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Abstract

During chronic lentiviral infection, poor clinical outcomes correlate both with systemic
inflammation and poor proliferative ability of HIV-specific T cells, however the connection
between the two is not clear. MDSC?, suppressive myeloid cells that expand during states of
elevated circulating inflammatory cytokines, may link the systemic inflammation and poor T cell
function characteristic of lentiviral infections. While MDSC are partially characterized in HIV and
SIV infection, questions remain regarding their persistence, activity and clinical significance. We
monitored MDSC frequency and function in SIV infected rhesus macaques. Low MDSC
frequency was observed prior to SIV infection. Post-SIV infection, MDSC were elevated in acute
infection and persisted during 7 months of CART3. After cART interruption, we observed MDSC
expansion of surprising magnitude, the majority being gMDSC?. At all stages of infection,
gMDSC suppressed CD4+ and CD8+ T cell proliferation in response to polyclonal or SIV-specific
stimulation. In addition, MDSC frequency correlated significantly with circulating inflammatory
cytokines. Acute and post-cART levels of viremia were similar, however, the levels of
inflammatory cytokines and MDSC were more pronounced post-cART. Expanded MDSC during
SIV infection, especially during the post-cART inflammatory cytokine surge, likely limit cellular
responses to infection. As many HIV curative strategies require CART interruption to determine
efficacy, our work suggests treatment interruption-induced MDSC may especially undermine
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effectiveness of such strategies. MDSC depletion may enhance T cell responses to lentiviral
infection and effectiveness of curative approaches.

Introduction

MDSC are a heterogeneous group of immunosuppressive cells of myeloid origin (reviewed
in (1)). MDSC were originally described, and have canonically been characterized, in mouse
tumor models and cancer patients, where they inhibit anti-tumor responses and correlate
with poor clinical outcomes and tumor burden (2, 3). When MDSC are ablated, both natural
and vaccine-induced anti-cancer immune responses are efficacious at delaying or controlling
tumor growth (4-6). MDSC suppress T cell responses by four classes of mechanisms: amino
acid restriction, modulation of trafficking and viability, generation of reactive oxygen and
nitrogen species, and T regulatory cell induction (reviewed in (1)).

While cells of similar phenotype and function were described as myeloid-suppressor cells
(MSC) starting in 2000, and null cells, veto cells, or natural suppressor (NS) cells in the
mid-1900s, the identifier MDSC is relatively new as it was first mentioned in the literature in
2005 (reviewed in (2)). MDSC are characterized by the presence of myeloid markers (for
humans, marker CD11b or CD33) and absence of lineage commitment markers (lack of
HLA-DR, or Lin-). Recently, many groups have further characterized gMDSC and
mMDSC? subsets; MDSC of granulocytic (granulocyte marker CD15+ or CD66+) or
monocytic (monocyte marker CD14+) nature. The granulocytic subset of MDSC consists of
low-density granulocytes at varying stages of maturation (7-9).

During pathogenic lentiviral infections including HIV and S1V, cellular and humoral
immune responses are insufficient to clear acute infection, leading to persistent infection and
disease progression for most individuals. In these individuals, despite initial effective
cellular responses critical for viral control, T cells lose functional capacity leading to disease
progression (10). A small subset of individuals called HIV controllers or long-term
nonprogressors maintain T cell polyfunctionality and proliferative ability (11), retaining the
ability to control viral replication and disease progression in the absence of antiretroviral
therapy. Of T cell functions, loss of proliferative ability in response to HIV-stimulation is the
strongest independent predictor of progression vs. control (12). Systemic inflammation is a
hallmark of chronic pathogenic lentiviral infections and contributes greatly to the immune
dysfunction observed. In lentiviral infection chronic systemic inflammation is induced via
viral replication and microbial translocation and is dampened but persists during virologic
suppression (13, 14). Indeed, immune activation correlates more strongly with poor
prognosis than viral load or coreceptor use alone (15).

The causes of T cell dysfunction in progressive infection and the link between cellular
dysfunction and immune activation dependent disease outcomes are not yet completely
understood. Inflammation during acute infection serves to drive and tune the innate and
adaptive immune responses but persists as these responses are insufficient to resolve viral

SmMDSC, monocytic myeloid derived suppressor cells
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infection. Additionally, microbial translocation due to loss of gut barrier integrity continues
to drive inflammation even in the absence of viral replication. We suspect MDSC are
expanded and activated due to inflammation resulting from viral replication and microbial
translocation and that, subsequently, these MDSC contribute to immune dysfunction by
suppressing the proliferative capacity of virus-specific T cells.

Previous studies showed increased frequencies of gMDSC and mMDSC in HIV+ vs. HIV-
individuals that correlated with high viral loads, low CD4 counts, increasing T cell
activation, and advanced disease stage (16-18). In SIV infection, studies have shown a CD8+
T cell suppressive mMDSC-like population of monocytes in a pigtailed macaque (Macaca
nemestring) S1V infection model that decrease in frequency during cART treatment (19).
MDSC have been studied in the context of prophylactic SIV vaccine and were significantly
elevated in the vaccination but not in the control group, which displayed better virologic
control and no less protection from infection compared to the vaccinated group. This
suggests MDSC were elicited by the vaccine in this study, hampering immune control of
SIV. These MDSC suppressed CD8+ T cell proliferative responses to SIV in a dose-
dependent manner and correlated with higher set-point viral load (20).

As these studies were either cross-sectional or had a limited sampling timeline, the
pervasiveness, activity and clinical consequences of MDSC over the course of infection are
unknown. In addition, it is not clear if elevations in MDSC frequency predate the acquisition
of virus. Also uncertain is the impact of cART-treatment interruption on MDSC populations.
We followed 7 animals over the course of SIV infection, treatment with cCART and cART-
interruption to examine the kinetics of MDSC frequency, their function in chronic retroviral
infections and their relationship to inflammatory cytokine responses. Here we show gMDSC
are elevated and suppressive in acute and cART-treated chronic lentiviral infection. At
cART-interruption we show a remarkable increase in gMDSC that correlates significantly
with a secondary and enhanced inflammatory cytokine elevation.

Materials and methods

Specimen collection

Rhesus macaque (Macaca mulatta) blood and tissue were obtained from the Washington
National Primate Research Center. A total of 19 adult male Indian-origin rhesus macaques
were used in this study. All animal protocols were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Washington and were in
compliance with the U.S. Department of Health and Human Services Guide for the Care and
Use of Laboratory Animals. Animals were infected 1V with SIV/DeltaB670. Blood draws in
the first pilot study were obtained 12 weeks post-SIV infection with no cART (Fig. 1A).
Longitudinal study blood draws were obtained over the course of SIV infection including
study weeks -4, -3, 2, 3, 10, 14, 18, 36, 37, 40, 46, 56, 68 and 80. Animals were SIV
infected at study week 0 and put on cART at study week 6. The CART regimen consisted of
daily subcutaneous Viread (PMPA, 20 mg/kg), Emtriva (FTC, 30 mg/kg until viral
suppression then 20 mg/kg), and twice-daily oral Isentress (Raltegravir, 200mg/kg first 30
days treatment then 165mg/kg). Animals followed for MDSC kinetics were control animals
for a therapeutic vaccine study and received mock vaccine consisting of an empty plasmid
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vector +/— plasmid-encoded LT® mucosal adjuvant at study weeks 18, 22, 26 and 30. CART-
cessation occurred at week 37 and animals were followed every 10 weeks until AIDS-
defining illness or necropsy at week 80 when blood and tissues were obtained (Fig. 1B).
Blood was drawn into 10ml sodium heparin tubes, transferred at room temperature and
processed immediately. All experiments were performed with freshly isolated PBMC. Tissue
was excised at necropsy, placed in 25ml RPMI, transferred to CIDR on wet ice and
processed immediately.

Blood processing

Staining

Plasma was isolated for later cytokine analysis via centrifugation, and PBMC were obtained
by density separation using Ficoll-Paque PREMIUM (GE Healthcare). PBMC were rinsed
with PBS and resuspended in EasySep™ Buffer (Stemcell Technologies) for staining and
MDSC isolation.

Freshly isolated PBMC were stained for MDSC frequency using CD3 clone SP34-2 Pacific
Blue (Becton Dickinson), CD11b clone ICRF44 PeCy7 (Miltenyi Biotec), CD14 clone m5e2
APC (Becton Dickinson), CD16 clone 3g8 PECy5 (Becton Dickinson), CD66 clone TET2
PE (Miltenyi Biotec), HLA-DR clone L243 APC-Cy7 (Fisher Scientific). Gating strategy for
gMDSC was all PBMC, singlets, CD3—-, HLA-DR-, CD11b+, and for gMDSC, CD66+,
sscmid-high while for mMMDSC, CD66- and CD14+. Gating was determined by FMO and
compensation control values. MDSC frequency was calculated based on % mMDSC or
gMDSC of singlet PBMC.

MDSC isolation and PBMC co-cultures

CD66+ MDSC were separated from PBMC as per kit instructions using magnetic bead
isolation (EasySep™) of PE-conjugated anti-CD66 (Miltenyi Biotec). CD66— PBMC were
cultured at 37°C, 5% CO», overnight either alone or with CD66+ MDSC added back at a 1:1
ratio in custom arginine-low media: SILAC media (Sigma Aldrich) plus filter-sterilized L-
arginine monohydrochloride (0.115mM, Sigma Aldrich) and filter-sterilized L-lysine
hydrochloride (0.2186mM, Sigma Aldrich), 15% human serum (Sigma Aldrich), Penicillin-
Streptomycin-Glutamine (0.5mg/ml, Thermo Fisher). Cells were stimulated with 1ug/ml
15mer SIVmac239 Gag peptide pool (NIH AIDS Reagent Program) or 0.4ug/ml
superantigen SEB from Staphylococcus aureus (Sigma Aldrich) for 4 days. Duplicate
control un-stimulated wells for each cell mixture (PBMC alone, PBMC with CD66+MDSC)
were included for background proliferation subtraction. Proliferation was measured by ICS
on day 4 post-stimulation using CD8 clone SK1 PECy7 (Biolegend), Ki67 clone B56 Alexa
Flour 488 (Becton Dickinson), CD3 clone SP34-2 APC (Becton Dickinson). CD66+
MDSC-mediated suppression was measured by comparing the proliferation stimulated in the
absence of CD66+ cells with the proliferation stimulated in the presence of CD66+ cells.
Replicates were included for all PBMC wells, and PBMC + MDSC when MDSC yield
allowed, and averaged.

61T, heat labile £ colienterotoxin
7SEB, Staphylococcal enterotoxin B
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TNF cultures

Whole PBMC were incubated 2 days with 10ng/ml TNF in low-arginine media then
measured for gMDSC by CD66 clone TET2 PE (Miltenyi Biotec), HLA-DR clone L243
APC-Cy7 (Fisher Scientific), LIVE/DEAD Fixable Violet (Life Technologies), and
proliferation by ICS for Ki67 clone B56 Alexa Flour 488 (Becton Dickinson).

IFNy ELISpot

IFN-y release upon SEB stimulation of PBMC with and without MDSC (1:1 or 1:0 ratio)
was determined as previously published (21) with modifications: experiments were
performed in triplicate in low-arginine media with rhesus IFN-y capture mAb MD-1
(UCytech), biotinylated anti-monkey IFNy Ab (U-Cytech) and an 18 hour incubation time
for IFN<y release.

Tissue processing at necropsy

Single-cell suspensions were made of ileum, spleen, and axillary, ileocecal, iliac, inguinal,
mesenteric, cervical and retropharyngeal lymph nodes in 25ml RPMI, passed through a
100um filter and density separated with Ficoll-Paque PREMIUM (GE Healthcare). Buffy
coats for each tissue were rinsed with PBS, resuspended in EasySep™ Buffer (Stemcell
Technologies) and stained for MDSC.

Plasma Cytokine Levels

Plasma was frozen at —80°C immediately during blood processing, then batch tested as per
kit instructions using the Monkey Cytokine Magnetic 29-Plex Panel (ThermoFisher) for the
following cytokines, chemokines and growth factors: GM-CSF, TNF, IL-1p, IL-4, IL-6,
MIG8, VEGFY, HGF10, EGF11, IL-8, IL-17, MIP-1a, IL-12, IL-10, FGF-Basicl2, IFN-y,
G-CSF, MCP-113, |L-15, IP-1014, MIP-1B, Eotaxin, RANTES, IL-1RA15, I-TAC16,
MDCL7, IL-5, IL-2, and MIF18,

sCD14 ELISA
Plasma was isolated, frozen and batch tested for sSCD14 at study weeks 0, 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, 22, 24, 26, 32, 34, 36, 38, 40, 56, 68, and 80 as per kit instructions using the
Quantikine ELISA Human CD14 Immunoassay kit (R&D Systems).

8MIG, monokine induced by gamma interferon
VEGF, vascular endothelial growth factor
10HGF, hepatocyte growth factor
1EGF, epidermal growth factor
12FGF-Basic, fibroblast growth factor-basic
MCP-1, monocyte chemoattractant protein-1
141p.10, interferon gamma-induced protein 10
IL-1RA, interleukin 1 receptor antagonist
16)-TAC, interferon-inducible T-cell alpha chemoattractant
MDC, macrophage-derived chemokine
MIF, macrophage migration inhibitory factor
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Statistical Analyses

Results

Data were prepared and analyzed using Prism 5 (Graphpad Software). Nonparametric tests
were performed for MDSC frequency while parametric tests were utilized for cell
suppression data. Paired analyses were utilized when appropriate. Nonparametric tests
employed were Mann-Whitney U test for comparison of groups of unpaired data, Wilcoxon
matched-pairs signed rank test for paired data and Spearman's rank-order correlation for X,Y
correlation. Parametric tests employed were Student's unpaired T test for comparison of
groups of unpaired data, Student's paired T test for comparison of groups of paired data and
Pearson's correlation for X,Y correlation. An alpha of 0.0017 was used for cytokine
correlations to adjust for multiple comparisons, otherwise an alpha of 0.05 was used for
univariate analyses. Multiple regression analysis with stepwise selection was performed by
SAS.

MDSC frequency increases during SIV infection and after cART interruption

MDSC frequency was determined in two cohorts of rhesus macaques: a pilot study of 5
chronically SIV infected animals at 12 weeks post-infection (Fig. 1A) and a longitudinal
study of 7 animals that were followed over the course of SIV infection and cART therapy
starting 6 weeks after infection (Fig. 1B). A flow cytometry panel was optimized using
blood from the pilot study to identify MDSC of granulocytic (gMDSC) or monocytic
(mMDSC) origin in the Rhesus macaque model. MDSC frequencies were determined by the
percent of singlet PBMC that were CD3-, HLA-DR-, CD11b+, and for gMDSC, CD66+,
sscmid-high while for mMDSC, CD66- and CD14+ (Fig. 1C).

We observed elevated frequencies of MDSC in the 5 chronically-S1V infected animals at 12
weeks post-infection compared to uninfected animals (p=0.03) (Fig. 2A). Total MDSC
(Spearman r=0.90, p=0.08) and gMDSC (Spearman r=1.00, p=0.02) frequencies, but not
mMDSC frequencies, trended or significantly correlated with viral load set-point,
respectively (Fig. 2B).

We next embarked on a longitudinal study in a second set of 7 animals that were infected
and cART initiated at 6 weeks post-infection. Here, we observed low MDSC frequency
(median 0.18%) at pre-SIV infection time points in all 7 animals (Fig. 3A-C). MDSC
frequency increased slightly, yet significantly, during acute infection at 2-3 weeks post-SIV
challenge (median gain of 0.51%; p<0.05) in these animals (Fig. 3A-C). Combination
antiretroviral therapy was initiated 6 weeks post-infection and MDSC frequency remained
significantly elevated during cART (Fig. 3A-C). While MDSC levels during CART were
stable in the majority of the animals (n=5), transient blips of elevated MDSC frequency were
observed in two animals at weeks 14 & 36 for animal A14046 and at week 18 for animal
A14047 (Fig 3D). Figure 3A-C shows summary data for clarity whereas Figure 3D shows
the viral load kinetics vs. MDSC frequency at each time point for each animal individually.
Animals A14041, A14043 and A14046 received a mock vaccination of empty plasmid
vector while animals A14044, A14045, A14047 and A14048 received the empty plasmid
vector plus a plasmid encoding the LT mucosal adjuvant. Although these control animals
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received different plasmids, we observed no differences between MDSC frequencies in these
control groups (data not shown).

At 37 weeks post-SIV infection (after 31 weeks on cART) drug therapy was withdrawn and
MDSC were monitored to determine the effects of drug interruption on MDSC frequency
and function. MDSC increased dramatically (median gain of 6.8%) over the first 20 weeks
post-cART interruption (Fig. 3A-C). Although the drastic increase in frequency after
stopping cART was transient, MDSC frequency remained elevated at 30 weeks post-CART
interruption when compared to pre-SIV infection levels. Animals A14044 and A14047 were
euthanized due to AIDS-defining illnesses before study completion (Fig. 3A-C 7).
Elevations in MDSC frequency after drug was stopped were comprised primarily by the
granulocytic subset of MDSC (total MDSC were median 88% gMDSC) (Fig. 3B).
Monocytic MDSC were infrequent in our study, only increasing significantly from baseline
at 20 weeks post-cART interruption (Fig. 3C). This increase was much less marked (median
gain of 0.26% from baseline) and also transient, returning to pre-SIV levels by week 68. We
did not observe a correlation between MDSC frequency and CD4+ T cell or viral load levels
(data not shown).

MDSC suppress SlV-specific and polyclonally stimulated T cell responses

To determine the effects of MDSC on T cell responses, we assayed the suppressive ability of
MDSC for each animal 3 weeks pre-SIV infection, 3 weeks post-SIV infection, during
CART (31 weeks after starting CART) and 19 weeks after stopping cART. We cultured
PBMC in the presence or absence of MDSC with SEB (Fig. 4A) or SIV Gag peptide pool
(Fig. 4B). T cell proliferation, measured by the expression of CD3 and Ki67, was suppressed
in PBMC+MDSC wells compared to PBMC alone (Fig. 4AB). We found significant
suppression by MDSC of SEB-stimulated responses at all time points (Fig. 4A). At time
points where a sufficient response (>0.5%) to SIV Gag peptide pool was detected, we also
observed significant suppression of SIV-specific T cell responses by MDSC (Fig. 4B). SIV-
specific responses were more variable than SEB responses over the course of the study with
low responses to SIV in most animals (Fig. 4C). Interestingly, the two animals with the
highest and second-highest median SIV responses study-wide also had the lowest and third-
lowest median MDSC frequency study-wide (Fig. 4C vs. 4D, animals A14043 and A14045,
respectively).

As it appeared that MDSC had enhanced suppressive ability pre-SIV and on-cART SIV at
weeks -3 and 31 (Fig. 4A), we compared suppressive ability between viremic (weeks 3 &
56) and aviremic (weeks —3 & 31) time points in each animal. MDSC suppression was not
significantly different at viremic vs. uninfected or virally-suppressed time points (data not
shown). MDSC suppressed both CD4+ and CD8+ T cell proliferation in response to SEB
(Fig. 4E) and SIV peptide pool (Fig. 4F) at all time points. High density mature granulocytes
can degranulate during cell death which may lead to non-specific suppression of T cell
responses. In order to determine if viable gMDSC suppress T cell responses we performed a
shorter T cell assay (18 hours instead of 4 days), using IFN-y release measured by ELISpot
as a readout. gMDSC suppressed IFNy release in response to SEB stimulus during an 18
hour co-incubation with MDSC-depleted PBMC in two independent experiments with
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PBMC from 2 SIVV+ rhesus macaques (data not shown). As 92% of MDSC were viable at 24
hours in culture (determined by a viability stain), we can conclude that viable gMDSC
contribute to the majority of this suppression.

MDSC in lymphoid tissue exhibit suppressive function

Peripheral lymphoid organs were examined at necropsy to determine if MDSC infiltrate sites
of T cell activation. We did not find elevated MDSC in lymph nodes when compared to
MDSC levels in peripheral blood. However, there were elevated MDSC detected in the
spleen that were comprised primarily of the granulocytic subset (Fig. 5A). Suppressive
function of splenic gMDSC was determined in one animal. We found MDSC suppressed
CD3+, CD4+ and CD8+ T cell proliferation in response to SEB to a level that was not
observably different in the spleen vs. in the peripheral blood (Fig. 5B). We can, therefore,
conclude that while no MDSC aggregation was apparent in peripheral lymph nodes at
necropsy, MDSC function in peripheral blood is representative of other sites of MDSC
accumulation.

Plasma cytokine levels correlate with MDSC

To determine if MDSC expansion was driven by inflammation during SIV infection, plasma
cytokine levels were measured by ELISA and compared to frequency of MDSC measured at
the same time points at study weeks -3, 3, 10, 14, 18, 37, 40, 46, 56, 68, and 80. There were
direct and significant correlations, adjusted for multiple comparisons, between MDSC
frequency and the magnitude of systemic inflammatory cytokines (Table I). IL-6 (Spearman
r=0.42, p=0.0003), TNF (Spearman r=0.48, p<0.0001), MIP-1a (Spearman r=0.47,
p<0.0001), MIF (Spearman r=0.40, p=0.0005), and IP-10 (Spearman r=0.41, p=0.0004) all
correlated significantly with MDSC frequency (Table | and Fig. 6A). Correlations between
many cytokines strengthened at time points where the animals were not on CART. During
post-cCART viremia (weeks 40-80), the correlation grew between MDSC frequency and TNF
(Spearman r=0.68, p<0.0001), MIP-1a (Spearman r=0.60, p=0.0003), IL-6 (Spearman
r=0.58, p=0.0005), IL-1p (Spearman r=0.57, p=0.0007), and MIP-1p (Spearman r=0.54,
p=0.0014) (Fig. 6B).

HIV viral particles and HIV gp120 alone have been found to expand mMDSC in vitro (22).
While plasma viral load trended towards correlating with MDSC frequency in our study;, it
did not reach statistical significance when adjusted for multiple analyses (Spearman r=0.44,
p=0.008, data not shown). We also observed stronger correlations between MDSC and the
inflammatory cytokines listed above, suggesting the inflammation induced by viremia rather
than the viral particles themselves were having greater impact on MDSC frequency.
Multivariate regression analysis with stepwise selection of the 29 cytokines assayed,
including viral load data, showed that MIF and TNF independently correlated with MDSC
frequency (r=0.30, p<0.05) throughout the study and TNF independently correlated in the
post-cCART viremic time points (r2=0.42, p<0.05). This suggested MIF and TNF participate
in MDSC accumulation or expansion in vivo. However, in vitro 2 day incubation of PBMC
isolated from 2 additional animals during post-cCART viremia at week 56 with 10ng/ml TNF
did not result in gMDSC expansion in culture over media alone (data not shown).
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Soluble CD14 levels increase during increased microbial translocation and predict HIV
mortality (23). As the involvement of MIF and TNF indicated a potential contribution of
microbial translocation to the generation of MDSC, we additionally assayed for sCD14
levels in plasma at study weeks 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 32, 34, 36, 38,
40, 56, 68, and 80. While viral loads were significantly lower post-cART interruption (week
40, 3 weeks post-cART interruption) compared to viral load in acute infection (week 4, 4
weeks post-SIV infection) (Fig. 6C), we observed a significant elevation in sCD14 at week
40 compared to week 4 (Fig. 6D). Examining sCD14 levels longitudinally there was not a
marked increase of SCD14 immediately post-cART interruption but rather a slow increase
over the weeks from SIV acute untreated to treated chronic SIV infection (Fig. 6E),
indicating microbial translocation-mediated immune activation may be ongoing during
CART.

Discussion

Previous studies have shown elevated MDSC in SIV and HIV infection compared to healthy
controls, and a reduction of MDSC during cART-treatment. Our in-depth longitudinal
analyses of MDSC kinetics in a rhesus macaque S1V infection model confirm that the
frequency of total MDSC is indeed low pre-SIV infection as expected for otherwise healthy
animals. Total MDSC frequency increased slightly but significantly during acute SIV
infection, and this elevation was sustained even during effective CART. In the 20 weeks post-
CART we observed a remarkable MDSC frequency increase for most animals, comprising
2-37% of total circulating PBMC. Of note, two of the three animals with the highest peak
total MDSC frequencies were euthanized with AIDS-defining illnesses before the end-of-
study, suggesting MDSC may have contributed to disease progression in these animals.

The granulocytic fraction of MDSC was the driver of the elevated MDSC observed. Thus,
functional characterization focused on this subset. Using either the superantigen SEB or a
SIV Gag peptide pool to stimulate T cell proliferation, we found that granulocytic MDSC
were able to suppress SEB-stimulated T cell proliferation quite consistently at all study time
points assayed and suppressed both CD4+ and CD8+ T cell proliferation in a dose-
dependent manner. SIV peptide responses were more variable than the polyclonal SEB
stimulus, but for all SIV proliferative responses over 0.5%, we observed suppression by
MDSC. As the two animals with the highest SIV-specific T cell responses over the course of
the study also had the lower median MDSC frequencies over the course of the study, this
suggests MDSC may additionally be acting to inhibit activation or priming of naive T cells.

In previous studies it has not been clear which subset, granulocytic or monocytic, is more
relevant in HIV infection. Two groups reported elevation of mMDSC in HIV+ infected
individuals with very low CD4 counts and at advanced clinical stage (18, 22). The majority
of these HIV+ individuals in Qin et al.'s study (~70%) had very low CD4 counts (<200) with
less than 10% of the population having a CD4 count above 350. The majority of patients
(~70%) were also CDC classification C HIV clinical stage (experiencing AIDS-symptoms).
Similarly, the HIV+ population studied by Garg et al. had a low median CD4 count of <200,
and characterization of mMMDSC expansion was observed when cultured and measured ex
vivo. As for the studies where gMDSC were found to be elevated, the CD4 counts in HIV+
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participants were higher with Vollbrecht et al. reporting an average CD4 count of 422
(range: 16-1237) (16) and Bowers et al. reporting a median CD4+ T cell count of 444
(range: 102-1,385) pre-cART and a median CD4+ T cell count of 657 (range: 189-1,763)
on cART (17).

The granulocytic subset of MDSC comprised a median 90% of the total MDSC population
over the course of SIV infection in our study. While the monocytic subset significantly
increased at week 56 during the post-cART cytokine elevation, it still only comprised a
median 5% of the total MDSC population at that time point. Our observations in
combination with the previous published data suggest while granulocytic MDSC accumulate
over time during chronic retroviral infection in otherwise healthy individuals, the monocytic
subset may expand only during periods of poor health. As we also saw peak gMDSC
frequencies at week 56 where the only significant increase in mMDSC was observed, this
theory does not completely explain why Qin et al. did not find a functional and frequent
granulocytic MDSC subset in their study. Cryopreservation of PBMC particularly reduces
gMDSC frequency (24-26). The majority of the MDSC characterization by Qin et al.
utilized cryopreserved specimens. Although in this study MDSC frequencies were compared
in a subset of participants between cryopreserved and fresh PBMC, the primary use of
cryopreserved specimens may have accounted for the difference in results whereas MDSC
frequencies measured in our study were all determined using freshly isolated PBMC.

Others have reported MDSC infiltration of the spleen in the mouse tumor model (reviewed
in (27)). We observed MDSC infiltration in the spleen of nonhuman primates but not in any
other peripheral lymphoid organs at necropsy. Splenic MDSCs have been reported to be less
suppressive than those at the tumor site (27), however we observed similar suppressive
ability of splenic vs. peripheral blood MDSC. This suggests that while MDSC in the tumor
microenvironment can acquire differential function, MDSC from the periphery and the
spleen represent similar populations in SIV infection. In addition, while populations of
MDSC were not found in lymph nodes at necropsy, the peak MDSC frequencies were
achieved 24 weeks earlier for most animals. Whether MDSC traffic to lymph nodes and
inhibit T cell activation or priming earlier in infection or immediately post cART-
interruption remains an open question.

In previous studies MDSC correlated with CD4 count and viral load in HIV infection. We
observed correlations with viral load in our pilot study and did not observe CD4 count
correlation with MDSC in either study. In the pilot study, set-point viral loads were
determined after 12 weeks of untreated infection and these did correlate with MDSC
frequency at week 12. Animals were started on cART at week 6 post-infection in the
longitudinal study. Viral loads correlate with MDSC frequencies in humans during untreated
chronic infection (16-18). Therefore, the length of exposure to viremia may be a factor
influencing cytokine elevation and MDSC generation and thus may explain the lack of a
strong correlation in our longitudinal study where animals were treated at week 6 post-
infection, and were aviremic for most of the treatment duration. The lack of correlation
between CD4 counts and MDSC frequencies may be attributed to the relatively high CD4
count in our study (average 1150 CD4/ml study-wide) compared to the human studies
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(reporting average CD4 counts below 500 for all studies) as the correlation between MDSC
and CD4 may wane in healthy individuals or animals with very high CD4 counts (16-18).

Inflammatory cytokines and growth factors are known to induce MDSC expansion and
enhance suppression in cancer (reviewed in (28)). Systemic levels of IL-6, TNF, MIP-1a,
MIF, VEGF and IP-10 correlated with MDSC frequency over the course of the study and the
peak cytokine levels were achieved 10-30 weeks post-cART interruption for most. IL-14,
IL-6, IP-10 and VEGF promote MDSC expansion and suppression by inducing
myelopoiesis and activating transcription factors including STAT3, a master transcription
factor for MDSC (1, 28, 29).

As HIV viral particles have been shown to induce mMDSC in vitro (22), we added viral load
to our cytokine analyses. MDSC frequency strongly correlated with elevations in IL-6,
IL-1B, TNF, MIP-1a and MIP-1p during the post-cART cytokine storm and these
correlations were stronger than the correlation between viral load and MDSC frequency.
This suggests to us that viral particles alone are not the sole contributors to MDSC
expansion.

Linear regression with stepwise selection of the 29 cytokines in addition to viral load
identified MIF and TNF as independently correlating with MDSC in our study. MIF is an
inflammatory cytokine that is elevated in cancer and sepsis, and has been shown to enhance
tumor progression by mMDSC induction (30). In HIV-infected individuals with evidence of
microbial translocation, MIF levels have been found to be elevated compared to healthy
controls (31), and MIF can be released in response to LPS (32) and during untreated HIV
infection (33). MIF can also drive TNF production (32). TNF signaling appears integral to
MDSC expansion in the mouse cancer model as TNF-receptor deficient mice exhibit
decreased MDSC frequencies caused by decreased MDSC induction from the bone marrow
and decreased survival (34). TNF can disrupt epithelial tight junctions and anti-TNF
antibody treatment reduces this disruption (35). In addition, MDSC in a mouse cancer model
secrete TNF (34), however the subset of MDSC responsible was not resolved. We
hypothesized microbial translocation may have an impact on MIF and TNF elevation. We
then observed that while levels of other circulating inflammatory cytokines were low during
CART, sCD14, a marker for microbial translocation, progressively increased. We therefore
hypothesize that contributions from microbial translocation despite CART therapy and from
viral products post-CART treatment interruption, in combination, initiated and perpetuated
the cytokine storm post-cART interruption driving MDSC production in our study.

Limitations of this work were the small specimen volume received at each time point. The
number of cells available was only sufficient to define the population of MDSC by
suppressive ability but not sufficient to perform mechanistic experiments. Additionally, as
high density mature granulocytes can degranulate during cell death this may have led to non-
specific suppression of T cell proliferative responses during the 4 day culture experiment. At
18 hours post-incubation, we detected MDSC-mediated suppression of IFN-y production
indicating the suppression observed is not solely a bystander effect of MDSC degranulation
due to cell death. Low-density neutrophils may have lower density due to either previous
degranulation or the absence of mature granules (7, 8), therefore in 4 day culture the
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contribution of granule contents on gMDSC induced T cell suppression may be much less
than the contribution from mature neutrophils. We prioritized measurement of MDSC-
mediated suppression of proliferative ability over IFNy production because proliferative
ability is the strongest independent predictor of HIV disease progression vs. disease control
(12).

While post-necropsy cytokine analyses showed that TNF and MIF correlated with MDSC
frequency, it is not clear if these cytokines directly expand MDSC in the rhesus macaque
model. We examined the effect of TNF on MDSC frequency in 2-day ex vivo culture in two
SIV+ rhesus macaques and did not observe an effect. The effect of TNF or MIF on
expansion of gMDSC may not be measurable in vitro since there are no precursors to these
cells in whole PBMC. We hypothesize these cytokines instead contribute to gMDSC
accumulation by mabilizing granulocytic precursors from the bone marrow which then
acquire suppressive function (34).

In lentiviral infection, poor clinical outcomes correlate both with systemic inflammation and
poor proliferative ability of virus-specific T cells. We demonstrated that MDSC suppress
SIV-specific T cell proliferative responses and found correlations between MDSC and
several circulating inflammatory cytokines. In addition, we have identified a novel,
transiently elevated population of gMDSC subsequent to cCART treatment interruption.
Plasma measurements suggest the possibility of a synergistic contribution of increasing
microbial translocation despite cCART and post-cART viral rebound that may be driving this
population increase. Many of the curative HIV therapies under current investigation require
a treatment interruption to determine efficacy of curative regimen. Our work suggests that
these treatment interruptions may induce marked elevation of cells involved in immune
regulation that may hamper the effectiveness of such strategies. Therapies to reduce MDSC
frequency during SIV and HIV infection, especially post-cCART treatment interruption, may
enhance cellular immune responses and effectiveness of curative strategies.
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FIGURE 1.

Study design and gating strategy. (A) Design of pilot study. MDSC frequency of total
peripheral blood PBMC was measured in freshly isolated PBMC at 12 weeks SIV post-
infection (n=5) and compared to PBMC from uninfected animals (n=8). (B) Design of
longitudinal study. MDSC frequency was measured in freshly isolated peripheral blood
PBMC at study weeks -4, -3, 2, 3, 10, 14, 18, 36, 37, 40, 46, 56, 68 and in both tissue and
blood at week 80. Animals were infected with SIV at study week 0, followed for 6 weeks of
untreated infection then placed on cART for 31 weeks. During cART a mock vaccination of
empty vector plasmid or empty vector plasmid plus plasmid-encoded heat labile E. coli
enterotoxin (LT) mucosal adjuvant was delivered by gene gun at weeks 18, 22, 26 and 30. At
week 37 the animals were taken off cART and followed to week 80. (C) Gating strategy for
gMDSC was all PBMC, singlets, CD3—-, HLA-DR-, CD11b+, and for gMDSC, CD66+,
sscmid-high while for mMMDSC, CD66- and CD14+. Frequency of gMDSC and mMDSC
was determined from all singlet PBMC.
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FIGURE 2.
MDSC frequency is elevated in chronic untreated SIV infection and correlates with set-point

viral load. (A) Monocytic MDSC (mMDSC), granulocytic MDSC (gMDSC) and total
MDSC frequencies were compared between SIV-uninfected animals (n=8) and SIV-infected
animals (n=5) 12 weeks post-SIV infection. Significantly elevated MDSC frequencies were
observed 12 weeks post-SIV infection in total MDSC frequency (of singlet PBMC). (B)
Correlation analysis of frequencies of total MDSC, gMDSC and mMDSC with set-point
viral loads in 5 SIV infected animals. Significant (p<0.05) and trending (p<0.10) correlation
were determined by Mann-Whitney U test (A) and Spearman's rank correlation coefficient

(B).
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FIGURE 3.

Longitudinal MDSC frequency kinetics in 7 animals over the course of SIV infection, CART
treatment, mock vaccination and cART-interruption. (A-C) Total MDSC (A), gMDSC (B)
and mMDSC (C) frequency Kinetics over time. Animals were SIV-infected on week 0 1V
with SIV/DeltaB670. On week 6 animals were treated with cART consisting of daily
subcutaneous Viread (PMPA, 20 mg/kg) and Emtriva (FTC, 30 mg/kg until viral suppression
then 20 mg/kg), and twice-daily oral Isentress (Raltegravir, 200mg/kg first 30 days treatment
then 165mg/kg) until week 37. At study weeks 18, 22, 26 and 30 animals were vaccinated
with mock vaccine consisting of an empty plasmid vector +/- plasmid-encoded LT mucosal
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adjuvant. Animals A14041 (purple), A14043 (blue) and A14046 (orange) received a mock
vaccination of empty plasmid vector while animals A14044 (green), A14045 (light blue),
A14047 (red) and A14048 (black) received empty plasmid vector plus mucosal adjuvant.
Animals A14044 and A14047 were euthanized due to AIDS-defining illnesses before study
completion (t). Two replicate MDSC frequencies were averaged at weeks —4 and —3 pre-
SIV infection, weeks 2 and 3 post-SIV infection and weeks 36 and 37 pre-cART treatment
interruption then independent measures of MDSC frequencies were graphed at study weeks
46, 56 and 68. (D) Log10 SIV viral loads were charted with individual MDSC
measurements for each animal. MDSC frequencies were compared by Wilcoxon matched-
pairs signed rank test. Vaccination group MDSC frequencies were compared by Mann-
Whitney U test.
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FIGURE 4.

gMDSC suppress T cell responses to SEB and SIV Gag peptide stimuli. CD66+ gMDSC
were depleted from PBMC and cultured either alone or with CD66+ MDSC at a 1:1 ratio
overnight, then stimulated with 0.4ug/ml superantigen Staphylococcal enterotoxin B (SEB)
from Staphylococcus aureus (A) or Lug/ml 15mer SIVmac239 gag peptide pool (B-C) for 4
days. Proliferation of CD3+ cells was measured by ICS for Ki67. (D) median gMDSC
frequency study-wide. (E-F) CD66+ MDSC suppression of CD4+ and CD8+ T cells when
stimulated with SEB (E) and SIV Gag peptide pool (F). Percent of Ki67+ CD3+, CD4+ and
CD8+ cells were compared by Wilcoxon matched-pairs signed rank test.
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FIGURE 5.
gMDSC frequency in peripheral lymphoid organs. (A) Peripheral lymphoid organs were

excised at necropsy and examined for MDSC infiltration. Single-cell suspensions of axillary
(AX), ileocecal (IC), iliac (I), inguinal (1G), mesenteric (M), cervical/ retropharyngeal (C)
lymph nodes as well as ileum (PP) and spleen (S) were density separated by Ficoll gradient
centrifugation and stained for MDSC. (B) Suppression of T cell proliferation in response to
SEB of CD66- PBMC by co-culture with MDSC at a 1:1 ratio. Suppression of T cell
proliferation was compared in PBMC isolated from the spleen or the peripheral blood.
MDSC frequencies in lymph node vs. spleen and ileum were compared by Kruskal-Wallis
one-way analysis of variance. ** p<0.01
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FIGURE 6.

Longitudinal analysis of plasma inflammatory cytokine kinetics. Plasma was batch tested for
the following cytokines, chemokines and growth factors: GMCSF, TNF, IL-1p, IL-4, IL-6,
MIG, VEGF, HGF, EGF, IL-8, IL-17, MIP-1a, IL-12, IL-10, FGF-Basic, IFN-y, G-CSF,
MCP-1, IL-15, IP-10, MIP-1p, Eotaxin, RANTES, IL-1RA, I-TAC, MDC, IL-5, IL-2 and
MIF at weeks -3, 3, 10, 14, 18, 37, 40, 46, 56 and 68. sCD14 levels were assessed at weeks
0,2,4,6,8,10,12, 14, 16, 18, 20, 22, 24, 26, 32, 34, 36, 38, 40, 56, 68, and 80. (A)
Cytokine kinetics are shown for MIP-1a.&p, TNF, IL-6, IP-10, MIF, IL-1p, and VEGF. (B)
Correlation analyses are shown between MDSC and TNF, MIP-1a &, IL-6, IL-1p during
post-cART viremia. (C) Viral load comparison between 4 weeks post-infection (wk 4) and 3
weeks post-cART interruption (wk 40), (D) sCD14 comparison between 4 weeks post-
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infection (wk 4) and 3 weeks post-cART interruption (wk 40). (E) Longitudinal analysis of
sCD14 levels over time. Cytokines were correlated by Spearman's rank correlation
coefficient. Viral loads and sCD14 levels were compared by paired t test.
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MDSC frequencies correlate with circulating inflammatory cytokinesl
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Cytokine/chemokine/growth Spearmanr | 95% confidenceinterval | P value (two-tailed) Isthe correlation significant?
factor vs. MDSC freguency (alpha=0.0017)

MIP-1a 0.4739 0.2673 to 0.6389 <0.0001 Yes
TNF 0.4834 0.2786 to 0.6461 <0.0001 Yes
IL-6 0.4158 0.1987 to 0.5940 0.0003 Yes
IP-10 0.4061 0.1874 to 0.5864 0.0004 Yes
MIF 0.3975 0.1776 to 0.5797 0.0005 Yes
IL-1B 0.3480 0.1214 to 0.5402 0.0026 no
VEGF 0.3255 0.09627 to 0.5220 0.005 no
IL-2 0.3164 0.08616 to 0.5145 0.0064 no
IL-4 -0.3065 -0.5065 to —0.07534 0.0083 no
MIP-18 0.2905 0.05776 to 0.4932 0.0127 no
I-TAC 0.2843 0.05111 to 0.4882 0.0148 no
IL-10 0.2674 0.03279 to 0.4741 0.0222 no
EGF 0.2599 0.02475 to 0.4678 0.0264 no
IL-8 0.2505 0.01471 to 0.4599 0.0325 no
MCP-1 0.2504 0.01458 to 0.4598 0.0326 no
IL-1IRA 0.2114 -0.02665 to 0.4267 0.0727 no
EOTAXIN 0.2112 -0.02679 to 0.4266 0.0728 no
IL-17 -0.1841 -0.4032 to 0.05500 0.119 no
FGF-Basic 0.1831 -0.05604 to 0.4023 0.1211 no
GM-CSF -0.1694 -0.3904 to 0.07008 0.1519 no
MDC 0.145 -0.09492 to 0.3690 0.2209 no
IL-5 -0.1274 -0.3534 t0 0.1127 0.2829 no
IL-15 -0.103 -0.3316 t0 0.1371 0.3861 no
G-CSF 0.08559 -0.1542 to 0.3159 0.4715 no
HGF 0.07521 -0.1644 to 0.3064 0.5271 no
RANTES -0.07173 -0.3033 t0 0.1678 0.5465 no
MIG 0.05932 -0.1799 to 0.2919 0.6181 no
IFNy 0.04994 -0.1890 to 0.2833 0.6748 no
IL-12 0.04723 -0.1916 to 0.2808 0.6915 no

Plasma was batch-tested as per kit instructions using the Monkey Cytokine Magnetic 29-Plex Panel (ThermoFisher) for each cytokine, chemokine
or growth factor listed. Cytokine levels were correlated to MDSC frequency by Spearman's rank correlation coefficient with an adjusted alpha of
0.0017 to account for multiple comparisons.
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