood when using clones 3G8, NKP15 and
VEP13, compared with isolated PBMCs (p<0.05). However, staining with clone DJ130c
was not affected, and showed consistent results between whole blood and PBMCs.
Moreover, this clone detected even higher levels of CD16 than clone 3G8, even on isolated
PBMCs (Fig.2a). Thus, in this study, we used this anti-CD16 clone to detect CD16+ cells.

In macaques, NKG2A+ NK cells are identified as medium-to-large lymphocytes, which
display specific functional profiles/properties in SIV infection8. Here, CD16+, CD56+ or
NKG2A+ NK or ILC cell subsets were compared in different tissues of normal macaques,
and results showed ILC subpopulations were differentially distributed in lymphoid and
mucosal tissues. High percentages of CD16+ ILCs were detected in peripheral blood, but
proportions of CD56+ ILCs were markedly higher in other tissues including bone marrow,
spleen, liver and intestine (Fig. 2b). In contrast, percentages of NKG2A+ ILC/NK cells were
variable in different tissues but their highest frequency was in the liver followed by
peripheral blood (Fig. 2b). These results indicate ILC/NK subpopulations are differentially
distributed in various tissues as heterogeneous lymphocyte populations.

ILCs in blood are distinct from ILC in mucosal lymphoid tissues
To identify distinct ILCs subpopulations between the peripheral blood and mucosal tissues,
we compared the expression of various surface molecules on ILCs. Expression of migration/
homing markers including CCR7, CCR6 and CD103 were differentially expressed on ILCs
in peripheral and mucosal tissues. Circulating ILCs expressed more CCR7 and CCR6,
whereas jejunum-derived ILCs expressed higher levels of CD103, which promotes
lymphocyte migration to mucosal epithelium. Further, the expression of CXCR5, CD62L,
CD27 and CD90 were also differentially expressed on ILCs in tissues (Fig. 3a). In rhesus
macaques, other molecules such as CD27 and CD62L were also differentially expressed on
ILCs between peripheral blood and mucosal gut tissues. Mucosal ILCs had higher
percentages of CD27low and CD62Low populations than peripheral blood (Fig. 3b).
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Nonetheless, despite their common CD3−CD8high phenotype, ILCs in different tissues
appear to be phenotypically diverse.

IL-17-producing ILCs are predominantly restricted to mucosal tissues
To further investigate and compare ILCs in blood and intestinal tissues, total lymphocyte
preparations were stimulated with PMA plus ionomycin. Among the IL-17 producing
lymphocytes, there was a substantial population of CD3− lymphocytes in the jejunum as
shown in Fig. 4a. Further analyzing these IL-17+CD3− populations in tissues showed they
were predominantly CD3−CD8high ILCs, and were essentially restricted to mucosal tissues
including the jejunum, colon, tonsil and duodenum, and absent in blood or spleen. Similarly,
the vast majority of the Th17 cells (CD3+CD4+-IL-17+) and CD3+CD8+ T cells producing
IL-17 were detected in intestinal tissues, but in contrast to the ILCs, there were substantial
populations of these in blood (PBMC) as well (Fig. 4b). Moreover, and similar to Th17 and
CD8+ T cells, much higher percentages of IL-17-producing ILC cells (defined here as
ILC17 cells) were found in the small intestine compared to the colon or any other tissue. A
similar distribution of Th17 cells has been previously reported in mice37, but to our
knowledge these have not been examined in mucosal tissues of humans. Since the small
intestine is a major immune effector site, these data suggest that ILC cells and other IL-17
producing cells are activated, effector cells involved in maintaining mucosal immunity.

To further identify the distribution of ILC17 in intestinal tissues in macaques, jejunum
sections were analyzed by multi-fluorescent immunohistochemistry to determine their
location and distribution in situ. By simultaneously labeling tissues with CD3, CD8, and
IL-17, we could show ILC17 cells (CD3negCD8+/−IL-17+) were present in the jejunum
lamina propria, as well as Tc17 (CD3+CD8+IL-17+) and Th17 (CD3+CD8negIL-17+) cells
in normal, uninfected animals (Fig. 5 a and b). After SIV infection, IL-17+ cells were
gradually depleted with disease progression, and were practically undetectable in AIDS
macaques (data not shown), consistent with previous reports documenting loss of Th17 and
Tc17 cells in chronic SIV-infection38, 39.

ILC17 cells differentially express classical NK markers and produce an array of cytokines
Since we found that ILC17 cells were predominantly distributed in mucosal tissues, we
further phenotyped these for expression of classical NK cell markers. As shown in Fig. 6a,
ILC17 cells in the jejunum variably expressed NK molecules including CD16, CD56,
NKp44 and NKp46 when gating on CD3−CD8high populations. These proportions appear
very different than those reported for IL-22-producing NK cells, most of which have been
shown to co-express NKp46 (in mice) or NKp44 (in humans). The distribution of ILC17
cells was similar between intestinal tissues. In contrast, little to no production of IL-17 was
detected from NKG2A+ or NKG2D+ ILC cells in the intestines or from any peripheral
blood-derived ILCs (Fig. 6a).

Since NK cells are characterized by their cytotoxicity and/or regulation of inflammatory
responses, we examined cytokine secretion of ILC17 cells in response to mitogens or
cytokines. Following mitogen stimulation, ILC17 cells also secreted IL-22 and TNF-α. In
fact, almost all ILC17 cells co-expressed TNF-α- and approximately 30% co-expressed
IL-22 suggesting these were NK-22, cells now believed to play a major role in mucosal
defense32, 40, 41. However, little IFN-γ and granzyme B was secreted by ILC17 cells (Fig.
6b). Combined, these data suggest that ILC17 cells might be involved in regulating innate
inflammatory responses in gut-associated lymphoid tissues (GALT), rather than having
cytotoxic properties.
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Although PMA and ionomycin stimulation resulted in IL-17 production, it was not clear if
similar results could be elicited by stimulation with more physiologically relevant cytokines.
Thus we examined the production of IL-17 from jejunum lamina propria-derived ILC after
stimulation with IL-1β (20ng/ml), IL-2 (20U/ml), IL-6 (20ng/ml), IL-15 (20ng/ml), TGF-β
(20ng/ml), IL-23 (50ng/ml) and LPS (10ng/ml). To some extent, IL-23, TGF-β and IL-6 all
induced IL-17 secretion from ILC17 cells in vitro (Fig. 6c). However, other cytokines or
stimuli such as IL-2, IL-15, IL-1β or LPS had little to no effect on IL-17 production from
ILC17 cells, compared with PMA/IO stimulation (Fig. 6c). Combined, these data
demonstrate that ILC17 cells are a specialized subset localized within mucosal tissues.

Dynamics of CD3−CD8high ILCs in peripheral and mucosal intestinal tissues after SIV
infection

NK cells are reported to play a crucial role in the early defense against many viral infections
including HIV/SIV and herpesviruses42–44. Here, we monitored changes in distribution and
proliferation of ILCs (CD3−CD8high) after SIV infection in rhesus macaques. In 3 animals
followed prospectively in SIV infection, both absolute numbers and percentages of ILCs in
blood were reduced in acute infection and then began to increase after 14dpi (Fig. 7a and b).
Consistently, when additional animals were examined, circulating ILCs were significantly
reduced 7–14 days post SIV infection (compared with healthy macaques, p<0.05), but
gradually increased and were sometimes even higher than baseline in chronic infection (Fig.
7c). On average, SIV infection resulted in significant increases in circulating ILCs at 14–21
dpi (Fig. 7d). Due to the disparate phenotypes of ILCs in peripheral blood and mucosal
tissues (Fig. 2–4), we also examined mucosal ILCs after SIV infection. To further identify
possible subpopulations of ILCs we assessed the expression of various NK cell-associated
molecules including CD16, CD56, NKG2A, NKp30 and NKp46 on total ILC populations.
Circulating CD16+, CD56+ or NKG2A+ ILCs showed no significant changes during SIV
infection (Fig. 7e–g), and displayed similar proliferation profiles (Ki-67+) as total ILCs in
blood (Fig. 7D, H). However, percentages of NKp30+ and NKp46+ ILCs were significantly
reduced post SIV infection (Fig. 7i), which was not consistent with the dynamics of total
circulating ILCs. Thus selective reduction in NKp30+ and NKp46+ ILC subpopulations
occurs in acute SIV infection.

In contrast to blood, percentages of intestinal ILCs increased in early SIV infection, peaked
at day 21, and then gradually decreased. In chronic infection, percentages of ILCs in GALT
were significantly reduced compared with normal macaques (Fig. 7j). Further analysis
indicated that intestinal CD16+, CD56, or NKG2A+ ILCs increased in response to acute
SIV infection, but NKp46+ ILCs significantly decreased after infection. In chronic infection,
losses of CD56+ and NKp46+ mucosal ILCs was detected, compared with milder losses of
NKG2A+ cells and maintenance of CD16+ populations (Fig. 7k). Similar to circulating
ILCs, proliferation rates of total intestinal ILCs and various subpopulations were also
markedly increased in acute SIV infection, yet returned to baseline levels in chronically
SIV-infected macaques (Fig. 7l). These data demonstrate that intestinal-derived ILCs are
indeed distinct from peripheral blood ILCs, and various subpopulations display different
dynamics in response to SIV infection. Since larger changes in these populations occur in
the intestine compared to blood, we hypothesize this may correlate with the higher levels of
CD4+ T cell infection and viral replication in intestinal tissues in early SIV infection45. If
ILCs are involved in effector and regulatory functions, dysfunction and/or deletion of these
cells may be associated with failure of local viral control during SIV infection.

Loss of mucosal ILC17 cells correlates with disease progression in SIV-infected macaques
Since ILC17 cells appear to be restricted to mucosal tissues, we further investigated the
effects of SIV infection on ILC17 cells in intestinal tissues of rhesus macaques. The baseline
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percentage of ILC17 cells was ~13.27% ± 2.386 of jejunum lamina propria lymphocytes
which was higher than in colon (5.639%% ± 1.124) in SIV naïve/negative animals.
However, ILC17 cells in the jejunum were significantly reduced at all stages of SIV
infection, and remained at significantly lower levels in animals with symptomatic AIDS
(1.654% ± 0.603, p<0.05). Similarly, percentages of ILC17 cell in the colon also showed
decreases in acute infection, but there was a slight (but not significant) increase over
baseline in chronic infection. However, ILC17 cells were also significantly reduced in the
colon in animals with AIDS as compared to chronically SIV-infected animals (Fig. 8a and
b).

Due to the marked loss of ILC17 cells in the jejunum after SIV infection, we asked whether
levels of ILC17 cells in this tissue correlated with intestinal CD4+ T cell or Th17 cell loss in
the jejunum. The data showed that ILC17 cell loss positively correlated with loss of both
total CD4+ T cells (R2=0.5906, p=0.0002) and Th17 cells (R2=0.5067, p<0.0001)(Fig. 8c
and d). Since HIV/SIV infection results in massive loss of intestinal CD4+ T cells46,
including loss of Th17 cells47, 48,, these findings suggest the loss of ILC17 cells may also be
involved with the loss of intestinal integrity, and disease progression in AIDS.

DISCUSSION
Innate lymphoid cells (ILCs) are a heterogeneous population of cells thought to play an
important role in innate immunity and lentivirus infections. However, more recent evidence
suggests they are also involved in regulating adaptive immune responses. Here, we define
ILCs as CD3−CD8high lymphocytes that lack CD3, CD20, and CD14 and show they are
differentially distributed in blood, lymphoid and nonlymphoid tissues, and display different
expression patterns of migration or “memory”-associated molecules in rhesus macaques.
Further, we show large proportions of these cells that produce IL-17 upon mitogen
stimulation are restricted to mucosal effector sites, and lack features of classical NK cell
properties such as Granzyme B. In normal animals, ILCs may be a major source of IL-17,
which is known to contribute to the maintenance of intestinal epithelial integrity49. Loss of
epithelial integrity is now believed to occur after SIV/HIV infection, resulting in
translocation of bacteria and other antigens from the intestinal lumen to the systemic
circulation, driving systemic immune activation and SIV/HIV replication50, 51. Therefore,
the loss of IL-17 producing cells may be responsible for the loss of mucosal epithelial
integrity, driving SIV/HIV replication and persistence.

In addition, mucosal ILC17 have variable expression patterns of NK cell-associated
molecules such as CD16, CD56, NKp44 and NKp46, but little to no NKG2A and NKG2D
expression. However, mucosal ILC17 cells also appear to encompass all of the intestinal
NK-22 cells. Intestinal mucosal ILC17 cells were significantly reduced in the jejunum post
SIV infection, and their loss directly correlated with intestinal CD4+ T cell and Th17 cell
loss. Since loss of Th17 cells in the intestine has been shown to correlate with disease
progression47, 52 these findings suggest that the loss of ILC17 cells may also contribute to
disease progression and the pathogenesis of AIDS.

NK cells as a subset of ILCs may phenotypically differ between humans, mice and
macaques, yet prior definitions and gating strategies preclude direct comparisons. Although
CD56 is regarded as a major marker for NK cells in humans, its expression on monocytes in
rhesus macaques20 may interfere with gating strategies simply based on CD3 negative cells,
which could include small monocytes in the lymphocyte gate. However, CD8 is a member
of the immunoglobulin superfamily found on the majority of thymocytes, T cells, and NK
cells (which almost exclusively express CD8a homodimers), and there is little to no
expression of CD8 on monocytes. Therefore, CD3−CD8high populations exclude T cells,
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monocytes and other cells, and Fig. 1 (R1) confirms that circulating CD3−CD8high

lymphocytes express low to undetectable levels of CD20, CD14, CD11c, CD163 or CD11b
+CD11cint, but highly express classical NK cell markers such as CD16, CD56, NKp46,
NKG2A and/or NKG2D. Moreover, detection of CD16 using the anti-CD16 antibody clone
DJ130c showed highly consistent results and even better staining than the 3G8 clone which
is known to be masked by anti-SIV antibody complexes (Fig. 2a). Thus the anti-CD16
antibody clone DJ130c, appears more suitable for CD16 detection in macaques than
antibodies previously used for SIV studies, which could underestimate levels of CD16+ cells
in whole blood staining preparations of chronically infected macaques.

ILCs display different distributions and staining characteristics in tissues, especially between
peripheral blood and mucosal tissues. Levels of CD56+ ILCs in tissues are significantly
higher than in blood (Fig. 2b) and ILCs in GALT are distinct from those in blood in
expression of migration or other molecules including CXCR5, CCR7 and CD103, CD27 and
CD62L (Fig. 3). In macaques, mucosal ILCs had much higher levels of CD62Llow and
CD27low/− subsets than in blood. These data suggest possible diverse functions and
immunologic experience of the ILC found in blood and those in tissues.

Previous studies found Th17 cells and NKp44+NK-22 cells could be a major source of
IL-17 in tissues32, 43. Within the CD3−CD8high subsets, we found ILCs also produced IL-17
but these were restricted to mucosal tissues such as the jejunum, duodenum and tonsil,
compared to blood in which IL-17 was secreted only by CD4+ or CD8+ T cells after PMA/
Ionomycin stimulation (Fig. 4). It is well known that Th17 cells are abundant in intestinal
tissues, however, we found more Tc17 cells in the jejunum compared to Th17 cells (Fig 5b).
We also found more ILC17 cells in the jejunum than the colon, which was not surprising,
since the jejunum is purely an effector lymphoid tissue, whereas the colon contains abundant
organized lymphoid tissues which consist largely of resting, naïve cells. Further, intestinal
IL-17-producing cells partially expressed CD16, CD56, NKp44, NKp46 yet little to no
expression of NKG2A and NKG2D (Fig. 6a). Moreover, ILC17 cells predominantly
produced TNF-α, but little secretion of cytolytic IFN-γ or granzyme B. In addition, all
IL-22+ cells were contained in the IL-17+ subset, yet only about 30% of the IL-17 cells
were IL-22+, suggesting ILC17 cells represent a distinct subset from IL-22-producing NK
cells in macaques (Fig. 6b). Thus, ILC17 cells may be considered a heterogenous family of
ILCs including NK cells, lymphoid tissue inducing cells (LTis), and other cells such as
NK-22, which share a common lineage1, 55. Most ILCs including ILC22, and Lymphoid
Tissue Inducer cells (LTis) are distinguished by high levels of the transcription factor RAR-
related orphan γ receptor (RORγt)30, 56, 57. In rhesus macaques, we tested several anti-
human RORγt antibodies, but none reliably cross-reacted with macaques. However, IL-17-
producing ILCs in macaques did produce IL-22, and expressed NKp46 and/or NKp44 (Fig.
6a). ILC17 cells also appeared to be lack cytotoxic functions, as they did not express killer
inhibitory receptors such as NKG2A, and produced little IFN-γ (Fig.5a and b). Further
examination showed mucosal ILC17 could (to some extent) be regulated by TGF-β, IL-6
and IL-23, but not by IL-2, IL-15 or LPS (Fig. 6c). Perhaps robust IL-17 production from
ILC17 cells may require costimulatory signals such as toll-like receptor ligands, such as the
TLR2 ligand for NK-222. Nonetheless, these data indicate ILC17 cells represent a specific
subset restricted to mucosal tissues, and suggest they also play a role in maintaining mucosal
integrity and innate immunity.

In blood, percentages of circulating ILCs were reduced in early SIV infection (10–14 days),
and then dramatically increased, accompanied by higher proliferative capacity (day 14–21),
but no significant differences were detected between naïve and chronically SIV-infected
animals (Fig. 7a–d). In contrast to blood, percentages of intestinal ILCs increased and
peaked at 21 days post SIV infection, and maintained high proliferation rates through 28
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days of infection (Fig.7je and l), but were gradually “depleted” with disease progression.
Within the ILCs, the NKp46+ population decreased after SIV infection in both peripheral
blood and intestinal mucosal tissues (Fig. 7 i and k), but other subsets expressing classic NK
cells markers such as CD16, CD56 (except in mucosal tissues in chronic infection) and
NKG2A did not significantly decrease post viral infection (Fig. 7 e–j and k). These results
indicate that changes in circulating ILCs differ from those in mucosal tissues. ILCs may also
play an important role in innate immunity in mucosal tissues in early viral infection.

SIV infection resulted in reductions of ILC17 cells, especially in the jejunum. In macaques
with AIDS, very few ILC17 cells were detectable (Fig. 8a and b). The loss of ILC17 cells
directly correlated with the loss of intestinal CD4+ T cells and Th17 cells (Fig.8 c and d),
which has been correlated with breakdown of mucosal integrity, resulting in microbial
translocation and chronic immune activation39, 50. IL-17, in combination with IL-22, (also
derived from most IL-17-producing cells) is important for protection against mucosal
bacterial infections and for maintenance of the mucosal barrier by promoting intestinal
epithelial integrity38, 39, 52, 58–60. In the intestinal mucosa, ILCs are in close proximity to the
epithelial barrier, and may even be intraepithelial or subepitheial32. Although no direct
evidence currently shows the loss of intestinal ILC17 cells correlates with breakdown of
intestinal mucosal integrity in SIV-infected rhesus macaques, it has been shown that loss of
other IL-17 producing cells (CD4+ Th17 cells) correlates with loss of epithelial integrity61.
Therefore, general preservation of IL-17 producing cells during HIV infection may prevent
the immune activation associated with loss of epithelial integrity and microbial translocation
that leads to higher levels of SIV/HIV replication61–63.

EXPERIMENTAL PROCEDURES
Animals and virus

A total of 71 adult Indian rhesus macaques (Macaca mulatta), which were negative for SIV,
type D retrovirus, and STLV-1 infection were utilized to examine ILCs cells in tissues and
blood. Another 146 macaques were examined for ILC subsets in peripheral blood. All
animals were housed at the Tulane National Primate Research Center in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care International
standards. All studies were reviewed and approved by the Tulane University Institutional
Animal Care and Use Committee. Of the 71 animals, 20 animals were uninfected controls,
and others were infected with SIVmac251 and examined in acute (n=23), or chronic
infection with either no overt signs of disease (chronic asymptomatic, n=24) or with
symptoms of AIDS (n=4). Blood from three animals was prospectively monitored at
different time points post SIV infection. To examine cells from tissues such as intestine,
spleen, etc., macaques were euthanized for tissue collection as naïve, uninfected controls, or
in acute (7–21 days) or chronic infection (SIV infection more than 3 months).

Cell isolation and processing
Mononuclear cells from peripheral blood, spleen, and intestinal tissues were isolated and
processed as previously described64. Briefly, total peripheral blood mononuclear cells were
isolated from EDTA-treated venous blood by density gradient centrifuge with Lymphocyte
Separation Media (MP Biomedicals, LLC, Santa Ana, CA) as per manufacturers instruction.
Tissues were collected from the jejunum and colon within minutes of euthanasia and
processed immediately for cell suspensions using enzymatic digestion as previously
described65.
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Phenotyping
Flow cytometry for surface and intracellular staining was performed using standard
protocols66. Cells were stained with: CD3 (SP34), Ki67 (B56), CD8α (3B5, Caltag), HLA-
DR (Immu-357, Bemckman coulter), TNF-α (MAB11), IFN-γ (B27), CCR6 (11A9), CCR7
(150503, R&D), CD20 (L27), CD14 (M5E2), CD11c (S-HCL-3), CD11b (ICRF44), CD163
(GH/61), CD45 (TU116), CD56 (NCAM16.2), CD16 (3G8 and NKP15, BD biosciences;
VEP13, Miltenyi; DJ130c, Dako), NKp30 (Z25, Beckman Coulter), NKp46 (BAB281,
Beckman Coulter), NKG2A (Z199, Beckman Coulter), NKG2D (1D11, Biolegend), NKp44
(2.9, Miltenyi), CXCR5 (NIH reagents), CD62L (SK11), CD103 (2G5, Beckman Coulter),
CD27 (M-T271), CD90 (5E10), Granzyme B (GB11), IL-17 (eBio64CAP17, eBioscience),
and IL-22 (BG/IL22, Biolegend; 142928; R&D), LIVE/DEAD Fixable Aqua Dead Cell
Stain Kit (Invitrogen), All antibodies and reagents were purchased from BD Biosciences
Pharmingen (San Diego, CA) unless otherwise noted. Samples were resuspended in BD
Stabilizing Fixative (BD Biosciences) and acquired on a FACS Calibur or FACSAria flow
cytometer (Becton Dickinson). Data was analyzed with Flowjo software (Tree star, Ashland,
OR).

Ex vivo tissue culture and multi-color confocal microscopy
Fresh jejunum tissues were obtained from rhesus macaques within 30 min of necropsy and
explants prepared and stimulated for detection of IL-17+ cell subsets. Tissues were cut into
1 cm2 sections and cultured in complete RPMI medium (10% heat inactivated fetal calf
serum, l-glutamine, penicillin, and streptomycin; Invitrogen) either alone (unstimulated
media) or with 100ng/ml phorbol 12-myristate-13-acetate (PMA) plus 0.5mg/ml Calcium
Ionophore (Stimulation medium) for 4 hours in the presence of 2uM monensin (Sigma) to
block protein transport and release. Tissues were then processed and stained as previously
described64. In brief, Tissues were embedded and snap frozen in optimum cold temperature
compound (OCT) and 7um frozen sections were stained using unconjugated primary
antibodies (CD3, CD8, or IL-17) followed by appropriate secondary antibodies conjugated
to Alexa 488 (green), Alexa 568 (red) or Alexa 633 (blue)(Molecular Probes, Eugene, OR).
Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped
with three lasers (Leica Microsystems, Exton, PA). Individual optical slices representing 0.2
um and 32 to 62 optical slices were collected at 512 × 512 pixel resolution. NIH Image
(version 1.62) and Adobe Photoshop (version 7.0) were used to assign colors to the channels
collected: HNPP/Fast Red, which fluoresces when exposed to a 568-nm wavelength laser,
appears red; Alexa 488 (Molecular Probes) appears green; Alexa 633 (Molecular Probes)
appears blue (Fig. 5).

Cell stimulation for detection of cytokines
Lymphocytes (106) from jejunum, colon, and tonsil, were stimulated in vitro with 0.1 μM
phorbol 12-myristate-13-acetate (PMA) and 0.5 μg/ml ionomycin (Sigma-Aldrich), or 20 U/
ml IL-2, 10ng/ml LPS (Sigma), 20ng/ml IL-1β, IL-6, IL-7, IL-15 (R&D), TGF-β or 50ng/ml
IL-23 (Biolegend) for 2 hours at 37°C. Cells were cultured for an additional 4 hours in the
presence of 5 μg/ml Brefeldin A (Sigma-Aldrich) then stained for cell surface markers and
Annexin V, fixed in 2% paraformaldehyde, permeabilized in Cytofix/Cytoperm solution
(BD Biosciences), and intracellularly co-stained with fluorochrome-labelled antibodies for
the cytokines, and acquired with a FACS Aria cytometer (Becton Dickinson). Data was
analyzed with Flowjo software (Tree star, Ashland, OR).

Statistics
Graphical presentation and statistical analysis of the data were performed using GraphPad
Prism 4.0 (GraphPad Software, SanDiego, CA). Comparisons between groups were
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analyzed by a one-way ANOVA and a non-parametric Mann-Whitney T-test. P values <0.05
were considered statistically significant. Correlations between samples were calculated and
expressed using the Spearman's coefficient of correlation.
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Figure 1. Phenotypic characterization of innate lymphoid cells in peripheral blood of normal
rhesus macaques
(a) Representative gating strategy to define ILCs in PBMCs. Macaque ILCs were defined as
CD3−CD8αhigh gated lymphocytes. (b) Representative dot plot depicting the expression of
CD20, HLA-DR, CD14, CD11c, CD163 and CD11b+CD11int on CD3−CD8αhigh (R1) as
compared to CD3−CD8αlow/− (R3) subsets. (c) Representative histogram showing
expression of classical NK markers, CD16, CD56, NKp46, NKG2A and NKG2D on
CD3−CD8αhigh (R1), CD3+CD8+ (R2), CD3-CD8−/intermediate (R3), and CD3+CD4+ (R4)
subsets from peripheral blood. (d) Expression of classical NK markers on CD3−CD8αhigh

(R1), CD3+CD8+ (R2), CD3-CD8−/intermediate (R3), and CD3+CD4+ (R4) subsets from
peripheral blood (n=8). Examples are representative of 8 naive animals. *, p<0.001; **,
p<0.05, compared between CD3−CD8high and other three subsets, respectively.
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Figure 2. Comparison of anti-CD16 antibody clones for cross-reactivity with rhesus macaques,
and distribution of NK cells in lymphoid tissues
(a) Cross-reactivity and comparison of whole blood (WB) and washed PBMC from the same
animals using different anti-CD16 antibody clones in chronically SIV infected rhesus
macaques (n=8). Note only the DJ130c clone does not demonstrate differential staining
between washed PBMC and WB. (b) Tissue distribution of classical NK cell subsets
(CD16+, CD56+, NKG2A+) in naïve rhesus macaques (n=5). *, p<0.05 between using 3G8
and DJ130c clones in PBMC samples (a) or blood compared with other tissues (b); **,
p<0.01 between using 3G8 and DJ130c clones in whole blood; #, p<0.01, compared with
peripheral blood; ##. p<0.05 between liver and other tissues (except blood), respectively.
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Figure 3. Distinct expression of surface molecules on innate lymphoid cells between mucosal
tissues and peripheral blood
(a) Representative histogram displaying different expression of molecules on ILCs from
PBMCs and jejunum lamina propria. (b) Statistical comparison of expression between ILCs
from PBMCs and jejunum lamina propria in naïve rhesus macaques (n=12). *, p<0.05.
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Figure 4. Innate lymphoid cells that secrete IL-17 are restricted to mucosal tissues in rhesus
macaques
(a) Jejunum dot plots gated on IL-17-secreting lymphocytes (left) contain both CD3+ and
CD3− subsets in jejunum after PMA/Ionomycin stimulation. (b) Comparison of IL-17-
producing CD4+ (Th17), CD8+ T cells, and CD3−CD8high (ILCs) in various lymphoid
tissues, including peripheral blood, jejunum, colon, spleen, tonsil and duodenum. Noted that
IL-17-secreting ILCs are restricted to mucosal tissues, with little to no expression of IL-17
from PBMC or spleen-derived ILCs.
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Figure 5. Detection of ILC17 in jejunum tissues of normal rhesus macaques by confocal
microscopy
(a) Jejunum from a normal macaque showing CD3+ (red), IL-17 (green) and CD8+ (blue)
cells. The white arrows show ILC17 cells (CD3−CD8+IL-17+); the yellow arrows
demonstrate Th17 cells (CD3+CD8−IL-17+), and the blue arrows show Tc17 cells
(CD3+CD8+IL-17+). Scale bar = 10 μm. (b) Relative percentages of Th17 , Tc17, and
ILC17 cells gated through total IL-17+ lymphocytes in the jejunum of normal animals as
assessed by flow cytometry.
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Figure 6. Phenotyping IL-17-producing ILCs for classical NK cell markers and cytokine
secretion in peripheral blood and mucosal tissues of normal rhesus macaques
(a) Expression of classical NK cell markers on ILC17 cells in the peripheral blood, jejunum
and colon. Note there was little to no production of IL-17 from NKG2A+, or NKG2D+
ILCs. (b) Cytokine secretion of ILC17 cells isolated from jejunum after PMA/ionomycin
stimulation. Note ILC17 cells also secrete pro-inflammatory (TNF-α), and innate (IL-22)
cytokines, but express little to no IFN-γ or Granzyme B. (c) Response of jejunum ILC17
cells to various cytokine and LPS stimulation.
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Figure 7. Effects of SIV infection on blood and jejunum-derived innate lymphoid cells
(CD3−CD8high) or its subpopulations in rhesus macaques
(a and b) Prospective analysis of changes in percentage (a) and absolute numbers (b) of total
CD3−CD8high ILCs in peripheral blood after SIV infection. (c, e–g, and i–k) Dynamic of
ILCs and their subpopulation in blood and jejunum ILCs after SIV infection (Naïve, n=55;
7dpi, n=30; 14dpi, n=23; 21dpi, n=26; 28dpi, n=26; 35dpi, n=18; chronic, n=23). (d, h and i)
Proliferation (Ki-67+) of circulating or intestinal ILCs after SIV infection (Naïve, n=24;
7dpi, n=5; 14dpi, n=5; 21dpi, n=4; 28dpi, n=3; 42dpi, n=4; chronic, n=14). *, p<0.05,
compared with uninfected normal animals.
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Figure 8. Reduction of intestinal mucosal ILC17 cells after SIV infection of rhesus macaques
(a) Dot plot demonstrating ILC17 cells after gating on CD3−CD8high subsets from the
jejunum and colon from a representative normal and AIDS macaque. (b) Loss of intestinal
ILCs occurs after SIV infection (Normal, n=10; acute, n=6; chronic, 12; AIDS, n=4). *,
P<0.05. (c) Correlation between percentages of ILC17 cells and CD4+ T cells or (d) Th17
cells in jejunum during SIV infection (c, n=18; d, n=28).
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