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Infection by HIV-1 frequently leads to pulmonary com-
plications, including alterations to local immune envi-
ronments. To better understand these alterations, we
have examined in detail the patterns and levels of ex-
pression of chemokine, cytokine, and chemokine re-
ceptor mRNAs in lung tissues from 16 uninfected or
simian immunodeficiency virus (SIV)/DeltaB670 in-
fected cynomolgus macaques at different stages of in-
fection. Among the most up-regulated immune genes
were interferon (IFN)-y, IFN-y-inducible CXCR3 li-
gands, and CCRS5 ligands, as well as the cognate chemo-
kine receptors. These changes were greatest in animals
with clear Preumocystis carinii coinfection. Immuno-
histochemistry and in situ hybridization revealed
monocytes/macrophages to be the predominant type of
cell infiltrating into lung tissues and serving as the ma-
jor cellular source of chemokines. To explore the causes
of chemokine alterations, we treated macaque lung cells
with IFN-vy, lipopolysaccharide, Poly(I:C), and P. carinii
in vitro, and results revealed that these stimuli can in-
duce the expression of CXCR3 ligand and/or CCR5 li-
gand mRNAs. Taken together, these studies provide a
comprehensive definition of the chemokine networks
available to modulate cellular recruitment to lung tis-
sues during SIV infection and implicate both cytokines
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(IFN-y) and pathogens (SIV and P. carinii) as contribu-
tors to increased expression of pro-inflammatory
chemokines. (4m J Pathol 2010, 177:1274-1285; DOI:
10.2353/ajpath.2010.091288)

Pulmonary diseases are frequent complications of HIV-1
infection, affecting 75% to 85% of patients with AIDS." In
addition, Pneumocystis carinii (now called Pneumocystis
jirovecii in humans) pneumonia (PCP) is one of most fre-
quent pulmonary opportunistic infections in HIV-1 in-
fected individuals. However, little is known about the
mechanisms leading to changes in pulmonary immune
function and how these changes ultimately contribute to
pathogenesis. Identifying alterations of overall immune
function and the local mediators of these changes in the
lungs during HIV-1 infection and AIDS will be useful for
understanding and treating HIV-1-associated pulmonary
complications.

Chemokines are soluble immune factors that recruit
cells bearing appropriate receptors into local environ-
ments as part of homeostatic immune cell trafficking and
inflammatory reactions. There are approximately 50
known chemokines and 18 chemokine receptors.? Che-
mokines play an important role in the control of infectious
agents by recruiting effector cells to local inflammatory
sites of infection and by serving directly as antimicrobial
peptides.® During HIV-1 infection, chemokines and their
receptors have important roles in virus/host interactions
because a subset of chemokine receptors act as viral
entry co-receptors* and natural and modified ligands for
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these receptors can inhibit viral infection.®® Chemokines
mediate immunity and host defense, but when produced
in inappropriate amounts or in inappropriate contexts
they may also contribute to inflammation-associated pa-
thology. Either the absence or excess of specific chemo-
kines might affect immune responses and thereby affect
susceptibility to infection or subsequent disease progres-
sion.” Because inflammatory chemokines play both ben-
eficial and harmful roles in infectious diseases, there is a
need for further study of the interactions between mi-
crobes, infected host cells, and other cells of the immune
system to determine the relations between direct and
indirect effects of the microbes on changing local che-
mokine expression and inflammation.

Simian immunodeficiency virus (SIV) infection can lead
to immune dysfunction in multiple species of nonhuman
primates, and macaques with AIDS often are infected
with opportunistic pathogens such as P. carinii. Therefore,
we hypothesized that SIV and/or P. carinii infections in
nonhuman primate model systems might broadly alter
chemokine networks in lung tissues, and thereby contrib-
ute to SlV-associated pulmonary pathogenesis. To ad-
dress this issue, we used the SlV-infected cynomolgus
macaque (Macaca fascicularis) model to investigate the
relations between systemic S|V infection, local SIV and/or
P. carinii infections, and changes in chemokine, chemo-
kine receptor, and cytokine expression. We present here
a comprehensive analysis of the expression of chemo-
kines and their receptors in lung tissues during SIV infec-
tion by using real-time RT-PCR and in situ hybridization
(ISH). We also used simultaneous detection strategies to
define infiltrating cell types and cellular sources of che-
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mokines in lung tissues. In addition, we measured the
expression of Toll-like receptors (TLRs) 1 to 10 in ma-
caque lung tissues to determine the overall pathogen-
sensing capabilities of this large mucosal organ. Alto-
gether, our findings identify associations between local
levels of SIV and P. carinii, and increased expression of
inflammatory chemokines.

Materials and Methods

Animals and Tissue Processing

These studies were performed under the approval and
guidance of the University of Pittsburgh Institutional Ani-
mal Care and Use Committee. The University of Pitts-
burgh facilities are accredited by the American Associa-
tion for Accreditation of Laboratory Animal Care. The 16
adult cynomolgus macaques (M. fascicularis) used in this
study were negative for SIV, simian retrovirus, and simian
T-lymphotropic virus type 3-11I at the initiation of the study.
These macaques were inoculated intrarectally with a
characterized stock of the pathogenic SIV/DeltaB670 iso-
late® and details regarding their clinicovirological states
are described in Table 1. The animals’ clinical conditions
were observed a minimum of twice daily for changes in
behavior, posture and activity, food/water consumption,
stool and urine output, and evidence of pain/discomfort
or neurological signs. Animals exhibiting signs such as
weight loss, anorexia, wasting, diarrhea, and pneumonia
were treated at the direction of the facility veterinarian
with appropriate antibiotics, nutritional supplementation,

Table 1. Study Animals and Clinicovirologic States
Viral load in Lung
Wk plasma’  tissue viral

Animal Stage of infection Virus* postinfection  (copies/ml) load* Clinical findings

M6202  Uninfected None NA ND$ <0.01 Normal

M7102 Uninfected None NA ND <0.01 Normal

M13402 Uninfected None NA ND <0.01 Normal

M13502  Uninfected None NA ND <0.01 Normal

M57027  Exposed/uninfected  SIV/DeltaB670 2 ND <0.01 Normal

M74027  Exposed/uninfected  SIV/DeltaB670 2 ND <0.01 Normal

M6002  Acute SIV/DeltaB670 2 2,600,000 8.36 Normal

M7902  Acute SIV/DeltaB670 2 3,100,000 4.53 Normal

M13002 Clinical latency SIV/DeltaB670 8 180 0.08 Normal

M13102 Clinical latency SIV/DeltaB670 8 3,600,000 0.20 Normal

M5802  AIDS SIV/DeltaB670 49 1,950,000 0.10 Weight loss, CD4" T-lymphocyte
decrease

M5902  AIDS SIV/DeltaB670 14 1,750,000 0.90 Weight loss, CD4" T-lymphocyte
decrease, lymphoma

M7002  AIDS SIV/DeltaB670 48 640,000 0.02 Weight loss, CD4" T-lymphocyte
decrease, watery diarrhea

M12402 AIDS SIV/DeltaB670 42 4100 0.30 Weight loss, CD4" T-lymphocyte
decrease, PCP

M12602 AIDS SIV/DeltaB670 39 140,000 0.73 Weight loss, CD4" T-lymphocyte
decrease, PCP

M12802 AIDS SIV/DeltaB670 37 286,000 1.33 Weight loss, CD4" T-lymphocyte

decrease, PCP

*Intrarectal infection.

TReal-time RT-PCR was used to determine plasma viral loads at necropsy.
*Real-time RT-PCR was used to determine tissue-associated viral loads, with normalization to the copy numbers of B2m mRNA (X 1000).

SND, not determined.
SIV was undetectable in plasma and lung.
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and supportive care, including analgesics to alleviate
pain. Animals were sacrificed via sedation with ketamine
(10 to 20 mg/kg) followed by an intravenous dose of
sodium pentobarbital (25 mg/kg), in compliance with the
2007 American Veterinary Medical Association guide-
lines. Transcardial perfusion was performed with saline to
minimize blood contamination of tissues.

Tissues from all major organ systems were obtained at
necropsy, and either snap-frozen or fixed by immersion in
fresh 4% paraformaldehyde/PBS and processed as de-
scribed.® Total lung cells were prepared by mincing lung
tissues from uninfected macaques in RPMI-1640 medium
(with L-glutamine, penicillin, streptomycin, and 10% fetal
calf serum) containing 0.7 mg/ml collagenase A and 50
pg/ml DNase and then incubated at 37°C in 5% CO,, for
1 hour. The resulting mixture was run through a 100-
micron strainer, and the clarified cell suspension was
lysed in an ammonium chloride red blood cell lysing
solution followed by washing twice in 1 X PBS. Cells were
frozen overnight at —85°C at 1 X 107 cells per ml in 10%
dimethyl sulfoxide/90% fetal calf serum and then stored
over liquid nitrogen. A test thaw of cells from four different
macaques indicated that the viabilities of these cells after
long-term storage (>3 years) were 71.3% (+/— 5.9%
[SD]). Plasma and tissue viral RNA loads were measured
by real-time RT-PCR as described.'®""

ISH and Immunohistochemistry

ISHSs for cellular and pathogen (SIV and P. carinii) RNAs
were performed as described.®'?'3 Autoradiographic
exposure times, following ISH with antisense and con-
trol sense °S-labeled riboprobes specific for SIV, P,
carinii, interferon (IFN)-y, and chemokine RNAs were 7
to 10 days.

Immunohistochemistry (IHC) was performed with a rat
anti-CD3 monoclonal antibody (clone CD3-12, Novocas-
tra, Newcastle upon Tyne, UK) or murine monoclonal
antibodies specific for CD68 (clone KP1, Dako, Carpen-
teria, CA), CD20 (clone L26, Dako), CD209/DC-SIGN
(clone DCN46, BD Pharmingen, San Diego, CA), CD183/
CXCRS3 (clone, 1C6, BD Pharmingen), or keratins (AE1/
AE3/PCK26, Ventana Medical Systems Inc., Tucson, AZ).
IHC was performed on cryosections that were postfixed
in 4% paraformaldehyde/PBS, washed in absolute etha-
nol, and microwaved in 0.01 M sodium citrate (pH 6.0) for
a total of 10 minutes in 2-minute increments. Tissue sec-
tions were incubated with primary antibodies for 1 hour at
room temperature and detected by using the SuperPic-
Ture Kit (Zymed Laboratories Inc., South San Francisco,
CA), according to the manufacturer’s recommendations.
Counterstaining was performed with hematoxylin (Fisher
Chemicals, Fairlawn, NJ). For combined ISH/IHC, tissue
sections were subjected to IHC immediately following
ISH, with subsequent autoradiographic exposure times of
5 to 10 days.

Real-Time RT-PCR

RNA extraction, template preparation, and real-time RT-
PCR were performed by using a two-step protocol as

described, ' with RT-negative controls always per-
formed in parallel. PCR amplification was performed by
using 2.5 ul of each cDNA in TagMan Universal PCR
Master Mix with TagMan primer/probe combinations in a
total volume of 25 ul. Primer and probe sequences for
real-time RT-PCR were either purchased as gene-spe-
cific sets (Applied Biosystems, Foster City, CA) or de-
signed by using the Primer Express Software package
(Applied Biosystems). The assays we designed were for
the following mRNAs: CCL3, CXCL10, CXCL11, CXCL13,
CCL23, XCL1, CCR5, and CCR9. Interleukin (IL)-10
primer and probe sequences were identical to those
previously described. ' The assays were run by using an
ABI PRISM 7000 Sequence Detection System (Applied
Biosystems). Gene expression was normalized to the
endogenous control mRNA, B-glucuronidase. The rela-
tive expression levels of cellular mRNAs were calcu-
lated by using the comparative cycle threshold (Ct)
method'®'® with an RNA sample from an uninfected
macaque serving as the calibrator.

Culture, Treatment, and Analysis of Macaque
Lung Cells

Cryopreserved macaque lung cells were thawed,
counted, and plated (5 X 10° viable cells/ml) in complete
RPMI-1640 culture medium containing 10% fetal bovine
serum. Cells were treated with IFN-y (R&D Systems, Min-
neapolis, MN; 20 ng/ml), lipopolysaccharide (LPS; Invi-
voGen; 1 ug/ml), Poly(l:C) (InvivoGen, San Diego, CA; 25
wg/ml), or 5 X 10° P. carinii cysts (kindly provided by Dr.
Terry Wright, University of Rochester). At 0, 6, and 24
hours of culture (37°C, 5% CQO.,), supernatants and cells
were harvested and stored at —80°C until enzyme-
linked immunosorbent assay (ELISA) and real-time RT-
PCR analyses were performed, respectively. The levels
of CXCL10 in supernatants of cultured lung cells were
measured by ELISA (R&D Systems) according to the
manufacturer’s recommendations.

Statistical Analyses

All statistical analyses were performed with the Minitab
software package (State College, PA). Real-time RT-PCR
data were analyzed by using the two-sample t-test,
paired t-test, Mann-Whitney nonparametric test, and
Pearson’s correlation analyses. A P value <0.05 was
considered significant.

Results

Study Animals

To understand better the immunological and virologic
events in lung tissues during SIV infection, we examined
tissues from four uninfected and 12 SlIV-infected adult
cynomolgus macaques (Table 1). Infected animals were
inoculated intrarectally with the pathogenic SIV/DeltaB670
isolate and sacrificed at different times after infection.



Four animals were sacrificed 2 weeks postinfection
(PI), with two of these four animals subsequently de-
termined to be exposed to SIV but uninfected, as re-
vealed by plasma and tissue viral load analyses. In the
remaining macaques, SIV plasma viral loads ranged
from 1.8 X 102 to 3.6 X 10° copies/ml (Table 1). Two
macaques that we defined as being in a chronic state
of infection were sacrificed at 8 weeks postinfection.
The remaining six macaques were maintained until
they progressed to AIDS at 14 to 49 weeks postinfec-
tion. Among animals with AIDS, in addition to weight
loss and CD4™ T-lymphocyte loss, one animal suffered
from lymphoma, one animal had watery diarrhea, and
three animals harbored widespread infection with P.
carinii in the lungs.
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SIV Infection Alters Chemokine and Chemokine
Receptor Expression Profiles in Macaque Lung
Tissues

To measure the effects of SIV infection on the chemokine
expression profiles in lung tissues, we performed real-
time RT-PCR for 18 different chemokine mRNAs. These
18 targets were chosen based on standard RT-PCR anal-
yses of 38 chemokine mRNAs (data not shown) that
defined groups of chemokines that increased or de-
creased in expression, or remained unchanged. Ten of
these chemokine mRNAs were increased in expression
following SIV infection (Table 2). The chemokines that
were up-regulated were predominantly inflammatory che-

Table 2. Measurement of Chemokine and Cytokine mRNA Expression Levels in Lung by Real-time RT-PCR
Fold-change P*
SIvV AIDS SIvV AIDS
Uninfected SlIV-infected AIDS  AIDS+PCP versus  versus versus Versus
mRNA (n=6) (n=10) (n=3) (n=23) ul ul Ul ul
Chemokinest CXCL9/MIG 1.2+ 10.8 13.9 7.2 9.4 9.2 0.010 0.082
(Increased)  CXCL10/IP10 1.9 13.4 12.6 11.9 71 6.5 <0.001 0.006
CXCL11/I-TAC 11 51 5.5 5.2 4.7 4.9 <0.001 0.005
CCL2/MCP1 1.9 7.0 4.5 10.3 3.7 3.9 0.041 0.036
CCL3/MIP-1a 2.6 8.7 7.2 16.0 3.3 4.4 0.016 0.012
CCL4/MIP-1B 1.2 25 2.1 39 21 2.6 0.045 0.030
CCL18/PARC 0.7 2.2 3.1 1.3 3.3 3.4 0.022 NS
CCL19/MIP-38 0.9 4.9 5.7 6.9 5.4 7.1 0.009 0.014
CCL20/MIP-3a 1.7 9.2 11.0 13.3 53 7.0 0.043 NS
CXCL13/BCA-1 0.8 3.4 6.8 0.9 41 4.7 NS NS
Chemokines ~ CCL25/TECK 1.1 0.5 0.7 0.1 0.4 0.4 0.085 0.026
(Decreased) CCL21/6Ckine 0.9 0.3 0.3 0.1 0.4 0.2 NS 0.049
CCL17/TARC 1.9 0.8 1.7 0.1 0.4 0.5 NS NS
CXCL12/SDF-1a 0.8 0.5 0.4 0.2 0.6 0.4 NS NS
Chemokines  CX3CL1/Fractalkine 0.9 1.2 1.9 0.1 1.3 1.1 NS NS
(No change) CCL23/MPIF-1 1.3 1.3 1.4 1.5 1.0 1.1 NS NS
CCL5/RANTES 0.6 0.8 1.1 0.4 1.4 1.4 NS NS
XCL1/Lymphotactin 2.0 2.9 3.2 1.1 1.5 1.1 NS NS
Cytokines IFN-y 0.8 5.4 2.9 5.4 6.8 5.2 0.004 0.010
IFN-a2 1.6 0.9 0.6 0.1 0.6 0.2 NS NS
IFN-B1 1.3 0.9 0.7 0.2 0.6 0.3 NS NS
TNF-« 53 2.3 3.1 0.5 0.4 0.3 NS NS
IL-10 1.8 8.0 8.2 12.3 4.4 5.6 0.031 0.047
Chemokine CCR1 1.0 1.7 1.6 2.3 1.8 2.1 0.044 NS
receptors® CCR3 7.2 5.6 12.0 1.5 0.8 1.0 NS NS
CCR4 1.1 1.0 1.1 0.5 0.9 0.7 NS NS
CCR5 0.7 1.7 0.6 1.4 1.4 1.5 0.006 0.046
CCR6 0.7 0.7 0.6 0.6 1.0 0.9 NS NS
CCR7 0.6 0.8 0.9 0.3 1.3 1.0 NS NS
CCR9 1.4 21 2.2 0.9 1.5 1.1 NS NS
CCR11 1.0 1.2 1.0 0.4 1.2 0.7 NS NS
CXCRS 1.4 5.6 4.6 2.1 3.9 2.4 0.011 0.001
CXCR4 11 0.7 0.7 0.1 0.7 0.4 NS NS
CXCR5 0.5 0.7 0.9 0.3 1.5 1.3 NS NS
CX3CR1 0.8 1.3 2.0 0.1 1.8 1.4 NS NS
Toll-like TLR3 1.0 4.9 4.6 1.2 51 3.1 0.013"  0.046"
receptor

Ul, uninfected.
*Student’s t-tests were performed for all comparisons, except as noted.

TChemokines were grouped as increase, decrease, or unchanged based on a group fold-change >2 (SIV versus Ul and/or AIDS versus Ul) and/or

P value <0.05.

*Arithmetical mean of the fold-change in mRNA expression relative to an uninfected calibrator animal.
SCCR2, CCR8, CCR10, CXCR1, CXCR2, and XCR1 were not detectable in any RNA samples (Ct > 45).

IMann-Whitney nonparametric test.
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mokines including the IFN-inducible CXCR3 ligands
(CXCL9, CXCL10, and CXCL11), CCL2, and the CCR5
ligands CCL3 and CCL4. CCL19 was also increased in
expression, which also could be interpreted as an inflam-
matory response given that it is one of the most highly
up-regulated genes on activation of dendritic cells
(DCs)."'® Chemokines CCL18, CCL20, and CXCL13
are more homeostatic in function, with CCL18 constitu-
tively expressed by lung macrophages,'® and CCL20%°
and CXCL13?" expressed in secondary lymphoid tis-
sues. Among the animals with AIDS, three also had PCP,
and these animals exhibited a number of differences from
animals with AIDS alone, including higher levels of induc-
tion of CCL2 and CCLS, and lack of induction of CXCL13
(Table 2).

Decreased expression was observed for four of the
18 chemokines examined, including CCL25, CCL21,
CCL17, and CXCL12, although only the changes with
CCL25 and CCL21 were statistically significant. CCL25 is
homeostatically expressed predominantly in small intes-
tine and thymus,?22® whereas CCL21 is homeostatically
expressed in secondary lymphoid tissues®* and by pe-
ripheral tissue lymphatic endothelial cells.?*?° Although
expression of CCL25 in lung and then its loss were un-
expected, we have previously shown expression and loss
of CCL25 mRNA in lymphoid tissues.?® The animals with
AIDS and PCP showed more potent down-modulation of
these chemokines than observed in the animals with
AIDS alone. Finally, the levels of expression of CCL23,
XCL1, and CX3CL1 did not change after SIV infection
(Table 2). In contrast to the CCR5 ligands CCL3 and
CCL4, which increased in expression after SIV infection,
the levels of CCL5 did not change.

The localization of cells expressing a subset of these
chemokine mRNAs was examined in lung tissue sections
by using ISH. We focused mainly on chemokines that
were increased during the course of infection, reasoning
that they would be the most likely to contribute to inflam-
mation and tissue pathology. Expression of the three
CXCRS3 ligands (CXCLs 9 to 11) was minimal in unin-
fected and acutely infected macaques, but was up-reg-
ulated in nearly all macaques with AIDS, especially in
those animals with AIDS and PCP (Table 3). In animals

developing AIDS without concomitant PCP, CXCR3 li-
gand mRNA™ cells were rare and generally scattered
throughout the interstitium, whereas in animals with AIDS
and PCP, cells expressing these chemokine mRNAs
were localized to larger foci both within alveolar aggre-
gates and interstitium (Figure 1A). Cells expressing CCL2
to CCL5 mRNAs were localized in similar patterns, with
high expression in macaques developing AIDS and PCP
(Table 3). To identify the cellular sources of chemokines
in lung tissues, we combined IHC for cellular markers
with ISH for chemokine mRNAs. The mRNAs encoding
CXCL9 to 11 and CCL2 to 4 were all produced predom-
inantly by CD68" macrophages (Figure 1, F and G) with
only a small proportion produced by lymphocytes or lung
epithelial cells (not shown). When CXCRS ligands were
expressed in compact foci, CXCR3™ cells were intensely
localized to these areas (Figure 1H).

As an indirect measure of the effects of these chemo-
kines on the local environments, we next measured the
levels of expression of 18 chemokine receptor mRNAs in
macaque lung tissues by using real-time RT-PCR, and
found that only 12 were detectable by this approach with
these primer/probe sets. Among the undetectable che-
mokine receptors it was surprising that CXCR1 and
CXCR2 were not detected even in the tissues from ani-
mals with AIDS and PCP, although we cannot rule out that
the human primers and probes used for real-time RT-PCR
hybridized to regions with species-specific nucleotide
substitutions. CXCR3, CCR1, and CCR5 were the only
chemokine receptors that increased in expression (1.8-
to 3.9-fold) during SIV infection (Table 2), consistent with
the up-regulation of their cognate chemokines. Lung tis-
sue SIV RNA levels were positively correlated with
CXCRS3 (r = 0.548) and CCR5 (r = 0.598) mRNA levels
(Table 4). Immunostaining for CXCR3 was generally
consistent with the mMRNA analyses and revealed that
CXCR3™ cells were increased in SIV-infected lung tis-
sue sections, including in large but dispersed inflam-
matory aggregates in lungs from animals with AIDS
and PCP (eg, Figure 1B). The positive correlations
between CXCR3 and CCR5 expression, and that of
their ligands (Table 4), suggest that these chemokines

Table 3. In situ Hybridization Signals for Cellular and Pathogen RNAs in Cynomolgus Macaque Lung Tissues during SIV Infection
Clinical
Uninfected Acute latency AIDS

6202 7102 13402 13502 5702 7402 6002 7902 13002 13102 5802 5902 7002 12402 12602 12802
CXCL9/Mig /- - - - = 4= - -+ A+ = = At A+
CXCL10/IP-10 +/= - - - e Y -+ R o AR S
CXCL11/-TAC +/— +/— +/— ~— N + + e
IFN-y - - - - - e e Y S EE Y +— = +++ ++ ++
CCL2/MCP-1 +/= + = H= =+ A+ + + + +4+  H/— =+
CCL3MIP-1ar +/=  + = A= = A= A+ 4 -+ = -+ A+
CCLAMIP-1B  +/— + + +/—  H/= +- + ++ o+ + N T S S o
CCL5/RANTES  + + + - - ++ + ++ 4+ ++ A+ A A+ 4+
SIvV - - - - - -+ + +/-  + +/—  +/— +/— 4+ ++ 4
P. carinii - - - - - - - - - - - R S S S S S A

ISH was performed with antisense and control sense °S-labeled riboprobes specific for SIV, P. carinii, IFN-y, and chemokines RNAs.

— denotes no signal detected; +/— denotes rare mMRNA+ cells in entire tissue section; + denotes 1 to 5 MRNA+ cells per 200X field; ++ denotes

6 to 10 mRNA+ cells per 200X field; +++ denotes >10 mRNA+ cells per 200X field.
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were indeed contributing to the recruitment of cells
bearing these chemokine receptors.

TLR Expression Patterns Reveal Up-Regulation
of Toll-Like Receptor 3 during SIV Infection

TLRs are a family of conserved pattern recognition re-
ceptors that are involved in innate immunity and the
interface between the innate and adaptive responses.?’
Given that the lungs are a large interface with the envi-
ronment and constantly exposed to a wide spectrum of
microorganisms, and that TLR engagement could con-
tribute to altered chemokine expression profiles, we used
real-time RT-PCR to measure the relative levels of expres-
sion of TLR1-10 mRNAs in macaque lung tissues. All TLR
mMRNAs were detectable except for TLR1 and TLR7, and
the levels of expression of these mRNAs relative to an
endogenous control gene in descending order were as
follows: TLR4 (0.52) > TLR9 (0.02) > TLR6 (0.01) > TLR5
(0.01) > TLR3 (1.8 X 1073) > TLR2 (1.8 X 107°) > TLRS8
(1.9 X 107%) > TLR10 (5.0 X 1077). Only TLR3 mRNA
expression increased (5.1-fold) during SIV infection (Ta-
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Figure 1. Localization of CXCL10 mRNA, cell-type mark-
ers, and P. carinii t/RNA in lung tissue sections from SIV-
infected and uninfected macaques. ISH was performed by
using the indicated *°S-labeled cRNA probes. THC was
performed by using anti-CD68 (macrophages), anti-
CD3 (T lymphocytes), or anti-CD183/CXCR3 (CXCR3™
cells) monoclonal antibodies. Cells staining positively for
the indicated antigens are visualized as brown. Original
magnification, X200 (A-E). Simultaneous #n situ hybrid-
ization and immunohistochemical detection of chemo-
kine mRNAs and cell type markers in macaque lung
tissues. The deposition of brown precipitate during IHC
identified cells that expressed CD68 (macrophages) and
CD183/CXCR3 (CXCR3™ cells), whereas focal collections
of black silver grains identify cells expressing the specific
mRNA. (F) CXCL9/CD68; (G) CCL2/CD68; (H) CXCL9/
CXCR3; Original magnification: X400 (F and G); X100
(H) and then zoom in.

ble 2). These findings indicate that the lungs are poised
to immediately respond to a large set of pathogen-asso-
ciated molecular patterns and that TLR3, which recog-
nizes double-stranded RNA intermediates of viral repli-
cation and RNAs associated with apoptotic bodies®®° is
increased in expression and could contribute to the in-
duction of inflammatory chemokines.

Up-Regulation of IFN-y and IL-10 mRNA
Expression in SIV Infected Macaque Lung
Tissues

Given that TLR stimulation often leads to increased IFN
expression, TLRs are abundantly expressed in lung tis-
sues, and CXCRS3 ligands are IFN-inducible, we mea-
sured the expression levels of type | and Il IFNs in ma-
caque lung tissues. The local levels of IFN-a and IFN-3
mRNAs did not change in expression during SIV infec-
tion, whereas IFN-y mRNA levels increased (Table 2).
There were significant differences between the entire
group of SIV-infected animals and the group developing
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Table 4.

Correlations between Relative mRNA Expression

Levels in Cynomolgus Macaque Lung Tissues
during SIV Infection

Pearson’s
Comparison correlation
gene specific coefficient
Gene-specific mMRNA mRNA (P value)*
CXCL9/Mig SIv 0.546 (0.029)
IFN-y 0.508 (0.044)
CXCL10/IP-10 0.813 (<0.001)
CXCL11/I-TAC 0.698 (0.003)
CXCRS 0.549 (0.028)
CCL2/MCP-1 0.544 (0.029)
CCL4/MIP-1B 0.575 (0.020)
CCL5/RANTES 0.689 (0.003)
CCL18/PARC 0.610 (0.012)
CXCL10/IP-10 SIvV 0.791 (<0.001)
IFNy 0.733 (0.001)
CXCL9/Mig 0.813 (<0.001)

CXCL11/I-TAC
CXCR3

CXCL10/IP-10
CXCL11/I-TAC

(
0.897 (<0.001)
0.764 (0.001)
(
(

0.791 (<0.001)
0.831 (<0.001)

CXCL11/-TAC  CXCL9/Mig 0.698 (0.003)
CXCL10/IP-10 0.897 (<0.001)
CCL2/MCP-1 0.548 (0.028)
CXCR3 CCL18/PARC 0.532 (0.034)
CXCL9/Mig 0.549 (0.028)
CXCL10/IP-10 0.764 (0.001)
IFN-y 0.809 (<0.001)
CCR5 0.590 (0.016)
SIv 0.538 (0.028)
IFN-y CXCL9/Mig 0.508 (0.044)
CXCL10/IP-10 0.733 (0.001)
CXCR3 0.809 (<0.001)
SIv 0.616 (0.011)
CCL4/MIP-18 CCR5 0.600 (0.014)
CCL5/RANTES  CCR5 0.614 (0.007)
CCR1 0.527 (0.036)
CCR5 CCL4/MIP-18 0.600 (0.014)
CCL5/RANTES  0.614 (0.007)
CXCR3 0.590 (0.016)
SIv 0.598 (0.014)
IL-10 CCL20/MIP-3¢  0.728 (0.001)
CCL3/MIP-1a 0.828 (<0.001)
CCL4/MIP-18 0.554 (0.026)
CCL19/MIP-38  0.670 (0.005)
SIv 0.657 (0.006)
CCL21/6Ckine  —0.539 (0.031)
CXCL12/SDF-1e —0.517 (0.040)
SIv IFN-y 0.616 (0.011)
IL-10 0.657 (0.006)
CXCL9/Mig 0.546 (0.029)
(
(
(
(
(
(
(
(

CCL19/MIP-38 0.601 (0.014)
CCL3/MIP-1a 0.536 (0.032)
CXCR3 0.548 (0.028)
CCR5 0.598 (0.014)
CCL21/6Ckine  —0.561 (0.024)
CCL25/TECK —0.535 (0.033)

*Shown are all Pearson’s correlations for which P < 0.05.

AIDS, both relative to uninfected controls (P = 0.004 and
P = 0.011, respectively; Table 2). IFN-y mRNA levels
were correlated positively with CXCL9/Mig (r = 0.508)
and CXCL10/IP-10 (r = 0.733) mRNA levels (Table 4 and
Figure 2). Using ISH we found that IFN-y mRNA™ cells
were absent or rare in lung tissues of uninfected and
acutely infected animals, and animals developing AIDS
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Figure 2. Example correlation analyses of lung tissue RNA measurements.
Pearson’s correlation analyses were performed in Graphpad Prism for the
indicated RNA measurements made by real-time RT-PCR. The »* and Pvalues
for linear correlations are shown.

without concomitant PCP. In contrast, IFN-y mRNA™ cells
were noticeably increased among inflammatory infiltrates
in lung tissues of animals with AIDS and PCP (Table 3),
and the patterns and levels of IFN-y mRNA expression
were concordant with local CXCR3 ligand expression
(Table 3).

IL-10 is an anti-inflammatory cytokine, and can sup-
press Th1 lymphocyte responses, IFN-y expression, ac-
tivation of macrophages, and release of chemotactic fac-
tors from neutrophils.®® We found that the SIV-infected
animals, especially animals developing AIDS, had higher
IL-10 mRNA expression in lung tissues compared with
uninfected animals (4.4-fold and 5.6-fold, respectively;
Table 2). There were significant differences between the
entire group of SIV-infected animals and the group-de-
veloping AIDS, both relative to the uninfected controls
(P = 0.081 and 0.047, respectively; Table 2).

Inflammatory Cell Infiltration in Lung Tissues
During SIV Infection

Alteration of chemokine networks is likely to change the
immune cell composition of SIV-infected lung tissues. To
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examine this, we performed IHC for multiple immune cell
populations, and found that the numbers of macro-
phages and T-lymphocytes dramatically increased in an-
imals with AIDS and PCP (Figure 1, C and D) both in
alveolar and interstitial microcompartments. In contrast,
B-lymphocytes were rare in lung tissues and only slightly
increased during development of AIDS (data not shown).
There was a paucity of CD209/DC-SIGN™ cells (data not
shown) in the lung parenchyma throughout the entire
course of disease, with most CD209/DC-SIGN™ cells lo-
calized in the submucosa of conducting airways (data
not shown), which was consistent with DC-SIGN expres-
sion in rhesus macaque lung tissues.®’

Local SIV and P. carinii Level were Positively
Correlated with IFN-vy, CXCR3, and CCR5
Ligand Expression in Lung Tissues

To further clarify the relations between SIV and chemo-
kine expression, we used real-time RT-PCR and ISH to
determine local SIV viral loads and expression patterns in
macaqgue lung tissues and found that the expression of
SIV RNA in the lung was not abundant compared with
lymphoid tissues (Tables 1 and 3). The numbers of cells
expressing SIV mRNA were higher in lung tissues of the
animals with acute SIV infection or AIDS with PCP involve-
ment, compared with animals in clinical latency or devel-
oping AIDS without PCP. Correlation analyses revealed
that SIV RNA levels were positively correlated with IFN-,
CXCL9-11, CCL3, and CCL19 mRNA levels, but nega-
tively correlated with CCL21 and CCL25 (Table 4 and
Figure 2). These data indicated that there were associa-
tions between local SIV RNA levels in lung tissues and
changes in expression of IFN-y and CXCR3 and CCR5
ligands.

To determine whether increased chemokine expres-
sion was associated with the local burdens of P. carinii,
we performed ISH and RT-PCR for P. carinii rRNA. These
analyses revealed that within the limits of sensitivity of
these assays, P. carinii FRNA was not measurably present
in uninfected or acutely infected macaques, or in three of
the macaques with AIDS. However, the remaining three
macaques that developed AIDS and clearly had pneu-

Figure 3. Induction of IFN-y and CXCR3, CCR1, and CCR5 ligands in lung
cells by P. carinii, IFN-vy, LPS, and Poly(I:C). Lung single cell suspensions
from uninfected macaques were cultured and exposed to P. carinii, IFN-vy,
LPS, or Poly(I1:C) for 24 hours, and the relative mRNA levels of the indicated
genes were measured by using real-time RT-PCR in cultured lung cells of SIV
uninfected macaques, and the concentrations of CXCL10 protein in the
supernatant of cultured lung cells from the same animals were measured by
ELISA after exposure to P. carinii, IFN-vy, LPS, or Poly(I:C). In A is shown the
induction of IFN-y, CXCR3 ligand, and CCRS5 ligand mRNAs with P. carinii at
24 hours poststimulation. In B is shown the induction of IFN-y, CXCR3
ligand, CCR1 ligand, and CCR5 ligand mRNAs and CXC10 protein (B inset)
with TFN-vy at 24 hours poststimulation. In C is shown the induction of IFN-y,
CXCR3 ligand, CCR1 ligand, and CCR5 ligand mRNAs with LPS at 24 hours
poststimulation. In D is shown the induction of CXCR3 ligand, CCR1 ligand,
and CCR5 ligand as well as IFN-y and TLR3 mRNAs with Poly(I:C) at 24 hours
poststimulation. The calibrator was the lung cell culture without stimulation
at 0 hours. These are combined data from two to three animals and two to
three independent experiments, and the mean + SEM are shown. *P < 0.05;
*#P < 0.01 compared with control lung cells at the same time point (paired
t-test for A-D; two sample rtest for inset in B).
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monia had abundant P. carinii rRNA in lung tissues (Table
3 and Figure 1E). Interestingly, we found that in vitro, P.
carinii induced the expression of IFN-y and CXCR3 ligand
mRNAs in lung cells (Figure 3A), but did not significantly
induce the expression of CCL3-5 mRNAs. These findings
indicate that P. carinii likely has a direct role in the
induction of inflammatory chemokines in macaque lung
tissues.

IFN-~, LPS, and Poly(l:C) Induced Lung Cells to
Express CXCR3 and CCR5 Ligands in Vitro

To understand better the relations between local patho-
gens, and chemokine and cytokine expression levels in
lung tissues, we used IFN-y, LPS, and Poly(l:C) to stim-
ulate cultures of lung cells obtained from uninfected ma-
caques and measured mRNAs encoding chemokines
and chemokine receptors. Although comprised of multi-
ple cell types, these cell populations all were derived
from uninfected macaques and anticipated to model the
sum of complex pathogen-cell, cell-cell, and cytokine—
cell interactions that might occur within lung tissues. The
TLR ligands LPS and Poly(l:C) were used to mimic expo-
sure to bacterial and viral pathogen-associated molecu-
lar patterns, respectively. Treatment of lung cells with
IFN-vy potently induced the expression of CXCL9-11 mRNAs
and moderately induced CCL2 mRNA expression, but
did not significantly induce the expression of CCL3-5
mRNAs (Figure 3B). ELISA analysis of the culture super-
natants for CXCL10 protein levels indicated that the se-
creted protein levels and mRNA levels for this chemokine
were generally concordant (Figure 3B inset). LPS in-
duced the expression of CCL3-5 and IFN-y mRNAs, but
did not induce the expression of CXCL9-11 and CCL2
mRNAs (Figure 3C), and Poly(I:C) induced the expres-
sion of IFN-y, CCL2, CXCR3 ligand, and CCR5 ligand
mRNAs as well as TLR3 mRNAs (Figure 3D). These re-
sults indicate that host immune modulators (IFN-v), as
well as pathogen components (LPS and dsRNA), induce
lung cells to express different overlapping sets of inflam-
matory chemokines, including those we determined to be
up-regulated in lung tissues during SIV infection.

Discussion

Chemokines play central roles in the response to HIV-1
infection®? both as competing ligands for viral corecep-
tors on cell surfaces and as inflammatory signals that
shape local immune environments. In previous studies
we and others have found that SIV infection alters the
levels of IFN-y-inducible CXCR3 ligands®® and lymphoid
homing chemokines®* in lymph nodes. In this study we
focused on lung mucosal tissues in cynomolgus ma-
caques and found that inflammatory modulators (eg,
IFN-y, CXCR3 ligands, and CCR5 ligands), were also
up-regulated during SIV infection, particularly in ani-
mals with clear P. carinii coinfection. In addition, IFN-,
CXCL9, and CXCL10 levels were positively correlated
with each other, and SIV viral loads in lung tissues were

positively correlated with most of the up-regulated che-
mokine and cytokine mRNAs. Providing insight into po-
tential mediators of these changes, IFN-vy, LPS, Poly(l:C),
and P. carinii were found to induce macaque lung cells ex
vivo to express CXCR3 and CCR5 ligands. Taken to-
gether, these studies provide a comprehensive definition
of the chemokine networks available to modulate cellular
recruitment to lung tissues during SIV infection, and im-
plicate both cytokines (IFN-vy) and pathogens (SIV and P.
carinii) as responsible for the increased expression of
pro-inflammatory chemokines in lung tissues.

The CXCR3 ligands, CXCL9, CXCL10, and CXCL11,
are consistently up-regulated in lymphoid'* and pulmo-
nary (shown here) tissues after SIV infection. CXCR3
is expressed on activated T-lymphocytes, particularly
type-1 T cells,®® activated natural killer cells,®*® and plas-
macytoid DCs.3” Inflammatory reactions comprised of
increased CXCR3 ligand expression are therefore com-
plex and involve both innate and adaptive immune re-
sponses in the lungs. These chemokines induce migra-
tion of CXCR3™ T cells from the blood through the blood
vascular endothelium into the pulmonary interstitium, and
then into the alveolar spaces. These T cells (Th1) release
IFN-y that results in additional induction of CXCL9 to 11
by alveolar macrophages and epithelial cells, establish-
ing an inflammatory positive feedback loop. In the con-
text of active HIV-1 replication, CXCL9 to 11 expression
could simultaneously recruit T-lymphocytes that combat
viral replication but also provide new substrates for on-
going viral replication.

Chemokines CCL3 to 5 are the natural ligands for
CCR5, a major coreceptor of HIV-1 and SIV. These che-
mokines are produced at sites of inflammation, where
they are involved in the recruitment of T-lymphocytes and
macrophages, but the net effect of B-chemokine levels in
SIVinfections is unclear. A number of studies have shown
that the B-chemokines can block HIV-1 and SIV replica-
tion.>3® However, some studies have shown that high
B-chemokine levels correlate with disease progression
during SIV and HIV-1 infection.®3° LaFranco-Scheuch et
al*® reported that high lymph node VRNA levels also
correlated with increased levels of CCL3/MIP-1a and
CCL4/MIP-1B8. Our findings that increased B-chemokine
expression levels were associated with higher lung tissue
viral RNA levels indicate that the local expression of these
chemokines was not sufficient to inhibit SIV replication in
lung tissues. CCR5 ligands might contribute to the immu-
nopathogenesis of HIV-1/SIV infections in much the same
way as CXCRS3 ligands likely do, in that as viral replication
and other events result in increased chemokine produc-
tion, there is a resultant increase in homing of target cells
(T-lymphocytes and macrophages) into lung tissues that
enhance the inflammatory response and support further
viral replication.

CCL18, also known as pulmonary activation and reg-
ulated chemokine (PARC), is produced by macrophages,
DCs, and alveolar epithelial cells and is thought to be in-
volved in naive T cell recruitment.*' Additionally, CCL18
has been described as a marker of alternative activation
of macrophages.*? Our results here have shown that the



expression of CCL18 mRNAs was increased in the lung
tissues from SIV-infected animals. Increased CCL18 ex-
pression in SIV-infected lungs might mediate the recruit-
ment of subsets of T lymphocytes and the activation of
macrophages during the development of inflammation. In
addition, we found down-regulation of CCL21, CCL25,
and CXCL12 mRNA expression in SIV-infected lung tis-
sues compared with controls. It has been reported that
CCL21, CCL25, and CXCL12 are involved in protection
from apoptosis.*®>*® Therefore, the decrease of CCL21,
CCL25, and CXCL12 in SIV-infected lungs could contrib-
ute to increased apoptosis of host cells, which in turn
could lead to increased stimulation of TLR3 by RNA-
laden apoptotic bodies.*®

IL-10 is an anti-inflammatory cytokine and can sup-
press Th1 lymphocyte responses and activation of mac-
rophages. SlVmac251-infected macaques with AIDS
have higher expression of IL-10 mRNA in peripheral lym-
phoid tissues compared with controls,*” and individuals
with HIV-1 infection have higher circulating IL-10 levels
than controls, with the highest levels among patients with
AIDS.*®49 In a murine PCP model, gene therapy with viral
IL-10 can reduce tissue inflammation without altering
pathogen clearance.®® In this study, we found that ma-
caques with SIV infection, especially animals with AIDS,
had higher IL-10 mRNA expression in lung tissues com-
pared with uninfected macaques. The increased IL-10
levels could reflect a response to increased levels of
immune activation, in an attempt to reduce the inflamma-
tory response and subsequent damage to the lungs dur-
ing SIV and P. carinii infections.

TLRs are a family of conserved pathogen recognition
receptors, which function by recognition of and response
to specific conserved motifs possessed by microorgan-
isms. TLRs are expressed on many cell types including T
and B lymphocytes, DCs, macrophages, and epithelial
cells, and are involved in innate and adaptive immunity.
We have previously found that TLR3, which recognizes
dsRNA viral replication intermediates, plays a potential
role in SlV-associated inflammation in lymphoid tissues
as well as in inhibition of SIV replication.’® In this study,
we found that many TLRs are expressed in lung tissues,
but that only TLR3 mRNA expression increased in lung
tissues during SIV infection (Table 2). Induction of TLR3
expression in lung tissues might result in part from local
SIV replication because Poly(l:C) can induce lung cells to
express TLR3 in vitro (Figure 3D). As in lymphoid tis-
sues, '? increased TLR3 levels could lead to higher local
expression of inflammatory chemokines. The expression
of most TLRs in lung tissues indicates that the lungs are
poised to rapidly respond to a large set of pathogen-
associated molecular patterns and therefore can contrib-
ute to the altered chemokine expression profiles we have
defined here in lung tissues.

The causes leading to up-regulation of inflammatory
chemokines are likely to be multifactorial. Pathogens (SIV
and P. carinii) and host immune modulators (IFN-vy) could
contribute to the up-regulation of these chemokine
genes. Levels of CCL2, CCL3, CCL4, XCL1, and MIP-2
mRNAs were significantly elevated in the lungs of immu-
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nologically reconstituted P. carinii-infected severe com-
bined immunodeficiency mice.®’ We found that CXCR3
and CCR5 ligand expression was higher in the animals
with AIDS and PCP than in animals with AIDS but without
PCP, and that in vitro P. carinii can induce IFN-y and
CXCRS3 ligand mRNA expression. Consistent with our
findings here, CCL2 and CXCL10 in rhesus macaques
infected with simian/human immunodeficiency virus is
strongly associated with the development of pneumo-
nia.®2 Similarly, CXCL9 and CXCL10 were found by us
through microarray analyses to be up-regulated in rhesus
macaque lung tissues.'® Taken altogether, our data
strongly suggest that P. carinii is involved in induction of
these chemokines. These increased chemokines would
recruit more inflammatory cells to infected sites and thus
contribute to damaging inflammation in the infected lung
tissue.

One limitation of our study is that both RNA analyses
of homogenized tissues and the histological analyses of
tissue sections are complicated by the architecture of
lung tissue. Normal lung tissue is predominantly air-
space, and on interstitial and/or alveolar infiltration there
can be increased numbers of multiple cell types per
pulmonary cavity volume, but on a per cell basis might or
might not appear to be changing. This is a challenge that
all lung tissue studies face, even with use of “region of
interest” analyses of lung tissue sections using quantita-
tive image analysis, and underscores the need for the
simultaneous application of multiple approaches to the
study of lung tissue inflammation.

Our findings have important implications for the treat-
ment and prevention of HIV-associated pulmonary com-
plications. In patients with AIDS who have P. carinii pneu-
monia, effective antimicrobial therapy is available, but
excessive inflammation is still an important problem. For
instance, some patients with severe PCP develop respi-
ratory failure after initiation of antimicrobial therapy,®® and
the pathogenesis of respiratory failure could involve tis-
sue injury mediated through an excessive host inflamma-
tory response to the pathogen destroyed by antibiotic
agents. It has also been reported that there is paradoxi-
cal worsening of PCP in patients started on highly active
antiretroviral therapy.®* Clinical and experimental studies
have shown that inflammatory injury is a major cause of
morbidity and mortality associated with PCP, potentially
due to a more robust immune response to pulmonary
microorganisms. We found that immune dysregulation
triggered by SIV and P. carinii, and increased expression
of IFN-vy, and CXCR3 and CCR5 ligands are associated
with these inflammatory responses. This would imply that
control or interruption of the inflammatory response might
improve the outcome of PCP. Immunotherapies modulat-
ing these immune mediators might reduce potentially
damaging inflammation in lung tissues. Blocking interac-
tion of chemokines and their receptors should be useful
therapeutically in HIV-1 or SIV infection with opportunistic
infections, in which particular receptors and their ligands
might be responsible for the excessive recruitment of
inflammatory cells.
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