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Abstract

Background—HIV and SIV infections induce NK cell dysfunction and hematopoietic defects in
the bone marrow, but the effects of infection on bone marrow NK cell development and function
are unknown.

Methods—Bone marrow NK cells were analyzed from both naive and chronically SIV-infected
rhesus macaques using polychromatic flow cytometry.

Results—NK cell frequencies were reduced in infected compared to naive animals, associated
with increased apoptosis. Bone marrow NK cells from SIV-infected macaques upregulated
perforin expression, suggesting increased cytotoxicity, and shifted toward a more mature CD16+
NK cell subpopulation phenotype. Unexpectedly, expression of the trafficking markers a4f7,
CCRY7, and CD62L were unchanged on bone marrow NK cells during SIV infection.

Conclusion—These data demonstrate that during SIV infection bone marrow NK cells are
reduced in number, but upregulate cytotoxic functions. Furthermore, our data suggest acquired
cytotoxicity and loss may be due to 77 situ NK cell differentiation and not emigration.
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INTRODUCTION

Natural Kkiller (NK) cells are essential components of the innate immune system that play
important roles in defense against viruses, bacteria, and other pathogenic infections. NK
cells can also contribute significantly to shaping subsequent adaptive immune responses
both directly and indirectly [1-4]. Even though NK cells can derive from thymus, liver and
lymph nodes [5-7], the bone marrow (BM) is the primary site for NK cell development from
which a variety of NK cell subpopulations emerge and are found systemically [8, 9]. In spite
of the classical characterization of NK cells as non-specific cytotoxic cells, the functional
repertoires and associated phenotypes of NK cell subpopulations are also remarkably
heterogeneous and diverse. In humans, NK cells can be divided into two main subsets,
CD56MINCD167/diMm and CD569MCD16* [3, 4]. In healthy individuals, approximately 90%
of circulating NK cells are CD569MCD16* cells that mediate primarily cytotoxic functions,
whereas the minor population of CD56119"CD16~ NK cells display little cytotoxic activity
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but produce large quantities of cytokines and chemokines [3, 10, 11]. An aberrant
CD56-CD16* NK cell subpopulation is generally rare in peripheral blood, but significantly
expands during chronic virus infections such as HIV and HCV [12, 13]. Distribution of NK
cell subsets is also tissue-specific. Compared to peripheral blood, human lymph node NK
cells are primarily CD56119"CD16™ cells that are immunomodulatory in nature [10, 11]. A
high percentage of CD56P119M cells are also localized in the normal intestinal mucosae,
female reproductive tracts and tonsils, and these cells express very low levels of perforin and
granzymes [14, 15] whereas most lung NK cells are CD569MCD16* and more cytotoxic
similar to those found in blood [16]. The systemic distribution and functional divisions of
labor are highly similar in nonhuman primate species such as rhesus macaques [17]. NK cell
subpopulations in macaques are most readily defined by expression of the NK cell-specific
marker, NKG2A, and can be further divided into CD56" and CD16™ NK cells, which are
functionally analogous to their human counterparts. Interestingly, a CD56"CD16~ (DN) NK
cell is highly prevalent in rhesus macaques, has an intermediate functional profile between
CD56* and CD16* NK cells, but has no obvious human counterpart.

Despite intensive study, the role of NK cells in lentivirus infections remains unclear.
Increasing evidence has shown that HIV/SIV infections induce functional perturbations in
NK cells beginning in acute infection, characteristically an expansion of CD569MCD16*
NK cells and an early depletion of CD5619"MCD16~ NK cells [17-20]. Interestingly, some
reports also suggest that HIV//SIV infection induces persistent BM hematopoiesis defects
[21-25]. However, little is known about the specific effects of HIV and SIV infection on
BM NK cells. In this study using SIV infection of rhesus macaques as a model, we sought to
comprehensively analyze the effects of chronic lentivirus infection on BM NK cells. We
found that chronic SIV infection not only induced BM NK loss and subset perturbation, but
also induced significant functional changes. The findings presented here may serve as a
basis for better understanding the roles of BM NK cells in HIV pathogenesis.

MATERIAL AND METHODS

Animals

Fifteen Indian rhesus macaques (Macaca mulatta) were analyzed; 6 SIV-naive macaques and
9 chronically SIVmac239-infected macaques. All animals were freeof simian retrovirus type
D, simian T-lymphotrophic virustype 1, and herpes B virus and were housed at the New
England Primate Research Center and maintained in accordance with the guidelines of the
Committee on Animals of the Harvard Medical School and the Guide for the Care and Use
of Laboratory Animals.

Cell processing

BM samples were collected from all animals at time of scheduled necropsy using standard
protocols. Briefly, femurs were cut below the hip and above the knee joint and removed.
Bone sections were then split lengthwise and bulk BM was removed with forceps. BM
samples were then mechanically disrupted in media. Mononuclear cells were isolated from
BM by density gradient centrifugation over LSM (MP Biomedicals, Solon, OH) and
contaminating red blood cells were lysed using a hypotonic ammonium chloride solution.

Antibodies and flow cytometric analyses

Flow cytometry staining of mononuclear cells was carried out for cell surface and
intracellular molecules. LIVE/DEAD Aqua dye (Invitrogen, Carlsbad, CA) and isotype-
matched controls and/or fluorescence-minus-one (FMO) controls were included for all
assays. Except where noted, all antibodies were obtained from BD Biosciences (La Jolla,
CA) and included fluorochrome-conjugated mAbs to the following molecules: a4f7-APC
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(NHP reagent resource), caspase-3-Alexa647 (clone C92-605), CCR7-Alexa700 (clone
150503, R&D Systems), CD3-APC-Cy7 (clone SP34.2), CD16-Alexa-700 (clone 3G8),
CDA45-FITC (clone D058-1283), CD45-PerCp-Cy5.5 (clone Tul16), CD62L-FITC (clone
SK11), CXCR3-PE-Cy5 (clone 1C6), HLA-DR-PE-Texas Red (clone Immu-357, Beckman-
Coulter), NKG2A-PE (clone 2199, Beckman-Coulter), NKG2A-Pacific Blue (clone 2199,
in-house custom conjugate, Beckman-Coulter), NKG2D-APC (clone BAT221, Miltenyi),
NKp30-PE (clone 225, Beckman-Coulter), NKp44-PerCp-Cy5.5 (cloneZ231, Beckman-
Coulter), Ki67-FITC (cloneB56), Perforin-Pacific Blue (in-house custom conjugate, clone
pf-344, Mabtech). Acquisitions were made on an LSR Il (BD Biosciences, La Jolla, CA)
and analyzed using FlowJo (version 9.5) software (Tree Star Inc., Ashland, OR).

Statistical analyses

RESULTS

All statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, CA). Nonparametric Mann-Whitney {tests were used where
indicated and A< 0.05 were assumed to be significant in all analyses.

Loss and subset perturbation of bone marrow NK cells in SIV-infected macaques

Although SIV-induced perturbations of the NK cell repertoire are well documented, little is
known about how SIV specifically affects NK cell subpopulations in BM. To address this
deficit, we first analyzed the distribution of NK cells subsets in BM from naive rhesus
macaques. Using our established gating strategy to identify NK cell subsets from blood and
other lymphoid organs [17], we first gated on CD45%leukocytes to exclude stromal cells and
then excluded dead cells and debris using a vital stain. Among live CD45*CD3"HLA-DR™
mononuclear cells, NKG2A+ cells were identified as NK cells (Fig. 1A). Among the total
NK cell population we also identified four subpopulations based on CD16 and CD56
expression: CD56*CD16~(CD56%); CD56-CD16*(CD16%); and CD56*CD16™ (double
positive [DP]), and CD56-CD16~(double negative [DN]) (Fig. 1B). Interestingly, distinct
from peripheral blood (Fig. 1B), where CD16* NK cells dominate, among total BM
NKG2A* NK cells, DN NK cells were the dominant subset (median frequency 66.9%, range
51.3%-83.2%), CD56™ cell and CD16" cells have similar percentage (median frequency
15%, range 6.59-21.8%; median frequency 15.35%, range 9.42-23.6%, respectively), while
DP NK cells were relatively rare (median frequency 2.27%, range 0.78%-3.4%). As we
have reported previously [17], NKG2A™* cells expressed natural cytotoxicity receptors
NKp30 and NKG2D (Fig. 1C), further confirming their identity as NK cells.

After identifying NK cell in the BM of normal macaques, we next wanted to evaluate
whether chronic SIV infection had any impact on the frequencies of NK cell subpopulations.
As shown in FigurelD, the frequency of NK cell in BM of chronically SIV-infected
macaques was approximately half that of their naive counterparts (chronic, median 0.99%,
range 0.31%-1.16%; naive, median 1.73%, range 0.64%-5.39%, respectively).
Interestingly, this loss was subset specific, with a significant decrease in DN NK cells while
both CD16* and DP increased during chronic SIV infection (Fig. 1E). The results suggested
subset perturbation of BM NK cells in chronically SIV-infected macaques.

SIV infection induces increased turnover rates and apoptosis in bone marrow NK cells

To address the mechanism(s) of BM NK cell loss and subset perturbation, we next analyzed
intracellular expression of the proliferation marker, Ki67, and the apoptotic molecule,
caspase-3. As shown in Figure 2, compared with naive macaques, BM NK cells from SIV-
infected macaques had a 3-fold increase in Ki67 expression, and a 4-fold increase in
caspase-3 expression. These data indicated higher rates of proliferation and apoptosis,
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suggestive of an overall increase in NK cell turnover. Furthermore, the disproportionately
high increase in apoptosis could account for the generalized loss of NK cells in the BM.
Interestingly, SIV infection disparately impacted the four NK cell subpopulations.
Proliferation and apoptosis were generally low in the CD16* subset and remained relatively
stable even during infection. However, the other three subpopulations all had increased
proliferation and apoptosis. This could suggest that mechanisms of induced turnover and
apoptosis have less effect on CD16+ NK cells, or, alternatively, since CD16™ NK cells are
thought to be the most terminally differentiated could indicate that SIV infection is driving
differentiation /n situ.

Increased perforin expression in bone marrow NK cells during SIV infection

In general peripheral CD16" NK cells are thought to be more cytotoxic cells containing high
levels of perforin and granzymes, whereas CD56* NK cells are predominantly
immunoregulatory cells that produce high levels of cytokines. We next sought to determine
if this dichotomous functional pattern also held true in BM NK cells. As shown in Figure 3,
BM CD16" expressed the highest level of intracellular perforin in naive macaques.
However, during chronic SIV infection other subpopulations of NK cells upregulated
perforin, most notably the normally noncytolytic CD56* NK cells (median MFls 134 and
70, chronic and naive, respectively). The results suggested abnormal altered function of
CD56™ NK subsets in BM. We have previously reported a similar phenomenon in CD56*
NK cells in peripheral blood of SIV-infected macaques [17].

Stable trafficking marker expression on bone marrow NK cells during SIV infection

We and others have previously demonstrated that chronic SIV infection induces significant
up-regulation of the gut-homing marker a4f7 on peripheral NK cells, coupled with down-
regulation of the lymph node-homing marker, CCR7 and CD62L [26]. This change suggests
an overall shift in NK cell repertoire from lymph node to gut-trafficking. CXCR3 is also
upregulated on NK cells during SIV infection, suggestive of an overall increased
inflammatory response. However, a4f7, CCR7, CXCR3 and CD62L expression were
unchanged on BM NK cells during SIV infection. These data suggest that mechanism(s) of
altered NK cell homing during SIV infection may occur after emigration from the BM.

DISCUSSION

Herein we present data on the effects of chronic SIV infection on BM NK cells
demonstrating: (1) NK cell frequencies are reduced in infected compared to naive animals
associated with increased turnover; (2) remaining BM NK cells are skewed toward a
cytolytic CD16* NK cell phenotype; and (3) SIV infection seemingly has little effect on
trafficking repertoires of BM NK cells.

The development of NK cells in the BM of humans and mice is well-documented 18:28.29,
but prior to this study little was known about NK cells in the BM of nonhuman primates
such as rhesus macaques. In this study we report that ~ 2% of mononuclear cells in the BM
of rhesus macaques are NKG2A* NK cells, a similar frequency to what has been shown for
humans[27]. However, more than 50% of BM NK cells in macaques were found to express
neither CD56 nor CD16. This result is in contrast to human BM, where 90% of CD3~CD56*
NK cells are CD569MCD16* [27, 28]. While this could be strictly a species difference,
which is well-documented between human and macaque NK cells in other tissues [17], it
could also be explained partially for technical reasons. Human NK cells are defined by
CD56 expression, but CD56 appears at a late stage of NK cell development [27]. Because
CD56 is expressed on a much lower frequency of macaque NK cells in general, nonhuman
primate studies such as ours tend to use NKG2A as the NK cell delineating marker, but
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NKG2A is expressed early in development [29]. Thus, some differences we see in macaque
and human BM subset distribution may be reflective of how we identify NK cells in
different species, and these data could suggest in fact that studies of human BM NK cells
inadvertently exclude certain subpopulations.

It is generally accepted that progressive HIV infection perturbs circulating NK cell
subpopulations by inducing a generalized increase in CD56"CD16" NK cells but a decline
in CD569M and CD56°119M subsets [18, 30-32]. A similar phenomenon occurs in pathogenic
SIV infections whereupon DN and CD16* NK cells expand, while CD56* NK cells decline
in number [17]. While most evidence indicates NK cells are not directly infected, it is
unclear whether changes in peripheral blood are reflective of redistribution to other tissues
or an alteration in NK cell development and efflux from sites of differentiation, such as the
BM. In the present study we found chronic SIV infection caused an overall decline in
NKG2A* NK cells in BM, but disparately affected the four subpopulations — frequencies
of CD56" and DN NK cells declined, while CD16" and DP NK cells increased. This was
coupled to an overall increase in apoptotic NK cells and a selective increase in proliferation
(Ki67 expression) in the DN subset. While the increased apoptosis does partially explain the
decreased frequency of NK cells in the BM, the proliferation of DN NK cells, the dominant
subset, could also suggest expansion and differentiation. Data from our laboratory (Hong et
al., submitted) suggests the DN subset is actually a precursor to the CD16 subset, and the
BM would undoubtedly be a primary site for such differentiation. The fact that the CD16*
subpopulation exhibited little change in turnover may actually support the hypothesis that
they are the most terminally differentiated BM NK cells. This could also explain why we
observed an increase in CD16™ NK cells in the BM without an increase in proliferation in
SIV-infected macaques. However, because the BM both seeds the periphery with
lymphocytes and is conversely vascularized by the blood, it is difficult from these data to
determine which NK cells may be developing and maturing /n situand which may be
recirculating from other tissues. Van Helden et al. [33] recently demonstrated in mice that
phenotypically mature NK cells in the periphery can migrate back to the BM and proliferate
there, both homeostatically and in response to infection. Therefore, we cannot exclude the
possibility that CD16* NK cells in circulation are trafficking back to BM during chronic
SIV infection.

As has been observed for circulating CD16* NK cells [17], CD16* NK cells in the bone
marrow expressed the highest level of intracellular perforin, and high levels were maintained
in SIV-infected macaques. However, BM CD56* NK cells in SIV-infected animals also had
significantly upregulated perforin, an unexpected change in function for the normally
noncytotoxic subset of NK cells that has also been observed in peripheral blood[17]. This
could be interpreted in two ways: (1) If the majority of the NK cells in the BM are mature
and terminally differentiated and are migrating there via the circulation, then some systemic
effect of SIV infection is activating NK cells to upregulate cytoxic functions, as has been
shown in peripheral blood; or (2) if a larger proportion of the NK cells in the BM are indeed
in situ-differentiating cells, then SIV infection is altering acquisition of cytotoxic functions
during NK cell development specific to this compartment, the effects of which may be
evident in other tissues. Regardless of the mechanism, we can conclude that SIV infection
drives NK cells toward a more cytotoxic phenotype that could be important for HIV/AIDS
immunopathogenesis.

Finally, we have previously demonstrated that SIV infection induces circulating NK cells to
traffic away from lymph nodes and migrate to the gut mucosae through a loss of CCR7
coupled to upregulation of a4f7 [26], a phenomenon which also seems to occur, at least in
part, during HIV infection [32]. In this study, we examined the expression of gut-homing
and lymph node-homing markers on BM NK cells and, perhaps unexpectedly, expression of
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04p7, CCR7, CXCR3 and CD62L were all indistinguishable in naive versus SIV-infected
macaques. These data suggest that the mechanism(s) of altered NK cell homing during HIV
and SIV infections may occur after emigration from the BM. In a more general sense, we
could surmise that the overall trafficking repertoires of NK cells during SIV infection are
not changed, just that fewer numbers and varied subsets of NK cells, albeit with increased
cytotoxicity, are emigrating from the BM. Regardless, the mechanism(s) behind SIV-
induced perturbation of the BM NK cell compartment and whether similar mechanisms
occur in alternative sites of NK cell development will require further study.
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Fig. 1. Loss and subset perturbation of bone marrow NK cellsin SlV-infected macaques

(A) Representative gating strategy to identify NKG2A* NK cells and NKp44* innate
lymphoid cells among live mononuclear bone marrow cells. (B) Disparate expression of NK
subpopulations in bone marrow and PBMC based on CD56 and CD16 expression. (C)
Representative histograms of NKp30 and NKG2D expression on NK cells. Gray closed
histograms are from isotype-matched controls while colored histograms represent the
indicated markers on total NKG2A* NK cells as gated in A. (D) Frequencies of NK cells
among live CD45*CD3™HLA-DR™ mononuclear cells in naive and SIV-infected macaques.
(E) Frequencies of NK cell subpopulations among total NK cells as gated in A. Horizontal
bars indicate medians. Mann-Whitney Utests were used for naive-versus-SIV comparisons;
P< 0.1 are shown; P< 0.05 are considered significant.
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Fig. 2. SIV infection induces increased turnover ratesin bone marrow NK cells
(A) Frequencies of Ki67 expression in total NKG2A* NK cell and NK cell subpopulations.
(B) Mean fluorescence intensities (MFI) of caspase-3 expression in total NK cell and NK

cell subpopulations. Bars represent means £ SEM for 5 to 6 animals per group.
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Fig. 3. Increased perforin expression in bonemarrow NK cellsduring SIV infection
Mean fluorescence intensities (MFI) of perforin expression in NK cells and subpopulations
are shown. Bars represent means + SEM for 6 animals per group.
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Fig. 4. Stable trafficking marker expression on bone marrow NK cellsduring SIV infection
Mean fluorescence intensities (MFI) of a47, CXCR3, CCR7 and CD62L expression on
total NK cells are shown. Bars represent means + SEM for 5 to 6 animals per group.
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