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Summary: Lymphoid tissues are sites of soluble and cell-associated
antigen sampling of peripheral tissues, and they are key compartments for the generation of cellular and humoral immune responses.
Hilar lymph nodes (HiLNs), which drain the lungs, were examined to
understand the effects of simian immunodeficiency virus (SIV) infection on this compartment of the immune system. Histologic and
messenger RNA (mRNA) expression profiling approaches were used
to determine the numbers, types, and distributions of SIV viral RNA+
cells and to identify differentially expressed genes in HiLNs during
SIV infection. SIV RNA+ cells were found to be primarily CD682 and
localized to paracortical and medullary regions early in infection,
whereas they resided mainly in paracortex during AIDS. As SIV
infection progressed, CXCL9, CXCL10, interferon-g, and Toll-like
receptor 3 levels all increased. In contrast, CCL19 increased early in
infection but decreased during AIDS, whereas CCL21 decreased
progressively throughout infection. Finally, local levels of cellular
activation were increased throughout infection. Taken together, these
findings indicate that SIV infection leads to an inflammatory environment in lung-draining lymph nodes that is characterized by type 1
cytokines and chemokines and likely has an impact on the nature and
strength of immune responses to pulmonary pathogens.
Key Words: immunohistochemistry, in situ hybridization, lung,
lymph node, simian immunodeficiency virus
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D

uring HIV-1 infection and AIDS, opportunistic infections
frequently develop in the lungs,1,2 such as those by
Pneumocystis carinii3 and Mycobacterium tuberculosis.4 The
propensity to develop P. carinii pneumonia is a hallmark of
HIV-1 and simian immunodeficiency virus (SIV) infection3,5
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and underscores the role of this large interface between the
host and the environment in the disease process. In addition,
infection by opportunistic pathogens and HIV-1 is interrelated.
For example, M. tuberculosis infection seems to accelerate
HIV-1 disease progression,6 and HIV-1 infection increases the
incidence and severity of tuberculosis in coinfected individuals
and increases reactivation rates from latent tuberculosis.4
The hilar lymph nodes (HiLNs) drain the lungs, and
examination of the virologic and immunologic activities in this
lymphoid compartment could provide insight into mechanisms
leading to pulmonary complications during HIV-1 infection.
Fluids and cells draining from the lungs could contribute to
shaping the environments in HiLNs. In turn, events in HiLNs
control the potency and nature of lung-homing effector T-cell
responses. Despite these intercompartmental relations, the
extent of viral replication and sets of viral variants in lymph
nodes (LNs) can be different from the extent reflected in lung
tissues.6–8 Therefore, to understand better the events that
contribute to the shaping of immune responses to pulmonary
pathogens, it is necessary to study the lymphoid tissues that
drain the lungs.
Lymphoid tissues serve as a major reservoir and site
of viral replication during HIV-19,10 and SIV11,12 infections.
Lymphoid tissues have been studied to determine the effects of
HIV-1 or SIV infection, but only limited analyses have been
performed specifically of pulmonary draining LNs. Toward
this end, we examined HiLNs to obtain a better understanding
of the effects of HIV-1 infection on this immune environment.
Using the SIV/macaque model, we examined the effects of
SIV infection on the local immune environment by identifying
differentially expressed messenger RNAs (mRNAs) and measuring changes in cell populations and gene expression levels
directly in tissues. These studies revealed an inflammatory
response that likely fuels ongoing viral replication and contributes to loss of overall immune function.

MATERIALS AND METHODS
Animals and Tissue Processing
All animal studies were performed under the approval
and guidance of the University of Pittsburgh Institutional
Animal Care and Use Committee. The 27 adult rhesus
macaques (Macaca mulatta) and 5 cynomolgus macaques
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(Macaca fascicularis) were negative for SIV; simian retrovirus
(type D); and simian T-lymphotrophic viruses -1, -2, and -3.
Twenty-three macaques were inoculated intravenously and
3 were inoculated intratracheally with the pathogenic
SIV/DeltaB670 isolate.13 Twelve rhesus macaques were killed
2 weeks after injection, 4 at 8 weeks after injection, and 6 on
development of AIDS. Ten uninfected macaques were available for inclusion as controls, 5 of which were rhesus
macaques and 5 of which were cynomolgus macaques.
Uninfected cynomolgus macaques were included in this study
because at the onset, snap-frozen HiLNs were not available
from rhesus macaques. Tissues from 3 uninfected rhesus
macaques ultimately became available. The uninfected
cynomolgus macaque HiLN samples served as the uninfected
controls in the microarray hybridization studies, whereas they
were included in parallel with rhesus macaque samples in the
real-time reverse transcriptase polymerase chain reaction (RTPCR) and microscope slide–based analyses.
At necropsy, transcardial perfusion was performed with
0.9% saline to remove contaminating blood cells from tissues.
Tissue specimens were fixed by immersion in fresh 4%
paraformaldehyde (PF)/phosphate-buffered saline (PBS) and
processed as described elsewhere.14

In Situ Hybridization and Immunostaining
In situ hybridization (ISH) with 35S-labeled riboprobes
and immunohistochemistry (IHC) were performed as described elsewhere.14,15 Autoradiographic exposure times were
7 days. Antibodies used for IHC were specific for Ki67
(Novocastra, Newcastle, UK; clone MM1, 1:100), CD20 (Dako;
clone L26, 1:100), CD3 (Novocastra; clones CD3 to CD12,
1:100), fascin/p55 (Dako; clone 55K-2, 1:100), CD68 (Dako,
Glostrup, Denmark; clone KP1, 1:50), and human leukocyte
antigen D-related (HLA-DR) (Dako; clone TAL.1B5, 1:25).
Two-color fluorescence immunostaining of tissue
sections was performed by incubating pretreated14,15 tissue
sections with primary antibodies, washing in PBS, and
incubation with fluorescein- or biotin-SP–conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, West Grove,
PA). After washing in PBS, sections were then incubated with
AlexaFluor-488–conjugated antifluorescein antibody or AlexFluor-647–conjugated streptavidin (Molecular Probes, Carlsbad, CA). Sections were treated with Autofluorescence
Eliminator (Chemicon, Temecula, CA) and mounted with
Prolong Gold Antifade containing 4#,6-diamidino-2-phenylindole (DAPI) (Molecular Probes). When primary antibodies
were from the same species, staining for individual antigens was
performed sequentially with brief fixation in 4% PF/PBS
performed between staining steps. Laser scanning confocal
microscopy was performed with an Olympus (Center Valley,
PA) Fluoview 500 microscope through a 340 objective. Images
were captured in the fluorescein isothiocyanate (FITC) and Cy5
channels and under differential interference contrast (DIC).

Real-Time RT-PCR
Real-time RT-PCR was performed on total RNA
that was extracted from snap-frozen tissues as previously
described16 using Taqman chemistry. Primers and probes
were previously described for interferon-g (IFNg)15 and tollq 2007 Lippincott Williams & Wilkins
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like receptor 3 (TLR3),16 and TaqMan human gene expression
assays (Applied Biosystems, Foster City, CA) were used for
CXCL9, CCL19, CCL21, and b-glucuronidase (b-GUS).
Primers were designed for CXCL10 using the Primer Express
software package (Applied Biosystems) and consisted of the
sequences F1: GTCCACATGTTGAGATCATTGC and R1:
TCTTGATGGCCTTAGATTCTGGAT and the probe sequence 6FAM- ACAATGAAAAAGAAGGGTGAGAAGAG
GTGTCTG-TAMRA. mRNA expression levels were calculated with the comparative cycle threshold (CT) method,15–17
using an uninfected macaque RNA sample as the calibrator
and b-GUS as the endogenous control mRNA. Real-time RTPCR measurement of tissue-associated SIV viral loads was
performed as described elsewhere16 and presented as SIV
RNA copies/mg of total RNA. Quantitation of virionassociated RNA in plasma was performed by real-time RTPCR with an external standard curve.18

DNA Array Hybridization and Analysis
An immunologically focused macaque complementary
DNA (cDNA) microarray was fabricated as described.19 Total
RNAs from HiLNs were labeled, reverse transcribed, and then
hybridized to the array, which was stringently washed and then
scanned and analyzed as described.19

Image Capture and Analysis
SIV viral (vRNA+) cells were counted in 5 random
microscopic fields viewed through a 360 Plan Apochromat
objective in follicular, cortical, and medullary regions of HiLN
tissue sections. The mean values were calculated and
normalized to cells/mm2.
ISH signals for CXCL9 and CCL19 mRNAs were
scored on a 2 to +++ scale, in which 2 represented a complete
absence of signal and + represented low, ++ represented medium,
and +++ represented high level of expression, giving consideration to the numbers of positive cells and signals per cell.
Quantitation of IHC signals was performed using a SPOT
charged-couple device (CCD) (Diagnostic Instruments, Sterling Heights, MD) camera mounted on a Nikon (Melville, NY)
E600 microscope fitted with a 360 Plan Apochromat
objective. Images were captured, and the surface areas covered
by opaque 3,3#-diaminobenzidine (DAB) IHC product were
measured using the threshold and measure tools of the MetaVue
software package (Universal Imaging, West Chester, PA).
Analysis of the relations between CXCL9 and CCL19
ISH signals and CD68 and fascin/p55 IHC signals was
performed on tissues simultaneously stained for antigen and
hybridized for cellular RNAs. Regions of tissue sections were
assigned a histologic score that spanned from 0 to 4 based on
approximation of the percentage of RNA signal attributable to
cells expressing the specific cell-type antigen, such that a score
of 0 represented no attributable signal and scores of 1, 2, 3, and
4 represented approximate attributable signals of 1% to 25%,
26% to 50%, 51% to 75%, and 76% to 100%, respectively.
Fluorescently stained tissue sections were visually
inspected and assigned a score for Ki67+ cells that were also
positive for a specific cell type marker (CD68, CD3, CD20, or
p55) or CXCR3. A score was assigned based on evaluation of
3 random fields from each tissue.
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Statistical Analyses
Each variable was described using the mean and
standard deviation and medians with range and interquartile
range. For comparisons between 2 groups, the Mann-Whitney
comparison of 2 distributions was used. In addition, Pearson
correlation coefficients and associated P values were calculated to estimate the association between 2 variables. P
values of #0.05 were considered to be significant.

RESULTS
Virologic Events in HiLNs After SIV Infection
To understand better the virologic events occurring in
lung-draining LNs during SIV infection, we examined this

tissue from 22 rhesus macaques infected with the pathogenic
SIV/DeltaB670 isolate, relative to uninfected controls (Table
1). Infected macaques were killed at 2 weeks after infection
(acute), 8 weeks after infection (clinically latent), or on
development of AIDS. To measure the local SIV burdens in
HiLNs, we performed SIV-specific ISH (Fig. 1A–D) and realtime RT-PCR. Both approaches revealed higher levels of SIV
infection during acute infection and clinical latency as
compared with AIDS, with the exception of 3 macaques
(see Table 1). There was a strong positive correlation between
plasma viral loads and HiLN tissue viral loads in the
follicular, paracortical, and medullary regions of HiLNs (r =
0.71 to 0.86, P values all ,0.01). Interestingly, during the first
8 weeks after infection, the paracortex had the largest
proportion of the infected cells in 10 of 13 animals, whereas

TABLE 1. Animals and Clinicovirologic States
Animal
Number

Disease
State

M5600§
M6600§
R201
R205
R206
M5299§
M5499§
M5699§
M5899§
M0999§
M5500
M6400
M6800
M12000
M13200
M13300
M13400
M5800
M6100
M6200
M11800
M1799§
M5199§
M6199§
M5400
M6700
M6900
M7102
M6202
M5602
M6802
M13402

Uninfected
Uninfected
Uninfected
Uninfected
Uninfected
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Acute
Clinically latent
Clinically latent
Clinically latent
Clinically latent
AIDS
AIDS
AIDS
AIDS
AIDS
AIDS
Uninfected
Uninfected
Uninfected
Uninfected
Uninfected

Species
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.
M.

mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
mulatta
fascicularis
fascicularis
fascicularis
fascicularis
fascicularis

SIV-Positive Cells/mm2†

Infection
Route

Infection
Duration
(wk)

Plasma Viral
Load*

Follicle

Paracortex

Medulla

SIV
Copies/mg‡

N/A
N/A
N/A
N/A
N/A
IV
IV
IV
IV
IV
IV
IV
IV
IV
IT
IT
IT
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
2
2
2
2
2
2
2
2
2
2
2
2
8
8
8
8
21
24
32
86
87
60
N/A
N/A
N/A
N/A
N/A

ND
ND
ND
ND
ND
10,000,000
6,500,000k
63,000,000
14,000,000k
29,000,000
120,000,000
2750
140,000,000
1,200,000,000
1,000,000,000
6,350,000
10,000
55,000,000
41,600,000
41,600,000
380
780,000
540,000
940,000
14,000
19,300
355,000
ND
ND
ND
ND
ND

0
0
ND
ND
ND
56
99
28
0
24
14
0
33
110
62
31
0
40
21
45
0
38
38
9
7
24
3
0
0
0
0
0

0
0
ND
ND
ND
118
148
82
10
24
45
0
62
583
64
146
0
108
5
306
0
14
42
30
5
17
2
0
0
0
0
0

0
0
ND
ND
ND
71
95
ND
3
24
16
0
12
102
88
38
0
43
2
85
0
3
10
5
2
16
0
0
0
0
0
0

ND
ND
ND
ND
ND
ND
ND
25,839
ND
ND
7115
ND
ND
119,098
18,211
12,138
0
82,128
1164
ND
0
17,764
23,763
7181
237
3952
620
0
0
0
ND
0

*Real-time RT-PCR was used to determine plasma viral loads; copies of SIV RNA per milliliter of plasma.
†Numbers of RNA-positive cells/mm2 determined by ISH.
‡SIV RNA copies/mg total RNA determined by real-time RT-PCR.
§Indicates an animal that has been described previously.8,15,16,35
k
Values for samples at 2 weeks after injection were not obtained; values for 1 week after injection are presented.
IT indicates intratracheal; IV, intravenous; N/A, not applicable; ND, not determined.
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during AIDS, a larger proportion of SIV-infected cells were
localized in follicles, perhaps reflecting the presence of virus
trapped on follicular dendritic cells (DCs).20 Additional
correlation analyses revealed a strong positive association
between the numbers of SIV vRNA+ cells in HiLN and those
previously15 measured in these animals in spleen (r = 0.914,
P , 0.001), axillary LN (r = 0.940, P , 0.001), and inguinal
LN (r = 0.82, P = 0.004). Lung tissue SIV burdens, previously
measured as SIV vRNA+ cells per 1000 nuclei,8 also were
positively correlated with those in HiLNs (r = 0.633, P =
0.049).
Simultaneous ISH and IHC staining was performed
to identify the cell types productively infected by SIV. We
focused on CD68, a marker for monocytes and macrophages,
because of its robust staining in fixed tissue sections. Using
this approach, we determined that SIV vRNA+ cells in HiLNs
were predominantly CD682 throughout the course of infection
(Fig. 1E). The mean percentages of SIV vRNA+ cells that were
also CD68+ ranged from 13% to 38% considering all regions
of LN and all disease states, except for medullary regions
during AIDS (see Fig. 1E), which we note harbored only rare
SIV vRNA+ cells. Thus, most SIV vRNA+ cells in HiLNs were
CD682 and presumably T cells.

Inflammation in Lung-Draining Lymph Nodes

Array Hybridization Identifies Changes in
Expression of Chemokines
To determine the global effects of SIV infection on the
immunologic environment in HiLNs, we performed cDNA
microarray hybridizations. For this purpose, we fabricated
a cDNA microarray to contain 210 unique and immunologically relevant macaque cDNAs.19 In this series of experiments
Cy5-labeled cDNA generated from each HiLN total RNA
preparation was cohybridized with Cy3-labeled cDNA
generated from a common reference RNA sample composed
of pooled uninfected HiLN RNAs. We examined the relative
gene expression levels by comparing the group mean values
for the normalized expression values (Table 2) and by plotting
normalized expression values for individual animals (Fig. 2).
Analysis of 20 individual HiLN total RNA preparations
revealed only a small subset of mRNAs that were up- or
downregulated by 1.5-fold or more (see Table 2) in this
complex dynamic tissue. The inflammatory CXC chemokine
receptor 3 (CXCR3) ligands CXCL9, CXCL10, and CXCL11
were all consistently among the most upregulated mRNAs
early and late after SIV infection. Additional chemokines that
were upregulated included the inflammatory chemokines
CCL5, CCL2, and CCL8 and the homeostatic chemokines

FIGURE 1. ISH analysis of SIV replication in macaque HiLNs. SIV RNA+
cells in HiLN tissue sections were
detected using ISH with 35S-labeled
riboprobes, with images shown for
animals M12000 (A) and M6700 (B).
ISH for SIV RNA was combined with
immunohistochemistry for the macrophage marker CD68, with images
shown for animals M12000 (C) and
M6700 (D). The percentages of SIV
RNA+ cells that were also CD68+ are
summarized in (E) and represented
as ± = 0%,  = 1% to 25%,  =
26% to 50%,  = 51% to 75%, and
 = 76% to 100%. The size bar in B
represents 100 mm (A, B), whereas
the bar in D represents 20 mm (C, D).
f indicates follicle; m, medulla; pc,
paracortex.
q 2007 Lippincott Williams & Wilkins
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TABLE 2. Differentially Expressed MRNAs in Macaque HiLNs Determined by Microarray Hybridization
Acute IV/UI
Gene
Upregulated
CXCL9
CXCL10
CXCL11
SIV LTR
CCL5
CXCL13
CD16
CCL19
Granzyme B
CCL2
Dectin
CCL8
Downregulated
CCL21
DC-LAMP
CXCL12
DC-SIGN
Fascin/p55
CD40L
LYVE-1
CD28
LAT
TCRb

Change*

Acute IT/UI
P

3.7
3.1
2.5
3.5
0.9
1.6
1.6
1.7
2.2
1.6
1.5
1.8

0.022
0.001
0.004

22.6
21.7
21.6
22.4
21.4
21.6
21.2
21.6
21.5
21.5

0.008
0.036

0.016
0.014

0.041

0.013
0.040
0.008
0.013
0.016
0.041

Change*

Clinical Latency/UI
P

2.0
2.8
2.7
1.3
0.9
1.3
1.3
1.4
2.5
1.5
1.1
1.5

0.026

21.8
21.7
21.7
21.4
21.4
21.2
21.3
21.2
21.3
21.3

0.015
0.022
0.043

0.014
0.002

0.016

0.030
0.018

Change*

P

2.7
1.6
1.5
1.7
1.0
1.0
1.1
1.7
1.1
1.2
1.0
1.2

0.017
0.016

21.6
21.4
21.5
21.5
21.2
21.1
21.3
21.2
21.1
21.2

0.035

0.038

AIDS/UI
Change*

P

3.6
2.0
1.7
1.6
1.5
1.4
1.4
1.3
1.2
1.2
1.2
1.1

0.003
0.018
0.009
0.021

22.8
22.3
21.8
21.7
21.6
21.5
21.5
21.4
21.3
21.3

,0.001
,0.001
0.003
0.024
0.001
0.002
0.035
0.011
0.003
0.008

0.024

Criteria for inclusion here are either of the following: group mean ratio .1.5 in any disease state compared with UI or P , 0.05 for any. Pairwise comparisons (Mann-Whitney test)
of 1 or more disease states relative to UI.
*Ratios of normalized group (disease state) means are shown and have been rank ordered based on the anchor comparison of AIDS/UI.
IT indicates intratracheal; IV, intravenous; UI, uninfected macaques.

CCL19 and CXCL13 (see Table 2). In addition, the cytotoxic
granule component granzyme B was upregulated during acute
infection. A limited number of the 210 mRNAs examined were
downregulated and primarily included the homeostatic chemokines CCL21 and CXCL12; the DC-associated molecules
DC-specific lysosome-associated membrane glycoprotein

(DC-LAMP), DC-specific ICAM-3 grabbing nonintegrin
(DC-SIGN), fascin/p55, and CD40L; and the T-cell–associated molecules CD28, linker of activated T cells (LAT), and Tcell receptor-b (TCRb).
Real-time RT-PCR was used to measure the expression
levels of a subset of these differentially expressed mRNAs

FIGURE 2. DNA array hybridization
analyses on HiLN total RNAs from individual rhesus macaques. Using total
RNA preparations from individual
rhesus macaque HiLNs, cDNA array
hybridization was performed as described in the Materials and Methods
section. The expression values represent the hybridization signals normalized to multiple endogenous control
mRNAs and then to a common
reference RNA sample hybridized on
each array. Data for individual animals
from different disease states are presented for representative genes that
increased, decreased, or remained
unchanged during SIV infection (mean
values are presented in Table 2).
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more precisely, focusing mainly on chemokines because of
their ability to control the trafficking,21 survival,22–24 and
cytokine production profiles25 of immune cells. Using this
approach, CXCL9 and CXCL10 mRNAs were confirmed to be
significantly increased in expression after SIV infection (Fig.
3), as was mRNA-encoding IFNg, which is an upstream
inducer of these CXCR3 ligands.26 CCR7 ligands control the
homeostatic trafficking of mature DCs and naive T cells into

Inflammation in Lung-Draining Lymph Nodes

LNs,21 and we found that expression of CCL19 mRNA was
significantly upregulated in HiLNs during the acute phase of
infection only, whereas CCL21 mRNA was decreased during
AIDS (see Fig. 3). Finally, TLR3 mRNA was also increased
during acute infection, as has been shown for axillary LNs.16
Overall, these findings were concordant with the array
hybridization data.
Correlation analyses were performed to identify possible
associations between the expression levels of these mRNAs
and revealed that CXCL9, CXCL10, and CCL19 mRNA
levels were all positively correlated with each other (r = 0.54 to
0.55, P , 0.01 for all 3 pairwise comparisons) and with tissueassociated SIV levels (P = 0.033 to 0.019) but not with plasma
viral loads. CCL21 mRNA levels were negatively correlated
with tissue-associated SIV RNA levels (P = 0.020). The
mRNA levels for IFNg correlated with CXCL9 (P , 0.001),
CXCL10 (P = 0.007), and tissue-associated SIV (P = 0.029)
RNA levels, and marginally so with CCL19 (P = 0.054) RNA
levels. Finally, TLR3 mRNA levels were positively correlated
with tissue-associated SIV levels (P = 0.022). These data
indicate that levels of local viral replication were correlated
with increased expression of proinflammatory chemokine
mRNAs during SIV infection and decreased expression of
a homeostatic chemokine.

Localization of CXCL9 and CCL19 mRNAs to
Paracortical Areas in HiLNs
Using ISH, we found that CXCL9 and CCL19 mRNAs
were expressed nearly exclusively in the T-cell– and DC-rich
paracortical region of HiLNs, with only minimal expression in
follicles (Fig. 4). CXCL9 levels in paracortex were increased
throughout all stages of SIV infection as compared with
uninfected macaques. CCL19 was similarly expressed in
HiLN paracortical regions; expression levels increased during
acute infection and clinical latency and then decreased slightly
during AIDS. Both chemokines showed only limited increases
in expression in follicular and medullary regions of HiLNs
throughout the course of SIV infection.
ISH detection of chemokine mRNAs was next coupled
with IHC staining for CD68 (monocytes/macrophages) or
fascin/p55 (DCs) to identify the sources of chemokine
production. The proportion of CXCL9 signal estimated to
be attributed to CD68+ macrophages or fascin/p55+ DCs
ranged for both cell types from approximately 25% to 50%
regardless of an animal’s SIV infection status (see Fig. 4). The
findings for CCL19 mRNA+ cells were similar to those for
CXCL9 (see Fig. 4). These data indicate that macrophages and
DCs comprise a large proportion of the cells that express the
increased CXCL9 and CCL19 mRNAs during SIV infection.
FIGURE 3. Real-time RT-PCR measurement of mRNA expression in rhesus macaque HiLNs. The comparative CT method
was used to measure the relative mRNA expression levels of key
immunologic mRNAs in macaque HiLNs. Data for individual
animals are presented in the bar graph for CXCL9 mRNA, with
summary data included beneath the graph. Only summary
data are presented for the other 5 mRNAs. Statistical comparison
between the uninfected (UI) and SIV-infected (AC, acute; CL,
clinically latent; AI, AIDS) groups was performed using the
Mann-Whitney test. P values ,0.05 are noted in bold.
q 2007 Lippincott Williams & Wilkins

Increased Cellular Proliferation in HiLNs After
SIV Infection
We next performed immunostaining and quantitative
image analyses for Ki67 to determine the overall proliferative
state of the local environment. There were increases in the
percentages of Ki67+ cells in all regions of HiLNs throughout
the entire course of infection (Fig. 5). Two-color immunofluorescence staining for Ki67 and CD3, CD20, CD68,
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FIGURE 4. ISH localization of CXCL9
and CCL19 mRNAs in rhesus macaque HiLNs. HiLN tissue sections
were hybridized in situ with CXCL9and CCL19-specific 35S-labeled riboprobes, and representative images are
presented of paracortical and follicular regions from uninfected (A, D),
acutely infected (B, E), and AIDSdeveloping (C, F) macaques. The
insets in A and D represent parallel
hybridization with the sense control
riboprobes. Histologic scores were
assigned to each tissue section based
on the ISH signal, which is represented by numeric values in the black
circles: ± = 2,  = +,  = ++, and
 = +++. ISH for CXCL9 or CCL19
mRNAs was performed simultaneously with IHC for CD68 or p55/
fascin. Tissue sections were closely
examined, and histologic scores were
assigned to represent estimates of
percentages of RNA signals attributable to cells expressing the cell
type–specific antigens for the indicated macaques, with dark gray
circles representing the percentages
for CD68+ cells and light gray circles
representing the percentages for
p55/fascin+ cells: ± = 0%,  = 1% to 25%,  = 26% to 50%,  = 51% to 75%, and  = 76% to 100%. A region of LN that
was present in the section but did not have any ISH signal is represented by x. N/A denotes that a tissue section did not contain
appreciable area from that region of LN. The size bar in F represents 100 mm (A–F). f indicates follicle; m, medulla; pc, paracortex.

fascin/p55, or CXCR3 revealed that in the absence of
infection, few of the Ki67+ cells were CD20+ or CD68+,
and approximately half of them could be costained for CD3+,
CXCR3+, or fascin/p55+, all of which are likely to be
overlapping subsets. Although the numbers of Ki67+ cells
increased during the course of infection, the relative
proportions staining with individual cell type markers did
not change appreciably, except for CD20, the proportion of
which increased by 1.6-fold during AIDS. Therefore, there
was an early and sustained increase in the extent of local
cellular proliferation consistent with the inflammatory
environment created by increased expression of inflammatory
chemokines.
To determine whether the Ki67+ cells were a major target
for productive SIV infection, we combined detection of SIV
mRNA and Ki67 antigen in HiLN tissue sections (eg, Fig. 6)
from a subset of acute-stage and AIDS-positive animals. A
total of 1068 SIV mRNA+ cells were viewed and scored, and
21% were found to be Ki67+. In HiLNs from the animals with
AIDS, 32% of SIV-positive cells were Ki67+, whereas in
HiLNs from acutely infected animals, only 15% of SIVpositive cells were Ki67+. In all animals, the medullary
microanatomic compartment of HiLNs harbored a subset of
SIV-positive cells, with greatest proportion being Ki67+ (48%
during AIDS and 18% during acute infection). These HiLN
data are consistent with previous findings that proliferating
cells are excellent substrates for viral replication but that cells
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do not need to be discernibly dividing to serve as targets for
viral replication.27

DISCUSSION
In this study, we have examined comprehensively HiLNs
from uninfected macaques and from macaques in different
stages of SIV infection and disease to determine the effects of
infection on the local immunologic environment in lungdraining LNs. Using array hybridization, real-time RT-PCR,
and histologic analyses, we found that there is an inflammatory
response that occurs after SIV infection, which is composed of
an IFNg/CXCR3 ligand (ie, type 1) axis and is associated with
increased local cellular activation and appreciable levels of
local SIV replication, all of which could contribute to overall
loss of immune function.
With respect to the virologic events in lung-draining
LNs, we found that the levels of local SIV replication
correlated with the levels of virus in plasma and the levels in
other secondary lymphoid tissues. These findings indicate that
lung-draining LNs are not unique with respect to their ability
to support or suppress viral replication. The targets for
infection throughout the course of disease remained predominantly CD682, and therefore not macrophages, consistent
with other lymphoid tissues in SIV-infected macaques8 and
HIV-1–infected humans.28 This is interesting, given that the
targets for infection in the respective lung tissues switch from
q 2007 Lippincott Williams & Wilkins
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FIGURE 5. Increased cellular proliferation in macaque HiLNs during SIV infection. HiLN tissue sections were stained for Ki67, and
quantitative image capture and analysis was used to determine the percentages of Ki67+ cells in follicular, paracortical, and
medullary regions of LN. A, Individual data points in representative random images obtained from individual 3600 microscopic
fields. AC indicates acutely infected; AI, AIDS; CL, clinically latent; UI, uninfected. B–D, Images of representative tissue section are all
of paracortical regions of LN. The inset in B represents a subjacent tissue section stained in parallel with an isotype control antibody.
The differences between the UI and AC or AI groups were compared using the Mann-Whitney test.

CD682 to CD68+ as disease progresses.8 Therefore, despite
the drainage of free virus and/or cell-associated virus from
lung tissues through the lymphatics, there is an unidentified
restriction on the target cell populations that are productively
infected by SIV in the lung-draining LNs.
Array hybridizations revealed that inflammatory chemokines were among the most upregulated genes after infection
and that a chemokine that controls DC migration (CCL21) and
a subset of DC-associated genes were among the most
downregulated genes. Given the central role of chemokines in
regulating the trafficking of cells to LNs from blood and
lymphatics,21 we focused much of our attention on them.
The inflammatory environment we identified in lungdraining LNs consisted of increased levels of IFNg and
IFNg-inducible CXCR3 ligands, CXCL9, CXC40, and
CXCL11, and increased proportions of proliferating cells.
During AIDS, these 3 chemokines, along with follicleassociated CXCL13, comprised the only statistically significant increases in mRNA expression observed by array
hybridization among the 210 targets examined. Given that
a limitation of our study was the dilution effect associated
with measuring mRNA expression levels from homogenized
tissues, these significant differences are that much more
striking. This increase in inflammatory chemokines in lungq 2007 Lippincott Williams & Wilkins

draining LNs is consistent with what we15 and others29 have
found in LNs draining nonpulmonary tissues, such as axillary
LN and spleen. The model we originally proposed,15 in which
a type 1 positive feedback loop is operating in peripheral LN
and spleen after SIV infection and that is composed of
ongoing IFNg induction of CXCR3 ligands and subsequent
recruitment of additional IFNg-producing cells, is supported
by our findings here and extended to include mucosal
draining LNs. One outcome of these events is decreased
availability of CXCR3+ effector T cells in blood for migration
to the lungs because of ectopic recruitment to HiLNs and
other LNs.
During the course of SIV infection, there was a dramatic
increase in the frequency of Ki67+ cells in HiLNs, indicating
that they were undergoing or had recently undergone cell
division. Increased levels of cellular proliferation have been
identified in other macaque lymphoid tissues during SIV
infection.27,30,31 It is not yet known whether these cells were
proliferating when they entered the HiLNs or were stimulated
to proliferate after arriving there. Our observation that a large
proportion of the Ki67+ cells were also CXCR3+, however,
suggests that recruitment by the increased CXCR3 ligands
contributes to increased levels of proliferating cells. In
addition, CXCL9 can stimulate T-cell proliferation,32 and
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FIGURE 6. Simultaneous detection
of Ki67/CXCR3 and Ki67/SIV RNA
in rhesus macaque HiLN tissue sections. A, Simultaneous immunostaining for Ki67 (AlexaFluor 488;
green) and CXCR3 (AlexaFluor 647;
red) was performed in macaque
HiLN tissue sections and examined
using laser scanning confocal microscopy. Immunostaining for Ki67
was combined with ISH for SIV RNA,
and representative images are
shown for an SIV-positive/Ki672 cell
(B) and for an SIV-positive/Ki67+ cell
(C). The size bar in C represents 20
mm (B, C). The animals represented
by these images are M6800 (A),
M6700 (B), and M1799 (C).

the increased CXCL9, CXCL10, and CXCL11 expression
could contribute directly to increased local cellular proliferation. The significance of increased local proliferation
relates to the increased susceptibility of these cells to viral
infection and their propensity to produce large amounts of
virus27,30 and to the potential for these cells to be activated and
undergo activation-induced cell death.33 Increased apoptosis
could contribute to the local inflammatory response through
stimulation of TLR3 by means of double-stranded RNA
(dsRNA) associated with apoptotic bodies.34 Notably, TLR3 is
upregulated in peripheral LNs16 and HiLNs (see Fig. 3) and is

24

available to contribute to increased expression of CXCR3
ligands.
In addition to the induction of inflammatory CXCR3
ligands, we observed a dichotomous effect of SIV infection on
expression of the CCR7 ligands CCL21 and CCL19, which
control the migration of mature DCs, naive T cells, and central
memory T cells to secondary lymphoid tissues.21 We found
that CCL21 was abundant in the absence of SIV infection and
then decreased throughout the course of infection, whereas
CCL19 was minimally expressed before infection and increased during acute infection before declining slightly during
q 2007 Lippincott Williams & Wilkins
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AIDS. These findings are consistent with our previous findings35
as well as with those of others29 in other lymphoid compartments, including axillary LN and spleen. It is not clear whether
overall recruitment of CCR7+ cells is the result of the net local
effects of CCL21 and CCL19 combined or whether there are
chemokine-specific effects. CCL21 and CCL19 provide
a survival signal to DCs through the activation of the Akt1
kinase.24 They also interact with and signal differentially through
CCR723 and have different effects on ectopic lymphoid tissue
generation in CCL19 or CCL21 knockout mice.36 Increased
expression of CCL19 after SIV infection could contribute to the
type 1 polarized environment and local proliferation, because it
can induce T cell proliferation in DC/T cell cocultures and can
skew stimulated T cells toward a type 1 phenotype,37 which has
also been observed with CXCL10.25 Interestingly, CCL19 and
CCL21 contribute to activation-induced cell death in mice, and
alterations to the combined local levels of these CCR7 ligands
could have complex consequences on the recruitment and
survival of DCs and the recruitment, proliferation, loss, and
polarization of T cells, all of which has an impact on overall
immune function.
In summary, we have shown that pathogenic SIV
infection leads to the induction of a type 1 inflammatory
response in lung-draining LNs involving the CXCR3 ligands
CXCL9, CXCL10, and CXCL11 and the CCR7 ligand
CCL19. These inflammatory mediators likely increase the
recruitment of activated T cells, the proliferation of T cells,
and the recruitment of DCs and naive T cells. These findings
suggest that testing therapeutics inhibiting these chemokines
or chemokine receptors in a preclinical model such as the
SIV/macaque system can provide insight into whether such
anti-inflammatory approaches may have clinical benefit for
HIV-1–infected individuals.
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