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Abstract

The role of macrophage activation, traffic, and accumulation on cardiac pathology was examined in 23 animals.
Seventeen animals were simian immunodeficiency virus (SIV) infected, 12 were CD8 lymphocyte depleted, and
the remaining six were uninfected controls (two CD8 lymphocyte depleted, four nondepleted). None of the
uninfected controls had cardiac pathology. One of five (20%) SIV-infected, non-CD8 lymphocyte-depleted
animals had minor cardiac pathology with increased numbers of macrophages in ventricular tissue compared to
controls. Seven of the 12 (58%) SIV-infected, CD8 lymphocyte-depleted animals had cardiac pathology in
ventricular tissues, including macrophage infiltration and myocardial degeneration. The extent of fibrosis
(measured as the percentage of collagen per tissue area) was increased 41% in SIV-infected, CD8 lymphocyte-
depleted animals with cardiac pathology compared to animals without pathological abnormalities. The num-
ber of CD163" macrophages increased significantly in SIV-infected, CD8 lymphocyte-depleted animals with
cardiac pathology compared to ones without pathology (1.66-fold) and controls (5.42-fold). The percent of
collagen (percentage of collagen per total tissue area) positively correlated with macrophage numbers in
ventricular tissue in SIV-infected animals. There was an increase of BrdU™ monocytes in the heart during late
SIV infection, regardless of pathology. These data implicate monocyte/macrophage activation and accumula-
tion in the development of cardiac pathology with SIV infection.

Introduction

EFFECTIVE ANTIRETROVIRAL TREATMENT (ART) has de-
creased mortality due to HIV infection resulting in an
increase in the survival rate of HIV-infected patients.” This
increased survival has resulted in new, tissue-specific com-
plications due to HIV infection and chronic immune activa-
tion.>* Previous studies have shown a link between
cardiovascular disease (CVD) and HIV infection, with HIV-
infected individuals having approximately a 2-fold increase
in the incidence of myocarditis, ventricular dilation, and
myocardial infarction compared to age-matched uninfected
individuals.”™” Factors correlating with HIV-associated CVD
are likely multifactoral and include antiretroviral drugs,®'°
microbial translocation resulting in chronic immune activa-
tion,"""'? increased levels of cardiac myosin-specific auto-
antibodies,'® opportunistic infections,'*'> and increased
inflammation due to immune activation.'®'” Consistent ob-
servations in HIV-infected individuals with CVD include

mononuclear cellular infiltrates observed in cardiac paren-
chymal tissue and coronary vessels.'>'®

Monocytes/macrophages have been shown to play a role
in simian immunodeficiency virus (SIV)-associated and HIV-
associated CVD, in particular atherosclerosis and myocarditis.”'
Developing in the bone marrow, monocytes are released into
the blood where they function in immunosurveillance and
traffic to specific tissues, normally and in response to infection.
Monocytes develop into macrophages in tissues™’; some of
them play roles in inflammation while others, which are alter-
natively activated, may have antiinflammatory roles.>! Mono-
cytes are prime sources of czytokines and chemokines that can
alter cardiac function, and**** monocyte/macrophage-associ-
ated proinflammatory cytokines including interleukin (IL)-1,
IL-6, and tumor necrosis factor-o. (TNF-«) are elevated during
HIV infection and CVD.*** The number of CD14*CD16*
proinflammatory blood monocytes is increased with CVD and
HIV infection, suggesting that chronic immune activation with
HIV infection may increase the risk of CVD.?**’
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CD163, a hemoglobin/haptoglobin receptor involved in the
clearance of hemo%lobin, is expressed on the surface of mono-
cytes/macrophages®®?’ and proteolytically cleaved from the
surface of activated CD163" monocytes/macrophages in re-
sponse to proinflammatory signaling.***' Levels of soluble
CD163 (sCD163) in plasma inversely correlate with the levels
of the membrane bound form of CD163 on monocytes/macro-
phages®” and function as a biomarker for diseases where mac-
rophage activation and inflammation play a central role.”'

We have shown that sCD163 levels in plasma correlate with
the rate of AIDS progression in SIV-infected rhesus ma-
caques.™ Levels of sCD163 in acute (<1 year) and chronic
(>1 year) HIV infection have been shown to function as a
novel marker of HIV activity,34 and correlate with the per-
centage of noncalcified, vulnerable coronary plaques.®® Lastly,
there are increased percentages of noncalcified coronary pla-
ques in HIV-infected elite controllers not on ART, further
underscoring the role of monocytes/macrophages in lesion
formation.*® While causes of CVD in HIV-infected individuals
are likely multifactoral, we sought to examine the role of
macrophage activation and accumulation with SIV infection.
We examined macrophage accumulation in the hearts of SIV-
infected non-CD8 lymphocyte-depleted rhesus macaques and
in SIV-infected, CD8 lymphocyte-depleted animals. We found
similar pathology in both groups, but SIV-infected CD8 lym-
phocyte-depleted animals had a higher incidence of inflam-
mation and damage in the heart. Because SIV-infected, CD8
lymphocyte-depleted animals progress to AIDS rapidly (3—+4
months), and have a high rate of macrophage-mediated dis-
ease,”’ we used this model to examine the role of macrophage
activation in cardiac inflammation and damage with AIDS.

Materials and Methods
Ethics statement

All animals were either housed at Harvard University’s
New England Regional Primate Research Center (NERPC)
or Tulane University’s National Primate Center and handled
in accordance with Harvard University’s or Tulane Uni-
versity’s National Primate Research Center Institutional
Animal Care and Use Committee (IACUC). IACUC approval
from the NERPC and Tulane National Primate Research
Center was granted for all procedures including 5-bromo-2’-
deoxyuridine (BrdU) injections.

Animals, viral infection, and CD8"* T lymphocyte depletion

Twenty-three rhesus macaques were used in this study.
Seventeen were infected with SIVmac251 (SIV p27) by iv
injection (kindly provided by Ronald Desrosiers, Harvard
University). To achieve rapid progression to AIDS, 12 of
the 17 infected animals were CD8 lymphocyte depleted using
a human anti-CD8 antibody, cM-T807, administered sc
(10 mg/kg) at 6 days postinfection (dpi) and iv (5 mg/kg) at 8
and 12 dpi, as previously described.* The cM-T807 antibody
was provided by the NIH Non-human Primate Reagent Re-
source (RRO16001, A1040101). Six of the 23 rhesus ma-
caques served as uninfected controls, two of which were
CD8 lymphocyte depleted (50 mg/kg single bolus iv injec-
tion). Animals were anesthetized with ketamine-HCI, eu-
thanized with a pentobarbital overdose intravenously, and
exsanguinated. Following exsanguinations, standard necropsy
was performed with a standard set of major organs collected
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in 10% neutral buffered formalin. Following fixation, all
tissues were embedded in paraffin, sectioned at 5 um, and
stained with hematoxylin and eosin. Sections of left ven-
tricular myocardium were blindly analyzed by a board cer-
tified veterinary pathologist (Andrew D. Miller, D.V.M,
D.A.C.V.P). Cardiac tissues were scored based on 10 ran-
domly chosen 400 x fields. Pathology was assessed based on
the degree of change in the tissue and graded as mild, mod-
erate, or severe inflammation and degeneration.

Plasma viral load determination

SIV-RNA in plasma was quantified using real time PCR as
previously described.*® Virions were pelleted from 500 ul
EDTA plasma from infected animals by centrifugation at
20,000 x g for 1h. The threshold sensitivity was 100 copy
Eqg/ml. Viral loads peaked at day 8 postinfection, and no dif-
ferences in viral load were observed between SIV-infected,
CD8 lymphocyte-depleted animals.

Immunohistochemistry and in situ hybridization
for SIV-p28 and -RNA

The presence of SIV viral proteins in heart tissues was
identified using SIV-gp41 (KK41 1:500, NIH AIDS Research
and Reference Reagent Program) and SIV-p28 (SIVmac251
1:2500, Fitzgerald Industries), along with in situ hybridiza-
tion with digoxigenin-labeled antisense riboprobes to detect
SIV-RNA (Lofstrand Labs, Gaithersburg, MD), as previously
described.*® Extensive immunohistochemistry and in sifu
hybridization in tissue revealed that no SIV-p28 or -RNA was
found in the hearts of SIV-infected animals.

5-bromo-2’-deoxyuridine (BrdU) administration

To study monocyte/macrophage traffic to and accumula-
tion in the heart with SIV infection, BrdU was administered
to SIV-infected, CD8 lymphocyte-depleted animals as pre-
viously described.** Briefly, a 30 mg/ml BrdU stock solution
was prepared with 1 X phosphate-buffered saline (PBS) and
was heated to 60°C in a water bath. BrdU was administered as
a slow bolus iv injection at a dose of 60 mg BrdU/kg body
weight. Animals were administered BrdU either early (6 and
20 dpi) or late (48 dpi and 24 h prior to necropsy).

Immunohistochemistry

Formalin-fixed, paraffin-embedded cardiac tissue was cut
in 5-um sections, air dried overnight, then deparaffinized
with xylenes, and rehydrated in graded ethanols and finally
with deionized water. Following rehydration, antigen-binding
sites were unmasked using Antigen Unmasking Solution
(Vector Laboratories) for antibodies recognizing CD3, CD68,
and BrdU with 20 min heat exposure followed by 20 min
cooling at room temperature. Antigen unmasking for HAMS56
was accomplished by incubating slides at 37°C for 5 min with
Proteinase K (Dako). Following antigen unmasking cardiac
tissues were blocked with a dual endogenous enzyme block
(Dako). Sections were then incubated with biotin solution
(Avidin/Biotin block, Vector Laboratories) for 15 min to
block endogenous biotin, followed by protein block using
serum-free protein block (Dako) and incubated for 10 min for
monoclonal antibodies and 30 min for polyclonal antibodies.
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Antibodies used to identify macrophages were the pan mac-
rophage marker mouse monoclonal antibody CD68 (1:400,
Dako, clone KP1). The CD163 scavenger receptor was de-
tected using mouse monoclonal CD163 (1:250, Serotec).
Recently infiltrated macrophages were identified by stain-
ing with a mouse monoclonal antibody against MAC387,
which recognizes MRP14 and to a lesser extent the MRP14/
MRPS heterocomplex (1:100, Dako). A rabbit polyclonal
CD3 antibody (1:300, Dako) was used to identify CD3 T-
Ilymphocytes. To assess the timing of inflammatory cell
accumulation in hearts of CD8 lymphocyte-depleted ani-
mals that received BrdU, tissues were stained with a mouse
monoclonal BrdU antibody (1:100, Dako).

Slides were incubated for 1h at room temperature. Sec-
tions were incubated with the corresponding antimouse or
antrabbit horseradish peroxidase-conjugated secondary an-
tibody for 30 min at room temperature. The color reaction
product was developed using 3,3’-diaminobenzidine tetra-
hydrochloride (DAB, Dako). Slides were counterstained in
hematoxylin, dehydrated in washes of increasing concentra-
tion of ethanol, followed by xylene, and mounted. To deter-
mine if BrdU-labeled cells in the heart of SIV-infected, CD8
lymphocyte-depleted animals were myeloid cells or CD3 " T-
lymphocytes, double label immunohistochemistry was per-
formed using antibodies against MAC387, CD68, CD163
(for macrophages), or CD3 (for T-lymphocytes) and BrdU.
Double label immunohistochemistry was performed using
the Dako Double Stain System, according to the manufac-
turer’s protocol. Isotype-specific immunoglobins that corre-
spond with the specific test antibodies were used as controls.

The color reaction was developed using DAB and Vector
Blue (Vector Labs). All slides were air dried overnight be-
fore mounting. The numbers of BrdU" MAC387", BrdU™
CD68*,BrdU" CD163 ", and BrdU* CD3™" double-positive
cells were counted. Slides were imaged using a Zeiss Axio
Imager M1 microscope (Carl Zeiss Microlmaging Inc.,
Thornwood, NY) using Plan-Apochromat x?20/0.8 Korr
objectives. Positive cells were counted manually for 20 ran-
dom, nonoverlapping fields of view to determine the number
of positive cells/mm? with a field area of 0.147 mm? corre-
sponding to a 20x field

Massons trichrome stain

Cardiac ventricular tissues were stained using a Massons
Trichrome Stain kit (Newcomer Supply, Middleton, WI)
according to the manufacturer’s protocol and imaged using a
Zeiss Axio Imager M1 microscope using Plan-Apochromat
%x20/0.8 Korr objectives. Twenty random, nonoverlapping
fields of view were imaged for each slide and the percent
of collagen relative to total cardiac tissue area examined
was calculated. The percent collagen of total tissue area
was quantified using ImagelJ analysis software (v1.46, Na-
tional Institute of Health) and color deconvolution vectors
developed for Massons trichrome stain that separate histo-
logical dyes into individual red, blue, and green colors.*’
We quantified the area of red and blue dyes corresponding
to cytoplasm and collagen, respectively, to determine the
percentage of total tissue area for each. The percentage
of collagen used here serves as a qualitative measure-
ment of fibrosis and cardiac tissue damage as previously
described.*!
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Statistical analysis

Statistical analyses were performed using Prism version
5.0d (GraphPad Software, Inc., San Diego, CA) software. A
Mann-Whitney nonparametric U test was used to compare all
groups. Spearman’s rank correlation was used for all corre-
lations. Significance was accepted at p <0.05.

Results

Increased numbers of macrophages in the heart with
SIV infection in non-CD8 lymphocyte-depleted animals

To investigate the role of monocytes/macrophage activa-
tion and traffic on cardiac pathology with SIV infection, 23
rhesus macaques were used in this study. Six animals (two
CDS8 lymphocyte depleted, four nondepleted) were unin-
fected controls. Seventeen animals were SIV infected, and
of these 12 were CD8 lymphocyte-depleted (Table 1). Im-
munohistochemistry revealed a significant increase in the
number of CD163 ", CD68 ™, and MAC387 * macrophages in
SIV-infected non-CD8 lymphocyte—depleted animals com-
pared to uninfected controls. There was a 1.32-fold increase
in the number of activated CD163 " macrophages, a 1.91-fold
increase in the number of resident CD68* macrophages, and
a 1.45-fold increase in the number of newly infiltrating
MAC387*% macrophages in cardiac tissue of SIV-infected
non-CD8 lymphocyte-depleted animals compared to unin-
fected controls. In CD8 lymphocyte-depleted animals we
found a 4.52-, 9.44-, and 2.36-fold increase (p <0.05) in the
number of CD163*, CD68™, and MAC387* macrophages,
respectively. CD3* T-lymphocytes in SIV-infected, CD$
lymphocyte-depleted animals were also significantly in-
creased 7.91-fold (p <0.05) compared to uninfected controls
(Table 2).

Increased numbers of macrophages in the heart
of CD8 lymphocyte-depleted versus non-CD8
lymphocyte-depleted animals

SIV-infected, CD8 lymphocyte-depleted animals had
significantly elevated numbers of macrophages and T-
lymphocytes in cardiac tissue compared to SIV-infected,

TABLE 1. RHESUS MACAQUES USED IN THE STUDY

Animal type SIV status N Heart pathology
Controls - 6 6 NSF
Non-CD8 depleted + 5 4 NSF

1 Mild, myocardial
fibrosis and immune
cell infiltration

12 5 NSF
3 Mild
3 Moderate
1 Severe, myocardium
degeneration, inflam-
mation, and fibrosis

CD8 depleted +

Pathology was determined by a veterinary pathologist. Cardiac
tissue sections were scored based on 10 randomly chosen 400X
fields. Inflammation was graded according to mild, moderate, and
severe as it related to immunoreactive cells present within the section.

NSF, no significant findings.
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TABLE 2. COMPARISON OF THE NUMBERS OF MACROPHAGES AND T-LYMPHOCYTES IN
UNINFECTED, SIV*', AND SIV"™ CD8 LyMPHOCYTE-DEPLETED RHESUS MACAQUES

SIv* p value Fold change
Immune Uninfected Nondepleted CDS8 Depleted UN UN ND ND CDS8 CDS8
markers (UN) (n=6) (ND) (n=35) (CD8) (n=12) vs. ND vs. CD8 vs. CD8 UN UN ND
CD163 56.33 (£5.30)  74.70 (£3.74) 254.83 (£21.37) * wE ok 1.32 452 3.4l
CD68 10.85 (£2.03) 20.76 (£1.63) 102.52 (£23.3) * o ok 1.92 944 4093
HAMS6  92.50 (£23.20) 77.12 (£10.19) 163.50 (£34.9) ns ns * — — 212
MAC387 10.92 (£3.20) 15.83 (£1.96) 25.83 (£2.25) * * * 145 236 1.63
CD3 3.47 (£0.75) 5.74 (£1.07) 27.45 (£7.85) ns * o — 791 478

Uninfected controls comprised of two uninfected, CD8 T-lymphocyte-depleted animals and four uninfected, nondepleted animals. No
differences were observed in the number of macrophages and T-lymphocytes between these two groups. Numbers represent the mean
number of positive cells (cells/mm?) + standard error of the mean (parentheses) based on counts from 20 nonoverlapping fields of view
using a 20X objective. p values were calculated by comparing the mean number of positive cells for controls and SIV" animals using a
Mann-Whitney nonparametric U test (*p<0.05, **p<0.01). Fold change was calculated based on the ratio of macrophages or T-

lymphocytes present in the heart for the indicated groups.

non-CD8 lymphocyte-depleted rhesus macaques (Table 2).
CD163" macrophages were increased 3.41-fold (p<0.01),
CD68" macrophages were increased 4.93-fold (p<0.01),
and MAC387" cells were increased 1.63-fold (p<0.05)
in SIV-infected, CD8-depleted animals compared to SIV-
infected, non-CDS8 lymphocyte-depleted animals. The num-
ber of T-lymphocytes in SIV-infected, CD8-depleted animals
was elevated 4.78-fold over SIV-infected non-CD8 lymphocyte-
depleted animals. Overall, when compared to controls, SIV-
infected, CD8 lymphocyte-depleted animals show even greater
numbers of macrophages and T-lymphocytes in cardiac tissue
(Table 2).

Increased numbers of macrophages in the hearts
of animals with cardiac pathology

SIV-infected, CD8 lymphocyte-depleted animals were
divided into two groups based on the presence or absence
of cardiac pathology as determined by a veterinary patholo-
gist. Five of 12 animals had normal histology, while the re-
maining seven had mild, moderate, or severe inflammation
and degeneration. Animals with cardiac pathology had a
1.66-fold increase of CD163™ macrophages (p<0.01), and
CD68 *and MAC387 * macrophages were increased by 2.46-
fold (p<0.01) and 1.70-fold (p<0.05), respectively, when
compared to SIV-infected, CD8-depleted animals without

cardiac pathology (p <0.05). In addition, SIV-infected, CD8
lymphocyte-depleted animals with pathology had a 2.51-fold
increase in the number of CD3 T-lymphocytes compared to
animals without cardiac pathology (Table 3).

Correlations between fibrosis and increasing numbers
of macrophages in the heart

We quantified the percent of collagen per total tissue area
using Massons trichrome stain, as a measurement of fibrosis.
In SIV-infected non-CD8 lymphocyte-depleted animals one
animal had minor pathology and mild fibrosis with
12.6£5.6% collagen per total tissue area, as compared to the
remaining four animals with normal histology with an aver-
age of 6.2+3.8% collagen. The percent collagen in hearts of
SIV-infected non-CD8 lymphocyte-depleted animals was not
significantly different from uninfected controls (p>0.05)
(Fig. 1A and C). Overall, SIV-infected, CD8 lymphocyte-
depleted animals had increased levels of collagen compared
to SIV-infected, non-CD8-depleted animals (14.5+1.81
compared to 7.5+ 1.39) (Fig. 1A and C). SIV-infected, CD8
lymphocyte-depleted animals with cardiac pathology had in-
creased amounts of collagen and numbers of CD163™ mac-
rophages (Fig. 1B and C). The percentage of collagen per
total tissue area in SIV-infected, CD8 lymphocyte-depleted
rhesus macaques with cardiac pathology was significantly

TABLE 3. INCREASED NUMBER OF MACROPHAGES AND T-LYMPHOCYTES IN SIV-INFECTED CD8-DEPLETED
RHESUS MACAQUES WITH CARDIAC PATHOLOGY COMPARED TO SIV-INFECTED CD8-DEPLETED
RHESUS MACAQUES WITHOUT CARDIAC PATHOLOGY

SIV*, CDS8 depleted (n=12)

Immune markers w/o pathology (n=15) w/pathology (n=7) p value Fold change
CD163 183.40 (+34.20) 305.85 (+14.06) wE 1.66
CD68 55.98 (£12.06) 137.75 (£6.20) ok 2.46
HAMS6 196.50 (+14.90) 131.90 (£12.40) ns —
MAC387 17.34 (£1.99) 29.48 (£3.01) * 1.70
CD3 14.60 (£4.72) 36.62 (£12.07) * 2.51

Numbers represent the mean number of positive cells (cells/mm?) + standard error of the mean (parentheses) based on counts from 20

nonoverlapping fields of view using a 20 x objective. p values were calculated by comparing the mean number of positive cells for SIV™*, CDS8-
depleted animals with and without cardiac pathology using a Mann—Whitney nonparametric U test (*p <0.05, **p <0.01). Fold change was
calculated based on the ratio of cells in SIV*, CD8-depleted animals with cardiac pathology compared to animals without pathology.
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FIG. 1. Increased numbers of CD163* macrophages and amount of collagen in heart tissue in simian immunodeficiency virus
(SIV)-infected rhesus macaques with cardiac damage. Massons trichrome stain and immunohistochemistry were used to compare the
amount of collagen and numbers of CD163 ™ macrophages present in the heart of uninfected, SIV-infected non-CD8-depleted, and
SIV-infected CD8 lymphocyte-depleted rhesus macaques [(A) 400x magnification]. SIV-infected, CD8-depleted animals with
cardiac pathology show significantly increased levels of collagen (19.2 +3.4%) and increased numbers of CD163 " macrophages are
present (305.85 £ 14.06) (B, C). Statistical analysis was done between the indicated groups using the Mann—Whitney nonparametric
U test (*p<0.05, **p <0.01).
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increased when compared to those without pathology (Fig.
1C) (19.2+£3.4% vs. 7.93£4.7%, p<0.05). All SIV-infected
animals had positive correlations between the percentage of
collagen per total tissue area as a marker for fibrosis and the
numbers of CD163" (Fig. 2A), CD68* (Fig. 2B), and
MAC387" (Fig. 2C) macrophages. Animals with severe
cardiac pathology had the highest numbers of macrophages in
the heart. There was no correlation between the number of
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CD3" T-lymphocytes and the amount of fibrosis in SIV-
infected animals (Fig. 2D).

Absence of SIV viral protein and RNA in the heart
of SlV-infected animals

Extensive immunohistochemistry and in situ hybridization
was done on cardiac tissues to determine if SIV-infected cells

* FIG. 3. Increased traffic of cells to
the heart during late SIV infection.
Bromodeoxyuridine (BrdU) experi-
ments were used to determine when
inflammatory cells traffic to the heart
in SIV-infected, CD8 lymphocyte-
depleted rhesus macaques. Animals
were grouped based on whether they
received BrdU early (6 and 20 dpi)
or late (48 dpi and 24 h before nec-
ropsy). Immunohistochemistry shows
increased traffic of BrdU™ cells in the
heart of SIV-infected, CD8 lympho-
cyte-depleted rhesus macaques that
received BrdU late [(A) 400X mag-

.l .
-L'||

@ nification]. Animals that received

BrdU late during infection had 31.85 +
14.8 BrdU™ cells compared to 6.68+
2.9 BrdU" cells in animals receiving

: BrdU early (B).
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TABLE 4. BROMODEOXYURIDINE-POSITIVE CELLS IN THE HEART OF SIV-INFECTED,
CD8 LYMPHOCYTE-DEPLETED RHESUS MACAQUES ARE OF MYELOID LINEAGE

Cell phenotype SIV™, CDS8 depleted (n=2)

SIV", CD8 depleted (n=12)

w/o pathology (n=15) w/pathology (n=7)

BrdU*" MAC387*
BrdU" CD68™
BrdU* CD163"
BrdU* CD3"

75.60 (+£3.71)
26.75 (+7.97)
9.90 (+5.71)
0.00 (£0.00)

84.48 (+5.83)
14.51 (£3.92)
1.24 (+£0.53)
0.00 (+0.00)

79.25 (+£4.98)
19.31 (+£4.89)
5.87 (+1.80)
0.00 (+0.00)

BrdU™" cells were counted for SIV-infected, CD8 lymphocyte-depleted animals and the average percentage of double positive cells for
each indicated group was calculated + standard error of the mean (in parentheses).

BrdU, bromodeoxyuridine.

were present. SIV-p28 and SIV-RNA were found in matched
brain and lymph node tissues, but not in cardiac tissues from
the same animals (data not shown). There was no difference
in plasma viral load between SIV-infected, CD8 lymphocyte-
depleted animals with and without cardiac pathology. Plasma
viral load peaked at 8 dpi, was virtually indistinguishable
between animals, and remained elevated throughout infection.
Thus, these levels did not correlate with differences in cardiac
pathology between animals (data not shown).

Increased traffic to the heart during late SIV infection

We used BrdU to examine the traffic of recently released
macrophages to the heart in SIV-infected, CD8-depleted
animals. Animals were grouped based on when they received
BrdU, early (6 and 20 dpi) or late (48 dpi and 24 h prior to
necropsy). In animals that received BrdU late we found a
4.72-fold increase in the number of BrdU* macrophages
present compared to animals that received BrdU early (Fig.
3A and B).

BrdU™ cells in the heart are of myeloid lineage

The majority of BrdU™ cells in the heart were MAC387 "
(75.60%3.60% for uninfected controls, 84.48 £5.83% for SIV-
infected, CD8 lymphocyte-depleted animals without cardiac
pathology, and 79.25+4.98% for SIV-infected, CD8 lympho-
cyte-depleted animals with cardiac pathology). Minor popula-
tions of BrdU* CD68™" (26.75 +7.97% for uninfected controls,
14.51£3.92% for SIV-infected, CD8 lymphocyte-depleted an-
imals without cardiac pathology, and 19.31+4.89% for SIV-
infected, CD8 lymphocyte-depleted animals with cardiac pa-
thology) and BrdU" CD163" (9.90+5.71% for uninfected
controls, 1.24+0.53% for SIV-infected, CD8 lymphocyte-de-
pleted animals without cardiac pathology, and 5.87 % 1.80% for
SIV-infected, CD8 lymphocyte-depleted animals with cardiac
pathology) macrophages were found. No BrdU" CD3™" T-
lymphocytes were found in the hearts of all animals studied
(Table 4).

Discussion

We examined, in a retrospective study, the role of mac-
rophage activation and traffic to the heart with SIV infection
leading to cardiac inflammation and pathology. Examin-
ing macrophage populations in SIV-infected, non-CD8
lymphocyte-depleted rhesus macaques we found increased
numbers of macrophages in cardiac tissues compared to un-

infected controls. Twenty percent of SIV-infected, non-CD8
lymphocyte-depleted animals had minor interstitial fibrosis
while the remaining had no significant signs of fibrosis when
compared to controls. A single animal that had increased
levels of fibrosis also had increased numbers of macrophages
in the heart when compared to other SIV-infected, non-CD8
lymphocyte-depleted animals without fibrosis. This suggests
that macrophage accumulation plays a role in the observed
cardiac pathology in a subset of SIV-infected animals.

Compared to SIV-infected, non-CD8 lymphocyte-depleted
rhesus macaques SIV-infected, CD8 lymphocyte-depleted
animals had significantly increased numbers of macrophages
in the heart and a higher incidence of cardiac pathology.
While viral load in plasma has been implicated in the pro-
gression of cardiac pathology in SIV-infected animals,*?
we observed no differences in plasma viral load between
SIV-infected, CD8 lymphocyte-depleted animals with and
without cardiac pathology. Additionally, we did not find SIV-
infected macrophages in the hearts of our animals.

Kelly et al. found scattered SIV-infected macrophages in
hearts of a subset of infected animals (12 of 22) using an SIV-
gp41 antibody that recognizes productively infected cells.*?
But the number of infected cells did not correlate with
functional decline.*? Yearley ef al. found 1-4 SIV-infected
macrophages/mm? in hearts of 7 of 21 animals.*> These au-
thors used an antibody against SIV-nef that detects latent and
productively infected macrophages. We found SIV-p28 and
SIV-RNA-positive macrophages in brains and lymph nodes
of the animals in our study. Results from our study suggest
plasma virus, protein, or RNA alone does not drive cardiac
pathology, and other factors, including macrophages, likely
do. We found positive correlations between the number of
macrophages and the amount of fibrosis as a maker of dam-
age to the heart, where animals with the most severe fibrosis
had the highest numbers of macrophages.

While we have reported increased numbers of CD163"
macrophages in SIV-infected animals with cardiac pathology
and fibrosis, others have shown decreased numbers of
CD163" macrophages in the heart of SIV-infected, non-CD8
lymphocyte-depleted animals with active and borderline
myocarditis** and an increase in CD3* T-lymphocytes.** In
these studies, there were increased numbers of CD163%
macrophages in SIV-infected animals with normal, unin-
flammed heart tissue, and fewer CD163% macrophages in
SIV-infected animals with active or borderline myocarditis.

Because CD163% macrophages can be considered to
be antiinflammatory, and CD163 is upregulated by the
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antiinflammatory cytokines IL-6 and IL-10,%**® these au-

thors concluded that CD163* macrophages are protective.
Their observations are in contrast to ours and others, where
increased numbers of CD163 " macrophages are present with
active inflammation and lesion formation in cardiac and
central nervous system tissues. It is interesting that we
find more CD163 " macrophages in the heart than CD68*
macrophages because CD68 is considered to be a pan mac-
rophage marker. We note that CD68 expression by macro-
phages is regulated by activation, which can vary from tissue
to tissue and be dictated not only by activation but also by
microenvironments. Whether there is differential CD163 and
CD68 regulation and expression in the heart, and/or different
macrophage subsets based on CD68 and CD163, warrants
further study. CD163 is also expressed on plasmacytoid DCs,
which also are CD68 negative. Recent reports are just now
characterizing resident and inflammatory macrophage pop-
ulations in cardiac tissue.*’

Previous studies have shown that chronic inflammation
and T cell activation, without HIV infection, play a role in the
formation of atherosclerotic plaques.” In HIV-infected indi-
viduals, atherosclerosis is associated with T cell activation
and markers of inflammation predict cardiac events.***° In
SIV-infected animals CD8* T-lymphocytes are present and
correlate with myocarditis.'®>*} Animals in our study were
persistently CD8 * T-lymphocyte depleted, and had no CD8 *
T cells at necropsy. We found few CD3 " T-lymphocytes in
cardiac tissues, which are likely CD4 " T cells or NK cells.
Double label immunohistochemistry indicated that a major-
ity of BrdU" cells are MAC387" macrophages with no
BrdU" CD3" cells. Minor populations of CD68* BrdU™"
and CD163* BrdU* macrophages were also found. These
results indicate that the newly infiltrating cells are myeloid
lineage monocyte/macrophages. Thus, our results show there
is cardiac pathology and fibrosis without CD8* T-lympho-
cytes and few CD3* T-lymphocytes, further underscoring
the role of monocytes/macrophages in pathology and fibrosis.

Using FDG-PET imaging, we have shown that increased
monocyte/macrophage accumulation in the ascending aorta
with HIV infection correlates with the number of non-
calcified, vulnerable plaques.®® In addition, this accumulation
of macrophages is associated with sCD163 in plasma, a
marker of macrophage activation.’® We have also shown that
sCD163 in plasma correlates with the presence of non-
calcified, vulnerable coronary plaques in HIV-infected pa-
tients.>> Here, we demonstrate that actual macrophage
accumulation within ventricular tissue correlates with fibro-
sis, suggesting that macrophage accumulation drives cardiac
pathology with SIV infection. While some studies have as-
sociated the toxic effects of ART on coronary artery disease
progression in humans and monkeys,*'° studies examining
HIV-1 elite controllers have shown that these individuals
have increased rates of atherosclerosis compared to unin-
fected and chronically HIV-infected individuals.® HIV-1
elite controllers also had elevated levels of sSCD163 in plas-
ma.3® These observations, taken together with data from this
study, suggest that immune activation and macrophages play
a role in HIV- and SIV-associated cardiac pathology.

Using BrdU, we were able to examine the accumulation of
monocytes newly released from the bone marrow. Regardless
of cardiac pathology, we show an increase of monocyte/
macrophage traffic to the heart during late versus early SIV
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infection. In the hearts of SIV-infected, CD8 lymphocyte-
depleted animals that received BrdU late (48 dpi and 24 h
before necropsy) we found a 4.6-fold increase in the number
of BrdU " cells compared to animals that received BrdU early
(6 and 20 dpi). This underscores the notion that the majority
of inflammatory monocyte/macrophages traffic later in in-
fection and are likely triggered by the development of AIDS.
Regardless, these data point to the need to target monocyte/
macrophage activation and traffic, in addition to anti-
retroviral therapy, when considering HIV-associated CVD.

Our studies demonstrated an increase in macrophage
numbers in cardiac tissues of SIV-infected animals with
cardiac pathology. In particular, the numbers of CD163™
macrophages are significantly increased compared to animals
without pathology and uninfected controls. We found a
strong correlation between the numbers of macrophages and
the degree of fibrosis determined by increasing levels of
collagen in animals with cardiac pathology. The correlation
between fibrosis and increased numbers of CD163 " macro-
phages demonstrates that the SIV-infected, CD8 lymphocyte-
depleted animals can be a beneficial model to study the
effects of macrophage activation and inflammation on car-
diac pathology associated with HI'V and SIV infection. While
tissue sections of coronary arteries were not available for
animals in this study, future studies examining whether there
is a correlation between macrophage accumulation in cardiac
muscle and coronary arteries are needed. Our preliminary
studies on HIV-infected cardiac tissues also show an increase
in the number of CD163* macrophages in the heart during
HIV infection that correlates with fibrosis (data not shown).

While the causes of HIV- and SIV-associated CVD are likely
multifactoral, our data suggest that macrophage accumulation
and traffic to the heart play a role in the developing cardiac
pathology. Data from this study suggest that therapeutic treat-
ments targeting macrophage activation and traffic, along with
effective ART, could potentially reduce inflammation and the
resulting damage seen in the heart during infection.
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