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Gastrointestinal disease and inflammation are com-
mon sequelae of human and simian immunodefi-
ciency virus (SIV) infection. Nevertheless, the molec-
ular mechanisms that lead to gastrointestinal
dysfunction remain unclear. We investigated regula-
tion of the interleukin (IL)-6-JAK-STAT3 pathway in
jejunum and colon, collected at necropsy, from 10
SIV-infected macaques with diarrhea (group 1), 10
non-SIV-infected macaques with diarrhea (group 2),
and 7 control uninfected macaques (group 3). All
group 1 and 2 macaques had chronic diarrhea, wast-
ing, and colitis, but group 1 animals had more fre-
quent and severe lesions in the jejunum. A significant
increase in IL-6 and SOCS-3 gene expression along
with constitutive STAT3 activation was observed in
the colon of all group 1 and 2 macaques and in the
jejunum of only group 1 macaques compared to con-
trols. Further, in colon, histopathology severity
scores correlated significantly with IL-6 (groups 1
and 2) and SOCS-3 (group 2) gene expression. In
jejunum, a similar correlation was observed only in
group 1 animals. Phosphorylated STAT3 (p-STAT3)
was localized to lymphocytes (CD3�) and macro-
phages (CD68�), with fewer CD3� lymphocytes ex-
pressing p-STAT3 in group 1 macaques. Despite high
SOCS-3 expression, STAT3 remained constitutively
active, providing a possible explanation for persis-
tent intestinal inflammation and immune activation
that may favor viral replication and disease pro-
gression. (Am J Pathol 2007, 171:1952–1965; DOI:
10.2353/ajpath.2007.070017)

Since its initial description in 1981, human immunodefi-
ciency virus (HIV), the causative agent of acquired im-
mune deficiency syndrome (AIDS), has been known to
cause a wide variety of illnesses by specifically targeting
CD4� T cells. Although the virus can affect essentially all
organ systems, the gastrointestinal (GI) tract appears to
be a major target for viral replication, CD4� T-cell deple-
tion, and physiological dysfunction.1–3 Chronic diarrhea
is a very common symptom experienced by up to two-
thirds of all AIDS patients at some time during the course
of their disease.4,5 Although several opportunistic patho-
gens including protozoal, viral, bacterial, and fungal spe-
cies have been implicated as contributing to diarrhea
and malabsorption, the relative contributions of these
agents and the possible direct contribution of HIV infec-
tion to the pathogenesis of intestinal dysfunction remains
incompletely understood.6–9 These uncertainties empha-
size the need to better understand the pathogenesis of
intestinal dysfunction in HIV-infected individuals and de-
velop novel therapeutic strategies to prevent the devel-
opment of overt GI disease.

Simian immunodeficiency virus (SIV) infection of ma-
caques presents a valuable model to explore the cell and
molecular mechanisms that regulate virus replication in
the GI tract and lead to GI inflammation and disease in
HIV-infected people. The pathological changes de-
scribed in the GI tract of SIV-infected macaques closely
resemble those of people with HIV and AIDS.2,10–15

These include primary SIV-induced enteropathy, second-
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ary opportunistic infections by various parasites (Crypto-
sporidiosis, Microsporidiosis, Trichomoniasis), viruses
(cytomegalovirus, adenovirus), and bacteria (Mycobac-
terium avium intracellulare complex).15 Using this model,
we1 and others16–19 have demonstrated an acute and
profound loss of CD4� memory T cells in the intestines of
SIV-infected rhesus macaques within the first 2 weeks of
infection. This finding was very important because it not
only demonstrated that the intestinal tract was a preferred
site of early viral replication but also provided the first
significant clues linking CD4� T-cell depletion to GI dys-
function. Similar reductions in activated CD4� T-cell pop-
ulations were recently confirmed to occur principally in
the GI tract during early20 and later stages of HIV infec-
tion in humans.21 This acute loss of intestinal CD4� T
cells was recently shown to be linked to the breakdown of
the intestinal barrier allowing escape of intestinal bacteria
leading to significantly increased circulating levels of
bacterial lipopolysaccharide in chronically HIV-infected
individuals and SIV-infected rhesus macaques.22 The au-
thors proposed this as a possible mechanism for the
development of chronic immune activation facilitating vi-
ral replication and the development of AIDS.22

Although HIV and SIV do not infect structural elements
(eg, epithelial cells) of the GI tract, there is abundant
evidence of intestinal dysfunction, which in SIV-infected
macaques begins very early in infection before any evi-
dence of opportunistic infection.2,11–15 The pathogenesis
of this enteropathy is not well understood, but there is
ample evidence that enteropathy can be caused by in-
testinal immune dysfunction.23 However, the mecha-
nisms whereby immune dysfunction caused by destruc-
tion of intestinal CD4� T cells and immune activation
(both of which occur in SIV/HIV infection) leads to disrup-
tion of intestinal function is not well understood. It is likely,
however, that the close relationship between the intesti-
nal immune system and structural components of the
intestine facilitates bi-directional interactions.24 The inter-
cellular dialogue is believed to be mediated primarily via
diffusible signals such as cytokines, growth factors,25

local hormones,26–28 and their cognate receptors, and
represents one of several complex networks of intercel-
lular signaling pathways in the small intestine.24

Even though earlier studies have clearly indicated the
role played by intestinal inflammation in the pathogenesis
of GI dysfunction in HIV-infected patients29–31 the molec-
ular mechanisms still remain unclear. In the GI tract, both
primary HIV/SIV replication and the cytokines/chemo-
kines elaborated thereafter by inflammatory cells have
the potential to activate several signal transduction path-
ways. Activation of these signaling pathways secondary
to virus infection may interfere with the homeostatic sig-
naling events required to maintain normal GI structure
and function, thereby leading to compromise of the in-
testinal barrier. Although the etiology of chronic diarrhea
in HIV-infected patients remains complex, proinflamma-
tory cytokine networks may be expected to play a central
role. Up-regulation of several cytokines, such as interleu-
kin (IL)-6, RANTES, IL-10, and interferon-� in the gut
mucosa, at least at the mRNA level, has been previously
reported in HIV-infected patients.32 Among these, IL-6 is

an important proinflammatory cytokine that is believed to
enhance HIV replication33,34 and is also up-regulated in
several chronic inflammatory conditions such as inflam-
matory bowel disease, rheumatoid arthritis, and numer-
ous neoplastic conditions.35

The signal transduction pathway activated by IL-6 first
involves its binding to a transmembrane receptor and
subsequent activation of the Janus kinase (JAK) family of
transcription factors, which then phosphorylates latent
cytoplasmic proteins called STATs (signal transducer
and activator of transcription), mainly STAT336–38 and to
a lesser extent STAT1. Because excessive signaling
through the JAK-STAT pathway may have deleterious
consequences, the cell regulates the initiation, duration,
and magnitude of the signal via a negative feedback loop
involving a novel class of proteins called suppressors of
cytokine signaling (SOCS).39,40 Among the seven differ-
ent SOCS proteins known, SOCS-1 and SOCS-3 are
known to physiologically regulate the activities of T cells
and antigen-presenting cells such as macrophages and
dendritic cells.41 SOCS-3, also known as SSI (STAT-in-
duced STAT inhibitor) and cytokine-induced SH2 inhibi-
tor (CIS3) is mainly a STAT3-induced gene and partici-
pates in the negative regulation of STAT3.42 Although it is
clear that IL-6 levels are altered in the GI mucosa during
HIV/SIV infection, the signal transduction pathway acti-
vated by IL-6 and its regulation in the GI tract of HIV/SIV-
infected individuals remain unclear and unexplored. In
the present study, using SIV-infected rhesus macaques
with chronic diarrhea, we have observed constitutive ac-
tivation of p-STAT3 and dysregulation of the IL-6-STAT3
signal transduction pathway in the GI tract providing a
link between SIV infection and GI inflammation that could
also play a role in enhancing viral replication.

Materials and Methods

Animals and Tissue Collection

Tissues were collected from a total of 27 animals includ-
ing 10 animals infected with pathogenic strains of SIV
(group 1) that use CCR5 in vivo and 17 animals not
infected with SIV. Of the uninfected animals, 10 had
chronic diarrhea (group 2) and 7 did not (group 3). The
animals in group 2 with chronic nonresponsive diarrhea
of no known infectious etiology have been described and
used as a model of inflammatory bowel disease.43,44

It would be ideal to have a fourth group consisting of
SIV-infected animals without diarrhea. Unfortunately, un-
treated SIV infection consistently leads to GI dysfunction
and diarrhea, and hence it is not possible to include such
a group. Jejunum and colon specimens were collected at
necropsy from the 10 SIV-infected macaques with
chronic diarrhea (group 1), 10 non-SIV-infected ma-
caques with chronic diarrhea (group 2), and 2 uninfected
control macaques (group 3) (Tables 1 and 2). In addition,
pinch biopsies from jejunum and colon were collected
from another five control macaques bringing the total of
control macaques (group 3) used in this study to seven.
Colon specimens were collected for all 27 macaques.
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Jejunum specimens were available for 9 of 10 group 1, 6
of 10 group 2, and 7 of 7 group 3 control macaques. All
animals in groups 1 and 2 were euthanized when they

became unresponsive to treatment (subcutaneous or in-
travenous fluids and antibiotics as appropriate based on
culture and sensitivity) or lost greater than 20% of their
body weight. After euthanasia with an intravenous over-
dose of pentobarbital, all animals received a complete
necropsy and histopathological examination. All tissues
were collected in RNAlater (Ambion, Austin, TX) for RNA
quantification and confocal microscopy. According to the
manufacturer, RNAlater protects both RNA and protein
(by reversible inhibition of nucleases and proteases) in
addition to preserving tissue architecture. Tissues were
also collected in cryovials and snap-frozen by immersion
in a 2-methylbutane/dry-ice mixture for protein extraction.

Histopathology

GI tissues were collected immediately after euthanasia and
fixed in 10% neutral buffered formalin, embedded in paraf-
fin, sectioned at 6 �m, and stained with hematoxylin and
eosin (H&E) for analysis. Sections of jejunum and colon
were examined in a blinded manner, and inflammation was
scored semiquantitatively on a scale of 0 to 3 as follows: 0,
within normal limits; 1, mild; 2, moderate; 3, severe. In
addition, the presence of crypt dilatation, villous blunting,
diverticulosis, and amyloidosis were recorded (Table 2).

Quantitative Real-Time SYBR Green One-Step
Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Gene expression for IL-6 and SOCS-3 in the jejunum and
colon was evaluated by quantitative real-time SYBR
green one-step RT-PCR assay (qRT-PCR) (Qiagen Inc.,
Valencia, CA). Total RNA was extracted from both jeju-
num and colon samples using the SV total RNA isolation
kit (Promega Corporation, Madison, WI), and an RNA
sample representing the colon and jejunum from each
macaque was assayed in triplicate wells. Each qRT-PCR
reaction (25 �l) contained the following: 2� Master mix
without uracil-N-glycosylase (12.5 �l), reverse transcrip-

Table 1. Animals, Inoculum, Viral Load, CD4� T-Cell Count in Group 1 Macaques

Animal group and no.
Duration of

infection (days) Inoculum
CD4 count

cells/�l*

Plasma viral
copies/ml

� 106

Viral copies/mg
of total

RNA � 106,
Colon

Viral copies/mg
of total RNA

� 106,
Jejunum

SIV-infected with diarrhea
(group 1)

AJ82 232 SIVmac251 NA NA 1.95 0.078
DD88 388 SIVmac239 50 1.2 26.89 3.35
CI65 377 SIVmac239 450 1.5 4.59 2.5
L441 170 SIVmac251and239 632 1.26 15.5 33.2
H405 232 SIVmac239 523 71.4 17,200 15,480
V205 973 SIVmac239 296 0.3 8.0 3.45
AT81 171 SIVsmG932 640 0.06 0.5 0.057
AT56 1460 SIVmac251and239 56 360 213,000 16,380
DT56 265 SIVmac239 931 1.2 5.9 NA
DI28 81 SIVmac251 954 0.018 41 1.27

*The lower end of the normal range for CD4� T cells/�l of blood in the rhesus macaques is 800 cells/�l of blood.
NA, not applicable.

Table 2. Intestinal Histopathology in Group 1, 2, and 3
Macaques

Animal group and no.

Intestinal histopathology*

Colon Jejunum

SIV infected with
diarrhea (group 1)

AJ82 2 3
DD88 1 and AMD 1 and AMD
CI65 1 and AMD 1 and AMD
L441 1 1
H405 3 and CD 2
V205 3 1 and AMD, VB
AT81 3 3 and VB
AT56 3 and AMD, CD 3
DT56 3 and CD 0
DI28 1 1

Non-SIV infected with
diarrhea (group 2)

EI90 3 and CD NA
EL45 3 and CD NA
EC49 3 and CD NA
EB12 3 and CD NA
EM41 1 1
EL71 3 and CD, DV 0
EB27 3 and CD, DV 1
DJ15 3 and CD 1
CT77 2 1
EJ54 3 1

Uninfected controls
(group 3)

BV52 0 0
EH70 0 0
CB98 0 0
CF33 0 0
M302 0 0
CC96 0 0
R842 0 0

*Sections of jejunum and colon were examined in a blinded manner
and inflammation was scored semiquantitatively on a scale of 0 to 3 as
follows: 0, within normal limits; 1, mild; 2, moderate; 3 severe. In
addition, the presence of crypt dilatation (CD), villous blunting (VB),
diverticulosis (DV), and amyloidosis (AMD) were recorded

NA, not applicable.
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tase (0.25 �l), target forward and reverse primer, and
total RNA (200 ng) quantified spectrophotometrically
based on A260:A280 ratios. Forward and reverse primer
sequence, concentration, and product size for both tar-
gets including �-actin are shown in Table 3. The PCR
amplification was performed in the ABI Prism 7700 se-
quence detection system (PE Applied Biosystems, Foster
City, CA). Thermal cycling conditions were 50°C for 30
minutes, 95°C for 15 minutes, followed by 40 repetitive
cycles of 95°C for 15 seconds, 54°C for 30 seconds,
72°C for 30 seconds. As a normalization control for RNA
loading, parallel reactions in the same multiwell plate
were performed using �-actin mRNA.

Quantification of gene amplification after RT-PCR was
made by determining the threshold cycle (CT) number for
SYBR Green fluorescence within the geometric region of
the semilog plot generated during PCR. Within this region
of the amplification curve, each difference of one cycle is
equivalent to a doubling of the amplified product of the
PCR. The relative quantification of target gene expression
across treatments was evaluated using the comparative
CT method. The �CT value was determined by subtract-
ing the �-actin CT value for each sample from the target
CT value of that sample. Calculation of ��CT involved
using the highest sample �CT value (ie, sample with the
lowest target expression) as an arbitrary constant to sub-
tract from all other �CT sample values. Fold changes in
the relative gene expression of target was determined by
evaluating the expression, 2��� CT.

Immunoprecipitation and Western Blotting

Small 2.5-cm2 pieces of colon and jejunum were crushed
using a disposable polypropylene pellet pestle, and pro-
tein extraction was performed in a lysis buffer (Cell Sig-
naling Technology, Inc., Beverly, MA) containing 20
mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L
Na2EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium
pyrophosphate, 1 mmol/L �-glycerophosphate, 1 mmol/L
Na3VO4, 1 �g/ml leupeptin, protease inhibitor cocktail,
and phosphatase inhibitor cocktail (Sigma Chemical
Company, St. Louis, MO). Of the seven group 3 ma-
caques, protein lysates prepared from only two ma-
caques (BV52 and EH70) were used for Western blotting
and immunoprecipitation. Approximately, 500 �g of total
protein extract was first precleared with 4 �l of normal
mouse immunoglobulin for �2 hours and then immuno-
precipitated with �3.5 �l of a mouse monoclonal anti-
body against p-STAT3 (Cell Signaling Technology), over-
night at 4°C followed by incubation with 25 �l (50% w/v)

of protein G agarose beads (Invitrogen Corp., Carlsbad,
CA) at 4°C for 4 to 5 hours. The supernatant was removed
and transferred to a separate 1.5-ml microcentrifuge
tube, and any remaining nonphosphorylated STAT3 (np-
STAT3) was immunoprecipitated using a rabbit poly-
clonal antibody (�4 �l) (Santa Cruz Biotechnology, Santa
Cruz, CA) raised against total STAT3 (t-STAT3) at 4°C
overnight on a shaker. Immunoprecipitated p-STAT3 and
np-STAT3 proteins were heat denatured for 5 minutes at
100°C in sample loading buffer containing 62.5 mmol/L
Tris-HCl, 5% 2-mercaptoethanol, 10% glycerol, 2% so-
dium dodecyl sulfate (SDS), and bromophenol blue, re-
solved on 8% SDS-polyacrylamide gel electrophoresis
(PAGE) gels and transferred to 0.45-�m nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA). The
membranes were probed with a rabbit polyclonal primary
antibody against p-STAT3 (Cell Signaling Technology)
and mouse monoclonal antibody against t-STAT3 (Cell
Signaling Technology) followed by the appropriate horse-
radish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology). Membranes were treated
with Supersignal West-Pico chemiluminescent substrate
(Pierce Biotechnology Inc., Rockford, IL) for 5 minutes,
and the signal was developed by exposing the mem-
brane to X-OMAT Kodak film (Eastman Kodak, Roches-
ter, NY) for 10 minutes for both p-STAT3 and t-STAT3.
Since the tissues were collected throughout a period of 2
years, immunoprecipitation and Western blotting were
performed separately as and when the tissues were avail-
able. Hence the images shown in Figure 2 were cropped,
aligned, and fused into one composite image.

Biotin Streptavidin Pull Down Assay

Two oligonucleotides, one corresponding to the STAT3
consensus binding site sense-biotin-5�-GATCCTTCT-
GGGCCGTCCTAGATC-3� and another mutant oligonu-
cleotide sense-biotin-5�-GATCCTTCTGGGAATTCCTA-
GATC-3� with an AAT to CCG substitution in the STAT3
binding motif (underlined) were used in the pull down
assays according to the protocol described by Ragione
and colleagues45 with minor modifications. Both oligonu-
cleotides contained a biotin molecule conjugated to the
nucleotide at the 5�-position. The sense and antisense
(not shown) strands of both wild-type and mutant oligo-
nucleotides were annealed in vitro to generate 24-bp
double-stranded DNA fragments. The annealed oligonu-
cleotides were first separated on a 5% metaphor high-
resolution agarose gel (Cambrex Corporation, East Ruth-
erford, NJ), after which the bands were cut and the 24-bp

Table 3. Primer Sequences Used for Real Time SYBR Green One-Step RT-PCR

Name of gene Primer sequence Product size (bp) Primer concentration

IL-6 Forward: 5�-CCAGTACTCCCAGGAGAAGATTCCAA-3� 103 500 nmol/L
Reverse: 5�-CGTCGAGGATGTACCGAATGTGTT-3�

SOCS-3 Forward: 5�-TCTTCAGCATCTCTGTCGGAAGACC-3� 106 500 nmol/L
Reverse: 5�-GGCATCGTACTGGTCCAGGAACT-3�

�-Actin Forward: 5�-AGGCTCTCTTCCAACCTTCCTT-3� 108 300 nmol/L
Reverse: 5�-CGTACAGGTCTTTACGGATGTCCA-3�
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DNA purified using the QIAEX-2 gel extraction kit (Qiagen
Inc.). Total protein was extracted as previously de-
scribed. Approximately 500 �g of total protein extracted
from colon samples was incubated with 1 �g of either
wild-type or mutant STAT3 oligonucleotide for �20 min-
utes at room temperature in a binding buffer containing
10 mmol/L Tris (pH 7.5), 150 mmol/L KCl, 1 mmol/L
EDTA, 10 mmol/L CaCl2, 5 mmol/L MgCl2, and 1 mmol/L
dithiothreitol. Subsequent to the incubation, 25 �l of
streptavidin agarose beads (50% w/v) (Invitrogen Corp.)
was added, and the tubes were incubated for 2 hours at
4°C. After the incubation, the tubes were centrifuged, and
the supernatant was transferred to a separate 1.5-ml
microcentrifuge tube. The lysate was then immunopre-
cipitated overnight for t-STAT3 (includes p-STAT3 and
np-STAT3) as described earlier. The beads were washed
once with binding buffer, resuspended in 20 �l of sample
loading buffer containing 62.5 mmol/L Tris-HCl, 5%
2-mercaptoethanol, 10% glycerol, 2% SDS, and bromo-
phenol blue and heat denatured at 100°C for �5 minutes.
The tubes were briefly centrifuged, and the supernatant
was loaded on a 8% SDS-polyacrylamide gel. Detection
of p-STAT3 was performed as described under immuno-
precipitation and Western blotting with minor modifica-
tions to the procedure described earlier. The membrane
shown in Figure 4A after incubation with a rabbit poly-
clonal antibody against p-STAT3 (1 in 1000) (Cell Signal-
ing) was treated with Supersignal West-Femto chemilu-
minescent substrate (Pierce Biotechnologies) for 5
minutes, and the signal was developed by exposing the
membrane to X-OMAT Kodak film for 10 seconds. Simi-
larly, the membrane shown in Figure 4B was incubated
with a mouse monoclonal antibody against t-STAT3 (1 in
2000) (Cell Signaling) and was later treated with Super-
signal West-Pico chemiluminescent substrate (Pierce
Biotechnologies) for 5 minutes, and the signal was de-
veloped by exposing the membrane to X-OMAT Kodak
film for 5 minutes.

Confocal Microscopy

To determine the cell types in the GI tract expressing
p-STAT3, we performed double-label confocal micros-
copy. Tissues collected in RNAlater were first fixed in 2%
paraformaldehyde for 4 hours, cryopreserved overnight
in 30% sucrose solution, and embedded in Tissue Tek
OCT (optimal cutting temperature compound; Miles Inc.,
Elkhart, IN). Embedded tissues were sectioned at 10 �m
and stained with the appropriate primary and secondary
antibodies. Briefly, slides were blocked with 100 �l of
blocking buffer (10 mmol/L Tris-HCl, pH 7.5, 150 mmol/L
NaCl, 3% bovine serum albumin, 10% normal goat se-
rum, and 0.1% Triton X-100) for 1 hour followed by over-
night incubation at 4°C with rabbit polyclonal p-STAT3
antibody (1:200 dilution) (Cell Signaling Technology). The
slides were washed three times in buffer (10 mmol/L
Tris-HCl, pH 7.5, 150 mmol/L NaCl, and 0.1% Triton
X-100) followed by addition of goat anti-rabbit secondary
antibody conjugated to Alexa 568 (1:1000) (Invitrogen
Corp.). This was followed by mouse anti-CD68 (IgG1

macrophage clone KP1 at 1:20) or mouse anti-CD3 (IgG1

clone F 7.2.38 at 1:20) at room temperature for 1 hour.
Both antibodies were obtained from DAKO, Carpinteria,
CA. The slides were washed three times and incubated
for 1 hour with goat anti-mouse secondary antibody con-
jugated with Alexa 488 (1:1000). Confocal microscopy
was performed using a Leica TCS SP2 confocal micro-
scope equipped with three lasers (Leica Microsystems,
Exton, PA). Individual optical slices represent 0.2 �m,
and 32 to 62 optical slices were collected at 512 � 512
pixel resolution. NIH Image (version 1.62; National Insti-
tutes of Health, Bethesda, MD) and Adobe Photoshop
(version 7.0; Adobe Systems, San Jose, CA) were used to
assign colors to the three channels collected: Alexa 568
is red, Alexa 488 (Invitrogen Corp) is green, and the
differential interference contrast image is in gray scale.
The three channels were collected simultaneously. Co-
localization of antigens is demonstrated by the addition of
colors as indicated in the figure legends.

Quantitation of Mucosal Viral Loads

Total RNA samples from all group 1 animals were subjected
to a quantitative real-time TaqMan two-step RT-PCR analy-
ses to determine the viral load in SIV-infected colon and
jejunum samples. Briefly, primers and probes specific to the
SIV LTR sequence were designed and used in the real-time
TaqMan PCR assay. Probes were conjugated with a fluo-
rescent reporter dye (FAM) at the 5� end and a quencher
dye at the 3� end. Fluorescence signal was detected with an
ABI Prism 7700 sequence detector (PE Applied Biosys-
tems). Data were captured and analyzed with Sequence
Detector Software (PE Applied Biosystems). Viral copy
number was determined by plotting CT values obtained
from the colon and jejunum samples against a standard
curve (y � �3.351x � 40.377) (r2 � 0.998) generated with
in vitro-transcribed RNA representing known viral copy
numbers. Plasma viral loads for 9 of 10 group 1 macaques
were performed using the b-DNA assay for SIV viral RNA
(Bayer Diagnostics, Tarrytown, NY).

Statistical Analysis

Gene expression for IL-6 and SOCS-3 among groups
was compared using the Kruskal-Wallis one-way analysis
of variance by ranks for nonparametric independent
group comparisons. When the results of Kruskal-Wallis
one-way analysis of variance by ranks indicated a signif-
icant difference at the P � 0.001 level between the
groups examined, Dunn’s multiple comparison proce-
dure was then used to identify the groups that differed at
the P � 0.05 significance level. Histopathology severity
scores for jejunum and colon in group 1, 2, and 3 animals
were analyzed using Kruskal-Wallis one-way analysis of
variance by ranks for nonparametric independent group
comparisons. Within each group histopathology severity
scores between colon and jejunum were analyzed using
Dunn’s multiple comparison procedure to identify the
groups that differed at the P � 0.05 significance level. The
presence of other histopathological lesions such as villous
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blunting, crypt dilatation, amyloidosis in the jejunum and
colon of group 1 and 2 animals were analyzed using two-
tailed Fisher exact test. A correlation coefficient was also
calculated to assess the degree of association between
histopathology severity scores and gene expression for IL-6
and SOCS-3 in the colon and jejunum of both groups.

Results

Intestinal Histopathology

Histological evaluation of H&E-stained sections of colon
and jejunum (Table 2) revealed the presence of enterocolitis
in most animals in groups 1 and 2 but not in group 3. When
examining colon and jejunum separately, there did not ap-
pear to be much difference between groups 1 and 2 with
regard to the presence of colitis (10 of 10 group 1 animals
and 10 of 10 group 2 animals). However, the severity of the
inflammation based on semiquantitative histopathological
grading criteria and blinded analysis by a board certified
pathologist (A.A.L.) suggested that differences do exist (Ta-
ble 4 and Supplementary Figure 1, see http://ajp.amj-
pathol.org). Specifically, the inflammation in the GI tract of
group 1 animals was fairly uniform in the colon and jejunum
whereas in group 2 animals the colon was much more
severely affected (P � 0.004) (Tables 2 and 3). These
differences, based primarily on the extent and severity of
the inflammatory infiltrates, were mirrored by the incidence
of other intestinal lesions (Table 4) such as villous blunting,
crypt dilatation, and abscess and amyloidosis in the jeju-
num of group 1 and not in group 2 animals. However, the
presence of other intestinal lesions in the jejunum of group
1 macaques lacked statistical significance. Opportunistic
pathogens such as cytomegalovirus and Mycobacterium

avium intracellulare complex were detected in only 3 of 10
group 1 macaques (Table 5). Campylobacter coli, Campy-
lobackter jejuni, or Shigella flexneri were isolated from the
colon at necropsy in 2 of 10 group 1 and 5 of 10 group 2
macaques (Table 5).

Plasma and Mucosal Viral Loads and CD4� T
Cell Counts

The viral loads in the plasma, colon, and jejunum of all of
the SIV-infected macaques (group 1) are shown in Table
1 and were obtained at necropsy. All SIV-infected ma-
caques (group 1) had substantial mucosal and plasma
viral loads. Viral loads in the jejunum had a range from
0.057 � 106 to 16,380 � 106 copies/mg total RNA with a
median of 3.35 � 106 copies/mg total RNA. The colon
generally had higher viral loads than the jejunum for the
same animal with a range from 0.5 � 106 to 213,000 �
106 copies/mg total RNA with a median of 11.75 � 106]
copies/mg total RNA. Peripheral CD4� T-cell counts ob-
tained at necropsy were available for 9 of 10 group 1
macaques (Table 1). Of the 10 group 1 macaques, at
least 7 had low CD4� T-cell counts.

Mucosal Gene Expression for IL-6 and SOCS-3

To verify that the occurrence of diarrhea in SIV-infected
macaques was associated with a marked expression of
IL-6, qRT-PCR was performed using total RNA extracted
from jejunal and colonic mucosal samples from all ma-
caques. Individual fold changes in gene expression cal-
culated as described in Materials and Methods for IL-6
and SOCS-3 in all three groups are shown in Table 6.

Table 4. Comparison and Statistical Significance of Histopathological Lesions

Tissue
Animal and score

details Group 1 Group 2 Group 3

P value

G1
versus

G2

G1
versus

G3

G2
versus

G3

Colon
versus

Jej � G1

Colon
versus

Jej � G2

Colon No of animals with
colitis/total number
of animals examined

10/10 10/10 0/7 NSD �0.005 �0.0005 NSD � 0.004

Total scores 21 27 0
Average scores 2.1 2.7 0

Number of animals
with other lesions/
total number of
animals examined*

5/10 4/10 NA NSD NA NA NSD NSD

Jejunum No of animals with
enteritis/total number
of animals examined

9/9 5/6 0/7 NSD �0.0008 �0.005

Total scores 16 5 0
Average scores 1.78 0.83 0

Number of animals
with other lesions/
total number of
animals examined*

4/10 0/6 NA NSD NA NA

NSD, not significantly different; NA, not applicable.
*Lesions such as villous blunting, crypt dilation/abscesses, amyloidosis, diverticulosis, and so forth.
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Figure 1, A and B, shows averaged group wise fold
differences for IL-6 and SOCS-3, in the colon and jeju-
num, respectively. In the colon, IL-6 gene expression in
group 1 and group 2 animals was significantly increased
compared to normal controls (P � 0.05) (Figure 1A).
Further, a statistically significant correlation was also ob-
served between histopathology severity scores and IL-6
gene expression in group 1 [r2 � 0.6 (P � 0.0005)] and
group 2 [r2 � 0.67 (0.025 � P � 0.01)] macaques (Tables
2, 4, and 6). In the jejunum, IL-6 gene expression in group
1 macaques differed significantly from both group 2 and
normal controls (Figure 1B).

In response to IL-6, activation of STAT3 should induce
the expression of SOCS-3, which in turn should nega-
tively regulate IL-6 signaling. As shown in Figure 1A,
SOCS-3 gene expression in the colon of animals with
diarrhea differed significantly from normal control ma-
caques (P � 0.05). The magnitude of SOCS-3 expression
appears similar in the colon of animals with diarrhea in
comparison to controls regardless of whether they are
infected with SIV or not. Interestingly, a strong correlation
between histopathology severity scores (Table 4) and
SOCS-3 gene expression was observed only in the colon
of group 2 macaques (r2 � 0.67) (0.025 � P � 0.001)
(Tables 2, 4, and 6). In contrast, in the jejunum, gene
expression for SOCS-3 in group 1 macaques was found
to be significantly different from normal controls (P �
0.05) (Figure 1B) and showed a strong correlation with
histopathology severity scores (r2 � 0.61) (0.1 � P �

0.05) (Tables 2 and 6). On the other hand, SOCS-3 gene
expression in the jejunum of group 2 was not significantly
different from group 1 or from normal controls. This is
probably related to the fact that the majority of group 1
macaques had moderate to severe inflammation of the je-
junum and colon (enterocolitis), whereas in group 2 animals
the colon was more severely affected with minimal involve-
ment of the jejunum based on histopathology (Table 2). The
statistically significant increase in IL-6 in the jejunum of
group 1 versus group 2 animals further supports this.

STAT3 Is Activated in the Intestine of Macaques
with Diarrhea Regardless of Infection with SIV

To determine whether IL-6 was in fact exerting proinflam-
matory effects on cells at the site of inflammation, we inves-
tigated the activation status of STAT3 molecules, which
occurs by phosphorylation at Tyr 705. Substantial amounts
of p-STAT3 isoforms (p-STAT3�, 86 kDa; and p-STAT3�, 79
kDa) were detected in the colon of all group 1 and 2 ma-
caques (Figure 2A). In contrast, a weak p-STAT3 band was
detected in the colon and jejunum of group 3 macaques
(BV52 and EH70) (Figure 2, A and B). In the jejunum, with
the exception of two animals (L441 and DI28), significant
amounts of p-STAT3 were observed compared to the con-
trol macaques (Figure 2B). In two animals (DT56 colon and
H405 jejunum), a third band was seen and is mainly attrib-
utable to minimal protein degradation. Even though IL-6

Table 5. Opportunistic Pathogens and Intestinal Bacterial Isolates

Duration of infection (days) OI, small/large intestine Other OI Bacterial isolates*

SIV-infected with diarrhea (group 1)
AJ82 232 CMV inclusion bodies, colon None C. coli
DD88 388 M. avium intracellulare None None
CI65 377 M. avium intracellulare None C. coli
L441 170 None P. carinnii, lung None
H405 232 None None None
V205 973 None None None
AT81 171 None None None
AT56 1460 None C. albincans, tongue/esophagus None
DT56 265 None P. carinnii, lung None
DI28 81 None None None

Non-SIV infected with diarrhea (group 2)
EI90 NA None None C. jejuni
EL45 NA None None C. coli
EC49 NA None None None
EB12 NA None None None
EM41 NA None None C. coli
EL71 NA None None None
EB27 NA None None S. flexneri, C. coli
DJ15 NA None None None
CT77 NA None None C. coli
EJ54 NA None None None

Uninfected control (group 3)
BV52 NA None None None
EH70 NA None None None
CB98 NA None None None
CF33 NA None None None
M302 NA None None None
CC96 Alive None None None
R842 NA None None None

OI, opportunistic infection; NA, not applicable.
*All from colon at necropsy, no small intestinal isolates obtained.

1958 Mohan et al
AJP December 2007, Vol. 171, No. 6



and SOCS-3 gene expression in the jejunum of group 2
macaques were not statistically different from controls (Fig-
ure 1B), we did see significant amounts of p-STAT3 protein
in at least five of six animals (Figure 2B). Further, densito-
metric analysis performed on the blots showed clear up-
regulation of p-STAT3 in the jejunum of group 1 (�2.9-fold)
and 2 (�3.9-fold) macaques compared to group 3 (Figure
2C). The band intensities for np-STAT3 protein in the colon
and jejunum of group 1 and group 2 macaques were gen-
erally weak compared to p-STAT3. Because the same pro-
tein lysate sample was first used for immunoprecipitating
p-STAT3 followed by np-STAT3, these findings would sug-
gest that the STAT3 proteins in the colon and jejunum of
both group 1 and group 2 macaques used in this study are
predominantly phosphorylated (p-STAT3 band 	 np-STAT3
band) and hence in a constitutively activated state. Further,
essentially all of the STAT3� (79 kDa) isoform appears to be
phosphorylated because this isoform was not detected in
the np-STAT3 fraction using the t-STAT3 antibody (Figure
2A). Finally, the densitometric analysis also suggests that,
on the whole, there is considerably increased amounts of
t-STAT3 in the colon and jejunum of group 1 and 2 ma-
caques, and a greater percentage of it is phosphorylated
compared to controls (Figure 2, C and D).

Lamina Propria Mononuclear Cells Express High
Levels of STAT-3 in the Colon of SIV-Infected
and Non-SIV-Infected Macaques with Diarrhea

To identify the cell types that express p-STAT3, we per-
formed confocal microscopy analysis of colon tissue from

Table 6. Individual Fold Differences in IL-6 and SOCS-3 Gene Expression

Group Animal no.

IL-6* SOCS-3*

Colon Jejunum Colon Jejunum

SIV-infected with diarrhea (group 1) AJ82 11 27 17 39
DD88 46 696 31 135
CI65 16 72 28 42
L441 5 3 22 4
H405 77 12 12 13
V205 14 17 12 32
AT81 482 71 80 121
AT56 107 43 98 153
DT56 24 NA 52 NA
DI28 7 4 21 7

Non-SIV infected with diarrhea (group 2) EI90 27 NA 38 NA
EL45 26 NA 20 NA
EC49 28 NA 34 NA
EB12 55 NA 57 NA
EM41 8 2 8 3
EL71 134 1 97 7
EB27 21 12 20 25
DJ15 16 2 52 4
CT77 12 21 30 25
EJ54 51 3 24 29

Control animals (group 3) BV52 2 6 2 13
CB98 5 3 7 4
CF33 9 8 3 7
M302 2 2 2 1
CC96 2 2 1 2
R842 1 2 4 3

*Fold changes in the relative gene expression were determined by evaluating the expression, 2�D� CT.
Colon and jejunum specimens from EH70 (group 3) were not used for qRT-PCR analysis.
NA, not applicable.

Figure 1. Relative abundance in gene expression for IL-6 and SOCS-3 de-
tected using quantitative real-time SYBR Green one-step RT-PCR. A and B
represent colon and jejunum, respectively, from SIV-infected animals with
diarrhea, non-SIV-infected with diarrhea, and uninfected control macaques.
The fold differences in gene expression were calculated as described in
Materials and Methods. The relative fold increases for each group was
summed and averaged to obtain a single figure that is shown on top of each
bar graph. The error bars represent average fold difference for each group 

SEM. Bar graphs with same letter and case (eg, A and A) differ significantly
(P � 0.05). The upper case letters denoted above gray bars represent IL-6.
Similarly, the lower case letters shown above black bars represent SOCS-3.
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three group 1 macaques (AT56, H405, D128), two group
2 (DJ15, EL45) macaques, and one group 3 (BV52) ma-
caque with representative images for each group pre-
sented in Figure 3 and Supplementary Figure 2 (see
http://ajp.amjpathol.org). In all three SIV-infected ma-

caques, macrophages expressing CD68 were the pri-
mary cell type that expressed p-STAT3 (Figure 3A). A
minority of T cells in the lamina propria expressing CD3
were also found to express p-STAT3 (Figure 3D). In con-
trast, in the non-SIV-infected macaques with diarrhea, we
observed large numbers of both CD68� (Figure 3B) and
CD3� cells expressing p-STAT3 (Figure 3E). p-STAT3
was mainly localized to the cytoplasm of macrophages
and lymphocytes with very few cells exhibiting nuclear
localization. In contrast to animals with chronic diarrhea,
in normal controls (BV52) few cells were positive for
p-STAT3, and they were neither CD68� nor CD3� (Figure
3, C and F).

DNA Binding Activity of STAT3 Is Increased in
the Colon of SIV-Infected Macaques and Non-
SIV-Infected Macaques with Diarrhea

After phosphorylation at Tyr 705, STAT3 translocates to
the nucleus where it binds to specific sequence elements
present in the promoter regions of various STAT-respon-
sive genes. However, confocal microscopy demon-
strated STAT3 to be cytoplasmic rather than nuclear in
majority of the cells. Therefore, we next investigated the
DNA binding activity of STAT3 using the biotin streptavi-
din pull-down assay to determine whether these acti-
vated STAT3 proteins were biologically active. In this
experiment, using the double-stranded STAT3-binding
sequence as bait, we observed that STAT3 was not only
phosphorylated but also had the capacity to bind DNA.
As shown in Figure 4, the STAT3 oligonucleotide specif-
ically precipitated a considerable amount of p-STAT3
protein from the colon of four group 1 and three group 2
macaques used in this experiment (Figure 4A). No p-
STAT3 protein was precipitated by the STAT3 oligonucle-
otide from the control group 3 macaque (BV52) (Figure
4A), mainly attributable to the lack of availability of sub-
stantial amounts of the biologically active form of STAT3
(p-STAT3), which is also evident in Figure 2A. The spec-
ificity of the binding is shown by the fact that the mutated
oligonucleotide failed to precipitate any activated STAT3
protein (Figure 4A). t-STAT3 (p-STAT3 and np-STAT3)
was present in all lanes (Figure 4B) and points to the fact
that the absence of the p-STAT3 signal (Figure 4A) in
lanes 9 to 17 was not attributable to the complete ab-
sence of STAT3 in the lysate. Thus the absence of a
p-STAT3 band in lanes 9 to 17 in Figure 4A is attributable
to the lack of up-regulation of p-STAT3 in the control (lane
9) or mutation in the STAT3-binding site in lanes 10 to 13
or absence of STAT3 oligonucleotide in lanes 14 to 17.

Discussion

The GI tract is a major reservoir of CCR5� CD4� T
lymphocytes of the memory phenotype making it a major
target for infection with HIV/SIV.1,19,46 Recent findings in
humans further strengthens the notion that HIV/SIV repli-
cation occurs predominantly in the gut and other mucosal
lymphoid tissues.20,21,47 Up to two-thirds of HIV-infected

Figure 2. IL-6-mediated STAT-3 activation at tyrosine 705 occurs in the colon
(A) and jejunum (B) of SIV-infected (group 1) and non-SIV-infected ma-
caques (group 2) with diarrhea. p-STAT3 and then np-STAT3 were sequen-
tially immunoprecipitated from the same lysates of colon and jejunum and
run on SDS-PAGE, and thereafter, the membrane was probed with appro-
priate antibodies. Two control macaques (group 3) (BV52 and EH70) were
used for the STAT3 Western analysis. Because the tissues were collected
throughout a period of 2 years, immunoprecipitation and Western blotting
were performed separately as the tissues were obtained. Hence the images
shown in A and B were cropped, aligned, and merged into one composite
figure. Quantitative densitometric analysis of p-STAT3 and t-STAT3 (p-STAT3
� np-STAT3 � t-STAT3) protein expression are shown in C and D, respec-
tively, for the colon and jejunum of groups 1 and 2 macaques relative to
group 3 (control animals). Values are expressed in arbitrary units (a.u.). The
relative fold increases for individual animals in both groups was summed and
averaged to obtain a single figure that is shown on top of each bar graph. The
error bars represent average fold difference for each group 
 SEM.
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patients and essentially all untreated SIV-infected ma-
caques develop symptoms of GI dysfunction such as
diarrhea during the course of infection. Although several

causative factors have been proposed, the ensuing mo-
lecular pathological mechanisms that initiate GI disease
after massive CD4� T-cell loss still remain unclear. Sub-

Figure 3. Immunophenotype of p-STAT3-positive cells in the colon of SIV-infected macaques with diarrhea (A and D), non-SIV-infected macaque with diarrhea
(B and E), and an uninfected control macaque (C and F). All panels involve double labels with p-STAT3 (red) and either CD68 for macrophages (A–C) or CD3
for T cells (D–F), which appear green. For each panel the individual channels [green for CD3 or CD68, red for p-STAT3, and gray for differential interference
contrast to reveal tissue architecture] appear on the left with a larger merged image on the right. Co-localization of labels appears yellow. Note that in SIV-infected
animals with diarrhea (A and D) most cells positive for p-STAT3 are CD68� macrophages whereas in non-SIV-infected animals with diarrhea (B and E) both
CD68� macrophages and CD3� T cells are p-STAT3�. Interestingly, in the normal control animal (C and F), not only are p-STAT3� cells rare in comparison, but
they are also negative for both CD3 and CD68. Images shown are representative of three group 1 macaques, two group 2 macaques, and a control animal and
were obtained from H405 (A and D), DJ15 (B and E) and BV52 (C and F).
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sequent to HIV/SIV infection, up-regulation of several
proinflammatory cytokines (eg, IL-1�, IL-6, IL-8, interfer-
ons, and tumor necrosis factor-�) occurs in the GI tract,
which may promote GI inflammation.31,32 IL-6 is an im-
portant proinflammatory cytokine that uses the Janus
kinase/signal transducer and activator of transcription
(JAK/STAT) pathway for signal transduction.36–38 Al-
though several studies in the past have attempted to
characterize HIV/SIV-associated mucosal cytokine ex-
pression, there is very little information regarding the
downstream molecules that these cytokines activate, es-
pecially in the GI tract of patients experiencing chronic
diarrhea and weight loss. Therefore, in the present study,
jejunal and colon specimens from SIV and non-SIV-in-
fected rhesus macaques with weight loss and diarrhea
were examined to assess if the activation status of the
JAK/STAT pathway could be linked to the development of
GI inflammation and disease. In the present study, we
demonstrate that STAT3, activated as a result of proin-
flammatory cytokine signaling in the GI tract of SIV-in-
fected and noninfected rhesus macaques may be an
important mediator of inflammation resulting in chronic
diarrhea and wasting. Although alterations in the signal-
ing pathways in the colon were similar regardless of
whether the animals were SIV infected, the jejunum was
more significantly impacted in SIV-infected animals with
diarrhea with significant up-regulation of IL-6 and
SOCS-3 as well as more severe histopathological lesions
compared to the other groups. This is consistent with the
dramatic impact SIV has on the entire GI tract. Further-
more, the presence of high STAT3 activation despite high
levels of SOCS-3 suggests dysregulation of the JAK-
STAT pathway in animals with chronic diarrhea. In the
context of SIV infection, this would favor continuing in-
flammation and immune activation, which would favor
viral replication and disease progression.

IL-6 has been described to be a multifunctional cyto-
kine because it is known to regulate several processes
including the inflammatory response.48 Almost a decade
ago, Snijders and colleagues49 observed no evidence of
cytokine-mediated inflammation in homogenized jejunal

mucosa of HIV-infected individuals. However, in the
same study, after culture, IL-6 concentrations were
higher in HIV-infected patients with diarrhea than in HIV-
negative controls, although the results were not statisti-
cally significant. Most recent studies suggest a strong
association between HIV infection and mucosal inflam-
mation31,50 and that cytokines, such as IL-6, RANTES,
IL-10, and interferon-�, belonging to both Th1 and Th2
types are significantly up-regulated.32 Specifically with
regard to IL-6, McGowan and colleagues32 observed
increased IL-6 mRNA expression in the GI mucosa of all
HIV-infected patients regardless of the mucosal viral
load. In the present study, we observed several fold
increases in IL-6 mRNA expression in both colon and
jejunum of SIV-infected macaques with diarrhea (group
1) compared to controls (group 3). Interestingly, although
enhanced IL-6 gene expression was also observed in the
colon of non-SIV-infected macaques with diarrhea (group
2), there was no significant increase in IL-6 in the jejunum
of these animals compared to controls. This finding is
again substantiated by the significant correlation de-
tected between histopathology severity scores and gene
expression for IL-6 only in the colon and not jejunum of
group 2 animals. Furthermore, IL-6 mRNA expression
was significantly elevated in the jejunum of SIV-infected
macaques with diarrhea (group 1) compared to non-SIV-
infected macaques with diarrhea (group 2). In support of
this, we found increased viral loads in the colon and
jejunum of group 1 macaques occurring together with
high IL-6 gene expression. Collectively, these data sug-
gest that the generalized immune activation associated
with HIV/SIV infection is driving the increase in IL-6
throughout the GI tract of SIV-infected animals (group 1).

The presence of IL-6 mRNA in the present and previ-
ous studies does not prove that it exerts receptor-medi-
ated intracellular signaling. In contrast to alterations in
cytokine synthesis, posttranslational modifications such
as phosphorylation and dephosphorylation involving
STAT proteins in response to cytokine signaling is a rapid
event lasting only a few minutes. In the present study,
using two independent procedures, we found that the
transcription factor STAT3 undergoes posttranslational
changes such as phosphorylation, possesses enhanced
DNA binding activity, and remains constitutively active in
the colon of SIV-infected (group 1) and non-SIV-infected
macaques (group 2) with diarrhea compared to the nor-
mal control macaques (group 3). Significant amounts of
activated STAT3 were also observed in the jejunum of, at
least, seven of nine SIV-infected (group 1) and five of six
non-SIV-infected macaques (group 2). These findings
collectively suggest a strong link between the occurrence
of diarrhea and constitutive activation of STAT3. Curi-
ously, constitutively active p-STAT3 proteins were also
evident in the jejunum of group 2 animals despite low IL-6
mRNA levels (Figures 1B and 2B and Table 6). This
suggests that other cytokines that use the JAK-STAT3
pathway for signaling such as interferon-�, IL-27, IL-10,38

IL-7, IL-15,51 and chemokines such as RANTES and MIP-
1�52 may also be elevated. Their contributions have not
been investigated in this study and remain to be deter-
mined in the future. Constitutively active STAT3 has also

Figure 4. Protein extracts of colon prepared from four SIV-infected ma-
caques with chronic diarrhea (lanes 2 to 5, 10 and 11, 14 and 15), three
non-SIV-infected macaques with diarrhea (lanes 6 to 8, 12 and 13, 16 and
17) and one control macaque (lane 9) were incubated with biotin-labeled
wild-type STAT3-binding oligonucleotide sequence (lanes 2 to 9) or mutant
(lanes 10 to 13) or streptavidin-conjugated agarose beads only (lanes 14 to
17). The protein-DNA complexes were recovered as described in the Mate-
rials and Methods and analyzed by immunoblotting using antibodies against
p-STAT3 (A) and t-STAT3 (B). Thus, A shows the presence or absence of
p-STAT3 and B shows the presence of t-STAT3 (p-STAT3 and np-STAT3) in
the same sample shown in A.
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been shown to be an essential mediator of inflammatory
bowel disease and various other manifestations of intes-
tinal inflammation in humans.53,54

We next examined which cell types were expressing
activated STAT3 using immunohistochemistry and confo-
cal microscopy with anti-phospho-STAT3 antibodies. p-
STAT3 expression was restricted to the mononuclear cell
population present in the lamina propria. Using cell-spe-
cific surface markers such as CD3 and CD68, we found
both lymphocytes (CD3) and macrophages (CD68) to be
expressing p-STAT3. In the non-SIV-infected macaque
with diarrhea, the expression of p-STAT3 was equally
distributed between macrophages and lymphocytes
(Figure 3, B and E). However, in SIV-infected macaques
with moderate (H405) and severe (AT56) CD4� T-cell
depletion, p-STAT3 expression was detectable mostly in
macrophages and rarely in CD3� lymphocytes (Figure 3,
A and D; and Supplementary Figure 2, A and B, see
http://ajp.amjpathol.org). Interestingly, in an SIV-infected
macaque (DI28) with minimal CD4� T-cell depletion (Ta-
ble 1) several T cells expressing CD3 were also found to
express p-STAT3 (Supplementary Figure 2C, see http://
ajp.amjpathol.org) raising the possibility that these may be
CD4� T cells. Further, in both group 1 and 2 animals, we
also detected other mononuclear cell populations in the
lamina propria resembling lymphocytes that were posi-
tive for p-STAT3 but were negative for both CD3 and
CD68. In control animals, all p-STAT3 cells were
CD3�CD68�. The immunophenotype of these cells re-
mains to be determined. Based on our detection meth-
ods, it seems that the constitutive activation of STAT3 is a
hallmark of inflammation in the GI tract of SIV-infected
macaques and is predominantly expressed by infiltrating
macrophages.

Because SOCS-3 is a STAT3-induced gene and also a
negative regulator of the JAK-STAT3 pathway, we next
investigated the expression pattern of SOCS-3 in both
colon and jejunum of all macaques. In the present study,
the mRNA expression for SOCS-3 was several fold higher
in the colon of SIV-infected and non-SIV-infected ma-
caques with diarrhea than in controls. No elevation in
SOCS-3 in the jejunum of group 2 animals compared to
controls was observed. However, SOCS-3 in the jejunum
of SIV-infected macaques with diarrhea was significantly
elevated compared to controls and strongly correlated
with the severity of histopathological lesions. This obser-
vation agrees with earlier reports in which SOCS-3 mRNA
was found to be expressed in the colon of dextran sulfate
sodium-treated mice (a model for inflammatory bowel
disease in humans) and colonic biopsies from humans
with Crohn’s disease or ulcerative colitis patients.55

These findings also suggest that despite high SOCS-3
expression, STAT3 remains active and may not only con-
tribute to the development of inflammation but also delay
the beginning of the healing process. It has been sug-
gested that even though SOCS-3 is induced rapidly in
response to cytokine signaling, accelerated degradation
effectively decreases its half-life and ability to inhibit
STAT3 activation.56 Irrespective of the exact mechanism,
persistent elevations of p-STAT3 would maintain immune

activation in the GI tract, which would be conducive to
HIV/SIV replication and disease progression.

In summary, we detected constitutive STAT3 activation
in the intestinal tract of SIV-infected and non-SIV-infected
macaques with diarrhea. In both groups, SOCS-3 mRNA
expression was increased several fold in colon com-
pared to the control group, but in the jejunum, only group
1 animals showed elevation of SOCS-3 compared to
controls. These findings suggest that the negative regu-
lation of the IL-6-STAT3 pathway may be dysfunctional in
the colon of both groups 1 and 2 but only in the jejunum
of group 1. Although IL-6 signaling is important for pro-
tecting the gut from infectious agents, its dysregulation
can have untoward long-term adverse sequelae in the
pathogenesis of GI dysfunction in AIDS patients. In the
future, a time-course study using SIV-infected macaques
is needed to determine at what point during disease
progression the JAK-STAT3 pathway becomes dysregu-
lated. Further, because all group 1 macaques with high
IL-6 and constitutive STAT3 expression had high mucosal
viral loads, we are also in the process of investigating if
the activation of C/EBP� is part of the molecular mecha-
nism by which IL-6 induces viral replication in GI tract
lymphocytes and macrophages.57–59 Elucidating the un-
derlying molecular mechanism(s) is critical because
macrophages are an important cell type that serve as
HIV/SIV reservoirs in chronic HIV-infected patients, espe-
cially, after CD4� T cells have been depleted early in
HIV/SIV infection.60 The identification and characteriza-
tion of key downstream signaling molecules involved in
regulating HIV/SIV replication could lead to the develop-
ment of more attractive therapeutic targets in the future.
Finally, our studies also indicate that the rhesus macaque
could serve as a good model for inflammatory bowel
disease, a chronic inflammatory condition in which acti-
vated STAT3 is a critical mediator.53
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