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Abstract

The contribution of macrophages in the gastrointestinal tract to disease control or progression in
HIV infection remains unclear. To address this question, we analyzed CD163+ macrophages in
ileum and mesenteric lymph node (LN) from SIV-infected rhesus macaques with dichotomous
expression of controlling MHC class | alleles predicted to be SIV controllers or progressors.
Infection induced accumulation of macrophages into gut mucosa in the acute phase that persisted
in progressors but was resolved in controllers. In contrast, macrophage recruitment to mesenteric
LNs occurred only transiently in acute infection irrespective of disease outcome. Persistent gut
macrophage accumulation was associated with CD163 expression on a4f7+CD16+ blood
monocytes and correlated with epithelial damage. Macrophages isolated from intestine of
progressors had reduced phagocytic function relative to controllers and uninfected macaques, and
the proportion of phagocytic macrophages negatively correlated with mucosal epithelial breach,
lamina propria £. coli density and plasma virus burden. Macrophages in intestine produced low
levels of cytokines regardless of disease course, while mesenteric LN macrophages from
progressors became increasingly responsive as infection advanced. These data indicate that non-
inflammatory CD163+ macrophages accumulate in gut mucosa in progressive SIV infection in
response to intestinal damage but fail to adequately phagocytose debris, potentially perpetuating
their recruitment.
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Introduction

Results

Macrophages are mononuclear phagocytes that mediate innate homeostatic and
inflammatory functions in tissues throughout the body. Macrophages are most abundant in
the gastrointestinal tract, where they maintain a non-inflammatory environment, expressing
low levels of innate response receptors and primarily scavenging debris and promoting
wound repair [1, 2]. Under inflammatory conditions, such as with Crohn disease and
ulcerative colitis, colonic tissues have an increased frequency of activated proinflammatory
macrophages that are hyper-responsive to bacterial stimuli and correlate with increased
turnover of CD14-high inflammatory monocytes [3, 4]. These findings have implications for
macrophage recruitment and accumulation as a central mechanism in the pathogenesis of
inflammatory bowel disorders [5]. Macrophages also infiltrate the intestine in HI\-infected
humans and SIV-infected macaques [6—-8]. However, whether macrophage accumulation in
intestine reflects a beneficial or detrimental role in HIV//SIV pathogenesis remains unknown.

The rhesus macaque MHC class | allele Mamu-B*008 s correlated with long-term control
of SIV replication, generating CD8+ T cell responses against comparable peptides as the
human elite controlling allele HLA-B*27[9-11]. Macaque controlling alleles Mamu-A*001
and Mamu-B*017 are also associated with a low set-point viral load, whereas rhesus
macaques that lack expression of all 3 controlling alleles have high set-point virus loads and
progress to disease in a predictable fashion [12-14]. Hence, by using SIV-infected rhesus
macaques with or without expression of protective MHC class I alleles, immune responses
in animals predicted to control or progress to disease based on viral set-point can be
examined in the same species of monkey infected with the same strain of virus. In this study,
we used differential expression of SIV controlling alleles to explore the potential
contribution of gut macrophages during acute and chronic stages of infection to disease
progression or control.

Our findings reveal that CD163+ macrophages accumulate in ileal mucosa but not
mesenteric lymph node (LN) at all stages of progressive SIV infection in association with
intestinal damage. These gut macrophages have reduced phagocytic capacity and fail to clear
debris, providing a positive feedback for sustained macrophage recruitment. The findings
also reveal that gut macrophages in both SIV progressors and controllers, in contrast to
macrophages in mesenteric LNs, do not spontaneously release proinflammatory cytokines in
chronic infection and do not respond to viral stimuli ex vivo. These findings suggest that
CD163+ gut macrophages may serve to limit the inflammatory response in progressive
infection rather than promote it.

Persistent accumulation of macrophages in small intestine in macaques with progressive
SIV infection

We developed a model of diverging SIV disease course in rhesus macaques using differential
expression of protective MHC molecule Mamu-B*008[9]. We identified 12 rhesus
macaques with and 12 without expression of Mamu-B*008 based on a pre-study haplotype
screen. Of the 12 that expressed Mamu-B*008, 3 co-expressed controller allele Mamu-
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A*001and 1 animal expressed alleles Mamu-B*008, A*001, and B*017. Mamu-B*008-
negative macaques also lacked expression for Mamu-A*001 and Mamu-B*017 (Table 1).
Macaques were inoculated intrarectally with a single high dose (10° TCIDsp) of pathogenic
isolate SIVmac251 and monitored out to week 20 post-infection. A threshold of 104 SIV
RNA copies/mL plasma at virus load set-point (week 8) was used to sort animals into
predicted SIV progressors or controllers [15]. In total, 14 macaques had set-point virus loads
>10% SIV RNA copies/mL and were defined as SIV progressors and 10 had set-point virus
loads <10* SIV RNA copies/mL and were defined as SIV controllers (Table 1). Viral load
divergence in the two groups was statistically significant by week 3 post-infection (Fig. 1A).

We first evaluated the frequency of macrophages in the ileum using established in situ
techniques [8]. In parallel, we identified and analyzed macrophage frequency in mesenteric
LNs by flow cytometry, gating on CD3/CD20-MHC class 11+CD163+ cells [8]. We used
scavenger receptor CD163 to define macrophages based on its restriction to cells of
monocyte/macrophage lineage including macrophages in the intestine [1] and the extensive
literature regarding CD163+ cells and soluble CD163 in HIV/SIV pathogenesis [6, 8, 16—
22]. The density of CD163+ macrophages increased over 2-fold in both the mesenteric LNs
and gut mucosa in acute SIV infection compared with pre-infection (Fig. 1B, C). By week
12, the proportion of macrophages in mesenteric LNs had declined to pre-infection levels.
However, in gut there was a stark divergence in macrophage abundance between controllers,
which had a decline in the frequency of macrophages, and progressors, which had a
persistently high frequency of macrophages. This difference achieved statistical significance
at week 20 (Fig. 1C, D). Gut macrophage frequency at weeks 12 and 20 strongly correlated
with the level of chronic phase plasma viremia (Fig. 1C).

We next generated single-cell suspensions of ileum and used flow cytometry to explore
changes in gut macrophage activation and turnover between progressors and controllers. Gut
macrophages were identified as CD3/CD20-MHC class 11+CD163+ cells and assessed for
expression of Ki67, a measure of recent cell division, activation markers CD86 and CD95,
and active caspase-3 and caspase-1, regulators of cell death pathways apoptosis and
pyroptosis, respectively (Fig. 1E). Infection with SIV had no influence on the frequency of
gut macrophages expressing Ki67, CD86, or active caspase-3, however there was a trend
towards increased active caspase-1 expression in the chronic stage in both progressors and
controllers. The proportion of CD95+ macrophages increased during acute infection in both
groups and remained somewhat elevated in progressors at chronic stages (Fig. 1F).

To determine if monocyte trafficking represented a potential mechanism for increased
macrophages in SIV-infected intestine, we stained PBMC for CD14 and CD16 to delineate
the three monocyte subsets found in blood and assessed for expression of gut-homing
integrin a4p7 by flow cytometry (Supplemental Fig. 1A). Monocytes were identified as
CD16-CD14+, CD16+CD14+, or CD16+CD14- within the MHC class 1+ population
lacking expression for CD3, CD20, and CD8 [23]. Prior to infection, all monocyte subsets
expressed low levels of a4p7. After infection both SIV controllers and progressors had an
increased frequency of a4B7+CD16+CD14- monocytes at week 2 post-inoculation that
declined by chronic infection and was not significant between groups (Supplemental Fig.
1A, B). The proportion of a4p7+CD16-CD14+ monocytes also increased in progressors
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during the acute stage. To evaluate if gut-homing monocytes could be a source of
accumulating CD163+ macrophages, we next looked at expression of CD163 on a4p7+
monocytes. Consistent with previous reports, the CD16+CD14- subset expressed the lowest
level of CD163 in uninfected blood, whereas expression of CD163 on CD16+CD14+ and
CD16-CD14+ monocytes was nearly 5-fold higher by comparison [24]. Notably, CD163
expression was selectively elevated on all a4p7+ monocytes in macaques with progressive
SIV infection during the acute phase compared to controllers and remained elevated at week
12 only on the CD16+CD14~ subset (Supplemental Fig. 1C).

Progressive SIV infection is associated with increased intestinal breach and microbial
translocation

We next sought to investigate the relationship between macrophage frequency in the gut and
intestinal epithelial barrier damage and microbial translocation [25]. Sections of ileum were
stained with Ab to cytokeratin to assess intestinal epithelial integrity and Ab to Escherichia
coli (E.coli) to assess microbial translocation [25]. Tissues taken prior to infection displayed
uniform staining for cytokeratin along the interface of the lumen and lamina propria
reflecting an uncompromised barrier of columnar epithelial cells. At week 2 of infection,
multifocal disruptions in cytokeratin expression were present in both cohorts of animals
(Fig. 2A). Qualitative and quantitative analysis revealed a pronounced disruption of
cytokeratin expression by weeks 12 and 20 in SIV progressors that was not apparent in
macaques with controlled infection (Fig. 2A, B). Shortened intestinal villi were also evident
in sections of gut from progressor animals at the chronic stages, consistent with villous
atrophy noted in HIV enteropathy [26]. Evidence of microbial translocation as measured by
E.coli staining was sparse in the intestinal lamina propria prior to infection, with the
majority of £.colipresent on the luminal side of the gut (Fig. 2A). Infection was associated
with an increase in the percentage of lamina propria occupied by £.coli, primarily among
SIV progressors, however there was considerable variation between animals (Fig. 2B).
Increased intestinal damage in chronic infection strongly correlated with macrophage
abundance and chronic phase viremia, but not microbial translocation (Fig. 2C).

Gut macrophages in progressive SIV infection have impaired phagocytic function

Next we used confocal microscopy to analyze in situ whether accumulating macrophages
phagocytose cellular and bacterial debris in small intestine. Sections of ileum were stained
with Abs to CD163 and either cytokeratin, £.coli, or hemoglobin, the biological ligand for
CD163, and then analyzed for co-expression, a measure of macrophage phagocytosis.
Staining for cytokeratin in infected gut, particularly in regions with intestinal breach,
revealed cytokeratin+ debris within the lamina propria where large clusters of macrophages
could also be found. Co-staining for CD163 and lamina propria-associated cytokeratin could
be detected in SIV-infected tissues but was seldom seen before infection (Fig. 3A, top). In
contrast, co-localization of CD163 with £.colf+ staining was rare in both uninfected and
infected intestine, even in tissues where microbial translocation was most abundant (Fig. 3A,
middle). Hemoglobin staining was plentiful in infected gut, suggestive of focal hemorrhage
and hemolysis, and confocal imaging revealed hemoglobin deposits within CD163+
macrophages (Fig. 3A, bottom).
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To quantitatively address the impact of SIV infection on macrophage phagocytic function,
we next assessed the ability of isolated gut macrophages to engulf antigen ex vivo.
Phagocytosis was determined by measuring real-time uptake of fluorescently-labeled
bioparticles using a pH-sensitive assay. Intestinal suspensions from before infection and at
week 20 post-infection were incubated with bioparticles and then stained with Abs for
detection of phagocytic macrophages by flow cytometry. Macrophages expressing CD163
were delineated in suspension and phagocytic macrophages identified as pHrodo+ (Fig. 3B).
We also analyzed bioparticle uptake in macrophages from mesenteric LNs for comparison.
Phagocytic macrophages in gut represented a median 27% of the total CD163+ population
prior to infection, and roughly twice as many macrophages could uptake antigen in
mesenteric LNs (Fig. 3C). After infection, however, we found a dramatic decline in
bioparticle uptake by intestinal macrophages at week 20 in SIV progressors compared to
macrophages in SIV controllers and uninfected macaques. In contrast, we found no change
in mesenteric LN macrophage’s ability to phagocytose bioparticles with infection (Fig. 3C).
The frequency of phagocytic macrophages in gut mucosa inversely correlated with gut
macrophage abundance, intestinal breach, lamina propria £.coli density and chronic phase
viral load (Fig. 3D).

We next quantified cell-associated virus in mesenteric LNs and intestine by RT-PCR as well
as determined the percentage of SIV p27 (gag)+ macrophages in suspension by flow
cytometry. In both mesenteric LNs and gut, there was a trend towards more cell-associated
virus in progressors compared to controllers at week 20 (Fig. 3E). Nevertheless, flow
cytometric analysis of p27+ cells revealed infected macrophages were rare in both
mesenteric LN and ileum at week 20 post-infection regardless of disease outcome (Fig. 3F).

Gut macrophages are poor producers of inflammatory cytokines regardless of SIV

infection

We next evaluated whether increased macrophages in SIV-infected gut mucosa may
contribute to gut-associated inflammation. To address this question, we assessed the capacity
of CD163+ macrophages in suspension to respond to ex vivo stimulation with aldrithiol-2-
inactivated SIV (iSIV) that activates macrophages through TLR8, and influenza virus, which
can stimulate RIG-I and TLR3, 7, and 8 [27-29]. We also stimulated macrophages with
Env976, a uridine rich ssRNA oligonucleotide sequence derived from SIVmac251 envgene
that stimulates macrophages through TLR8 (Fig. 4A) [30]. In uninfected mesenteric LNs,
macrophages were moderately responsive to Env976 and iSIV stimulations but not influenza
and produced low levels of cytokines spontaneously (Fig. 4B). Following infection, there
was a non-significant increase in the frequency of macrophages spontaneously producing
cytokines that was sustained into chronic infection. Similar changes in cytokine+
macrophages were seen after ex vivo stimulation during the acute stage, however the
proportions were comparable to the level of cytokines produced spontaneously. By week 20
post-infection, macrophages from progressors were significantly more responsive to Env976
and iSIV compared to controllers (Fig. 4B). In comparison, in gut mucosa, the percentage of
unstimulated or stimulated gut macrophages producing combinations of TNF-a., IFN-a,
and/or IL-6 was below 5% in macaques before to infection (Fig. 4C). SIV progressors
exposed to Env976 had significantly more cytokine+ macrophages at week 12 compared to
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pre-infection and week 2; a finding not observed in macrophages from animals with low set-
point viral loads. Nevertheless, differences in gut were minor, especially compared to in
mesenteric LNs, and overall very few intestinal macrophages produced any combination of
TNF-a, IFN-a, or IL-6 spontaneously or in response to iSIV or influenza after infection
regardless of predicted disease outcome (Fig. 4C).

Discussion

In this study, we report differences in macrophage abundance and function in ileum of SIV-
infected rhesus macaques with differential disease outcome that exist during chronic
infection and correlate with the degree of gut epithelial damage. In contrast to macrophages
that dominate colon in inflammatory bowel disease, we found no evidence of a
proinflammatory response from infiltrating macrophages in SIV-infected animals with
progressive disease [3, 31-33]. Instead, macrophages in the ileum of SIV-infected macaques
were non-responsive to viral agonists and had decreased phagocytic capacity in progressors
but not controllers. These longitudinal data expand upon cross-sectional findings in HIV-
infected humans and SIV-infected macaques [6—8] and suggest that increased intestinal
pathology in progressive disease is a mechanism of recruitment for macrophages into gut.
The data further suggest that failure of gut macrophages to phagocytose debris promotes
their continued recruitment and infiltration.

The cause of intestinal macrophage dysfunction in animals with progressive SIV infection is
unclear but is likely to be multifactorial. Macrophages are secondary reservoirs of HIV/SIV
in the gastrointestinal tract and support infection and active replication of virus in explanted
vaginal mucosa [34]. In small intestine, however, macrophages lack surface receptors CD4,
CCR5, and CXCR4 for viral entry and are not permissive to infection [35], consistent with
our data. Animals with controlled SIV infection in our study had minimal intestinal damage
and microbial translocation, comparable to findings in nonpathogenic SIV models that have
less systemic immune activation and tissue-associated inflammation despite high levels of
virus replication in blood and gut [36, 37]. Together, these results suggest that altered
macrophage phagocytic activity in SIV-infected small intestine is likely a consequence of the
state of the local microenvironment and not direct viral infection.

We used CD163 to identify macrophages in the ileum as the majority of macrophages in the
human gut express this receptor [1]. Other studies in HIV infection have used CD68 in
parallel with CD163 to identify macrophages in the duodenal mucosa and found nearly
identical proportions of macrophages when either marker was used [6]. The pan-myeloid
marker CD33 can be used to identify intestinal macrophages in the human but this marker is
also found on dendritic cell subsets [38]. Functionally, CD163 senses bacterial antigen and
excessive hemoglobin deposits from lysed blood cells and promotes their uptake and
degradation [39]. Our findings of increased non-inflammatory macrophages in animals with
intestinal breach suggest a role for macrophage recruitment and phagocytosis in mitigating
tissue-associated inflammation and subsequent intestinal barrier breakdown [40]. Microbial
translocation is a hallmark of HIV/SIV infection and a cause of chronic immune activation
associated with progression to AIDS, and studies in HIV-infected humanized mice
demonstrate a link between impaired macrophage phagocytic function, plasma LPS burden,
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and systemic T cell activation [41, 42]. Less appreciated are the effects of macrophage
functional impairment on clearing excessive hemoglobin in tissues, which could have
equally important pathologic consequences due to hemoglobin’s ability to induce leukocyte
production of TNF-a,, IL-8, and IL-6 that may further trigger enterocyte apoptosis [43].

In health, intestinal macrophages downregulate TLR-adaptor proteins MyD88 and TRIF as
well as other innate signaling molecules in response to stromal-derived TGF-g and 1L-10 to
avoid adverse reactions towards enteric microbiota [2]. Previous studies have shown that
TGF-p and IL-10 expression levels are elevated in HIV/SIV-infected gut mucosa, and
therefore these cytokines could potentially continue to act on newly recruited macrophages
to promote a non-inflammatory phenotype [44]. In our study, macrophages in mesenteric
LNs but not gut mucosa from SIV progressors became increasingly responsive to
stimulation by virus-encoded ligands, suggesting an enhanced ability to respond to
pathogens as infection advances. It is not clear whether other subsets of macrophages might
accumulate in SIV-infected mucosal tissues and contribute to inflammation. In HIV
infection, CD14+ macrophage numbers are increased in colon from AIDS patients and
express TNF-a and IL-1B, but whether these cells also express CD163 was not addressed
[45]. It is also possible that gut macrophages in animals with a progressive disease course
switch to have an inflammatory function with the onset of AIDS [8].

Our results suggest that macrophage accumulation in intestine derives from extravasated
monocytes co-expressing CD163 and gut-homing marker a4p7. Plasmacytoid dendritic cells
in blood similarly upregulate a4f7 during SIV infection and accumulate in rectal tissues
[46]. Others have reported that the frequency of CD163+CD16+ monocytes correlates
positively with viral burden in HIV infection, and that /n vitro maturation of monocytes into
macrophages induces CD163 expression [24, 47]. Macrophage activation is associated with
increased shedding of membrane-bound CD163, and increased soluble CD163 in plasma is
characteristic of AIDS pathogenesis [20, 22]. LPS-induced shedding of CD163 from
monocytes indicates CD14+ monocytes may contribute a majority of CD163 in plasma [24].
Previous studies reveal that CD16+CD14— monocytes are preferentially expanded in acute
and chronic SIV infection and share functional characteristics with intestinal CD163+
macrophages in our study [48, 49]. In Crohn disease patients, classical CD14+ monocytes
selectively migrate to inflamed colon and phenotypically and functionally resemble newly
accumulated CD14+ inflammatory macrophages [4]. CD14+CD16+ macrophages
expressing high levels of M-DCS8, a variant of P-selectin glycoprotein ligand-1, are abundant
in inflamed tissues of Crohn patients [50]. Notably, circulating activated M-DC8+
monocytes that over-produce TNF-a in response to microbial products are seen in untreated
and viremic HIV-infected individuals [51]. Whether these activated M-DC8+ monocytes that
reportedly lack CD163 expression accumulate in gut mucosa is currently not known. It is
notable that blockade of a4f7 in combination with antiretroviral therapy promotes virologic
control better than antiretroviral drugs alone [52]. Given our findings, it is likely this
therapeutic approach might also impact macrophage recruitment to gut mucosal tissues.

Gut macrophages had not undergone high levels of recent cell division in response to SIV
infection in our study. Macrophages in acute SIV-infected LNs also undergo limited
proliferation but significant cell division is found in LNs taken much later in infection (=66
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weeks post-SIV) and in AIDS [8, 53, 54]. Our data show a trend towards increased
macrophage expression of caspase-1 as infection progresses, suggesting that pyroptosis,
which is a downstream effect of caspase-1 activation, may be a feature in gut macrophage
death as it is in CD4+ T cells in HIV-infected LNs [55]. The potential contributions of
pyroptosis and apoptosis to macrophage death in gut mucosa need to be further addressed.

In summary, we have used dichotomous expression of controlling MHC class | alleles to
show that macrophages with reduced phagocytic function persistently accumulate in the
small intestinal mucosa in progressive SIV infection associated with tissue damage.
Presumably, the capacity of virus-specific CD8+ T cells to reduce virus load and virus-
mediated tissue destruction in controllers allowed for normal macrophage recruitment and
function in gut mucosa in this group. Whether antiretroviral therapy would have the same
effect on macrophage function is not known; however antiretroviral therapy does prevent the
massive accumulation of gut macrophages that otherwise occurs in untreated HIV patients

[6].

Materials and methods

Animal procedures

Indian-origin rhesus macaques housed at the University of Pittsburgh (U.S. Public Health
Service Assurance Number: A3187-01) were used in this study and all animal manipulations
and procedures were done with appropriate institutional regulatory oversight and approval.
Twelve macaques were selected with and 12 without expression of Mamu-B*008, a
macaque MHC class | allele correlated with control of chronic phase plasma viral burden
[9]. Macaques were inoculated intrarectally with 10° TCIDsg/mL of SIVmac251 and plasma
was extracted from whole blood drawn periodically to monitor viral burden and for analysis
of cells in circulation. Mesenteric LNs and resections of ileum of approximately 20-25cm in
length were taken from each animal using well-established techniques [56] at two of the
following time-points: pre-infection, or at weeks 2, 12, or 20 post-inoculation. Briefly,
animals were anesthetized with isoflurane and a ventral midline incision was made to
exteriorize the small intestine and associated mesentery. A section of ileum was isolated
using intestinal clamps and resected and the two ends anastomosed surgically. Individual
mesenteric LNs were excised from the mesentery and the rent in the mesentery was sutured
closed. No adverse effects were noted following these resections beyond initial inappetance
and discomfort which was alleviated palliatively with analgesics. A minimum of 8 weeks
was allowed between repeat surgeries.

Tissue preparation

For isolation of mononuclear cells from intestine, tissues were minced and incubated in
5mM EDTA HBSS. Intestinal slurries were subsequently digested in 15 U/mL collagenase
media, mechanically disrupted, and run on a Percoll gradient for leukocyte separation.
Suspensions of freshly isolated mesenteric LNs were generated as previously described [8].
Viral RNA in mesenteric LNs and intestinal suspensions was determined using RT-PCR and
quantified per 1x10° cells. A portion of resected intestine was fixed in 2% paraformaldehyde
and infused with 30% sucrose prior to freezing with an aerosol of chlorodifluoromethane
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and stored at —80°C. Viral RNA in plasma was determined by RT-PCR as previously
described [57].

Immunofluorescence microscopy and quantitative analysis

Sections of ileum were prepared and stained as described previously [8] using the following
primary Ab: monoclonal mouse anti-human Cytokeratin (Clone MNF116, Dako), rabbit
polyclonal anti-£.coli (Dako), monoclonal rabbit anti-hemoglobin (EPR3608, abcam), and
monoclonal mouse anti-human CD163 Biotin (GHI/61, eBioscience). Primary Ab were
detected using secondary Ab from Thermo Scientific: donkey-anti-rabbit 1gG Alexa Fluor
546 secondary, goat anti-mouse Alexa Fluor 546, and HRP-Streptavidin Alexa Fluor 488
Tyramide Signal Amplification kits. /n situ quantification for CD163+ macrophages,
cytokeratin, and £.cofiwas carried out as previously published by us and others [8, 25]. To
determine intestinal breach, the length of the epithelial interface between the lumen and
lamina propria with and without cytokeratin expression was assessed using the length
measurement tool in NIS-Elements software (Nikon). Percent breach was then ascertained
using the formula: ((length of no cytokeratin expression) / (length of no cytokeratin
expression + length of cytokeratin expression)) x 100. Percent area of £.coli was determined
by tracing using the NIS-Elements polygonal ROI function. Percent £.coli+ area was
calculated using the formula: (area of lamina propria occupied by £.coli staining / total area
of lamina propria) x 100. All data represent averages of quantification from ten
nonoverlapping regions of lamina propria.

Flow cytometry and phagocytosis assay

Ileum, mesenteric LNs, and PBMC suspensions were stained with the following cell surface-
labeling anti-human Ab (all Ab were purchased from BD Biosciences unless otherwise
noted): HLA-DR (clone L243), CD163 (GHI/61), CD3 (SP34-2), CD4 (L200), CD20 (2H7,
eBioscience), CD45 (D058-1283), CD14 (M5E2), CD16 (3G8), CD8 (RPA-T8), p27
(55-2F12, NIH AIDS Reagents), CD86 (FUN-1), CD95 (DX2), and a4p7 (A4B7, NHP
Reagent Resource). Nonviable cells were excluded with a fluorescent LIVE/DEAD cell stain
(Invitrogen). Intracellular analysis of Ki67 (B56) and active caspase-3 (C92-605) were
conducted after permeabilization with Cytofix/Cytoperm reagent (BD Biosciences).
Detection of active caspase-1 was carried out using the FAM-FLICA Caspase-1 Assay Kit
(ImmunoChemistry Technologies) per the manufacturer’s instructions. To measure
responses to stimulation, freshly isolated intestinal and mesenteric LN single cell
suspensions were cultured for 7 h with H7N3 influenza virus (MOI of 5), Env976
oligonucleotides (10ug/mL), or AT-2 iSIVmac239 (200ng capsid/mL) with or without
brefeldin A (Sigma) treatment after 2 h before cell surface labeling. Cells were then fixed
and permeabilized using Cytofix/Cytoperm and subsequently stained with anti-human Ab to
TNF-a (Mab11), IL-6 (MQ2-6A3), and IFN-a (225.C, Chromaprobe). Phagocytic activity
was determined using the pHrodo Escherichia coli BioParticles Conjugate for Phagocytosis
kit (Invitrogen) according to the manufacturer’s instructions with minor modifications.
Briefly, a suspension of 2x108 intestinal cells were incubated at 4°C or 37°C for 1 h in a
fixed volume of media before the addition of 50uL pHrodo for an additional 1 h. Cells were
subsequently washed and stained with surface markers for macrophage identification. All
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data were acquired using an LSR 1l flow cytometer (BD Biosciences) and analyzed using
FlowlJo 7.6.4 (TreeStar).

Statistical analysis

Cross-sectional comparisons between SIV progressors and controllers were performed using
a regular two-way ANOVA followed by Sidak’s post test. Longitudinal comparisons across
multiple timepoints were performed using a nonparametric one-way ANOVA followed by
Dunn’s post test. Comparisons between two timepoints (e.g., pre-infection vs. week 20)
were performed using a two-tailed nonparametric Mann-Whitney U test. Correlations were
determined using a two-tailed nonparametric Spearman rank test. All aforementioned
statistical tests were carried out using GraphPad Prism version 6. Pie charts were analyzed
using a permutation test performed with SPICE (version 5.22). A p-value < 0.05 was
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Persistent accumulation of CD163+ macrophagesin ileum of SI'V progressors but not

controllers

(A) Longitudinal viral RNA burden in plasma. Red depicts macaques with week 8 viral
loads >10% RNA copies/mL (SIV progressors) and blue depicts macaques with week 8 viral
loads <10* RNA copies/mL (SIV controllers). (B) The proportion of CD163+ macrophages
in mesenteric LNs as determined by flow cytometry. (C) (Left) The frequency of CD163+
macrophages in sections of ileum enumerated using ImageJ and MetaMorph software.
(Right) Correlation between the frequency of gut macrophages and plasma viral loads at
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weeks 12 and 20. (D) Representative immunofluorescence of sections of ileum from
macaques prior to infection and at weeks 2, 12, and 20 post-infection stained with Ab to
CD163 to identify macrophages. Original magnification = 200x. (E) (Top) Representative
flow cytometric analysis of ileum single-cell suspensions showing gating strategy to define
CD163+ macrophages. (Bottom) Representative flow cytometric analysis for Ki67, CD86,
CD95, active caspase-3, and active caspase-1 on CD163+ macrophages in ileum before and
after SIV infection. (F) The proportion of CD163+ macrophages expressing Ki67, CD86,
CD95, active caspase-3, or active caspase-1 in ileum. Horizontal lines in (B), (C), and (F)
represent medians. # signifies cross-sectional differences between progressors and
controllers and * signifies longitudinal differences within the same groups. For (A) statistical
comparisons were done using a two-tailed nonparametric Mann-Whitney U test. For (B),
(C), and (F) statistical comparisons were done using a regular two-way ANOVA followed by
Sidak’s post test (#) or nonparametric one-way ANOVA followed by Dunn’s post test (*).
Correlations in (C) were determined using a two-tailed nonparametric Spearman rank test.
*# p< 0.05; **/## p< 0.01; ***/### p< 0.001.
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Figure 2. Progressive SIV infection is associated with gut epithelial damage and microbial
translocation

(A) Representative immunofluorescence of ileum sections from macaques taken prior to
infection and at weeks 2, 12, and 20 post-infection stained with Ab to cytokeratin (Top) or
E.coli (Bottom) to identify epithelial integrity and extent of microbial translocation. Original
magnification = 200x. (B) Quantitative image analysis showing ratio of breach to intact
intestinal epithelium determined by cytokeratin+ staining (Left) and percentage of lamina
propria occupied by £.coli+ staining (Right). Quantitation of cytokeratin+ staining and
E.col+ staining was carried out using NIS-Elements software. Horizontal lines in (B)
represent medians. # signifies cross-sectional differences between progressors and
controllers and * signifies longitudinal differences within the same groups. Statistical
comparisons were done using a regular two-way ANOVA followed by Sidak’s post test (#)
or nonparametric one-way ANOVA followed by Dunn’s post test (*). (C) Correlation
between the ratio of breach to intact intestinal epithelium and the number of intestinal
CD163+ macrophages, the percentage of lamina propria occupied by £.co/i and the number
of intestinal CD163+ macrophages, the ratio of breach to intact intestinal epithelium and the
percentage of lamina propria occupied by £.coli; and ratio of breach to intact intestinal
epithelium and plasma viral load at weeks 12 and 20. Correlations were determined using a
two-tailed nonparametric Spearman rank test. Red depicts SIV progressors and blue depicts
SIV controllers. */# p < 0.05; **/## p < 0.01; ***/##Ht p< 0.001.
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Figure 3. CD163+ gut macrophages from macaques with progressive S|V infection have
impaired phagocytic function

(A) Representative immunofluorescence of ileum sections from SIV-infected macaques
stained with Abs to CD163 and either cytokeratin to identify cytokeratin+ macrophages
(Top), E.colito identify £.coli+ macrophages (Middle), or hemoglobin to identify
hemoglobin+ macrophages (Bottom). LP = lamina propria and L = lumen. (B) (Left)
Representative flow cytometric analysis of ileum single-cell suspensions showing detection
of CD163+ macrophages. (Right) Representative flow cytometric analysis for pHrodo on
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CD163+ macrophages in ileum at pre-infection and at week 20 in high and low viral load
samples. (C) Quantitation of pHrodo+ macrophages in mesenteric LNs (Left) and small
intestine (Right) analyzed by flow cytometry at pre-infection and at week 20 in progressors
and controllers. Statistical comparisons were done using two-tailed nonparametric Mann-
Whitney U test. (D) Correlations between the percentage of pHrodo+ intestinal macrophages
and the number of CD163+ macrophages per nucleated cells, the ratio of breach to intact
intestinal epithelium, the density of £.coliin lamina propria, and plasma viral load at week
20. Correlations were determined using a two-tailed nonparametric Spearman rank test. (E)
Quantitation of cell-associated viral RNA in mesenteric LNs and ileum at week 20.
Horizontal bars in (C) and (E) represent medians. (F) Representative flow cytometric
analysis of SIV-infected mesenteric LNs (Left) and ileum (Right) at week 20 showing
staining for SIV p27 in CD3+ T cells and CD163+ macrophages. Red depicts SIV
progressors and blue depicts SIV controllers. */# p< 0.05; **/## p< 0.01; ***[### p <
0.001.
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Figure 4. CD163+ gut macrophages are non-inflammatory and non-responsive to viral
stimulation in SIV infection

(A) Representative flow cytometric analysis for CD163+ macrophages producing TNF-a.,
IL-6, and IFN-a in Env976 stimulated mesenteric LN single-cell suspensions. (B, C) SPICE
analysis of the proportion of mesenteric LN (B) and intestinal (C) CD163+ macrophages
producing different permutations of TNF-a., IL-6, and IFN-a prior to infection and at weeks
2, 12, and 20 post-infection either spontaneously or after stimulation by Env976, influenza,
or iSIV. Statistical comparisons were done using a permutation test performed with SPICE
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software. # signifies cross-sectional differences between progressors and controllers and *
signifies longitudinal differences within the same groups. Red asterisks reflect SIV
progressors and blue asterisks reflect SIV controllers. */# p < 0.05; **/## p < 0.01; ***/###
p<0.001.
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Animal characteristics

Table 1

Animal ID

M12-13
M174-12
M11-13
M13-13
M57-13
M58-13
M175-12
M176-12
M177-12
M132-14
Median

M59-13
M60-13
M173-12
M131-14
M133-14
M134-14
M135-14
M136-14
M172-12
M181-13
M182-13
M183-13
M184-13
M185-13
Median

MHC class| haplotype

Wk8 plasma VL (RNA copies/mL)

Predicted SIV Controllers (VL <10* RNA copies/mL)

B*008+
B*008+
B*008+
B*008+
B*008+
B*008+
B*008+
B*008+
B*008+
B*008-

A*001+
A*001+
A*001+
A*001+
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-

B*017+
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-

<200
2,702
1,953
1,542
435
1,632
<200
2,669
1,422
1,305
1,482

Predicted SIV Progressors (VL >10* RNA copies/mL)

B*008+
B*008+
B*008+
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-
B*008-

A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-
A*001-

B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-
B*017-

21,802
22,826
168,148
636,401
79,026
48,212
15,110
289,716

4,000,000
2,400,000

410,006
44,017
38,742
50,000
64,513
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