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ABSTRACT

Interleukin-10 (IL-10) is an immunomodulatory cytokine that is important for maintenance of epithelial cell (EC) survival and
anti-inflammatory responses (AIR). The majority of HIV infections occur through the mucosal route despite mucosal epithe-
lium acting as a barrier to human immunodeficiency virus (HIV). Therefore, understanding the role of IL-10 in maintenance of
intestinal homeostasis during HIV infection is of interest for better characterization of the pathogenesis of HIV-mediated enter-
opathy. We demonstrated here changes in mucosal IL-10 signaling during simian immunodeficiency virus (SIV) infection in
rhesus macaques. Disruption of the epithelial barrier was manifested by EC apoptosis and loss of the tight-junction protein
ZO-1. Multiple cell types, including a limited number of ECs, produced IL-10. SIV infection resulted in increased levels of IL-10;
however, this was associated with increased production of mucosal gamma interferon (IFN-�) and tumor necrosis factor alpha
(TNF-�), suggesting that IL-10 was not able to regulate AIR. This observation was supported by the downregulation of STAT3,
which is necessary to inhibit production of IFN-� and TNF-�, and the upregulation of SOCS1 and SOCS3, which are important
regulatory molecules in the IL-10-mediated AIR. We also observed internalization of the IL-10 receptor (IL-10R) in mucosal
lymphocytes, which could limit cellular availability of IL-10 for signaling and contribute to the loss of a functional AIR. Collec-
tively, these findings demonstrate that internalization of IL-10R with the resultant impact on IL-10 signaling and dysregulation
of the IL-10-mediated AIR might play a crucial role in EC damage and subsequent SIV/HIV pathogenesis.

IMPORTANCE

Interleukin-10 (IL-10), an important immunomodulatory cytokine plays a key role to control inflammatory function and ho-
meostasis of the gastrointestinal mucosal immune system. Despite recent advancements in the study of IL-10 and its role in HIV
infection, the role of mucosal IL-10 in SIV/HIV infection in inducing enteropathy is not well understood. We demonstrated
changes in mucosal IL-10 signaling during SIV infection in rhesus macaques. Disruption of the intestinal epithelial barrier was
evident along with the increased levels of mucosal IL-10 production. Increased production of mucosal IFN-� and TNF-� during
SIV infection suggested that the increased level of mucosal IL-10 was not able to regulate anti-inflammatory responses. Our find-
ings demonstrate that internalization of IL-10R with the resultant impact on IL-10 signaling and dysregulation of the IL-10-me-
diated anti-inflammatory responses might play a crucial role in epithelial cell damage and subsequent SIV/HIV pathogenesis.

The mucosal epithelium seems to be an efficient mechanical
barrier against human immunodeficiency virus type 1 (HIV-

1). However, mucosal transmission accounts for more than 90%
of HIV infections (1–3). Intestinal epithelial cells (ECs) preferen-
tially express viral coreceptors such as CCR5 and primary ECs
have been shown to be able to transfer CCR5-tropic HIV more
efficiently than CXCR4-tropic HIV through transcytosis to indi-
cator cells (4, 5). These data suggest that ECs may be more actively
involved in mucosal transmission of HIV than generally thought.
Furthermore, studies have shown that mucosal ECs are impacted
by HIV/simian immunodeficiency virus (SIV) infection and re-
spond directly to HIV envelope glycoproteins by upregulating in-
flammatory cytokines that lead to impairment of barrier functions
(6–8). We have recently shown the presence of early EC apoptosis
and upregulation of ICAM-1 and HLA-DR by intestinal ECs,
which may be key features in SIV-mediated enteropathy (9). In-
testinal permeability allows nutrients to pass through the gut,
while maintaining a barrier against gut microbiota from leaving
the intestine and migrating to the body. Increased permeability

due to compromised barrier function could facilitate gut micro-
biota crossing the mucosal epithelium and entering circulation
(microbial translocation) (10). Epithelial injury and impaired ep-
ithelial regeneration are considered key factors in the pathogenesis
of AIDS contributing to generalized HIV-induced immune cell
activation (9, 11, 12).

Interleukin-10 (IL-10), is an important immunomodulatory
cytokine and was described as an inhibitory factor for the produc-
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tion of T-helper 1 (Th1) cytokines (13). We have recently demon-
strated the role of IL-10 in maintaining the survival of ECs and
regulating crypt breadth using colon explant cultures (14). Our
study suggested that IL-10 played an obligate role in maintaining
mucosal homeostasis by regulating the production of mucosal
gamma interferon (IFN-�) and tumor necrosis factor alpha
(TNF-�) cytokines. Studies in IL-10-deficient mice and the mu-
rine colitis model had shown that maintenance and generation of
mucosal IL-10 was crucial to regulate intestinal immune inflam-
mation and to prevent colitis (15). IL-10 signaling is mediated by
the interaction of IL-10 and IL-10 receptors (IL-10R) that activate
Janus kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2) and eventually
upregulate signal transducer and activator of transcription 3
(STAT3), a transcription factor that is essential for anti-inflam-
matory responses (AIR) (16). A recent report suggests that both
STAT3 and IL-10 are essential parts of AIR and cannot be replaced
by any other transcription factors or cytokines (17). Suppressors
of cytokine signaling (SOCS1 and SOCS3) proteins also bind to
Jak or certain cytokine receptors and suppress further signaling
events and regulate adaptive immunity (18).

The role of IL-10 in HIV/SIV infection is complex. Upregula-
tion of IL-10 expression in peripheral blood impaired T-cell acti-
vation and effector functions, which lead to prolonged HIV per-
sistence in the host (19, 20). Conversely, IL-10 polymorphisms
associated with increased IL-10 production might have a protec-
tive role against rapid disease progression by suppressing chronic
immune activation and reducing CD4 T-cell loss (21). Despite the
role of IL-10 as an immunomodulatory cytokine in maintaining
the EC barrier in colon explants (14), the main source of IL-10 in
intestinal tissues has not been well defined. The role of IL-10 in
maintaining intestinal homeostasis during SIV infection, as well as
its effect on mucosal IFN-� and TNF-� cytokines, is also not well
understood. Lastly, the role of IL-10 in regulating STAT3- and
SOCS3-mediated AIR in SIV-infected intestinal tissues is also not
well described.

We have identified the major IL-10-producing cells in the in-
testine of Indian origin rhesus macaques (InRMs). We also quan-
tified EC apoptosis and identified the expression of IL-10R in mu-
cosal cells. The data suggested that internalization of IL-10R was a
key feature in SIV pathogenesis that might be preventing the in-
teraction between IL-10R and IL-10, leading to decreased ability
to modulate Th1 responses in the intestine. Furthermore, down-
regulation of STAT3 and upregulation of SOCS1 and SOCS3 RNA
suggested the dysfunction of IL-10-mediated AIR where increased
expression of IFN-� and/or TNF-� produced by mucosal lym-
phoid cells might be important in inducing EC damage in SIV-
infected macaques.

MATERIALS AND METHODS
Animal sampling. A total of 41 InRMs (Macaca mulatta) of both sexes
between 2.5 and 14.1 years of age were grouped into uninfected controls
(n � 15), acute infection (n � 14), and chronic infection (n � 12) based
on days after SIVMAC251 infection (Table 1). All animals were negative for
HIV-2, SIV, type D retrovirus, and STLV-1 infection at the beginning of
the study. Animals were housed at the Tulane National Primate Research
Center (TNPRC) and were under the care of TNPRC veterinarians in
accordance with the standards incorporated in the Guide for the Care and
Use of Laboratory Animals. All experiments using InRMs were approved
by the Tulane Institutional Animal Care and Use Committee (IACUC).
Macaques were socially housed indoors in climate-controlled conditions,
were monitored continuously by veterinarians to ensure their welfare, and

were fed commercially prepared monkey chow twice daily. The TNPRC
environmental enrichment program is reviewed and approved by the IA-
CUC semiannually. Veterinarians at the TNPRC Division of Veterinary
Medicine have established procedures to minimize pain and distress
through several means. All clinical procedures, including administration
of anesthesia and analgesics, were carried out under the direction of a
laboratory animal veterinarian. Animals were anesthetized with ketamine
hydrochloride for blood collection procedures. Laboratory animal veter-
inarians performed all surgeries and tissue collections. Animals were pre-
anesthetized with ketamine hydrochloride, acepromazine, and glycopy-
rolate, intubated, and maintained on a mixture of isoflurane and oxygen.
Buprenorphine was given intraoperatively and postoperatively for anal-
gesia.

Isolation of epithelial cells and IE and LP lymphocytes from the je-
junum and colon. Epithelial cells and lymphocytes from jejunum and
colon were isolated as described earlier (9, 22–24). Both intraepithelial
(IE) and lamina propria (LP) lymphocytes were isolated from intestinal
biopsy specimens, resection surgery, or necropsy tissues. Intestinal lym-
phocytes were �90% viable as assessed by trypan blue dye exclusion.

Colon explant experiments. Colon specimens �8 cm in length were
collected in ice-cold Hanks balanced salt solution and were processed as de-
scribed previously (14, 25). Mucosal explants were treated with either anti-
IL-10 monoclonal antibodies (MAbs; 5 �g/ml; Biolegend), recombinant
IL-10 (rIL-10) protein (50 ng/ml; Biolegend), or isotype control (5 �g/ml;
Biolegend) for 6 h as reported earlier (14). After incubation, explant cultures
were fixed in 2% paraformaldehyde and cryopreserved in 30% sucrose
(Sigma, St. Louis, MO) in phosphate-buffered saline (PBS), and frozen in
cryomolds containing optimal cutting temperature (OCT) compound
(Sakura Fintek, Inc., Torrance, CA) as previously described (9).

Immunodetection and quantitation of tissues. Tissue sections were
processed for immunofluorescent and immunohistochemistry staining
with one or a combination of primary antibodies (see Table S1 in the
supplemental material) as reported earlier (9). Nuclear staining was per-
formed with ToPro3 (1 �M; Life Technologies). Labeled tissue sections
were mounted using Prolong Gold antifade medium (Invitrogen) and
imaged using a TCS SP2 confocal laser scanning microscope (Leica, Ger-
many) equipped with an argon-krypton laser at 488 nm (green), a krypton
laser at 568 nm (red), and a helium-neon laser at 633 nm (blue). Negative-
control slides were incorporated in each experiment either by omitting the
primary antibody or using isotype IgG1 and IgG(H�L) controls (9, 14).
ImageJ (version 1.49d; National Institutes of Health [NIH], Bethesda,
MD) and Adobe Photoshop CS5 Extended (USA) were used to assign
colors to the channels collected. For quantification of apoptotic intestinal
ECs, active caspase-3 (AC-3�) was detected in a minimum of 20 fields
using a Nuance FX multispectral imaging system at a 500- to 720-nm
spectral range with colors assigned using Nuance Version 2.10 software
(CRi, USA). The data from enterocytes positive for AC-3 were expressed
as percentages of the total number of enterocytes (ToPro3� cytokera-
tin�). We performed quantitative fluorescence densitometry using Im-
ageJ software to quantify zonula occludens (ZO-1) expression in the colon
and jejunum. An average of five high-power fields chosen at random (0.14
mm2/field; five to six optical slices [0.2 �m]/field) were quantified. The
intensity of ZO-1 expression was represented as fluorescence pixel values.

To quantify phospho-STAT3 (pSTAT3)-positive cells, slides were stained
with pSTAT3 MAbs using a Mach 3 Rabbit AP-Polymer detection kit (Bio-
care Medical, USA). The negative control consisted of control rabbit Ig frac-
tions (Dako, USA) used at the same concentration as the pSTAT3 MAbs to
determine the background staining. Labeling was detected with BCIP/NBT
(Dako), followed by nuclear Fast Red counterstaining. The slides were then
mounted with Vecta Mount AQ (Vector Laboratories, USA). An average of
20 fields (40	 magnification) were manually counted in each of the slides to
quantify pSTAT3-positive cells. The sites for all tissue evaluations were se-
lected randomly from each tissue and counted by two different individuals
blinded to the samples to avoid bias.
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Morphometric analysis. Paraffin-embedded colon and jejunum spec-
imens from uninfected control, acute, and chronically SIV-infected
InRMs were processed for hematoxylin and eosin staining and used for
morphometric analysis. Crypt length and breadth in the colon and villus
height, crypt length, and villus/crypt ratios in the jejunum were measured
by using Image-Pro Plus (v4.5) software as reported earlier (14).

Viral load quantification. Plasma viral RNA was quantified by either
a bDNA signal amplification assay (Siemens Diagnostics, USA) or quan-
titative reverse transcription-PCR (RT-PCR) at the Wisconsin National
Primate Research Center with a lower detection limit of 125 and 60 SIV
RNA copies/ml of plasma, respectively (26, 27).

Immunofluorescent staining and flow cytometry analysis. To exam-
ine cell phenotypes and cytokine production, a cytokine flow cytometry

assay was used on freshly isolated samples to detect either CD3� or CD3


lymphocytes spontaneously producing cytokines (IFN-�, TNF-�, and IL-
10) according to the methods previously described (23, 28–30). Briefly,
the intestinal IE and LP lymphocytes were resuspended at 106 cells/100 �l,
stained with aqua fluorescent reactive Live/Dead stain kit (Life Technol-
ogies), and surface stained with directly conjugated MAbs to CD3, CD4,
and/or CD45 (see Table S1 in the supplemental material). Cells were
washed, fixed, and permeabilized using Cytofix/Cytoperm (BD Biosci-
ences), washed twice in perm buffer (BD Biosciences), and stained with
MAbs to IFN-�, TNF-�, and IL-10 at room temperature for 25 min (see
Table S1 in the supplemental material). After being washed in wash buffer,
cells were resuspended in 1	 BD stabilizing and fixative buffer (BD Bio-
sciences). Whole-blood samples from normal InRMs were used for fluo-

TABLE 1 Adult Indian rhesus macaques examined

Category Animal no. Age (yr) Sexa Virus
Days of
infection

Dose
(TCID50 or AID)b Routec

Terminal plasma viral load
(RNA copies/ml)

Normal AG71 11.1 F Nil
EI56 7.5 F Nil
EV39 6.2 M Nil
FF15 6.9 F Nil
FK25 5.8 M Nil
FT23 5.9 F Nil
GB61 5.6 M Nil
GI92 4.2 M Nil
GJ06 4.9 F Nil
GN70 10.1 F Nil
GN74 13.3 F Nil
GT20 4.6 M Nil
HN64 3.0 M Nil
HP24 3.0 M Nil
IT16 4.6 M Nil

Acute infection AV63 4.4 F SIVMAC251 8 10* i.v. 1,900,000
AV85 8.1 F SIVMAC251 21 10* i.v. 230,000
AV91 14.1 M SIVMAC251 10 500 i.v 157,190,000
BA17 8.3 M SIVMAC251 13 10* i.v. 11,000,000
BA57 14 F SIVMAC251 8 500 i.v. 14,288,200
BN37 2.5 M SIVMAC251 21 100 i.v. 340,000
CB74 3.2 M SIVMAC251 21 10* i.v. 12,000,000
CF65 12.3 F SIVMAC251 21 500 i.vag. 10,100,000
EK98 8.7 F SIVMAC251 21 500 i.vag. 26,800,000
FT35 6.7 F SIVMAC251 21 500 i.vag. 3,540,000
GI28 5.9 F SIVMAC251 21 500 i.vag. 5,830,000
HI53 6.6 F SIVMAC251 8 100 i.v. 3,555,700
HN29 12.6 F SIVMAC251 10 100 i.v. 110,000,000
M992 16 F SIVMAC251 13 500 i.v. 34,949,800

Chronic infection AP53 6.4 F SIVMAC251 63 10* i.v. 4,100,000
BC35 11.9 F SIVMAC251 422 300 i.vag. 428,298
BD03 12.8 F SIVMAC251 167 500 i.vag. 14,788,890
CL86 11.1 F SIVMAC251 281 500 i.vag. 972,889
DE50 9.7 F SIVMAC251 150 500 i.vag. 304,000
DR59 6.3 F SIVMAC251 250 1,000 i.vag. 288,441
EB09 6.3 F SIVMAC251 250 100 i.vag. 750,720
EJ26 6.2 F SIVMAC251 309 100 i.v. 397,806
FK88 6.5 F SIVMAC251 226 500 i.vag. 2,314,583
GN91 4.9 F SIVMAC251 401 500 i.vag. 4,190
HG58 9.1 F SIVMAC251 288 300 i.vag. 7,074
R544 7.9 F SIVMAC251 389 500 i.vag. 1,700,000

a F and M represent female and male, respectively.
b All values are expressed as the TCID50, except values denoted by an asterisk (*), which are AID values. AID and TCID50 represent the animal infectious dose and tissue culture
infectivity dose at 50%, respectively.
c i.v. and i.vag. denote intravenous and intravaginal routes, respectively.
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rochrome compensations. For detecting intracellular expression of IL-
10R, the cells were fixed and permeabilized using Cytofix/Cytoperm and
then stained with IL-10R MAbs (see Table S1 in the supplemental mate-
rial). Polychromatic (6-10 parameter) flow cytometric acquisition was
performed on a BD LSRII instrument. At least 100,000 events were col-
lected from each sample by gating on live cells, and data were analyzed by
using FlowJo software (Tree Star, Inc.). For quantifying cytokine (IFN-�,
TNF-�, and IL-10) responses and IL-10R expression, cells were gated on
singlets, lymphocytes, followed by live cells, and then on CD3� T cells and
CD3
 lymphocytes. CD3� T cells and CD3
 lymphocytes were further
analyzed for the presence of IFN-�-, TNF-�-, IL-10-, and IL-10R-positive
cells. The positive staining for each cytokine was determined based on the
fluorescent minus one control tubes (see Fig. S1 in the supplemental ma-
terial). We have performed surface and intracellular IL-10R staining in
parallel on different aliquots of the same sample. The percentages of IL-
10R expression in cell cytoplasm were determined by subtracting surface
expression values from values obtained after intracellular staining. To
detect ECs, intracellular staining was performed by using antiepithelial
antigen as reported earlier (see Table S1 in the supplemental material) (9).

Quantification of SOCS1, SOCS3, and STAT3 gene expression in
intestinal tissues. Changes in gene expression were determined using
relative real-time RT-PCR. Total RNA was extracted from sections of
cryopreserved colon explants or jejunum previously embedded in OCT
compound using Purelink FFPE RNA Isolation kit (Life Technologies).
Briefly, sections were washed twice with PBS to remove OCT. Samples
were then incubated at 60°C in melting buffer containing proteinase K
and processed according to the manufacturer’s protocol. RNA was puri-
fied using the RNA Clean & Concentrator kit (Zymo Research, USA) with
on-column DNase I treatment (Life Technologies) and finally quantified.
Total RNA was converted to cDNA using Invitrogen Superscript III first-
strand synthesis system (Life Technologies) with random hexamer prim-
ers. Quantification of SOCS1, SOCS3, and STAT3 transcripts was per-
formed using the TaqMan gene expression assays Hs00705164_s1,
Hs02330328_s1, and Rh01047585_m1, respectively (Life Technologies).
Gene expression was normalized against 18S rRNA expression for each
sample using TaqMan 18S rRNA endogenous control assay (Life Tech-
nologies) and validation experiments were run to determine target dy-
namic range and ensure equal amplification efficiencies between all as-
says. cDNA was amplified in accordance with the manufacturer’s
protocols on an ABI 7900HT Fast PCR system (Applied Biosystems). The
relative gene expression was determined across treatments using the compar-
ative threshold cycle (CT) method. Acutely and chronically SIV-infected
jejunum samples were calibrated to the mean of the uninfected controls.
Colon explant samples were calibrated to the mean of the media control. Fold
changes in the expression were calculated using 2
��CT (31).

Statistics. Graphical presentation and statistical analysis of the data
were performed using GraphPad Prism (v5.0f; GraphPad Software, CA).
The results between experimental groups were compared using a one-way
analysis of variance and the nonparametric Mann-Whitney t test. P values
of �0.05 were considered statistically significant.

RESULTS
Early intestinal epithelial cell apoptosis and loss of tight junc-
tion protein are characteristics of SIV infection. We quantified
the percentages of apoptotic ECs (AC-3� cytokeratin�) in unin-
fected controls and acutely and chronically SIV-infected InRMs to
evaluate the integrity of the intestinal epithelial barrier (Fig. 1). In
colon, a significant increase in EC apoptosis compared to controls
was detected at acute and chronic stage of infection (P � 0.001,
Fig. 1A and B). We also observed a significant increase in apopto-
sis of jejunal ECs in both acutely and chronically SIV-infected
macaques compared to uninfected controls (P � 0.001; Fig. 1A
and C). Although apoptosis of jejunal ECs in chronically infected
animals was decreased significantly compared to the acute phase

(P � 0.005), it was still significantly elevated compared to unin-
fected control macaques (Fig. 1A and C). To determine how early
EC apoptosis occurs during SIV infection, we compared percent-
ages of EC apoptosis of colon and jejunum in animals from 8 to 21
days postinfection (dpi) time points. In colon, increased EC apop-
tosis was detected from 10 dpi onward compared to uninfected
controls, whereas in one animal (BA57), the EC apoptosis was
detected as early as 8 dpi (see Table S2 in the supplemental mate-
rial). However, increased EC apoptosis was observed in jejunum
as early as 8 dpi, and the number of apoptotic enterocytes in-
creased further at 21 dpi compared to uninfected controls (see
Table S2 in the supplemental material). No correlation between
plasma viral load and mean percentages of apoptotic ECs in either
colon or jejunum from SIV-infected macaques was found by lin-
ear regression analysis (see Fig. S2 in the supplemental material).

To evaluate the integrity of the intestinal epithelial barrier, we
analyzed ZO-1 expression in intestinal tissues. Expression of ZO-1
protein was significantly reduced in both jejunum and colon in
both acutely and chronically SIV-infected macaques compared to
uninfected controls (P � 0.0001; Fig. 2A and B). In addition to an
overall loss of ZO-1 expression the pattern of staining also
changed from typical honeycomb pattern to a more discontinu-
ous staining pattern (Fig. 2C). In the colon but not in the jejunum
there was also a significant difference in ZO-1 expression between
the acute and chronic stages of SIV infection (P � 0.001; Fig. 2B),
suggesting different dynamics in ZO-1 expression between jeju-
num and colon. Together, the data clearly demonstrated the loss
of epithelial barrier integrity in jejunum and colon beginning dur-
ing SIV infection. Despite the observation that ZO-1 protein was
simultaneously downregulated both in the jejunum and the colon,
EC apoptosis was more evident in the small intestine than in the
large intestine during acute SIV infection.

To further assess alteration in intestinal structure during SIV
infection, we measured jejunum villus height and crypt length, as
well as the colonic crypt (length and breadth), in normal and
SIV-infected macaques. In the jejunum significant increases in
villus height and crypt length were detected during acute SIV in-
fection (see Fig. S3 in the supplemental material). In contrast, a
significant decrease in colon crypt length was observed during acute
SIV infection (see Fig. S3 in the supplemental material). No signifi-
cant differences in jejunum villus height or colonic measurements
were observed in chronically SIV-infected animals compared to un-
infected controls (see Fig. S3 in the supplemental material).

Multiple cell types in intestinal tissues produce IL-10. Since
prior experiments demonstrated that IL-10 is important in main-
taining normal EC function (14), we assessed the sources of IL-10
in the colon and jejunum from InRMs. Interestingly, by multilabel
confocal microscopy, IL-10 was most commonly identified in cells
expressing CD45 (leukocyte common antigen). This included
monocytes/macrophages (CD68�, Mac387�), T cells (CD3), B
cells/plasma cells (CD79a) (32), dendritic cells (CD11c) (Fig. 3A)
with IL-10 expression by macrophages being the most common.
Although we were not able to detect IL-10 expression in ECs using
confocal microscopy, by flow cytometry we could detect IL-10
expression by a small percentage of ECs. Flow cytometry also
showed that majority of the IL-10-positive cells were cytokeratin-
negative, CD3-negative cells, in agreement with the confocal mi-
croscopy data (Fig. 3).

SIV infection induced increased levels of IFN-� and IL-10
cytokines in intestinal tissues. Earlier studies indicated that
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plasma IL-10 protein levels were elevated in acute HIV infection,
and their levels positively correlated with plasma viral load and
diminished after antiretroviral therapy (19, 33). However, the
magnitude of IL-10 production in intestinal tissues has not been
well documented. Here, we investigated constitutively produced
IFN-�, TNF-�, and IL-10 in CD3� and CD3
 lymphocytes iso-
lated from jejunum LP of eight macaques (BD03, CL86, DE50,
DR59, EB09, EJ26, FK88, and GN91; all listed in Table 1) at dif-
ferent time points after SIV infection. In all eight InRMs the
plasma viral load peaked (mean vRNA load of log 107.2/ml) at 14
dpi and remained high (ranging between log10 106.0 and log10

107.1/ml of plasma) throughout the period of our study. Prior to
SIV infection, a greater percentage of CD3
 LP lymphocytes were
found to be capable of producing IFN-�, TNF-�, and IL-10 com-
pared to CD3� T lymphocytes (Fig. 4). After SIVMAC251 infec-
tion, the production of IFN-� increased significantly in both
CD3� T cells and CD3
 lymphocytes, whereas the level of TNF-�
increased significantly only in CD3� T cells (Fig. 4A to D).

In both CD3� T cells and CD3
 lymphocytes, the percentages
of IL-10� cells increased significantly compared to preinfection in
all SIV-infected InRMs (Fig. 4A, B, E, and F). Interestingly, higher
percentages of IL-10-producing cells were observed in CD3
 lym-

phocytes compared to CD3� T cells. Immunofluorescent staining
for IL-10 also confirmed increased production of IL-10 in the
jejunum and colon during acute and chronic SIV infection (Fig.
5). The majority of IL-10-positive cells were present in the LP
rather than within the intestinal epithelium in SIV-infected ma-
caques. Despite significantly elevated levels of IL-10 expression by
intestinal LP lymphocytes, there was also an increased proportion
of IFN-�- and TNF-�-expressing lymphocytes, suggesting a pos-
sible dysregulation of IL-10 signaling pathways in regulating IL-
10-mediated immunosuppression.

Evidence for IL-10 receptor (IL-10R) internalization during
SIV infection. IL-10 has been shown to mediate anti-inflamma-
tory activity in cells by interacting with IL-10R expressed on the
cell surface (34). Increased IL-10R expression was detected by
confocal microscopy in jejunum during SIV infection (Fig. 6). We
also measured IL-10R expression on both cell surface and cell
cytoplasm by flow cytometry on intestinal ECs, CD3� T cells, and
CD3
 lymphocytes isolated from the LP and IE lymphocytes of
uninfected controls (0 dpi) and SIV-infected animals in late acute
(42 dpi), and chronic (150 to 281 dpi) time points (Fig. 7). No
significant changes in surface (range, 0.6 to 3.3%) or intracellular
IL-10R (range, 0.2 to 6.5%) expression in ECs between pre- and

FIG 1 Intestinal epithelial cell (EC) apoptosis increases during SIV infection. (A) Representative immunofluorescence analysis of the colon and jejunum
showing increased apoptotic ECs (active caspase-3 [AC-3]� cytokeratin�) in colon at the chronic phase (colon, R544 at 389 dpi; jejunum, FK88 at 226 dpi) and
acute phase (AV85 at 21 dpi) compared to uninfected control macaques (colon, AG71; jejunum, GN74). Apoptotic ECs and lamina propria cells are indicated
by yellow and white arrows, respectively. Scatter plots (indicating means  the standard errors) of apoptotic enterocytes are shown for both the colon (B) and
jejunum (C) in normal (n � 6) and in acutely (n � 8) and chronically (n � 7) SIV-infected macaques. Asterisks indicate statistically significant differences
between the respective animal groups (*, P � 0.005; **, P � 0.001).
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post-SIV infection time points were observed. A significant in-
crease in surface IL-10R expression was observed in early infection
in jejunum LP and IE CD3� lymphocytes (P � 0.05). However,
there were no significant differences in surface IL-10R expression
during chronic SIV infection compared to uninfected controls
(Fig. 7B and C). Increased intracellular IL-10R expression was
detected in jejunum LP and IE CD3
 lymphocytes during the
early stage of SIV infection that was maintained through chronic
infection (Fig. 7B and C). A significant difference in intracellular
IL-10R expression was evident in both early and chronically SIV-
infected macaques compared to macaques at their preinfection
time points both in CD3� T cells and CD3
 LP lymphocytes (Fig.
7B). A significant increase in IL-10R surface expression was de-
tected in jejunum LP CD3� T cells at acute infection; however, the
expression was much lower than the intracellular expression of
IL-10R detected during acute and chronic infection in LP CD3� T
cells and IE CD3
 lymphocytes (Fig. 7B and C). Our findings
suggested that increased internalization of IL-10R in mucosal
lymphocytes during SIV infection might be interfering with IL-10
responsiveness despite increased IL-10, which ultimately leads to

uncontrolled mucosal immune activation (increased IFN-� and
TNF-� cytokines) and apoptosis of ECs.

Upregulation of SOCS1 and SOCS3 and downregulation of
STAT3 and pSTAT3 expressions occur in the jejunum during
SIV infection. IL-10 initiates the AIR by the upregulation of
STAT3 expression and its phosphorylation. SOCS1 and SOCS3
play a negative regulatory role in STAT3 activation and thereby
suppressing further signaling events. We are interested to under-
stand the expression of these key regulators in regulating IL-10-
mediated AIR in normal and SIV-infected InRMs. During acute
infection, SOCS1 and SOCS3 were upregulated 1.5- and 2.4-fold
(mean values), respectively, compared to the normal uninfected
groups; however, neither of these changes was statistically signif-
icant (Fig. 8A). At chronic time points, significant upregulation of
both SOCS1 (P � 0.005) and SOCS3 (P � 0.001) was observed
compared to normal uninfected InRMs. Conversely, STAT3 was
downregulated in both the acutely (mean, 1.6-fold) and the
chronically (mean, 2.4-fold) SIV-infected groups; however, nei-
ther of these changes was statistically significant (P � 0.05). We
also measured pSTAT3 protein expression in the same group of

FIG 2 Decreased expression of ZO-1 in SIV-infected macaques. Immunofluorescence pixel values of ZO-1 expression (indicating means  the standard errors)
in jejunum (A) and colon (B) from normal and acutely and chronically infected animals are shown (n � 6). Asterisks indicate statistically significant differences
between the respective animal groups (*, P � 0.001; **, P � 0.0001). (C) Representative immunofluorescent confocal images in the jejunum and colon revealed
a loss of ZO-1 expression in acutely (BA57 at 8 dpi) and chronically (AP53 at 63 dpi) SIV-infected macaques (scale bars, 50 �m) compared to normal uninfected
macaques (jejunum, GN74; colon, GN70). Insets for each panel show patterns of ZO-1 expression alone. The apical mucosal surfaces of jejunum and colon
exhibit ZO-1 with a typical honeycomb structure in normal uninfected animals.
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normal uninfected and acutely and chronically SIV-infected
InRMs, and a significant decrease in pSTAT3 expression detected
in chronically SIV-infected InRMs (Fig. 8B; see Fig. S4 in the sup-
plemental material), suggesting that IL-10-mediated STAT3 up-
regulation and immunoregulation were defective in SIV-infected
macaques.

Anti-IL-10 MAbs treatment induces STAT3 downregulation
in colon explants. To understand the role of IL-10 in regulating
STAT3 signaling in colon explants, we have treated normal colon
explants with either anti-IL-10 MAbs or rIL-10 protein and mea-

sured STAT3 expression in explant cultures. Endogenous IL-10
blocking with anti-IL-10 MAbs and rIL-10 protein treatment
downregulated (1.5-fold) and upregulated (1.4-fold) STAT3 ex-
pression, respectively, compared to medium controls (Fig. 8C).
However, these changes were not statistically significant.

DISCUSSION

IL-10 is an important immunoregulatory cytokine that plays a key
role in the control of inflammation, function, and homeostasis of
the gastrointestinal immune system (35, 36). Despite the report of

FIG 3 Major IL-10-producing cells in intestinal tissues. (A) Expression of IL-10 by multilabel confocal microscopy in multiple cell types, including leukocytes (CD45�),
T cells (CD3�), B cells/plasma cells (CD79a�), monocytes/macrophages (CD68�, Mac387�), dendritic cells (CD11c�), and epithelial cells (EC, cytokeratin�). The
labels of each image are indicated at the top of each image. IL-10� cells in lamina propria are indicated by yellow arrows. (B) Flow cytometry of cells isolated from the
lower layer of a Percoll density gradient after EDTA treatment of the jejunum analyzed for the expression of cytokeratin, CD3, and IL-10. All cells were gated on singlets,
followed by live cells, and then plotted based on CD3� T cells and cytokeratin� cells. Each gated cell population was further analyzed for IL-10 production as represented
by dot plots. The data are representative of a normal uninfected InRM (i.e., macaque DE50, at the pre-SIV infection time point).
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increased IL-10 mRNA expression in intestinal tissues from HIV-
infected patients with or without antiretroviral therapy (37, 38),
the role of IL-10 in regulating mucosal cytokine production and
its effect on maintaining the EC barrier and integrity in HIV/SIV
infection are not well described. In our recent study, we demon-
strated the role of IL-10 in maintaining the survival of ECs and
regulating crypts breadth using rhesus colon explant cultures (14).
The present studies used a multiplatform experimental approach
using both in vivo SIV-macaque studies and ex vivo colon explant
cultures to delineate the mechanism by which IL-10-mediated SIV
enteropathy develops. The data indicated that increased internal-
ization of IL-10R, upregulation of SOCS1 and SOCS3 and down-

regulation of STAT3 expression in the intestine of SIV-infected
macaques might play a key role in IL-10 unresponsiveness in reg-
ulating cytokines, including IFN-� and TNF-�, that are thought
to be involved in compromising epithelial barrier function and EC
apoptosis.

Early EC apoptosis was detected during acute SIV infection in
both small and large intestines, a finding which is in agreement
with those of others (39); however, the EC apoptosis was more
pronounced in the jejunum compared to colon tissues. Increased
EC apoptosis during acute SIV infection might be due to the im-
balance between crypt repair and EC regeneration that was main-
tained during chronic SIV infection. The majority of EC apoptosis

FIG 4 SIV infection induces increased levels of IFN-�, TNF-�, and IL-10 cytokines in both CD3� and CD3
 lymphocytes in the jejunum lamina propria. (A)
Representative contour plots showing differential expression of IFN-� and IL-10 from one SIV-infected macaque (EB09) at days 0 and 21 dpi in CD3� T cells (A)
and CD3
 lymphocytes (B). Mean percentages ( the standard errors) of CD3� T cells (C) and CD3
 lymphocytes (D) isolated from jejunum lamina propria
producing IFN-� and TNF-� cytokines are shown for SIV-infected macaques (n � 8). Increased production of IL-10 (mean  the standard errors) was also
detected in both CD3� T cells (E) and CD3
 lymphocytes (F) isolated from the jejunum lamina propria (n � 8). Asterisks indicate significant differences between
day 0 and the specified time point (P � 0.05). All cells were gated on singlets, lymphocytes, followed by live cells, and then on CD3� T cells and CD3


lymphocytes.
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in jejunum was detected in villus tips, where the cells are more
differentiated mature cells compared to the cells in crypts, where
the cells were either new or stem cells (40). However, we did not
observe any significant differences in villus height and crypt length
ratio between normal and acutely SIV-infected InRMs until the
animals were in there chronic phase of infection, which was in
agreement with other studies (41). We also did not find any sig-
nificant morphological changes in jejunum and colon due to op-

portunistic infection in either acute or chronic infection as re-
ported elsewhere (data not shown) (42).

Considering the marked apoptosis of jejunum ECs during
acute SIV infection, it was presumed that epithelial integrity was
compromised. In our study, we observed not only a loss of tight-
junction protein ZO-1 in the jejunum but also in the colon during
acute infection. Loss of ZO-1 expression appeared along with the
loss of ECs in intestinal tissues during acute infection, suggesting a

FIG 5 IL-10 expression increased in the intestinal lamina propria during SIV infection. IL-10 expression by lamina propria cells was visualized by immunoflu-
orescence in the jejunum (A, C, and E) and colon (B, D, and F). Both jejunum and colon lamina propria cells (A and B) spontaneously express IL-10 in a normal
uninfected animal (GT20). However, after SIV infection both the jejunum and colon demonstrated increased percentages of IL-10-producing cells in acute (C
and D; HN29) and chronic (E and F; CL86) infections. White arrows denote the presence of IL-10-positive cells, with the majority distributed in the lamina
propria region.
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possible direct correlation between the loss of tight junction pro-
tein and with the upregulation of IFN-� and TNF-� cytokine re-
sponses, as reported earlier (43). Loss of epithelial integrity has
also been demonstrated by the reduction of claudin-3 tight junc-

tion protein and epithelial resistance and/or increased mucosal
mannitol permeability in colon and jejunum tissues, respectively,
during acute and chronic SIV/HIV infection (6, 44). Early disrup-
tion of the epithelial barrier in both jejunum and colon was in

FIG 6 IL-10 receptor (IL-10R) expression increased in jejunum during SIV infection. White and yellow arrows indicate expression of IL-10R positive mono-
nuclear cells in lamina propria and enterocytes, respectively, in jejunum from an uninfected control (A; GJ06) and from acutely (B; CF65 at 21 days postinfection)
and chronically (C; AP53 at 63 days postinfection) SIV-infected macaques. Note that increased IL-10R expression was detected in both acutely and chronically
SIV-infected macaques in lamina propria mononuclear cells.

FIG 7 SIV infection induces increased internalization of IL-10 receptors (IL-10R) in intestinal lymphoid cells compared to the expression of IL-10R on the cell
surface. (A) Representative contour plots showing IL-10R expression after surface or intracellular staining in CD3� T cells and CD3
 lymphocytes in jejunum
lamina propria (LP) lymphocytes from one SIV-infected macaque (EB09) at days 0 and 42 dpi. Bar charts showing the mean ( the standard errors) IL-10R
surface and intracellular expression in CD3� T cells and CD3
 lymphocytes from both LP (B) and IE lymphocytes (C) derived from the jejunum tissues of
normal, uninfected macaques (0 dpi) and late acutely (42 dpi) and chronically (150 to 281 dpi) SIV-infected macaques (n � 8). All cells were gated on singlets,
lymphocytes, followed by live cells, and then on CD3� T cells and CD3
 lymphocytes. The percentages of IL-10R expression in cell cytoplasm were calculated
by subtracting values of surface staining from values obtained from intracellular staining. Asterisks indicate statistically significant differences between the
respective animal groups (*, P � 0.05; **, P � 0.005).

Pan et al.

13024 jvi.asm.org Journal of Virology

http://jvi.asm.org


agreement with an earlier report which suggests that microbial
translocation had started both in small and large intestines during
the acute phase and was more pronounced during chronic SIV
infection (44).

We observed increased expression of proinflammatory (TNF-
�), inflammatory (IFN-�), and anti-inflammatory (IL-10) cyto-
kine in mucosal CD3� T cells and CD3
 lymphocytes. We also
identified LP leukocytes, EC-negative CD3-negative cells, and
macrophages/monocytes as the major source of IL-10 in intestinal
tissues, in contrast to an earlier report wherein intestinal ECs were
shown to be the major IL-10-producing cells in intestinal explants
(45). A recent report also indicated that progressive SIV infection
favors local expansion of mucosal IL-10� regulatory T cells within

the mucosal CD4� T-cell population (46). An appropriate bal-
ance between inflammatory and anti-inflammatory cytokine re-
sponses are crucial for maintenance of a successful immune re-
sponse against infectious diseases, specifically by limiting tissue
damage and autoimmunity (47).

The present study showed that despite increased production of
mucosal immunosuppressing IL-10-positive cells in CD3� T and
CD3
 lymphocytes, IL-10 apparently lost its effectiveness in con-
trolling inflammation, resulting in increased upregulation of pro-
inflammatory (TNF-�) and Th1 (IFN-�) cytokines in SIV-in-
fected macaques, suggesting a failure of the cytokine balance in the
mucosal environment which induced EC apoptosis. Despite an
overall increased IL-10 expression in mucosal tissues, no signifi-
cant changes in IL-10R surface expression was detected in CD3-
negative lymphocytes between normal and SIV-infected ma-
caques. Significant upregulation in surface IL-10R expression in
jejunum LP and IE CD3� T cells was detected during early SIV
infection, but the fold increase in surface IL-10R expression was
much lower than the fold increase in intracellular IL-10R expres-
sion. The increased expression of IL-10R in response to the higher
levels of IL-10 associated with increased IL-10/IL-10R binding
and increased ligand-dependent IL-10R internalization occurred
during SIV infection but were apparently insufficient to regulate
the production of TNF-� and IFN-� cytokines. Upregulation of
surface IL-10R expression is essential for IL-10-mediated cytokine
modulation and was shown in both in vitro and in vivo models
(48–51). Ligand-dependent IL-10R internalization and protea-
some-mediated proteolysis were key factors in downregulating
IL-10 signaling in tissues (52). Mutation in IL-10R genes resulting
in impaired IL-10 signaling had also been associated with severe
inflammation at mucosal site in inflammatory bowel disease (53,
54). Cytokines such as IFN-� and TNF-�, based on their target
cells, can induce antiviral immune responses or may damage the
mucosal surfaces. Our recent ex vivo colon explant studies also
suggested the role of increased IFN-� and TNF-� cytokines in
inducing intestinal LP lymphocytes and EC apoptosis (14). There-
fore, increased mucosal IFN-� and TNF-� cytokines detected in
SIV-infected InRMs may lead to increased intestinal EC and LP
lymphocytes apoptosis and may potentially compromise intesti-
nal epithelial barrier and integrity. Increased inflammation and
loss of ECs in inflammatory bowel disease was also mediated by
increased effector T cells producing IFN-� and TNF-� (55). It
might be of interest to determine whether polymorphisms of IL-
10R may enhance the internalization and degradation of IL-10R
and whether this has an impact on IL-10-mediated cytokine reg-
ulation in HIV/SIV pathogenesis. A recent report showed that
zymosan, a cell wall preparation from Saccharomyces cerevisiae,
activated inflammatory pathways by internalization of surface IL-
10R and increased the production of TNF-� (47). Conceivably,
one or more of the HIV/SIV protein(s) may interfere with the
increased expression of IL-10R on the cell surface or accelerate the
internalization of IL-10R expression and dysregulate IL-10/IL-
10R signaling.

STAT3 plays important roles not only in the IL-10-mediated
AIR but is also involved in modulating several cellular functions.
STAT3 can be proinflammatory or anti-inflammatory based on
the cytokines responsible for the signaling. If the cells are stimu-
lated by IL-6, STAT3 acts as a proinflammatory transcription fac-
tor and if the same cells are stimulated with IL-10, STAT3 works as
anti-inflammatory transcription factor (17). Our in vitro colon

FIG 8 Expression patterns of SOCS1, SOCS3, STAT3, and pSTAT3 in SIV-
infected macaques and colon explant cultures. (A) Increased fold change of
SOCS1 and SOCS3 and decreased fold change of STAT3 gene expression were
observed in jejunum from acute and chronically SIV-infected rhesus ma-
caques compared to uninfected normal macaques using relative RT-PCR
(mean  the standard error; n � 6). Samples were normalized against 18S
rRNA expression. (B) Scatter plots (with means  the standard errors) of
pSTAT3� cells in uninfected normal macaques and acutely and chronically
SIV-infected macaques quantified by immunohistochemistry staining are
shown (n � 6; a minimum 20 fields were measured for each sample). (C) The
relative fold changes (means  the standard errors) of STAT3 gene expression
are indicated for colon explants in the presence of either anti-IL-10 MAbs or
recombinant IL-10 (rIL-10) protein as determined using relative RT-PCR
(n � 3). Asterisks indicate significant differences between groups for the spec-
ified genes and proteins (*, P � 0.005; **, P � 0.0001).
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explant culture blocking with anti-IL-10 MAbs supported the
principal that decreased mucosal IL-10 signaling interferes with
STAT3 expression. Reduced expression of STAT3 transcription
factors and phosphorylated STAT3 proteins in acutely and chron-
ically SIV-infected macaques suggested the lack of IL-10-medi-
ated STAT3 activation, as well as lack a of AIR in mucosal tissues.
SOCS proteins were identified as an important negative regulator
of the cytokine-Jak-STAT pathway (18, 56). Upregulation of
SOCS3 suppressed inflammatory conditions in inflammatory ar-
thritis by inhibiting STAT3, with the idea that the IL-6- and IL-6-
related cytokine-STAT3 pathway promotes inflammatory condi-
tions (57). If STAT3 plays a protective anti-inflammatory role, the
presence of increased SOCS1 and SOCS3 transcription factors de-
termines its role as an inflammatory modulator. In the present
study, we also observed increased expression of SOCS1 and
SOCS3 (a significant increase in chronically SIV-infected animals)
and decreased STAT3 and pSTAT3 (significant decrease in chron-
ically SIV-infected animals) expression suggestive of the defect of
IL-10-mediated STAT3 upregulation and the failure of AIR in
mucosal tissues.

Several different potential mechanisms of intestinal EC apop-
tosis in SIV/HIV infection have been proposed, including virus-
induced apoptosis mediated by the interaction of SIV and GPR15/
Bob, an epithelial associated coreceptor for HIV-1/SIV (39),
increased infiltration of perforin-positive mucosal cytotoxic T
cells (6), upregulation of inflammatory cytokines by direct inter-
action of ECs with HIV-1 envelope protein (58), and viral protein-
and cytokine-induced endoplasmic reticulum stress (12). In con-
clusion, this investigation clearly indicated that internalization of
IL-10R was a key feature in SIV pathogenesis where the interaction
between surface IL-10R and IL-10 might be important in regulat-
ing the proinflammatory and Th1 function in SIV-infected
InRMs. Furthermore, downregulation of STAT3 and upregula-
tion of SOCS1 and SOCS3 RNA suggested the dysfunction of IL-
10-mediated AIR, where increased expression of IFN-� and/or
TNF-� produced by mucosal lymphoid cells might be responsible
for inducing EC damage in SIV-infected macaques. Further stud-
ies are needed to explore the factor(s) that induce internalization
of IL-10R that appear to play a leading role in regulating IL-10-
mediated anti-inflammatory activity to maintain mucosal epithe-
lial barrier integrity in SIV/HIV pathogenesis.

Our results provide a potential framework for further study to
understand the virus factor(s) that play a key role in modulating
IL-10 and IL-10R signaling in SIV/HIV pathogenesis and perhaps
will lead to therapeutic strategies that can prevent early epithelial
damage in acute and chronic HIV infection.
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