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The effects of HIV infection on spleen and its cellular subsets have not been fully characterized,
particularly for macrophages in which diverse populations exist. We used an accelerated SIV-infected
macaque model to examine longitudinal effects on T-cell and macrophage populations and their sus-
ceptibilities to infection. Substantial lymphoid depletion occurred, characterized by follicular burn out
and a loss of CD3 T lymphocytes, which was associated with cellular activation and transient dysre-
gulations in CD4/CD8 ratios and memory effector populations. In contrast, the loss of (D68 and
(D163"CD68" macrophages and increase in (D163 cells was irreversible, which began during acute
infection and persisted until terminal disease. Mac387 macrophages and monocytes were transiently
recruited into spleen, but were not sufficient to mitigate the changes in macrophage subsets. Type I
interferon, M2 polarizing genes, and chemokine-chemokine receptor signaling were up-regulated in
spleen and drove macrophage alterations. SIV-infected T cells were numerous within the white pulp
during acute infection, but were rarely observed thereafter. CD68, CD163, and Mac387 macrophages
were highly infected, which primarily occurred in the red pulp independent of T cells. Few macrophages
underwent apoptosis, indicating that they are a long-lasting target for HIV/SIV. Our results identify
macrophages as an important contributor to HIV/SIV infection in spleen and in promoting morphologic
changes through the loss of specific macrophage subsets that mediate splenic organization.
(Am J Pathol 2016, 186: 2068—2087; http://dx.doi.org/10.1016/j.ajpath.2016.03.019)

The functions, organization, and cellular constituents of the
spleen drastically change during HIV infection, as it is
infected early during primary disease.' Substantial
morphologic changes occur as a result of the persistent
infection, including white pulp depletion, perivascular
hyalinization, necrosis, extramedullary hematopoiesis, and
inflammatory cell infiltrates.” Although not as extensively
characterized as other lymphoid organs, the spleen repre-
sents an anatomical viral reservoir’ ~ that occurs, in part,
because of the limited penetration of some antiretroviral
drugs to the organ.® The spleen also contains potential T-cell
and macrophage cellular reservoirs.” HIV-induced splenic T
lymphocyte dysfunction is well characterized and consists
of a significant decline in the numbers of CD4 cells, the
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recruitment of virus-specific cytotoxic T lymphocytes, and
the presence of latently infected memory cells.” '’ Macro-
phages are also important during infection and promote HIV
persistence and damage to the spleen.”'® In addition to
producing infectious virus, macrophages may also enter into
a latently infected state and contribute to viral reser-
voirs.”'”~? Furthermore, macrophages are immune to the
cytopathic effects of HIV infection.”*" " This suggests that
once infected, even if present in a latent state or infected at
low levels, these long-lived cells have the potential to
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HIV/SIV Spleen Dysfunction

reactivate virus, produce low-level replication, and present
infectious virus to T cells over the course of many
years.”** Peripheral blood monocytes may also contribute
to splenic macrophage populations during HIV infection
and promote virus-induced damage, as they can accumulate
in the spleens of infected individuals.”’

Diverse macrophage subsets reside within the red and
white pulp compartments of the spleen, and fulfill different
functions as a result of their localization.”” The four major
splenic macrophage populations include tingible body,
metallophilic, marginal zone, and red pulp macrophages.
Marginal zone and metallophilic macrophages reside in the
marginal zone and are critical for eliciting antimicrobial
functions by clearance of blood-borne bacteria and vi-
ruses.*' Follicular tingible body macrophages remove
apoptotic B cells during germinal center reactions and are
essential for the generation of antigen-specific, high-affinity
plasma and memory cells.”*” Follicular macrophages are also
important for presenting antigen to T cells and initiating the
adaptive immune response to pathogens.* Finally, red pulp
macrophages are laid down embryonically and mediate
erythrocyte phagocytosis, hemoglobin/haptoglobin scav-
enging, iron recycling, and storage. Splenic macrophages
are characterized by their unique functions, distinct locali-
zations, and expression of differential cell markers.*!

In addition to their unique markers, macrophages also
express CD163 and CD68, less specific, general markers
that can be used to collectively identify both resident and
newly entered splenic cells."’ CD163, a glycoprotein
member of the scavenger receptor cysteine-rich group B
family, and CD68, a low-density lipoprotein binding
glycoprotein, are restricted to cells of the monocyte/
macrophage lineage.”* *® CD163, a hemoglobin/hapto-
globin scavenger receptor, is associated with the resolution
of inflammation and is highly expressed on alternatively
activated M2-polarized macrophages.””*® In contrast, CD68
is a widely used immunohistochemical marker present on
many resident tissue macrophages, and is considered a
pan-macrophage marker.”” Mac387, an antibody that has
specificity for the L1 antigen, may also be used to identify
splenic macrophages, and is indicative of a blood
monocyte—derived subset.”’ These newly infiltrated mac-
rophages have a distinct morphology from resident macro-
phages and also have different functional capacities.”'~?
The resident and recently infiltrated macrophage subsets
may have differing levels of HIV infectivity, and may also
promote distinct antiviral and/or inflammatory responses
within the spleen. However, the effects of HIV on these
different splenic macrophage subsets are not completely
understood. It is important to characterize more extensively
the diverse macrophage subsets as these cells are long-lived,
are highly susceptible to infection, and play critical roles in
maintaining splenic function.

Herein, we used an accelerated, consistent SIV-infected
pigtail macaque model to examine the longitudinal effects of
SIV infection on the spleen. We examined splenic CD163,
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CD68, and Mac387 macrophage phenotypes and differential
SIV infection of these cells from acute to late stage disease.
We found that in addition to morphologic and T cell alter-
ations, there were profound and long-lasting changes in
macrophage populations within the spleen. SIV infection
promoted a global increase in CD163 macrophages, and a
simultaneous decrease in CD68 cells, that occurred only
partially because of apoptosis of these cells. In addition,
there was a substantial depletion of fetal-derived red pulp
CD1637CD68" macrophages, which may compromise
splenic iron scavenging. Gene expression profiling demon-
strated that the pronounced increase of interferon mediators,
M2 polarizing factors, and chemokine-chemokine receptor
signaling promoted the regulation of macrophage subsets. All
macrophage populations characterized contained SIV RNA,
as determined by in situ hybridization analyses, although the
subsets had differential patterns and levels of infectivity.

Materials and Methods

Animals and Ethics Statement

All animal studies were approved by the Johns Hopkins
University Institutional Animal Care and Use Committee
and performed according to the guidelines of the US
Department of Agriculture Animal Welfare Act and the NIH
Guide for the Care and Use of Laboratory Animals.” Sixty
pigtailed macaques were involved in the study, 53 of which
were i.v. dual inoculated with SIV/DeltaB670 (50, 50%
animal infectious doses) and SIV/17E-Fr (10,000 50%
animal infectious doses) as previously described.”*”> Ma-
caques were euthanized at 4 (eight animals), 7 (six animals),
10 (six animals), 14 (five animals), 21 (five animals), 56
(nine animals), and 84 (14 animals) days post infection
(dpi), in accordance with federal guidelines and institutional
policies. Seven animals were mock infected and served as
uninfected controls. Macaques were perfused with sterile
saline at euthanasia to remove blood from the vasculature
and tissues.

Sample Preparation

Blood samples were collected at multiple time points before
inoculation, and at 4, 7, 10, 14, 21, 56, and 84 dpi. Blood
was collected into acid citrate dextrose (Sigma-Aldrich, St.
Louis, MO) and a portion used for whole blood immuno-
staining and flow cytometric analyses. Plasma was separated
from the remainder of the blood by centrifugation for the
determination of plasma viral load.”® ®’ At euthanasia and
concurrent with blood sampling, spleens were harvested,
weighed, and sectioned to provide intact tissue for viral load
determination, NanoString analyses, immunohistochem-
istry, and immunohistochemistry with in situ hybridization.
Repeated sampling was not performed for these analyses, as
spleen samples were isolated from independent animals
euthanized at each time point after inoculation. Therefore,
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all splenic observations constitute a cross-sectional study.
For example, data points at days 4 and 7 are not directly
related, but instead represent samples obtained from
different populations of animals infected with SIV for 4 and
7 days, respectively. Repeated sampling was performed for
blood analyses, however, and these data were therefore
examined longitudinally.

Quantitation of Viral Load in Plasma and Viral RNA in
Tissue

Plasma viral load was determined throughout infection, as
well as at the terminal time point. RNA was isolated from
140 pL of plasma using the QIAamp Viral RNA Mini kit
(Qiagen, Valencia, CA) in accordance with the manufac-
turer’s protocol with the modification of on column DNase
digestion (RNase free DNase kit; Qiagen) using RQ1 RNase
free DNase (Promega, Madison, WI) in the enzyme mix.
Spleen viral RNA was measured at the terminal time point
using 25 mg of spleen homogenized using RNA Stat-60
(AMSBio, Cambridge, MA) and RNA isolated using the
RNeasy PLUS Mini Kit according to the manufacturer’s
protocol with the modification of on column DNase diges-
tion (RNase free DNase kit; Qiagen) using TURBO DNase
(Life Technologies, Grand Island, NY) in the enzyme mix.
Quantification of SIV RNA (for plasma viral load and
spleen RNA levels) was performed by RT-PCR using the
following primers and probes: forward primer (SGAG21)
5'-GTCTGCGTCATCTGGTGCATTC-3’; reverse primer
(SGAG22) 5-CACTAGGTGTCTCTGCACTATCTGTT-
TTG-3', probe (pSGAG23) 5-(FAM)CTTCCTCAGTGT-
GTTTCACTTTCTCTTCTG-(BHQ_1)-3/, as previously
described.” Viral loads were log-transformed for statistical
analyses.

Immunostaining and Flow Cytometry of PBMC and
Spleen Single-Cell Suspensions

Whole blood samples were stained with fluorochrome-
coupled CD3, CD4, CDS8, HLA-DR, and CD14 antibodies
for 20 minutes at room temperature and fixed for 10 minutes
with BD FACS Lysing Solution (Becton Dickinson,
Franklin Lakes, NJ). Panels with information for all anti-
bodies are listed in Table 1. Cells were immunostained and
assayed for flow cytometry immediately following initial
isolation, or were cryopreserved in 90% fetal bovine serum
with 10% dimethyl sulfoxide and stored at —140°C until
further analysis. This cryopreservation method is well
established and does not result in loss of cell surface
markers.”" Spleen cells were isolated for flow cytometric
analyses by mechanical agitation and teasing from 10 g of
tissue in RPMI 1640 (Gibco, Gaithersburg, MD) with 10%
fetal bovine serum (Atlanta Biologicals, Norcross, GA)
using 18 gauge needles with the thumb-end of a 5 mL sy-
ringe and passing through a 100 pm cell strainer. On
obtaining single-cell suspensions, red blood cells were lysed
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Table 1 List of Antibodies Used for Flow Cytometry
Immunostaining

Antibody Company Clone
(D3 BD (Franklin Lakes, NJ) SP34-2
(D4 Invitrogen (Carlshad, CA) S3.5
(D8 eBioScience (San Diego, CA) RPA-T8
CD11b Biolegend (San Diego, CA) ICRF44
(D14 Invitrogen Tuk4
(D16 eBioScience 3G8
(D20 eBioScience 2H7
(D28 BD (D28.2
(D45 BD 2D1
(D69 Biolegend FN50
CD95 BD DX2
HLA-DR Invitrogen Tu36

with mild treatment of ammonium chloride. Single-cell
suspensions derived from spleen were stained with
fluorochrome-coupled CD45, CD3, CD4, CD69, CDS,
CD28, CD95, CD11b, CD14, CD16, HLA-DR, and CD20
antibodies (Table 1). Cells were stained and fixed as
described above and as previously described.®”

Samples were analyzed using a BD LSRFortessa or
FACSCalibur cytometer and Diva software version 6.1.3
(Becton Dickinson). FACS data were analyzed using
FlowJo version 9.5.1 (FlowJo, Ashland, OR). All antibodies
were tested for specificity by FMO. To enumerate plasma
CD4 T lymphocytes (defined as CD37CD4™" cells), the
frequency of CD4 T cells relative to the total peripheral
blood CD3 population was multiplied by the whole blood
complete blood cell count. To enumerate plasma monocytes
(defined as CD14 HLA-DR™ cells), the frequency of CD14
monocytes in the peripheral blood was multiplied by the
whole blood complete blood cell count.

Spleen B lymphocytes were defined as CD457CD20™
HLA-DR™. T lymphocytes were defined as CD457CD3",
followed by the further division of CD3 ™ cells into CD8* and
CD4" populations. CD4 T-cell subsets were characterized
according to CD3 positivity, CD8 negativity, CD69 as a
marker of activation,63 ~%5 and on the basis of CD28 and
CD95 expression into naive (CD28+CD957), central mem-
ory (CD28"CD95™), and effector memory (CD28 CD95™)
subsets.’® Spleen monocytes were defined according to light
scatter  characteristics, CD11b positivity, CD14high,
CD45Me" and HLA-DR expression. Monocytes were char-
acterized further to determine the frequency of cells with
surface CD16. Gating strategies for identification of splenic T
lymphocytes and monocytes are illustrated in Supplemental
Figure S1.

Histopathology of Spleen

Spleen sections were fixed in Streck tissue fixative (Streck,
Omaha, NE) for 7 days and paraffin embedded, and he-
matoxylin and eosin staining was performed. To determine
histological differences in the spleen during longitudinal
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SIV infection, three random fields of each slide were
examined by microscope in a blinded manner by a pathol-
ogist (M.C.Z.). Lymphoid depletion is characterized by a
loss of follicles, a decreased size of the periarteriolar
lymphoid sheath, reduced size of the white pulp, the pres-
ence of few to no apparent germinal centers, a loss of overall
architecture of the marginal and mantle zones, and irregu-
larly shaped follicles. Lymphoid hyperplasia is defined as
polymorphous and enlarged follicles, reactive mantle zones,
large germinal centers, and the presence of increased
numbers of white pulp follicles.

Immunohistochemistry in Spleen

CD163, CD68, and Mac387 were used to evaluate splenic
macrophages. Collectively, these three markers identify the
majority of spleen macrophage populations.”’** Immuno-
histochemistry was performed on Streck-fixed, paraffin-
embedded spleen sections. Slides were deparaffinized by
heating at 60°C for 60 minutes and rehydrated in a graded
series of ethanol and water. Slides were pretreated with 10
mmol/L sodium citrate, pH 6.0 (JT Baker, Center Valley,
PA), before blocking with Fc receptor Block (Innovex
Biosciences, Richmond, CA) and Power Block (Biogenex,
San Ramon, CA). Primary antibodies to anti-CD163
(1:5000, clone EDHu-1; AbD Serotec, Raleigh, NC), anti-
CD68 (1:2500, clone KP1; Dako, Carpinteria, CA), and
anti-Mac387 (1:5000, clone Mac 387; Dako) were applied
for 1 hour, followed by DAB HRP Peroxidase Substrate
(Vector Laboratories, Burlingame, CA) for 10 minutes. For
double and triple immunohistochemistry staining, the
appropriate antibodies were added sequentially for 1 hour,
followed by DAB HRP Peroxidase Substrate. In addition,
after immunostaining with each antibody, slides were
blocked with Mouse on Mouse Blocking Reagent (Vector
Laboratories), a peroxidase block (3% H,0, in methanol),
and diluted horse serum to minimize nonspecific signal.
Appropriate isotype-matched tissue controls were used.

CD163, CD68, and Mac387 macrophages were examined
by microscope in a blinded manner by three independent
individuals M.C.Z., J.E.C., and D.W.W.). To quantitate the
presence of the macrophage populations in the germinal
center, mantle zone, marginal zone, and red pulp, numerical
scores of 0 (none), 1 (minimal), 2 (moderate), or 3 (many)
were assigned. The scores for all sections were totaled and
divided by the total number of fields to give a mean score
for the frequency of macrophages. For our semiquantitative
analyses, the mean score for each splenic area was set to one
and a fold-change relative to uninfected macaques was
determined.

NanoString Analysis

Spleens were harvested from macaques at 4 (six animals), 7
(six animals), 14 (five animals), 21 (five animals), and 56
(nine animals) dpi. Four mock-infected animals served as
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controls. RNA was isolated as described above, 250 ng sent
to the Johns Hopkins Deep Sequencing and Microarray
Core, and NanoString analyses performed as previously
described.®” Briefly, in the NanoString technology, molec-
ular barcodes attached to target-specific probes enable
multiplexed measurement of gene expression without the
need of reverse transcription or DNA amplification. In this
highly sensitive and reproducible system, barcodes for
genes of interest are combined with those for negative
(genes whose sequences lack specificity and cross-reactivity
with mammalian genes) and positive (serially diluted probes
that enable quality assurance) controls. In our study, barc-
odes for 76 genes of interest (including actins, GAPDH,
HPRT, and PBGD as housekeeping genes) were combined
with those for six positive and eight negative controls to
generate CodeSets according to the company’s guidelines,
based on rhesus macaque annotated sequences (NanoString,
Seattle, WA). Raw data, which are proportional to gene
copy numbers, were normalized by the geometric mean of
the four housekeeping genes. The four housekeeping genes
were not significantly altered as a result of SIV infection and
had comparable copy numbers in both infected and unin-
fected macaques (data not shown). After normalization, the
copy numbers for each target gene were compared to those
for the negative controls. Target genes with normalized
copy numbers below that of the negative controls were
assigned values of 1. Genes that consistently received values
of 1 throughout longitudinal infection were excluded
because of low hybridization or probe efficiency. One gene
(of 76) met criteria for exclusion. A portion of the animals in
this NanoString analyses were included in a recently pub-
lished study.®” Our NanoString analyses were performed on
tissue homogenates representative of the whole organ, and it
is not possible to ascribe changes in gene expression to any
specific cell population.

Combined Immunohistochemistry and in Situ
Hybridization

To examine SIV RNA-positive CD163, CD68, and Mac387
macrophages in the spleen, combined immunohistochemistry
and in situ hybridization were performed as previously
described.” Briefly, fixed, paraffin-embedded spleen sections
were deparaffinized, rehydrated in a graded ethanol series, and
pretreated with 25 pg/mL Proteinase K (Roche, Indianapolis,
IN). After post-fixing with 4% paraformaldehyde (Sigma-
Aldrich), in situ hybridization was performed using a
SIVmac239 digoxigenin-UTP labeled riboprobe. Immuno-
histochemistry was then performed for CD163, CD68, or
Mac387. Appropriate isotype-matched tissue controls were
used. Uninfected and SIV-infected tissues were used as
negative and positive controls, respectively.

The number of SIV-RNA CD163, CD68, and Mac387
macrophages was determined by manually counting double-
labeled cells in five random fields of spleen. In addition, the
number of small, punctate SIV-RNA positive cells in the
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white pulp that lacked positivity for the macrophage immu-
nohistochemical markers (indicative of T lymphocytes) was
determined by manually counting in five follicles.

Cleaved Caspase-3 Immunohistochemistry

Cleaved caspase-3 analysis was performed using the Leica
Bond RX automated immunostainer (Leica Microsystems,
Wetzlar, Germany). Cleaved caspase-3 antibody (0.252 ng/
mL, Cell Signaling) was used and immunohistochemistry
performed using the Leica Bond Polymer Refine Detection
Kit according to manufacturer’s protocol. The Leica Bond
Polymer Refine Red Detection Kit was used for double
staining with cleaved caspase-3 (0.126 pg/mL, Cell
Signaling) and CD68 and CD163 antibodies according to
manufacturer’s protocol.

Statistical Analysis

Statistical analyses were performed using Prism software
version 6.0 (GraphPad Software, Inc., San Diego, CA). The
Kruskal-Wallis analysis of variance test was performed to
determine significant changes in gene expression during
SIV infection as compared to uninfected control animals
(o0 £ 0.05), followed by Dunn’s multiple comparisons test
(P < 0.05). Linear regression was used to determine cor-
relations between interferon (IFN)- and interferon stimu-
lated genes. The Mann-Whitney test was used to determine
statistical significance for all other data (P < 0.05).

Results

Cellular and Architectural Changes Occur in the Spleen
during SIV Infection

The spleen has abundant lymphocytes and macrophages, the
two major cellular targets of HIV/SIV infection, which
represent potential viral reservoirs and pose major obstacles
to HIV eradication. Of these cell types, splenic macrophages
have been largely understudied. To provide a more com-
plete understanding of splenic alterations during SIV
infection, we used a well-established, consistent, accelerated
pigtail macaque model. In this model, the long progression
to disease, typical of lentiviral infection, occurs within 84
dpi, and is characterized by acute (4, 7, and 10 dpi),
asymptomatic (14 and 21 dpi), and chronic (56 dpi) stages,
after which time terminal disease is achieved at 84 dpi
(Figure 1A).”*" During the progression from acute to ter-
minal disease, plasma viremia increased and remained high,
and CD4 T lymphocytes declined, which is characteristic of
HIV/SIV infection (Figure 1A).

We characterized the T lymphocyte populations during the
course of SIV infection. There was a significant decrease in
the percentage of splenic CD4 T lymphocytes during acute
infection (7 dpi), with a concomitant increase in the per-
centage of CD8 " cells at the same time point, as determined

2072

by flow cytometry (Figure 1B). However, the relative fre-
quencies of these T lymphocyte subsets were restored by 21
dpi to levels similar to that of uninfected macaques, and were
maintained until terminal disease. Despite the restoration in
the relative frequencies of spleen T lymphocytes, the CD4
cells that remained had alterations in cellular activation and
dysregulated memory subsets, as determined by CD69 and
CD28/CD95 flow cytometric analyses, respectively. In un-
infected macaques, 23.4% =+ 1.8% of CD4 T cells expressed
CD69, an early marker of T cell activation (Figure 1C).
During acute infection (7 dpi), expression of CD69 on CD4 T
lymphocytes significantly increased to 41.4% £ 3.2%,
decreased during asymptomatic infection (26.0% + 6.6%),
but later increased again during chronic infection at every
time point examined, relative to uninfected animals
(Figure 1C). In addition to cellular activation, there were also
changes in the memory populations of CD4 T cells. In
uninfected animals, central memory cells comprised the
majority of spleen CD4 T lymphocytes, and naive cells
represented the second most populous subset (Figure 1D).
There was also a minor population of effector memory cells
in uninfected animals. During acute infection (7 dpi), there
was a significant increase in the effector memory subset, a
decrease in central memory cells, and an almost complete
loss of naive CD4 T cells (Figure 1D). These naive cells were
restored during the asymptomatic phase at 21 dpi, suggesting
that additional CD4 T cells were recruited into the spleen
from the peripheral blood. During chronic and terminal
disease, the memory subsets more closely resembled the
frequencies of lymphocytes found in uninfected animals,
where central memory cells comprised the major CD4 cell
subpopulation (Figure 1D).

Pathologic changes in the spleens of SIV-infected and
uninfected animals were examined by histochemical stain-
ing. A pathologist examined the hematoxylin and eosin—
stained slides for lymphoid depletion, as characterized by a
loss of follicles and decreased size of the periarteriolar
lymphoid sheath, and lymphoid hyperplasia, indicated by
enlarged and numerous follicles, in a blinded manner. There
was substantial lymphoid depletion in SIV-infected ma-
caques in both acute and chronic/terminal disease (Table 2).
There was some recovery of lymphocytes during asymp-
tomatic infection, when most of the spleens had a normal
appearance with no abnormalities. Representative images of
hematoxylin and eosin staining illustrate lymphoid hyper-
plasia at 4 dpi, and lymphoid depletion at 56 and 84 dpi
(Figure 1E). The splenic lymphoid depletion that occurred
in our animal model is consistent with studies from in-
dividuals with HIV/AIDS, particularly to those from the
pre—antiretroviral therapy era.””'’

Spleen Macrophages Undergo Dynamic Changes in
Cellular Markers

Macrophages represent one of the first cell types infected
during primary HIV/SIV disease and can continue to harbor
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Figure 1  Analysis of spleen T cells and pathol-
ogy during longitudinal SIV infection. Pigtailed ma-
caques were inoculated with an immunosuppressive
swarm and a neurovirulent clone of SIV. A: Peripheral
blood was obtained from SIV-infected macaques and
RNA isolated at 4, 7, 10, 14, 21, 56, and 84 dpi to
determine plasma viral load (open squares) by
quantitative RT-PCR. CD4 T lymphocytes (closed cir-
cles) were enumerated in whole blood by flow
cytometry. The acute (light shading), asymptomatic,
and chronic (dark shading) phases of SIV infection
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infectious virus, even after effective antiretroviral therapy
and plasma viral suppression.”* "’ To evaluate spleen
macrophage populations during longitudinal SIV infection,
we used three specific macrophage markers: CD163
(a monocyte/macrophage specific haptoglobin/hemoglobin
scavenger receptor’ '), CD68 (a general macrophage marker
and glycoprotein scavenger receptor), and Mac387 (an
antibody that detects the L1 antigen, an intracellular calcium
binding protein highly expressed in myelomonocytic
cells’?). Collectively, these markers account for the majority
of splenic macrophage subsets, including tingible body,
marginal zone, metallophilic, and red pulp macrophages.”’
Each macrophage marker was assessed by immunohisto-
chemistry and analyzed in the germinal center, mantle zone,

[ Effector Memory B Naive

dpi are depicted. B—D: Single cell suspensions were
obtained from spleen at 7, 21, 56, and 84 dpi and
cells analyzed by flow cytometry. B: The frequency of
(D8 (open squares) and CD4 T lymphocytes (closed
circles) relative to the total spleen CD3 T lymphocyte
population was determined by fluorescence-
activated cell sorter analyses. C: The percentage of
splenic CD4 T lymphocytes that expressed cell surface
(D69 was examined in uninfected animals and at 7,
21, 56, and 84 dpi, as an indicator of cellular acti-
vation. D: The frequency of CD28™ naive (gray bars),
(D95" effector memory (white bars), and
CD287CD95" central memory (black bars) CD4 T
lymphocytes in the spleen was determined by flow
cytometry in uninfected macaques and at 7, 21, 56,
and 84 dpi. E: Representative hematoxylin and eosin
—stained spleen sections from uninfected and SIV-
infected macaques euthanized at 4, 10, 21, 56, and
84 dpi. Solid lines connecting data points denote
cumulative and longitudinal blood sampling of the
same animals at every time point after inoculation.
Dashed lines connecting data points indicate cross-
sectional study of independent groups of animals
after euthanasia at each time point. Statistical sig-
nificance was determined by Mann-Whitney test.
Data are expressed as means £ SD. *P < 0.05 versus
the preceding day after inoculation. Original
magnification, x2 (E). Eq, equivalents.

marginal zone, and red pulp in three random fields, in a
blinded manner (M.C.Z., J.E.C., D.W.W.).

We identified four distinct macrophage populations in the
spleen of uninfected animals. Macrophages were phenotyp-
ically identified by expression of CD68, CD163, or Mac387.
CD68 single positive cells primarily resided in the germinal
center, and represented tingible body macrophages®
(Figure 2, A and C). Although not as prevalent as in the
germinal center, CD68 macrophages were also present in the
other areas of the spleen. In contrast, CD163 and Mac387
cells were not present in the germinal center and represented
only a small population of the macrophages in the red pulp.
CD163 and Mac387 macrophages primarily resided in the
mantle and marginal zones (Figure 2, A and C). To further

Table 2  Prevalence of Spleen Pathology during SIV Infection

Variable Uninfected Acute infection Asymptomatic infection Chronic infection
No pathology 72 22 48 22

Lymphoid hyperplasia 14 15 19 21

Lymphoid depletion 14 63 33 57

Data are given as percentage.
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Statistical significance was determined by Mann-Whitney test. P < 0.05 versus the preceding day after inoculation for all comparisons. Data are expressed as
means = SD. *P < 0.05 CD163 macrophages versus the preceding time point; P < 0.05 CD163/CD68 macrophages versus the preceding time point; P < 0.05
Mac387 macrophages versus the preceding time point; and *P < 0.05 CD68 versus the preceding time point. Original magnifications: x 10 (A); x20 (B and C).
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identify the phenotypes, triple immunostaining was per-
formed for the macrophage markers. Macrophages that
expressed both CD163 and CD68 were predominantly
localized to the red pulp and comprised the majority of
macrophages in this area of the spleen (Figure 2B).
CD1637CD68" macrophages were also present at the
proximal region of the marginal zone, directly adjacent to the
red pulp. Mac387 cells appeared to be a unique population,
as they did not express either of the other two macrophage
markers, which is consistent with the work of others.”’ Data
summarizing the macrophage populations present in the
uninfected spleen are listed in Table 3.

There were profound and significant changes in all splenic
macrophage populations during SIV infection, the majority
of which began during acute infection and persisted during
terminal disease. First, there was a global decrease in CD68
macrophages, relative to control animals (Figure 2, A and B).
The significant loss of CD68 cells (0.56 £ 0.06-fold change,
relative to uninfected controls) consistently occurred at every
phase of disease, and was most prominent in the germinal
center (Figure 2D). A similar decline in CD68 macrophages
also occurred in the marginal zone and red pulp (Figure 2,
F and G). Concomitant with the down-regulation of CD68
was a significant increase in CD163 macrophages, as
compared to uninfected macaques (Figure 2, D—G). This up-
regulation in CD163 occurred at every stage of SIV infection,
but was particularly striking during the acute phase, where
the greatest increase occurred in the germinal center
(2.33 4+ 0.25-fold change, relative to uninfected controls) and
the red pulp (2.50 £ 0.26-fold change, relative to uninfected
controls) (Figure 2, D and G). There was a significant
decrease in red pulp CD1637CD68" macrophages during
acute (0.34 £ 0.06-fold change), asymptomatic (0.53 £ 0.06-
fold change), and chronic/terminal disease (0.40 % 0.05-fold
change), as compared to controls (Figure 2G). The decline of
these cells has major implications for splenic function, as
they are a fetal-derived macrophage subset that represented
the major macrophage red pulp cellular constituent in unin-
fected macaques73 (Figure 2B).

Table 3 Macrophage Populations Present in the Uninfected
Spleen
Germinal Mantle Marginal

Variable center zone zone Red pulp
CD68 23+0.2 11x01 184+01 13+0.3
(D163 0+0 0.1+£0.1 13+0.2 1.040.3
(D68/CD163 0.3 +0.2 0.1+0.1 2.1+03 3.0+0
Mac387 0+0 1.0+x0.2 2.2x0.2 14+0.2

To quantitate the presence of each macrophage subset in seven unin-
fected macaques, three random fields were analyzed and numerical scores
of 0, 1, 2, or 3 were assigned. In this scoring system, O represented an
absence of the macrophage population, 1 indicated a minimal presence
(1 < 20 cells), 2 indicated a moderate presence of the macrophages (20 to
100 cells), and 3 indicated the presence of many macrophages in spleen (>
100 cells). Data are expressed as means £ SD. Bold text indicates the
predominant macrophage subset(s) within each area of spleen.
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In contrast to the long-lasting decreases of CD68 and
CD1637CD68" macrophages, and the increase in CD163
cells, there was also an increase in Mac387 macrophages
that occurred transiently, at distinct phases of disease. This
significant increase in Mac387 cells occurred in the
germinal center (1.56 £ 0.29-fold change) and marginal
zone (1.41 £ 0.10-fold change) during asymptomatic dis-
ease, as compared to uninfected animals (Figure 2, A, D,
and F). This was preceded by a significant decrease in
Mac387 cells in the mantle zone (0.60 £ 0.09-fold change)
during acute infection (Figure 2E), suggesting that these
macrophages were recruited from the mantle zone into the
other splenic locations. The loss of mantle zone Mac387
macrophages was short-lived, as they returned to baseline
levels in the asymptomatic phase of infection (Figure 2E).
Similarly, the presence of Mac387 cells in the germinal
center and marginal zone also resolved during chronic/
terminal disease. Finally, there was increased cellularity and
a loss of higher-order red pulp structure at end-state disease,
which began to occur during the asymptomatic stage
(Figure 2B). The only other notable change during late stage
disease was the presence of CD163"CD68" germinal center
macrophages, which were not observed at any other time
during infection (Figure 2A).

Type I Interferon and M2 Polarizing Gene Products Are
Produced during SIV Infection

To examine the molecular changes in spleen that accom-
panied the alterations in splenic lymphocytes and macro-
phages, we examined global changes in spleen gene
expression using NanoString barcoding technology. In this
technology, molecular barcodes were attached to target-
specific probes to enable multiplexed measurement of gene
expression for 76 genes of interest, four of which were
housekeeping genes that were used for normalization. The
normalized copy numbers for the uninfected macaques were
then set to one, and a fold-change relative to uninfected
animals was determined. Forty-three genes were signifi-
cantly changed during SIV infection, as compared to unin-
fected macaques. Type I interferon responses were the most
abundant class of genes up-regulated in the spleen. IFN-f3
(Figure 3A), MxA (Figure 3B), IRF7 (Figure 3C), STAT2
(Figure 3G), and SOCS3 (Figure 3I) were all significantly
increased compared to control animals. IFN-o0 and IL-12
were also increased during SIV infection, but to a lesser
extent than IFN-B and the other interferon-stimulated genes
(Figure 3, J and K). This may be because of the increase in
the anti-inflammatory cytokine IL-10 (Figure 3F), which
can inhibit IFN-o production.”* In contrast to IFN-B, type II
interferon responses were minimally elicited in spleen, as
there was only a small, but significant, increase in IFN-y
(Supplemental Figure S2A).

In addition to changes in expression of genes related to
interferon signaling, genes involved in macrophage polari-
zation pathways were also altered during SIV infection.
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Quantitation of interferon-stimulated genes. RNA was isolated from the spleen in uninfected animals and at 4, 7, 14, 21, and 56 dpi and gene

expression analyses performed by NanoString barcoding technology. The relative counts of each gene product were determined on normalizing to four
housekeeping genes. The fold-change of each gene was determined relative to uninfected controls, which was set to 1. The longitudinal fold-changes in
interferon (IFN)-B (A), MxA (B), IRF7 (C), CXCL10 (D), IL-27 (E), IL-10 (F), STAT2 (G), IDO-1 (H), SOCS3 (I), IFN-a (3), IL-12 (K), and IL-12b (L) in the spleen.
The acute (light shading), asymptomatic, and chronic (dark shading) phases of SIV infection are depicted. Statistical significance was determined by Kruskal-
Wallis analysis of variance test followed by Dunn’s multiple comparison analysis. Vertical lines indicate a significant difference between the indicated dpi and
uninfected animals, as determined by the Dunn’s multiple comparison analysis. Data are expressed as means + SD. *P < 0.05 for infected animals at all time

points relative to uninfected macaques.

CXCL10 (alias IP-10) (Figure 3D), IL-27 (Figure 3E), and
IDO-1 (Figure 3H) were significantly increased in infected
macaques. These factors, as well as IL-10, promote M2
macrophage polarization’* ’® and may have contributed to
the increase in CD163 macrophages in the spleen (Figure 2).
In agreement with a skewing toward M2 polarization, there
was a significant decrease in the M1 polarizing cytokine IL-
12b in SIV-infected animals’’""® (Figure 3L). In addition,
cytokines produced by M1-polarized macrophages were not
elicited in spleen, including IL-1f, TNF-a, and IL-6, further
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indicating a shifting toward an M2 macrophage phenotype
(Supplemental Figure S2, B—D).

IFN-B may directly contribute to a skewing toward M2
macrophage polarization, as it was significantly positively
correlated with CXCL10 (R* = 0.6985, P < 0.0001), IL-27
(R* = 05832, P < 00001), IL-10 (R* = 04670,
P < 0.0001), and IDO-1 (R* = 0.5989, P < 0.0001), and
negatively correlated with IL-12b (R* = 0.3716, P = 0.002). In
contrast, there was no correlation among the macrophage
polarizing factors and IFN-a. expression (data not shown). These
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data indicate that an anti-inflammatory immune response is
induced in the spleen during SIV infection as a result of an in-
crease in IFN-f, which promotes M2 macrophage polarization.

Peripheral Blood Monocytes Are Recruited into the
Spleen by Monocyte Chemokines and Chemokine
Receptors

To understand the changes in macrophage subsets and po-
larization, flow cytometry was used to characterize the
cellular populations in spleen, particularly monocytes
because they contribute to splenic macrophages in the
marginal and mantle zones. The frequency of monocytes, as
well as T and B lymphocytes, relative to the total number of
splenic leukocytes, was determined. There was a significant
increase in monocytes in the spleen of SIV-infected ma-
caques, as compared to uninfected animals during acute
infection (Figure 4A). There was a further increase during
asymptomatic infection, which was maintained throughout
chronic/terminal disease. In contrast to the changes in
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monocytes, the T lymphocyte population declined during
both acute and asymptomatic disease (Figure 4A). There
were no significant changes in the frequency of B lym-
phocytes in the spleen during SIV infection (uninfected
macaques, 38.2% =+ 3.6%; acute infection, 41.8% =+ 3.9%;
asymptomatic infection, 43.2% =+ 7.2%; chronic infection,
42.3% =+ 3.0%), suggesting that the alterations in monocyte
and T lymphocyte subsets were specific and did not occur as
a result of changes in all splenic leukocytes.

In addition to increasing in number, splenic monocytes
underwent changes in cell surface CD16 expression, an
activation/maturation marker that is up-regulated upon dif-
ferentiation of monocytes into tissue macrophages.””*" In
uninfected macaques, only 14.1% =+ 0.4% of splenic
monocytes expressed CD16 (Figure 4B). This was signifi-
cantly increased during SIV infection as early as 7 dpi, and
peaked at 21 dpi where 88.4% + 2.0% of cells expressed
CD16. To determine whether the increase in spleen mono-
cytes occurred as a result of extravasation from the peripheral
blood, we next enumerated blood monocytes in infected and
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Changes in spleen monocyte cells during SIV infection. A: Single-cell suspensions were generated from spleens isolated from uninfected and SIV-

infected macaques during the acute (4, 7, and 10 dpi), asymptomatic (14 and 21 dpi), and chronic (56 and 84 dpi) phases of infection. Cell suspensions were
analyzed by flow cytometry to determine the frequency of monocytes (gray bars) and T lymphocytes (white bars) in the spleen leukocyte population. B: Spleen cell
suspensions were analyzed by flow cytometry to determine the frequency of monocytes that expressed cell surface CD16 in uninfected animals and at 7, 21, 56,
and 84 dpi. C: RNA was isolated from the spleen from uninfected animals and at 4, 7, 14, 21, and 56 dpi and CD14 gene expression analyses performed by
NanoString barcoding technology. The relative count of CD14 was determined on normalizing to four housekeeping genes, and the fold-change in the SIV-
infected animals relative to the uninfected controls, which was set to 1, determined. D: Whole blood was collected and immunostained with fluorochrome-
coupled anti-CD14 to determine the frequency of peripheral blood CD14 monocytes by flow cytometry in uninfected animals and at 4, 7, 10, 14, 21, 56, and
84 dpi. The acute (light shading), asymptomatic, and chronic (dark shading) phases of SIV infection are depicted. Solid lines connecting data points denote
cumulative and longitudinal blood sampling of the same animals at every time point after inoculation. Dashed lines connecting data points indicate cross-
sectional study of independent groups of animals after euthanasia at each time point. A, B, and D: Statistical significance was determined by Mann-Whitney
test. Statistical significance was determined by Kruskal-Wallis analysis of variance test followed by Dunn’s multiple comparison analysis. C: Vertical lines
indicate a significant difference between the indicated dpi and uninfected animals, as determined by the Dunn’s multiple comparison analysis. Data are expressed
as means + SD. *P < 0.05, T cells versus the preceding day after inoculation; P < 0.05 for monocytes versus the preceding day after inoculation; *P < 0.05
relative to the preceding day after inoculation; P < 0.05 for infected animals at all time points relative to uninfected macaques.
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uninfected macaques. Although not significantly changed,
there was a trend toward a decline in peripheral blood
monocytes during acute infection at 7 dpi (P = 0.06). This
was followed by an increase in monocytes within the blood
during asymptomatic disease at 14 dpi (Figure 4D). This
number restored to basal levels at day 10, before increasing
again during chronic disease at 56 dpi (Figure 4D).

The increase in spleen monocytes that we observed using
flow cytometry was confirmed with NanoString analyses, as
there was a twofold increase in CD14 in the spleen of
infected macaques as compared to uninfected animals
(Figure 4C). To characterize the mechanisms that might
contribute to this increase in spleen monocytes, we analyzed
our NanoString data focusing on monocyte chemokines and
chemokine receptors. There was a pronounced production of
chemokine ligand (CCL) 8 during SIV infection, relative to
controls (Figure 5A). With an almost 200-fold increase,
CCLS8 was the predominant monocyte chemokine produced
in the spleen. Even when approaching terminal disease,
there was still a 15-fold increase in CCLS8 as compared to
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©

uninfected macaques (Figure 5A). Although produced to a
much lower extent than CCL8, additional monocyte che-
mokines were also significantly increased in the spleen as a
result of SIV infection, including CCL7 (Figure 5B), CCL2
(Figure 5C), CXCL2 (Figure 5D), CXCL3 (Figure 5E), and
CCLS5 (Figure 5F). There was also up-regulation of the
chemokine receptors CCR1 (receptor to CCL8, CCL7, and
CCL5) (Figure 5G), CCR2 (receptor to CCL2, CCL7, and
CCLS8) (Figure 5H), and to a lesser extent, CCRS5 (receptor
to CCLS and CCLS8) (Figure 5I). These data suggest that
monocytes accumulate within the spleen during SIV infec-
tion in response to the up-regulation of monocyte chemo-
attractants and chemokine receptors that promote the
recruitment of peripheral blood derived cells.

SIV-Infected CD163, CD68, and Mac387 Macrophages
Are Primarily Present in the Red Pulp

To determine the extent to which macrophages contributed
to SIV replication in the spleen, we performed single color
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Expression of monocyte chemoattractants and chemokine receptors. RNA was isolated from the spleen of uninfected macaques and at 4, 7, 14, 21, and

56 dpi and gene expression analyses performed by NanoString barcoding technology. The relative counts of each gene product were determined on normalizing to
four housekeeping genes. The fold-change of each gene was determined relative to uninfected controls, which was set to 1. The longitudinal fold-changes in
chemokine ligand (CCL) 8 (A), CCL7 (B), CCL2 (C), CXCL2 (D), CXCL3 (E), CCL5 (F), CCR1 (G), CCR2 (H), and CCR5 (I) in the spleen are shown. The acute (light shading),
asymptomatic, and chronic (dark shading) phases of SIV infection are depicted. Statistical significance was determined by Kruskal-Wallis analysis of variance test
followed by Dunn’s multiple comparison analysis. Vertical lines indicate a significant difference between the indicated dpi and uninfected animals, as determined by
the Dunn’s multiple comparison analysis. Data are expressed as means + SD. *P < 0.05 for infected animals at all time points relative to uninfected macaques.
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Figure 6 Determination of macrophage infection in red and white pulp. Immunohistochemistry with in situ hybridization were performed on spleen
sections at 4, 7, 10, 14, 21, 56, and 84 dpi to identify SIV RNA positive (blue staining) macrophages. Representative images demonstrate CD163 macrophages
in the white (A) and red pulp (B), CD68 red pulp macrophages (C), and Mac387 red pulp macrophages (D). Red staining indicates the respective macrophage
populations. Blue staining indicates SIV RNA. Boxed insets show higher magnification of macrophages in the white (A) and red (B—D) pulp. SIV RNA positive
macrophages are indicated by arrows. The absolute number of SIV RNA positive T lymphocytes in the white pulp (E) and red pulp CD163 (F), CD68 (G), and
Mac387 (H) macrophages in five random fields was determined. I: RNA was isolated from spleen tissue and viral load determined by quantitative RT-PCR. The
acute (light shading), asymptomatic, and chronic (dark shading) phases of SIV infection are depicted. Dashed lines connecting data points indicate cross-
sectional study of independent groups of animals after euthanasia at each time point. Statistical significance was determined by Mann-Whitney test. Data
are expressed as means & SD. *P < 0.05 versus the preceding day after inoculation. Original magnification: x20 (A—D, main images); x40 (A—D, insets).

immunohistochemistry for CD163, CD68, or Mac387 with
tandem in situ hybridization. We calculated the number of
SIV RNA positive macrophages in five random fields of
spleen at 4, 7, 10, 14, 21, 56, and 84 dpi. We first analyzed
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the white pulp, which is composed of both T lymphocytes
and macrophages. Analysis of the white pulp indicated that
none of the in situ positive cells colocalized with the much
larger and morphologically complex CD163 macrophages
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(Figure 6A). The in situ positive cells in the white pulp also
failed to colocalize with the immunochemistry stains for
CD68 or Mac387 macrophages (data not shown). In contrast
to the cells that were positive for any of the macrophage
immunohistochemistry markers, the white pulp in situ
positive cells were small and punctate (Figure 6A), and were
likely T lymphocytes. These cells were quantitated, and
during early infection (4 dpi) when considerable SIV RNA
was produced (5.03 + 0.21 log SIV RNA copy eq./mL)
(Figure 6I), there were also a large number of SIV RNA
positive T lymphocytes in the white pulp (Figure 6E), as
evidenced by intense blue staining (Figure 6A). However,
the number of in situ positive T lymphocytes dramatically
decreased at 7 dpi (22.76 £ 8.68), as compared to those
present at 4 dpi (64.00 £ 15.21) (Figure 6E). This sub-
stantial reduction in in situ positive T lymphocytes at 7 dpi
was easily discernable on visual examination (Figure 6A).
SIV RNA positive T lymphocytes continued to occur at
relatively low levels in the white pulp throughout the
remainder of acute infection and into the asymptomatic
phase (Figure 6, A and E).

Although there was a moderate increase in the number of
in situ positive T cells at 56 dpi, this was short-lived, as SIV
RNA positive T lymphocytes declined by 84 dpi (Figure 6E).
Despite being in close proximity to the in situ positive T
lymphocytes, SIV RNA was rarely observed in CD163
(Figure 6A), CD68, or Mac387 (data not shown) white pulp
macrophages. In contrast to the follicle, macrophages
comprised the predominant SIV RNA positive cells in the red
pulp. CD163 macrophages were the major cells that were in
situ positive in this area of the spleen and were readily
observed at every examined time point during infection
(Figure 6B). SIV RNA positive CD163 macrophages were
widely distributed in the red pulp, and most frequently
occurred in dense clusters of SIV infected cells in close
proximity to each other. In contrast to CD163 cells, CD68
macrophages were infected in a biphasic manner. Although
present early (7 and 10 dpi) (Figure 6C), SIV RNA positive
CD68 macrophages decreased significantly at 14 dpi, and
increased again later at 21 and 56 dpi (Figure 6, C and G). At
these later time points, the SIV RNA positive CD68 macro-
phages were more numerous and also had more intense in sifu
staining. In contrast, the few SIV RNA positive CD68
macrophages at 7 and 14 dpi were faintly stained, indicating a
lower level of SIV RNA in the cells (Figure 6C). Although
present throughout the entire red pulp, SIV RNA positive
CD68 macrophages were widely scattered with only three or
four positive cells present in close proximity to each other.
This is in contrast to CD163 macrophages, in which SIV
RNA positive cells were highly clustered.

Mac387 macrophages were also infected in a biphasic
manner. Similar to the CD68 SIV positive cells, a high
frequency of SIV RNA positive Mac387 macrophages were
identified during acute infection at 7 and 10 dpi, which
decreased in number at 14 dpi, and finally increased during
asymptomatic infection at 21 dpi (Figure 6D). When the
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SIV RNA positive Mac387 cells were at their highest levels,
these macrophages were densely packed and occurred in
close proximity to other positive cells (Figure 6D). These
cells were also large and had a complex morphology. In
contrast, when the Mac387 SIV RNA positive cells were
less frequent, they had a smaller, rounder morphology and
were not clustered (Figure 6D).

The number of SIV RNA positive CD163, CD68, and
Mac387 macrophages was enumerated in five random fields
of the red pulp. In addition, in situ positive T lymphocytes
were quantified within the white pulp. At 4 dpi when there
was robust T lymphocyte infection in the white pulp,
macrophages comprised only a minor portion of the SIV
RNA positive cells in the spleen. Of the macrophage pop-
ulations, red pulp CD163 cells represented the primary
subset that was in sifu positive at 4 dpi, as CD68 and
Mac387 macrophages were minimally infected at this time
point (Figure 6, F—H). However, as white pulp infection
became less prominent, likely because of the death of
infected T cells, macrophages represented the majority of
the SIV RNA positive cells in the spleen. This occurred as a
result of a significant increase in the number of SIV RNA
positive CD68 and Mac387 cells, which was most notable at
7, 10, and 21 dpi (Figure 6, G and H). In contrast to the
other macrophage populations, SIV RNA positive CD163
cells remained consistently numerous throughout longitu-
dinal SIV infection. In fact, CD163 macrophages repre-
sented the primary SIV RNA positive cell type in the entire
spleen at 14 dpi. At this time point during the asymptomatic
phase of disease, there were low numbers of in sifu positive
CD68 and Mac387 macrophages (Figure 6, G and H), as
well as T lymphocytes (Figure 6E). Despite a significant
decrease in the number of other cell types that were SIV
RNA positive during this time, CD163 macrophages alone
were sufficient to maintain SIV production, as spleen viral
load was not significantly altered at 14 dpi as compared to
10 dpi (Figure 6I). Together, these findings indicate that
macrophages constitute a major cellular target of SIV in the
spleen, and at certain phases of infection comprise the
predominant population of infected cells in spleen.

Low Levels of Apoptosis in the Red Pulp during SIV
Infection

To examine whether macrophage polarization and SIV
infection promoted apoptosis, immunohistochemistry for
cleaved caspase-3 was performed on spleen sections obtained
from SIV infected animals during acute, asymptomatic, and
chronic stages of disease. There were no significant changes
in macrophage apoptosis in white pulp, suggesting that the
cell death was primarily restricted to the red pulp (data not
shown). Cleaved caspase-3 immunoreactivity was minimal
in uninfected control spleen; in contrast, apoptosis was
detected in the red pulp during SIV infection (Figure 7A).
Overall, increases in the percentage of cells with cleaved
caspase-3 immunoreactivity were minimal during acute
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Quantitation of apoptotic cells in red pulp during SIV infection. A: Immunohistochemistry for cleaved caspase-3 was performed on spleen

sections obtained from uninfected animals and during the acute, asymptomatic, and chronic phase of infection to identify apoptotic cells. Images from one
animal, that are representative of nine examined, are shown. Brown staining indicates cleaved caspase-3, denoted by arrows. B: Quantification was performed
using Nikon Elements software and the percentage of cells with cleaved caspase-3 immunoreactivity per um? within the red pulp was obtained. Spleen sections
were double labeled for cleaved caspase-3 and CD68 (C) or CD163 (D). Images from one animal, representative of six animals, are shown. Cleaved caspase-3
positive CD68 (C) and CD163 (D) macrophages are indicated by arrows. Statistical significance was determined by Kruskal-Wallis analysis of variance test. Data
are expressed as means + SD. *P < 0.05. Original magnification, x20 (A, C, and D).

(2.58% + 0.67%), asymptomatic (2.19% =+ 0.45%), and
chronic (4.36% =+ 0.52%) phases of SIV infection, as
compared to uninfected controls (0.65% =+ 0.02%)
(Figure 7B). To determine whether the apoptosis occurred
specifically in CD68 and/or CD163 macrophages, double-
labeled immunohistochemistry was performed for each
macrophage marker and cleaved caspase-3. CD68 macro-
phages represented the predominant cell within the red pulp
undergoing apoptosis (Figure 7C). These cells often had an
enlarged, activated phenotype and lacked the extensive pro-
cesses typically present on CD68 red pulp macrophages. In
contrast, only a minor population of CD163 macrophages
was positive for cleaved caspase-3 (Figure 7D). These data
indicate that apoptosis contributes to a partial loss of CD68
red pulp macrophages during SIV infection.

Discussion

Lymphoid organs are one of the main sites of HIV repli-
cation in the human body and contribute greatly to viral
production. The effects of HIV infection in the spleen have
received considerably less characterization than that of other
lymphoid organs, including lymph nodes and thymus. The
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spleen undergoes substantial morphologic alterations during
HIV infection, which is characterized by hyposplenism,
white pulp depletion, and germinal center burn out. This is
primarily associated with decreased T cell and humoral
immune responses. The spleen is composed not only of
lymphocytes, but also contains specialized macrophages,
which are highly susceptible to HIV infection and fulfill
many major functions of the spleen. Despite their roles in
mediating HIV persistence, few studies have focused on
HIV infection of splenic macrophages.

Using our SIV macaque model, we studied longitudinal
changes in macrophage subpopulations from acute to
terminal stages of disease. We identified a striking global
up-regulation of CD163 in macrophages in both the red and
white pulp, which occurred with a concomitant decrease in
CD68 positive macrophages. In addition, there was a rapid
depletion of fetal-derived CD1637CD68" red pulp mac-
rophages, which occurred, in part, because of apoptosis of
these cells that preceded a loss of higher-order structure and
splenic integrity. The loss of CD68 and CD163"CD68™"
macrophages and increase in CD163 cells occurred early
during the acute phase of infection, and persisted until
terminal disease. In addition to these long-lasting changes,
there was also a transient, significant influx of Mac387

2081


http://ajp.amjpathol.org

Williams et al

macrophages and peripheral blood—derived monocytes into
the spleen during the asymptomatic phase of infection. The
newly recruited monocytes may have contributed to splenic
macrophage subsets on differentiation, as they expressed
high levels of the activation/maturation marker CD16.
However, monocyte recruitment was not sufficient to
restore splenic macrophage subsets to those present before
infection. A schematic representation of SIV-induced
changes in macrophage populations in spleen is depicted
in Figure 8.

Whole-organ, gene expression analyses demonstrated
that the profound changes in splenic macrophages
occurred, at least in part, because of an up-regulation of
interferon and interferon-stimulated genes, M2 macrophage
polarization genes, and monocyte/macrophage chemokines
and chemokine receptor signaling. With an approximately
200-fold increase relative to uninfected macaques, the
monocyte/macrophage chemoattractant CCL8 was the most
differentially regulated transcript during SIV infection.
Because the NanoString analyses were performed using
homogenates of whole spleen, rather than RNA isolated
from purified cell populations, we cannot determine which
cells produced our observed changes in interferon, M2
polarizing, and chemokine and chemokine receptor genes.
In situ hybridization analyses for SIV RNA demonstrated
that CD163, CD68, and Mac387 macrophages were highly
infected. Macrophage subsets were in situ positive even
when T lymphocytes no longer expressed SIV RNA. This
direct comparison of infection of lymphocytes and mac-
rophages demonstrates that macrophages had a significant
impact on SIV replication in spleen and were sufficient to
maintain viral production in the absence of T cells. Our
findings provide strong evidence that SIV promotes irrep-
arable damage to the splenic mononuclear phagocyte sys-
tem, and that splenic pathogenesis is largely driven by
alterations and infection of macrophage subsets, which
begins early after infection and is sustained until end-stage
disease.

Our comprehensive analyses provided the examination of
splenic T cell populations and morphology concurrent with
our macrophage analyses. We confirmed that substantial
splenic morphologic changes occurred during SIV infection,
which has been observed previously during HIV/SIV
infection.” The most prominent morphologic finding was
lymphoid depletion, characterized by a reduced, disrupted
follicular architecture. Flow cytometry confirmed the his-
tological finding of lymphoid depletion, as there was a
decrease in the frequency of CD3" T cells. Longitudinal
analysis enabled further characterization of splenic T cell
subsets during SIV infection. During acute infection there
were dysregulated CD4/CDS8 ratios, markers of cellular
activation, and memory/effector subsets, as compared to that
present in uninfected counterparts. With the exception of
cellular activation, T cell subset profiles resolved and were
restored to levels similar to that of uninfected animals by
terminal disease. This provides a more complete

2082

i Germinal | P
| Center | M iMZi RedPulp
Uninfected
Acute
©
[J]
g
« | Asymptomatic
>
(%]
Chronic
I coes i cpi63 [ cp163+CD68+ Mac387
Figure 8 Schematic representation of changes in macrophage pop-

ulations in spleen during longitudinal SIV infection. During homeostasis in
the uninfected spleen, (D68 and CD1637CD68" cells represent the pre-
dominant macrophage subsets in the germinal center and red pulp,
respectively. Although relatively devoid of macrophages, the mantle zone
(M) primarily consists of CD68 and Mac387 cells. There are numerous CD68,
(D1637CD68", and Mac387 cells in the macrophage-rich marginal zone
(MZ). Within this area of the spleen, the CD68 cells reside in closer prox-
imity to the mantle zone, whereas the (D163"CD68" macrophages are
proximal to the red pulp. Macrophages undergo changes in polarization and
substantially alter their expression of cell markers after SIV infection.
During the acute phase of infection, there is a global up-regulation of
(D163 throughout the entire spleen. In contrast, there is a simultaneous
and substantial decrease in CD68 macrophages. In addition, CD163 and
Mac387 cells replace the fetal-derived CD163"CD68" macrophages in the
red pulp in the acute phase. During asymptomatic infection, peripheral
blood monocytes are recruited into the spleen and rapidly disseminate to
the germinal center. A limited recovery of CD68 macrophages in the mantle
and marginal zones happens during this time. The dysregulation of mantle
zone, marginal zone, and red pulp macrophages are maintained during
chronic and late-stage infection. Notably during this late time,
(D1637CD68" macrophages become present in the germinal center,
perhaps as a final compensatory mechanism in an effort to recover the CD68
cells that were lost acutely. Therefore, macrophages are altered in every
area of the spleen during SIV infection, and never fully recover to the
previous state found in uninfected animals.

understanding of HIV/SIV-induced changes in splenic T
cell populations. In addition, our findings underline the
importance of longitudinal study. Although T cell activation
was previously implicated in spleen pathology during acute
SIV infection,®' many studies have been limited to cross-
sectional analysis, which does not completely capture the
dynamic nature of T cell responses. The transient changes in
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T cell populations in the spleen provide further support to
the substantial contribution of macrophages in promoting
splenic destruction, as their SIV-induced fluctuations
remained present until end-stage disease.

Differential regulation of macrophage expression of
CD68 and CD163 has great implications for splenic func-
tion and integrity in the context of HIV infection. Decreased
macrophage functional markers were shown to impair the
activation of these cells, which promoted an abrogation of
their filter functions and was associated with splenic pa-
thology, poor clinical outcomes, and AIDS-defining
opportunistic infections in HIV seropositive individuals.'®
It is unclear whether CD68 and CD163 dysregulations
resulted from changes in the relative frequencies of these
macrophage populations, transit of cells from spleen, or
whether differential expression of these macrophage
markers occurred. Rapid changes in macrophage expression
of CD68 and CD163 can occur on polarization with
appropriate stimuli. In support of this, our NanoString data
indicated a skewing toward M2 polarization, suggesting that
our observed change in immunochemistry signal was
because of the regulation in expression of these markers.
However, morphologic analyses indicated that the number
of red pulp macrophages also decreased, as evidenced by
irregularly shaped cells, increased cellularity, and notable
gaps in CD163"CD68 " macrophages within this area of the
spleen. This loss of red pulp macrophages was partially
mediated by apoptosis of CD68 cells. However, <5% of
cells in the red pulp were apoptotic. We therefore hypoth-
esize that both M2 polarization within the white pulp, and
cell death of a subpopulation of red pulp macrophages,
contributed to the overall loss of CD68 and increase in
CD163 immunochemistry signal. Regardless of the mech-
anisms by which the alterations occurred, a shifting of the
CD68 and CD163"CD68" macrophages to a CDI163
phenotype has functional implications in the ability of these
cells to control opportunistic infections, mount adaptive
immune responses, clear damaged erythrocytes, and scav-
enge iron, deficits which are associated with HIV infection.
In addition, apoptosis of red pulp CD68 macrophages has
implications for splenic function as these cells are of em-
bryonic origin and once lost, have limited potential for
restoration during adulthood.

In addition to the changes in CD68 and CD163, there was a
significant increase in Mac387 macrophages in the spleen
during SIV infection, which was primarily restricted to the
asymptomatic phase of disease. In agreement with our finding
of a temporal restriction of Mac387 cells, newly disseminated
Mac387 macrophages were shown to occur transiently in the
lymph nodes of SIV-infected macaques.”” This suggests that
Mac387 macrophages enter into tissues after high levels of
viremia, and may be an indicator of early SIV/HIV-mediated
damage. Newly infiltrated splenic Mac387 macrophages
may be deleterious, as they promote lymphoid destruction,
viremia, and pathology.*”** Alternatively, the recruitment of
these cells may represent a protective response, in an attempt
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to mitigate the loss of and changes to CD68 and CD163
macrophage populations during SIV infection.

Peripheral blood monocytes were also recruited to the
spleen after infection. Our gene expression data indicate that
a temporal production of monocyte chemokines and che-
mokine receptors regulated the influx of these cells into
the spleen. CCL8 was the most prominently increased
chemokine relative to uninfected controls, although other
chemoattractants were also significantly produced. Flow
cytometric analysis demonstrated that upon entering into the
spleen, the newly infiltrated monocytes expressed high levels
of the activation/maturation marker CD16, suggesting that
they were primed for macrophage differentiation. In support
of this, CD16 monocytes were shown to be precursors for
CD163 macrophages and were associated with HIV disease
progression.®” This suggests that newly infiltrated monocytes
may directly contribute to the increase in CD163 cells.

CD68, CD163, and Mac387 macrophages were all sus-
ceptible to SIV infection. However, their patterns of infec-
tivity differed. Mac387 cells had the lowest rates of infection,
which may have occurred because they are monocyte-
derived cells, and are the most immature of all of the
splenic macrophage subsets. Monocyte susceptibility to HIV
increases with maturation and on macrophage differentia-
tion.*> CD68 macrophages were more permissive to SIV than
Mac387 cells, but their infection was temporally regulated.
CD163 cells were distinct from the other macrophage subsets
as they were highly susceptible to SIV and incredibly resil-
ient in their level of infection. Remarkably, CD163 cells
maintained high levels of infection even when there was a
significant decrease in splenic viral load, and when the other
macrophages were infected at low levels.

T cells were minimally infected, as compared to CD163
macrophages, and were highly infected only during acute
infection. The numbers of SIV RNA positive T cells
significantly decreased after acute infection and continued to
remain low for the remainder of the disease. When present,
T cell infection occurred primarily within the follicles of the
white pulp. This is in contrast to macrophages that were
predominantly infected in the red pulp. The localized re-
striction of SIV RNA expression for the two cell types in-
dicates that SIV infection of myeloid cells in spleen
occurred independently of T cells. The red pulp comprises
almost 80% of the spleen,*"” and macrophage infection
within this compartment contributes greatly to the burden of
virus within the organ and potentially viral load in plasma.
In addition, red pulp macrophages constitute a source of
prolonged viral production, as infected macrophages are not
effectively killed by cytotoxic T lymphocytes. Even though
SIV-specific cytotoxic T lymphocytes are numerous within
the red pulp,”® they do not efficiently promote macrophage
death.® In addition to contributing to SIV infection in the
spleen, macrophages are immune to the cytopathic effects of
HIV/SIV and may represent a source of latent virus. Our
data represent a minimum estimate of the contribution of
macrophages to SIV infection in the spleen because of the
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method used to quantitate infected cells, further underlining
the importance of macrophages in HIV/SIV infection.

As a result of virus infection, expression of type I in-
terferons was increased in the spleen during SIV infection.
IFN-B was significantly increased early after infection, and
although still elevated at terminal disease relative to unin-
fected animals, was present to a much lower extent than it
was during acute disease. This same expression pattern
occurred for many of the interferon stimulated genes,
including MxA, IRF7, STAT2, and SOCSI1. This finding of
robust interferon responses early during infection is
consistent with our previous work that focused on the
brain.”® Although IFN-o is typically produced in concert
with and to a similar magnitude as IFN-B, we found that it
was only minimally produced during SIV infection. IL-10
may have directly resulted in a silencing of IFN-a and its
interferon-stimulated gene IL-12,74’90 as we found that the
immunosuppressive cytokine was highly produced in the
spleen. We previously demonstrated that the expression of
IFN-B and IL-10 occurred without a concomitant up-
regulation of IFN-o. in the central nervous system.”” "’
Our current work supports this, and we now postulate that
limited IFN-a production occurs because of a macrophage-
driven, rather than T cell, pathogenesis. Furthermore, we
hypothesize that a hindrance of IFN-a responses occurs in
tissues in which HIV/SIV infection primarily occurs in
myeloid cells, including brain and spleen.

Similar to IFN-a, the interferon stimulated gene SOCS3
did not have the same expression pattern of IFN-f3. Instead,
SOCS3 maintained a consistent increase over uninfected
controls at every examined time point after inoculation. This
persistent up-regulation of SOCS3 may directly contribute
to the increase in CD163 macrophages, as its expression in
myeloid cells promotes M2 polarization and an anti-
inflammatory phenotype.”” Our Nanostring data indicated
that the increased production of M2 polarizing cytokines IL-
10, IDO-1, CXCL10, and IL-27 may also have contributed
to a shift in macrophage phenotype. There was also a
persistent down-regulation of the M1 gene I//12b and a
failure to induce M1-associated cytokines, which provides
further support of a SIV-induced M2 macrophage polari-
zation phenotype. Spleen-derived macrophages transiently
polarize when exposed to M1 or M2-inducing substances,
and revert back to a resting phenotype upon removal of the
stimuli.” This plasticity is of paramount importance in
restoring homeostasis after cellular activation and on path-
ogen clearance. As M2 cells are of an anti-inflammatory
nature, a perpetual M2 macrophage phenotype may
compromise the ability of the spleen to elicit an appropriate
inflammatory response on exposure to pathogens—a func-
tion that is integral to the blood filtering functions of the
organ. The balance of M1/M2 polarization may also directly
affect viral production in the spleen. Macrophage CD163
expression, an indicator of M2 polarization, was shown to
promote the HIV infectivity of these cells.”* The implica-
tions of this were demonstrated in an in vivo setting, where
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CD163 macrophages directly contributed to viral burden in
both heart”” and brain.”® In addition, polarization is
extremely important as it shifts macrophages from a state of
active to latent viral infection.”” A model was proposed in
which macrophages changed from M1 to M2 polarization
during the transition from early to late stage disease, which
promoted their latent infection and the formation of a
steady-state viral reservoir.”® The loss of a polarized
phenotype promoted active macrophage viral replication
and the production of infectious virus,”’ suggesting that
polarization-reversing agents must be considered when
developing shock and kill therapeutic strategies.

HIV/SIV infection of the spleen is not only important for
this organ, but also has consequences for other macrophage-
rich organs. We previously demonstrated that viral se-
quences that originated in the spleen later presented in the
brain, suggesting that the spleen may facilitate new or
reinfection of other areas of the body that were previously
uninfected or virologically quiescent.”® This might occur
through the transit of splenic monocytes into peripheral
circulation.”” """ Monocytes that resided in the spleen were
exposed to microbial infection while present in this organ,
and upon efflux into distal sites promoted widespread
pathogen dissemination. As the Trojan Horse nature of these
cells is implicated in viral seeding, controlling SIV/HIV
infection of the spleen must be considered when developing
HIV cure strategies. Our findings indicate that macrophages
are a long-lasting and major cellular target for HIV/SIV in
the spleen, and that these cells drive splenic pathology.
Therapeutic strategies must also focus on restoring macro-
phage populations and functions, and limiting their infection
to maintain splenic homeostasis during HIV infection.
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