
Cytokine/Chemokine Responses in Activated CD4� and CD8� T Cells
Isolated from Peripheral Blood, Bone Marrow, and Axillary Lymph
Nodes during Acute Simian Immunodeficiency Virus Infection

Carys S. Kenway-Lynch,a Arpita Das,b Andrew A. Lackner,a,c Bapi Pahara,c

Division of Comparative Pathology, Tulane National Primate Research Center, Covington, Louisiana, USAa; Division of Microbiology, Tulane National Primate Research
Center, Covington, Louisiana, USAb; Tulane University School of Medicine, New Orleans, Louisiana, USAc

ABSTRACT

Understanding the cytokine/chemokine networks in CD4� and CD8� T cells during the acute phase of infection is crucial to de-
sign therapies for the control of early human immunodeficiency virus (HIV)/simian immunodeficiency virus (SIV) replication.
Here, we measured early changes in CD4� and CD8� T cells in the peripheral blood (PB), bone marrow (BM), and axillary
lymph node (ALN) tissue of rhesus macaques infected with SIVMAC251. At 21 days after infection, all tissues showed a statisti-
cally significant loss of CD4� T cells along with immune activation of CD8� T cells in PB and ALN tissue. Twenty-eight different
cytokines/chemokines were quantified in either anti-CD3/28 antibody- or staphylococcal enterotoxin B-stimulated single-posi-
tive CD4� and CD8� T cells. PB CD4� T cells produced predominantly interleukin-2 (IL-2), whereas CD4� and CD8� T-cell
subsets in tissues produced �-chemokines both before and 21 days after SIV infection. Tissues generally exhibited massive up-
regulation of many cytokines/chemokines following infection, possibly in an attempt to mitigate the loss of CD4� T cells. There
was no evidence of a T-helper 1 (TH1)-to-TH2 shift in CD4� T cells or a T-cytotoxic 1 (TC1)-to-TC2 cytokine shift in CD8� T cells
in PB, BM, and ALN T-cell subsets during the acute phase of SIV infection. Despite the upregulation of several important effec-
tor cytokines/chemokines (IL-2, IL-12, IL-17, gamma interferon, granulocyte-macrophage colony-stimulating factor) by CD4�

and CD8� T cells, upregulation of �-chemokines (CCL2 and CCL22), basic fibroblast growth factor (FGF-basic), hepatocyte
growth factor (HGF), and migration inhibition factor (MIF) may provide a poor prognosis either by inducing increased virus
replication or by other unknown mechanisms. Therefore, drugs targeting �-chemokines (CCL2 and CCL22), FGF-basic, HGF, or
MIF might be important for developing effective vaccines and therapeutics against HIV.

IMPORTANCE

Human immunodeficiency virus (HIV)/simian immunodeficiency virus (SIV) infection results in early depletion of CD4� T cells
and dysregulation of protective immune responses. Therefore, understanding the cytokine/chemokine networks in CD4� and
CD8� T cells in different tissues during the acute phase of infection is crucial to the design of therapies for the control of early
viral replication. Here, we measured early changes in CD4� and CD8� T cells in peripheral blood (PB), bone marrow (BM), and
axillary lymph node (ALN) tissue of rhesus macaques infected with SIVMAC251. There was no evidence of a T-helper 1 (TH1)-to-
TH2 shift in CD4� T cells or a T-cytotoxic 1 (TC1)-to-TC2 cytokine shift in CD8� T cells in PB, BM, and ALN T-cell subsets dur-
ing the acute phase of SIV infection. Despite the upregulation of several important effector cytokines/chemokines by CD4� and
CD8� T cells, upregulation of �-chemokines, fibroblast growth factor-basic, hepatocyte growth factor, and migration inhibition
factor may provide a poor prognosis.

Human immunodeficiency virus type 1 (HIV-1) infection
causes a progressive impairment of the immune system char-

acterized by massive CD4� T-cell depletion and sustained im-
mune activation and inflammation. Antiretroviral therapy (ART)
has reduced AIDS morbidity and mortality drastically and averted
an estimated 4.2 million deaths in low- and middle-income coun-
tries (1). Currently, with more effective treatment, people living
with HIV have a nearly normal life expectancy. However, HIV
infection causes marked immune activation and inflammation
that are not completely corrected even with ART and control of
viral replication. Individuals on successful ART have persistent
T-cell activation, an increased incidence of cardiovascular disease,
neurologic disease, and other comorbidities associated with
chronic macrophage activation and inflammation (2, 3). Chronic
and deleterious immune activation is a hallmark of HIV/simian
immunodeficiency virus (SIV) infection. Our recent data suggest
that pathogenic SIVMAC251 infection induces higher expression of

several cytokines/chemokines in plasma, as well as in intestinal
single-positive (SP) CD4� and CD8� T cells (4, 5). Early loss of
intestinal CD4� T cells because of SIVMAC251 infection was asso-
ciated with downregulation of multiple T-helper 1 (TH1) and TH2
cytokines/chemokines, whereas increased production of multiple
cytokines such as interleukin-17 (IL-17), gamma interferon (IFN-
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�), CCL4, and granulocyte-macrophage colony-stimulating
factor (GM-CSF) in CD8� T cells was indicative of a functional
immune response. Additionally, the increased production of mac-
rophage migration inhibition factor (MIF) and basic fibroblast
growth factor (FGF-basic) observed in HIV/SIV infection was
thought to be linked with increased virus replication and disease
progression (5–8). Therefore, understanding cytokine/chemo-
kine networks during HIV/SIV infection is important for the de-
velopment of effective vaccines and therapeutics.

Reports on TH1 and TH2 responses in either PB mononuclear
cells (PBMCs) or lymph node (LN) mononuclear cells are con-
flicting with respect to the cytokine profiles in chronic HIV infec-
tion (9–12). Mice infected with murine leukemia virus (MuLV)
constitutively produce TH1 and TH2 cytokines during the first
week of infection. Selective depletion of CD4� T-cell subsets during
chronic MuLV infection induced increased expression of TH2 cyto-
kines (13). Our study found no evidence of a mucosal TH1-to-TH2 or
T-cytotoxic 1 (TC1)-to-TC2 cytokine profile shift during the acute
phase of SIV infection (5). Limited data exist on how cytokine/
chemokine profiles in different T-cell subsets of lymphoid tissues and
bone marrow (BM) lymphocytes are affected during the acute phase
of HIV infection, despite the fact that peripheral LN and BM are
considered major virus reservoirs for HIV/SIV infection (14–17).

Therefore, this study was conducted to compare the profiles of
28 different cytokines/chemokines in either anti-CD3/28 anti-
body- or staphylococcal enterotoxin B (SEB)-stimulated SP CD4�

and CD8� T cells sorted from PB, BM, and axillary LN (ALN)
mononuclear cells from rhesus macaques (RMs) before and 21
days after infection with SIVMAC251 to determine changes in cy-
tokine/chemokine networks in these tissues.

MATERIALS AND METHODS
Animal sampling and virus inoculation. Nine adult female Indian RMs
(Macaca mulatta) initially negative for SIV, HIV-2, type D retrovirus, and
simian T-cell leukemia virus type 1 infections were treated with depot-
medroxyprogesterone acetate (Depo-Provera; 30 mg intramuscularly)
and 4 weeks later inoculated with 500 50% tissue culture infective doses
(TCID50) of SIVMAC251 intravaginally at the Tulane National Primate
Research Center (TNPRC). Sodium heparin-anticoagulated PB, ALN,
and femoral BM biopsy samples were collected before and 21 days after
SIV infection. The 21-day time point was chosen because it is the nadir of
CD4� T-cell depletion in the gut and when evidence of macrophage in-
fection in lymphoid tissues becomes evident (2, 18, 19). All sample col-
lections were performed under the supervision of TNPRC veterinarians in
accordance with the standards incorporated in the Guide for the Care and
Use of Laboratory Animals (20) and with the approval of the Tulane
Institutional Animal Care and Use Committee. All veterinary procedures
were performed on sedated animals.

Quantitation of plasma viral RNA. SIV RNA was detected in plasma
samples by quantitative reverse transcription (RT)-PCR at the Wisconsin
National Primate Research Center as previously reported (21, 22). The
lower limit of detection of the RT-PCR assay was 60 SIV RNA copies/ml of
plasma.

Lymphocyte isolation. Lymphocytes were isolated from PB by density
gradient centrifugation (Lymphocyte Separation Medium; Cellgro) as
previously described (23–26). BM cells were filtered, lysed with ACK so-
lution (BioWhittaker), and washed with phosphate-buffered saline (PBS)
(26). For lymphocyte isolation from ALNs, tissues were minced by gently
pressing them through 100-�m cell strainers and washed with PBS (25,
27). All cells were suspended in RPMI 1640 medium containing 10% fetal
bovine serum (RPMI-10). All lymphocytes were more than 90% viable, as
determined by the trypan blue dye exclusion method.

Immunofluorescent staining and flow cytometry analysis. For flow
cytometry staining, cells were adjusted to 106/100 �l and 100-�l volumes
of cells were incubated with appropriately diluted concentrations of anti-
bodies for 30 min at room temperature. Stained cells were washed once
with PBS and fixed with 1� BD stabilizing fixative buffer (BD Biosciences,
San Jose, CA). Cells were kept protected from light at 4°C, and acquisition
was performed on a Becton, Dickinson LSRFortessa within 24 h of stain-
ing as described previously (5, 25, 26, 28, 29). Cells were first labeled with
LIVE/DEAD stain (Invitrogen, Life Technologies) and then surface stained
with anti-CD3 (SP34.2; BD Biosciences), anti-CD4 (L200; BD Biosciences),
anti-CD8 (3B5; Invitrogen), anti-programmed cell death 1 (anti-PD-1)
(J105; eBioscience), and anti-CD38 (OKT10; NIH Nonhuman Primate Re-
agent Resource) monoclonal antibodies (MAbs). At least 20,000 events were
collected from each sample by lymphocyte gating, and the data were analyzed
with FlowJo software, version 9.7.5 (TreeStar, Ashland, OR).

Cell sorting and culturing in vitro. Five RMs were selected for cell
sorting and cytokine/chemokine analysis after in vitro stimulation. SP
CD4� and CD8� T cells were sorted from PB, BM, and ALN mononuclear
cells (3.5 � 107 to 6.0 � 107) with anti-CD4 or anti-CD8 nonhuman
primate magnetic cell separation microbeads (Miltenyi Biotec) for mag-
netically activated cell sorting as reported earlier (5). The use of anti-CD4
or anti-CD8 microbeads depletes the mononuclear cell population of
double-positive (DP) CD4� CD8� cells. Between 2.3 � 106 and 11.0 �
106 sorted cells of each population were obtained and found to be 89 to
99% pure by a flow cytometry assay with anti-CD3, -CD4, and -CD8
MAbs. Sorted SP CD4� and CD8� T cells (5 � 105 sorted cells/well) were
stimulated with either anti-CD3/28 MAbs (CD3, 6G12 obtained from
NIH Nonhuman primate reagent resource and used at 10 �g/ml; CD28,
CD28.2 obtained from BD Biosciences and used at 1 �g/ml) or SEB (used
at 2 �g/ml; Toxin Technologies) in RPMI-10 at 37°C in the presence of
5% CO2 along with the appropriate medium control. For anti-CD3/28
MAb stimulation, plates were first coated overnight at 4°C with anti-CD3
MAbs diluted in PBS. Purified anti-CD28 MAbs were added to the cell
culture at the time of cell stimulation. Cell culture supernatants were
collected 72 h after stimulation. The concentrations of cytokines/chemo-
kines in the cell culture supernatants were quantified with a Cytokine
Monkey Magnetic 28-Plex panel (Invitrogen, Life Technologies) by fol-
lowing the manufacturer’s instructions. The 28 analytes detected by this
panel are epidermal growth factor (EGF), eotaxin (CCL11), FGF-basic,
granulocyte colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), hepatocyte growth factor
(HGF), interleukin-1� (IL-1�), IL-2, IL-4, IL-5, IL-6, IL-8 (CXCL8), IL-
12, IL-15, IL-17, IL-RA, IFN-�, IFN-�-inducible protein 10 (IP-10;
CXCL10), interferon-inducible T-cell alpha chemoattractant (I-TAC;
CXCL11), macrophage-derived chemokine (MDC; CCL22), macrophage
inflammatory protein 1� (MIP)-1� (CCL3), MIP-1� (CCL4), macro-
phage migration inhibition factor (MIF), monocyte chemotactic protein
1 (MCP-1; CCL2), monokine induced by IFN-� (MIG; CXCL9), regu-
lated on activation normal T cell expressed and secreted (RANTES;
CCL5), tumor necrosis factor alpha (TNF-�), and vascular endothelial
growth factor (VEGF). The concentration of each cytokine/chemokine
was determined from a standard curve derived from either a human or a
rhesus recombinant protein and therefore represents an estimate of the
cytokine/chemokine concentration in each sample. All of the MAbs used
in this assay are cross-reactive with RM cytokines/chemokines, as reported
earlier (5, 30–34). The multiplex plate was read with a Bio-Plex 200 suspen-
sion array Luminex system (Bio-Rad) as reported previously (5, 35).

Data presentation and statistical analysis. Graphical presentation
and statistical analysis of the data were performed with GraphPad Prism
(version 5.0f; GraphPad). A two-tailed paired t test (� � 0.05) was used to
determine the statistical significance of differences between samples from
the preinfection period and 21 days after SIV infection (postinfection).
Fold changes were used to categorize the direction of changes in the ex-
pression of either anti-CD3/28 MAb or SEB-stimulated cultures (5). Up-
regulation or downregulation was determined as a more-than-1.5-fold
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increase or decrease in the concentration of either anti-CD3/28 MAb- or
SEB-stimulated cultures compared to the preinfection concentration. Cy-
tokines/chemokines with less-than-1.5-fold changes in concentration in
either direction in anti-CD3/28 MAb- or SEB-stimulated cultures com-
pared to the preinfection concentration were determined to have been
maintained following infection.

RESULTS
Plasma viral loads. All nine SIV-infected RMs had high plasma viral
loads (log10 5.95 to log10 7.43 viral RNA copies/ml of plasma) 21 days
after SIV infection, where a mean peak viral load of 107 RNA cop-
ies/ml was attained at 18 days after SIV infection (Fig. 1A).

Changes in the frequencies of CD4� and CD8� T cells in PB,
BM, and ALN tissues. All nine RMs experienced lymphopenia at the
onset of viremia. In all three of the tissue types, the percentages of
CD4� T cells decreased significantly at 21 days after SIV infection

(mean values of 50.2% [day 0] versus 39.3% [postinfection], 44.7%
[day 0] versus 15.9% [postinfection], and 63.5% [day 0] versus 47.6%
[postinfection] for PB, BM, and ALN mononuclear cells, respec-
tively) compared to the preinfection levels (Fig. 1B and C). Con-
versely, significantly increased percentages of CD8� T cells were ob-
served at 21 days after SIV infection (mean values of 41.9% [day 0]
versus 55.3% [postinfection], 47.0% [day 0] versus 75.2% [postinfec-
tion], and 32.4% [day 0] versus 47.1% [postinfection] for PB, BM,
and ALN mononuclear cells, respectively (Fig. 1B and C). A signifi-
cant reduction in the percentages of DP CD4� CD8� T cells (3.6%
preinfection versus 1.6% postinfection) was observed only in PB
mononuclear cells.

Decreased PD-1 expression in CD4� T cells and increased
CD38 expression in CD8� T cells were evident in PB and ALN
mononuclear cells. Surface expression of PD-1 and CD38 was

FIG 1 (A) Mean (	 standard errors) plasma viral loads in macaques during the acute phase of infection with SIVMAC251, as determined by RT-PCR (n � 9).
(B) Representative contour plots showing SP CD4� or CD8� and DP CD4� CD8� T-cell populations in PB, BM, and ALN mononuclear cells before and 21 days
after SIVMAC251 infection. (C) Mean percentages (	 standard errors) of SP CD4� or CD8� and DP CD4� CD8� T cells of SIV-infected macaques before
infection (Pre) and 21 days after infection (Post) (n � 9). Plots were generated by gating CD3� T cells. Asterisks indicate statistically significant differences from
the preinfection levels in the respective cell populations (P 
 0.05).
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measured by flow cytometry assay in all of the macaques before
and 21 days after SIV infection, along with isotype controls (Fig.
2A and B; see Fig. S1 in the supplemental material). PD-1, a mem-
ber of the CD28 family, is an immune inhibitory receptor that is
expressed on the surface of activated T cells (36). PD-1 interacts
with PD-L1 and PD-L2 ligands and thereby restrains T-cell function
in nonlymphoid and lymphoid organs, respectively. Increased ex-
pression of PD-1 in antigen-specific T cells is considered a measure of
CD4� and CD8� T-cell exhaustion and dysfunction during chronic
infection (37–40). In this study, we observed significantly decreased
PD-1 expression in SP CD4� T cells in both PB and ALN mononu-
clear cells (mean values of 34.9% preinfection versus 21.8% postin-
fection and 20.8% preinfection versus 9.6% postinfection in PB and
ALN mononuclear cells, respectively; Fig. 2A and C). In contrast,
there was a slight increase in PD-1 expression in SP CD8� T cells in
BM (mean values, 41.9% preinfection versus 49.3% postinfection)
and ALN (mean values, 21.2% preinfection versus 25.1% postinfec-
tion) (Fig. 2C). However, the changes in PD-1 expression in CD8� T
cells were not statistically significant.

Surface CD38 expression on different T-cell subsets is also predic-
tive of T-cell activation. Increased CD38 surface expression on CD8�

T cells is considered to be an indicator of immune activation and a
strong prognostic marker of disease progression and death in HIV-
infected patients (41). We observed significantly increased expression
of CD38 on CD8� T cells in PBMCs (mean values, 6.7% preinfection
versus 12.3% postinfection) and ALN (mean values, 9.7% preinfec-
tion versus 19.3% postinfection) 21 days after SIV infection, com-
pared to the preinfection levels; however, the upregulation of CD38
expression was not detected in CD4� T cells in any of the tissues
examined (Fig. 2C). No significant change in CD38 expression was
detected in BM CD4� and CD8� T cells.

Dynamics of individual cytokine/chemokine responses in
CD4� and CD8� T cells following acute SIV infection. The con-
centrations of 24 of 28 cytokines/chemokines showed detectable
changes in either anti-CD3/28 MAb- or SEB-stimulated CD4�

and CD8� T cells (see Fig. 3 to 7). Four cytokines/chemokines that
did not induce positive responses in the presence of either anti-
CD3/28 MAbs or SEB compared to the medium control were
CCL11, G-CSF, IL-4, and IL-15. Only three cytokines/chemokines
were present at detectable levels in medium control samples be-
fore infection and 21 days after SIV infection (see Fig. S2 in the
supplemental material). CCL2 was detected in PB CD4� T cells,

FIG 2 Surface expression of PD-1 and CD38 phenotypic markers in SP CD4� and CD8� T cells in PB, BM, and ALN mononuclear cells before and 21 days after
SIVMAC251 infection. Representative contour plots showing PD-1 expression in SP CD4� T cells (A) and CD38 expression in SP CD8� T cells (B) before and 21
days after SIV infection. FSC, forward-angle light scatter. (C) Mean percentages (	 standard errors) of T-cell exhaustion (PD-1) and activation (CD38) in SP
CD4� and CD8� T cells of nine SIV-infected macaques before infection (Pre) and 21 days after infection (Post) are shown. Plots were generated by gating CD3�

T cells. Asterisks indicate statistically significant differences from the preinfection levels in the respective cell populations (P 
 0.05).
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and CCL5 was detected in PB CD4� and CD8� T cells; the con-
centrations of both chemokines were upregulated after SIV infec-
tion. CCL2 was also detected in BM SP CD8� T cells, and its
expression was slightly upregulated following infection. However,
none of these changes were statistically significant (P � 0.05).
However, significant upregulation of MIF expression was detected
in SP CD8� T cells in medium control samples during SIV infec-
tion compared to the preinfection time point in all three of the
tissue types (P 
 0.05). Significant upregulation of MIF expres-
sion was also detected in SP CD4� BM T cells. The responses of
most of the cytokines/chemokines detected in either anti-CD3/28
MAb- or SEB-stimulated cultures were similar; however, SEB-stim-
ulated cultures generally had lesser responses than anti-CD3/28
MAb-stimulated cultures. SEB has been used as a T-cell superantigen
and provides useful information on T-cell signaling pathways; how-
ever, anti-CD3/28 MAb stimulation is considered to be a more phys-
iologically relevant mode of in vivo T-cell activation than SEB (42,
43). Anti-CD3/28 MAbs and SEB stimulate T cells by inducing TCR
signaling and by cross-linking of major histocompatibility complex
class II (MHCII) and the TCR, respectively (44–46).

Twenty-one cytokines/chemokines were present at detectable
concentrations in anti-CD3/28 MAb-stimulated cultures of SP
CD4� T cells isolated from PB (Fig. 3). Following the acute phase
of SIV infection, the concentrations of four of these cytokines/
chemokines (IFN-�, CCL3, CCL4, and CXCL10) were main-
tained and that of one cytokine, GM-CSF, was downregulated.
However, many of the cytokines/chemokines that were at unde-
tectable concentrations prior to infection were upregulated dur-
ing the acute phase of SIV infection (IL-1�, IL-2, IL-5, IL-6, IL-12,
IL-17, CCL2, CCL5, CCL22, CXCL8, CXCL9, CXCL11, FGF-ba-
sic, MIF, TNF-�, and VEGF). In SP CD8� PB T cells stimulated
with anti-CD3/28 MAbs, 14 cytokine/chemokine responses were
detected (Fig. 4). With the exception of VEGF, the concentrations
of all of the cytokines/chemokines detected (IL-1�, IL-6, IL-17,
IFN-�, CCL2, CCL3, CCL4, CCL5, CCL22, CXCL9, GM-CSF,
HGF, and MIF) were upregulated postinfection. As in SP CD4�

cells, many of these cytokines/chemokines were detectable only
following SIV infection. However, none of the differences between
the pre- and postinfection levels were found to be statistically sig-
nificant (P � 0.05). In SEB-stimulated cultures, 18 cytokines/
chemokines in PB CD4� T cells and 6 cytokines/chemokines in
CD8� T cells were detected (Fig. 3 and 4). Although the patterns in
SEB- and anti-CD3/28 MAb-stimulated CD4� cells were gener-
ally similar, increased concentrations of the chemokines CCL2,
CXCL9, CXCL10, and CXCL11 were measured in SEB-stimulated
cultures possibly because of the mechanism of action of SEB,
which involves cross-linking of MHCII and TCR. All of the cyto-
kines/chemokines detected in SEB-stimulated PB CD8� T cells
followed the same patterns as in anti-CD3/28 MAb-stimulated
cells and were detected at lower concentrations than in anti-
CD3/28 MAb-stimulated cultures, with the exception of MIF,
whose responses were downregulated at 21 days postinfection.
(Fig. 4). Upregulation of IL-17 and maintenance of IFN-� in
CD4� T cells were also confirmed by measuring those cytokines in
the plasma of three RMs before and 21 days after SIV infection (see
Fig. S3 in the supplemental material).

Twenty cytokine/chemokine responses were detectable in anti-
CD3/28 MAb-stimulated SP CD4� BM T cells and were either
maintained (IL-2, IFN-�, CXCL9, and TNF-�) or upregulated
(IL-1�, IL-1RA, IL-6, IL-12, CCL2, CCL3, CCL4, CCL5, CCL22,

CXCL8, CXCL10, CXCL11, FGF-basic, HGF, MIF, and VEGF)
following SIV infection (Fig. 5). Twenty-two cytokine/chemokine
responses were detectable in anti-CD3/28 MAb-stimulated SP
CD8� T cells isolated from BM (Fig. 6). With the exception of
CCL22, the concentration of which was maintained after SIV in-
fection, all of the other detectable cytokine/chemokine responses
were upregulated postinfection (IL-1�, IL-1RA, IL-2, IL-6, IL-12,
IL-17, IFN-�, CCL2, CCL3, CCL4, CCL5, CXCL8, CXCL9,
CXCL10, CXCL11, EGF, FGF-basic, HGF, MIF, TNF-�, and
VEGF) (Fig. 6). Among these upregulated cytokine/chemokine
responses, 10 (IL-1�, IL-1RA, IL-2, IFN-�, CCL2, CXCL8, FGF-
basic, MIF, TNF-�, and VEGF) were statistically significantly dif-
ferent from the preinfection values (P 
 0.05). The differences
between the cytokine expression profiles of T cells isolated from
PB and those from BM, including several PB cytokines/chemo-
kines undetectable in BM (for example, IL-5 and GM-CSF; Fig. 3
to 6), indicate that blood contamination of BM samples was low to
minimal. In SEB-stimulated BM CD4� T cells, only seven cyto-
kines/chemokines were present at detectable concentrations and
showed a pattern similar to that of anti-CD3/28 MAb-stimulated
cells, except IL-2 and CXCL10, which were either downregulated
or maintained after SIV infection (Fig. 5). Fifteen cytokine/
chemokine responses were detectable in SEB-stimulated CD8� T
cells, and these were all upregulated at 21 days postinfection in
comparison to the levels before infection (Fig. 6). Moreover, SEB
stimulation resulted in higher CXCL9, CXCL10, and CXCL11 re-
sponses than anti-CD3/28 MAb stimulation (Fig. 6).

Cytokine/chemokine responses in T cells isolated from ALN
were more limited than those in PB and BM. SP CD4� T cells
isolated from ALN had detectable responses to eight cytokines/
chemokines in cultures stimulated with anti-CD3/28 MAbs (Fig.
7A). Most of the responses were downregulated (IFN-�, CCL3,
CCL4, TNF-�) or maintained (IL-17, MIF, CCL5) postinfection.
Only CCL22 expression was upregulated, with a mean concentra-
tion of 415.5 pg/ml postinfection versus undetectability prior to
infection. CD8� ALN T cells had detectable responses to seven
cytokines/chemokines (Fig. 7B), and most of these responses were
maintained at 21 days after SIV infection (IFN-�, CCL3, CCL4,
CCL5, CCL22, and MIF). Two out of five macaques had upregu-
lated and detectable CD8� cell-specific IL-17 responses 21 days
after SIV infection (mean, 55.5 pg/ml) compared to undetectable
IL-17 responses preinfection (Fig. 7B). However, none of these
changes in anti-CD3/28 MAb-stimulated cells were statistically
significant (P � 0.05). In ALN tissues, SEB stimulation had a
substantially different impact on many cytokine/chemokine re-
sponses from that of anti-CD3/28 stimulation. In CD4� ALN
cells, all of the cytokines/chemokines that were detected in CD3/
28-stimulated cultures were also detected in SEB-stimulated cul-
tures, except IL-17 (Fig. 7A). The distinct mechanisms of action of
anti-CD3/28 MAbs and SEB likely account for the higher concen-
trations of SEB-induced IFN-�, CCL5, CCL22, and MIF in ALN
SP CD4� T cells (Fig. 7A). Upregulation of several cytokine/
chemokine responses (CCL3, CCL4, and TNF-� for SP CD4� T
cells and IFN-�, CCL3, CCL4, CCL5, and TNF-� for SP CD8� T
cells) was observed in SEB-stimulated cultures compared to those
in anti-CD3/28 MAb-stimulated samples; however, the concen-
tration of each cytokine/chemokine was lower than that in anti-
CD3/28 MAb-stimulated samples (Fig. 7).

Cytokine/chemokine concentration changes in different cell
populations following acute SIV infection. Depictions of the rel-
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ative contributions of individual cytokine/chemokine concentra-
tions to overall expression before and after SIV infection in each
cell and tissue type following anti-CD3/28 MAb stimulation are
helpful in elucidating the overall role of cytokine/chemokine net-
works in SIV infection (see Fig. 8 to 10). In SP CD4� PB T cells,

IL-2 expression accounts for most (59.3%) of the total cytokine/
chemokine responses prior to infection and increases during
acute infection (65.2%) despite the increased expression of
other cytokines/chemokines (Fig. 8). CCL3 and CCL4 are the
other major molecules expressed preinfection (combined ex-

FIG 3 Cytokine/chemokine profiles of PB CD3� CD4� T cells during the acute phase of SIVMAC251 infection. Bar graphs show 21 different cytokine/chemokine
responses observed before and 21 days after SIV infection in culture supernatants from sorted SP CD4� T cells stimulated with either anti-CD3/28 MAbs or SEB
after subtraction of medium control values (n � 5). The value and arrow or line in each bar for the postinfection time point show the mean fold increase (upward
arrow) or decrease (downward arrow) or no change (horizontal line) compared to the preinfection level.
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pression of 27.6%) in CD4� T cells; however, their expression
decreased during infection and accounted for a smaller per-
centage of activity in the cytokine storm postinfection, where
the concentrations of many other/new cytokines/chemokines
are upregulated, including those of ILs (IL-6, IL-12, etc.) and
other chemokines (CCL2, CCL22, etc.) (Fig. 8). In contrast, the
chemokines CCL3, CCL4, and CCL5 account for most of the
total cytokine/chemokine responses prior to infection and are
maintained as major chemokines after SIV infection in SP
CD8� PB T cells (91.5% preinfection versus 72.8% postinfec-
tion; Fig. 8). Additional increases in the CCL2, CCL22, MIF,
and IFN-� responses after SIV infection also modify the cyto-
kine network of the CD8� T-cell population.

CCL2 and CCL22 account for a large proportion of cyto-
kine/chemokine expression by both CD4� and CD8� T cells in
BM (Fig. 9). Prior to infection, these two chemokines ac-
counted for 89.1 to 92.1% of the total cytokine/chemokine
responses in these cells types. Other �-chemokines (CCL3 and
CCL5 in CD4� T cells and CCL3, CCL4, and CCL5 in CD8� T
cells) were also expressed by BM T cells prior to infection.
Overall increased expression of CCL2 was observed in SP

CD4� BM T cells postinfection in comparison to the preinfec-
tion level (Fig. 9). The concentrations of many other cytokines/
chemokines (CCL4, CCL5, CXCL9, CXCL10, etc.) were up-
regulated following infection, but their percentages were small
(4.4%), in contrast to the overall expression of CCL2 and
CCL22 (95.6%) (Fig. 9). In CD8� T cells, CCL2 accounts for
most of the cytokine/chemokine expression (71.3%) compared
to CCL22 expression (20.8%) prior to infection. Following SIV
infection, the cytokine profile of CD8� T cells showed a trend
similar to that of CD4� T cells, with upregulation of CCL2
expression (89% postinfection versus 71.3% preinfection; Fig.
9). There was no change in CCL22 expression in BM CD8� T
cells after infection, leading to lower overall expression of
CCL22 (3.1%) than at the preinfection time point (20.8%)
(Fig. 9). IL-6, which showed a 25.9-fold upregulation in con-
centration following infection (Fig. 6), accounted for 3.2% of
the total cytokine/chemokine responses postinfection (Fig. 9).
Despite significant increases in the expression of many other
cytokines/chemokines (IL-1�, IL-2, IFN-�, FGF basic, MIF,
etc.) after SIV infection, they accounted for only a very small

FIG 4 Cytokine/chemokine profiles of PB CD3� CD8� T cells during the acute phase of SIVMAC251 infection. Bar graphs show 14 different cytokine/chemokine
responses observed before and 21 days after SIV infection in culture supernatants from sorted SP CD8� T cells stimulated with either anti-CD3/28 MAbs or SEB
after subtraction of medium control values (n � 5). The value and arrow or line in each bar for the postinfection time point show the mean fold increase (upward
arrow) or decrease (downward arrow) or no change (horizontal line) compared to the preinfection level. Asterisks indicate statistically significant differences
from preinfection levels in the respective cell populations (P 
 0.05).
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percentage (4.7%) of the total cytokine/chemokine responses
of BM CD8� T cells.

In ALN SP CD4� T cells, CCL3 and CCL4 accounted for 59.4%
of the cytokine/chemokine expression prior to infection; however,
postinfection, CCL22 was found to be the major chemokine up-
regulated (59.4%; Fig. 10), whereas the expression of both CCL3
and CCL4 was downregulated. The cytokine profile of CD8� ALN
T cells remained largely unchanged at 21 days after SIV infection,

except for an increase in the concentration of IL-17, which was
undetectable prior to infection (Fig. 10).

DISCUSSION

Cytokines/chemokines are important secretory proteins that me-
diate cellular interactions and regulate cell growth and secretions.
Cytokines/chemokines are deployed early in the initial stage of
viral infections and act as an essential component of the host de-

FIG 5 Cytokine/chemokine profiles of BM CD3� CD4� T cells during the acute phase of SIVMAC251 infection. Bar graphs show 20 different cytokine/
chemokine responses observed before and 21 days after SIV infection in culture supernatants from sorted SP CD4� T cells stimulated with either anti-CD3/28
MAbs or SEB after subtraction of medium control values (n � 5). The value and arrow or line in each bar for the postinfection time point show the mean fold
increase (upward arrow) or decrease (downward arrow) or no change (horizontal line) compared to the preinfection level.
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FIG 6 Cytokine/chemokine profiles of BM CD3� CD8� T cells during the acute phase of SIVMAC251 infection. Bar graphs show 22 different cytokine-
chemokine responses observed before and 21 days after SIV infection in culture supernatants from sorted SP CD8� T cells stimulated with either anti-CD3/28
MAbs or SEB after subtraction of medium control values (n � 5). The value and arrow or line in each bar for the postinfection time point show the mean fold
increase (upward arrow) or decrease (downward arrow) or no change (horizontal line) compared to the preinfection level. Asterisks indicate statistically
significant differences from the preinfection levels in the respective cell populations (P 
 0.05).
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fense. Several studies have shown that early cytokine-mediated
immune responses can completely clear a viral infection (47, 48).
Most of the damage imposed on virus-infected cells is the result of
responses induced by multiple proinflammatory cytokines/
chemokines. Interestingly, the regulation of cytokines/chemo-
kines is considered important for initial virus control and most
viruses have developed strategies to modulate cytokine signaling.
HIV and SIV use several strategies to evade innate and adaptive
immune responses. Here, we have measured the production of 28
cytokines/chemokines before and 21 days after SIV infection in
PB, BM, and ALN tissues to determine early changes in the acti-
vated CD4� and CD8� T-cell-mediated cytokine/chemokine re-
sponses.

The absence of changes in PD-1 expression in CD8� T cells in
all three of the tissue types suggests that CD8� T-cell exhaustion
was not occurring early in infection. However, the depletion of
PD-1-positive CD4� T cells in PBMCs and ALNs suggests that
those PD-1� cells are activated target cells. Increased CD38 ex-
pression in PB and ALN CD8� T cells also suggests that those cells
are highly activated after SIV infection. There are conflicting re-
ports on the changing cytokine responses of PB CD4� T cells
during HIV infection. Several studies found decreased production
of IL-2 and IFN-� (predominately TH1) and increased production
of IL-4, IL-5, and IL-10 (predominately TH2) in PB CD4� T cells
following HIV-1 infection, attributing this to a TH1-to-TH2 shift
in cytokine responses (9, 10). However, other studies found IL-2

FIG 7 Cytokine/chemokine profiles of ALN CD3� CD4� and CD3� CD8� T cells during the acute phase of SIVMAC251 infection. Bar graphs show differences
in cytokine/chemokine responses observed before and 21 days after SIV infection in culture supernatants from sorted SP CD4� T cells (A) and SP CD8� T cells
(B) stimulated with either anti-CD3/28 MAbs or SEB after subtraction of medium control values (n � 5). The value and arrow or line in each bar for the
postinfection time point show the mean fold increase (upward arrow) or decrease (downward arrow) or no change (horizontal line) compared to the preinfection
level. Asterisks indicate statistically significant differences from preinfection levels in the respective cell populations (P 
 0.05).
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and IL-4 responses to be barely detectable while the expression of
both IFN-� and IL-10 was increased after HIV infection (12). In
PB CD4� T cells, we detected IL-2, IL-5, and IFN-� but not IL-4
responses (Fig. 3). Despite an increased concentration of IL-5
along with the maintenance of IFN-� following acute SIV infec-
tion, the concentration of IFN-� was 114.5 times that of IL-5. The
IL-2 concentration was also increased following acute infection;
however, IL-2 is a growth factor that is not restricted to a single cell
subtype (49). In summary, our data do not support a shift from a
TH1 to a TH2 response in PB CD4� T cells at 21 days after SIV
infection. Additionally, we did not detect measurable IL-4 and
IL-5 responses in CD4� T cells isolated from BM and ALN and
there was no evidence of a TC1-to-TC2 shift of CD8� T cells in PB,
BM, or ALN tissues.

We detected seven proinflammatory cytokines (IL-1�, IL-6,
IL-12, IL-17, IFN-�, MIF, and TNF-�) in both CD4� and CD8�

T-cell subsets from all three of the tissue types tested. All of the
proinflammatory cytokine responses were either maintained or
upregulated 21 days after SIV infection in T cells isolated from PB
and BM tissues. Several of these cytokines are important for a
functional immune response to SIV. IFN-�, which plays an im-
portant role in the inhibition of HIV pathogenesis (50, 51), was
upregulated in CD8� and maintained in CD4� anti-CD3/28
MAb-stimulated T-cell populations. IL-17 also plays a vital role in
the regulation of functional immune responses following infec-
tion and was upregulated in both T-cell subsets of PB and BM
CD8� T cells. Increased MIF expression, which has been associ-

ated with poor prognoses for individuals infected with HIV (6,
52), was upregulated in medium control cultures from all three of
the tissue types examined and also in both T-cell subsets of stim-
ulated PB and BM tissues, as reported for intestinal T-cell subsets
earlier (5).

IL-1� has been associated with clinical symptoms and secondary
complications of advanced HIV/AIDS (53, 54), as well as enhance-
ment of HIV-1 replication in vitro (55). IL-1RA is stimulated by
HIV-1 in vitro (56) and directly inhibits the proinflammatory effect
of IL-1� (57, 58), with 100-fold or greater levels of IL-1RA inhib-
iting the biological effects of IL-1� (59). The ratio of these two
cytokines affects the progression of many different infectious dis-
eases, with overproduction of IL-1� and/or underproduction of
IL-1RA negatively affecting the prognosis (60). In our study, we
found that both before and after SIV infection, IL-1RA levels were
higher than IL-1� levels in anti-CD3/28 MAb-stimulated BM T-
cell subpopulations. Prior to infection, the level of IL-1RA was
33.8 (CD4�) to 40.0 (CD8�) times as high as that of IL-1� in
CD4� and CD8� T cells. After SIV infection, the fold difference
between the IL-RA and IL-1� responses in CD4� T cells reached
�100-fold, which indicates the role of IL-1RA in blocking the
proinflammatory activity of IL-1�. The same was not true of BM
CD8� T cells, where the increase in the IL-1� response (18.5-fold)
was significantly greater than that in the IL-1RA response (9.1-
fold) after SIV infection, dropping the difference between IL-RA
and IL-1� to 19.6-fold. Additionally, in PB, IL-1� was detected in
both CD4� and CD8� T cells following SIV infection; however,

FIG 8 Relative contributions of cytokine/chemokine expression in PB during the acute phase of SIVMAC251 infection. The pie charts illustrate the relative
percent contributions of the cytokines/chemokines based upon their concentrations (pg/ml) in the culture supernatants of sorted SP CD4� and CD8� T cells
stimulated with anti-CD3/28 MAbs before and 21 days after SIV infection. Medium control values were subtracted from all values before analysis (n � 5).
Cytokines/chemokines with contributions of 
1% are shown in a bar graph and combined and designated “Other” in the pie chart for clarity. Cytokines/
chemokines with overall contributions of 0.01 to 0.04% are represented by 0% in the pie chart.
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IL-1RA was not, indicating that proinflammatory activity is con-
tinuing unabated in these cell types and may be influencing dis-
ease progression.

Chemokines are vital in the pathogenesis of HIV infection and
play an important role in inflammatory and immune responses by
trafficking immune cells. Four �-chemokines (CXCL8, -9, -10,
and -11) and five �-chemokines (CCL2, -3, -4, -5, and -22) were
detectable in this study. With the exception of PB CD4� T cells,
�-chemokines accounted for most of the total cytokine/chemo-
kine production in all anti-CD3/28 MAb-stimulated cell popula-
tions (61.3 to 97.4%). The distribution of these chemokines varies
between tissue types, and T-cell subtypes. CCL3, -4, -5, and -22
have been hypothesized to have a role in protection against HIV
infection because of competitive inhibition of HIV replication and
correlation with resistance or control of infection (61–67). Con-
versely, CCL2 is a proinflammatory chemokine that supports HIV
replication and has been correlated with large viral loads and sev-
eral secondary complications of HIV infection (68, 69). Addition-
ally, studies have shown that high levels of CCL3, -4, and -5 may
also have a detrimental effect on the HIV infection prognosis (70).
In LN, a major reservoir of HIV/SIV infection, upregulation of
CCL3, -4, and -5 has been shown to occur during chronic patho-
genic SIV infection (70); however, in both T-cell subtypes, up-
regulation of these molecules was not evident during the acute
phase of infection when cells were stimulated with anti-CD3/28
MAbs. Additionally, in CD4� LN T cells, CCL3 and -4 were down-

regulated following the acute phase of infection. This may indicate
that significant upregulation of �-chemokines might be charac-
teristic of chronic SIV infection and cell populations other than
CD4� and CD8� T cells. In both PB and BM T-cell populations,
�-chemokines were present, but at much lower concentrations
than �-chemokines, and were upregulated following infection.
CXCL9, -10, and -11 had also been shown to stimulate HIV-1
replication in PB T cells and are associated with a poor disease
prognosis (71). No �-chemokines were detected in either subpop-
ulation of LN T cells before or after SIV infection, despite reports
showing upregulation of mRNAs for these chemokines in LN tis-
sues as early as 10 days after SIV infection (72). This indicates the
role of non-CD4� and CD8� T cells in the upregulation of
�-chemokines.

IL-2 is essential for the growth, differentiation, and prolifera-
tion of T cells and is produced as part of a normal functional
immune response. IL-2 has been tested as a potential therapeutic
strategy to treat HIV, as it increases the production of CD4� T
cells; however, it was found to have no therapeutic benefit, possi-
bly because the CD4� T cells it induced were not functionally
important in aiding immune defenses against HIV infection or
proinflammatory effects were negating any positive consequences
(73). In CD4� T cells isolated from PB, IL-2 accounts for most of
the cytokine/chemokine expression in anti-CD3/28 MAb-stimu-
lated cells both prior to and 21 days after SIV infection. Despite the
increased production of IL-2 by PB CD4� T cells, no increased

FIG 9 Relative contributions of cytokine/chemokine expression in BM during the acute phase of SIVMAC251 infection. The pie charts illustrate the relative
percent contributions of the cytokines/chemokines based upon their concentrations (pg/ml) in culture supernatants of sorted SP CD4� and CD8� T cells
stimulated with anti-CD3/28 MAbs before and 21 days after SIV infection. Medium control values were subtracted from all values before analysis (n � 5).
Cytokines/chemokines with contributions of 
1% are shown in a bar graph and combined and designated “Other” in the pie chart for clarity. Cytokines/
chemokines with overall contributions of 0.01 to 0.04% are represented by 0% in the pie chart.
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activation, as detected by CD38 expression, was observed in PB
CD4� T cells. Interestingly, absence of detectable IL-2 responses
and lack of changes in CD38 expression in ALN CD4� T cells
suggest a tissue-specific role for IL-2 in CD4� T-cell activation.
Increased concentrations of growth factors such as FGF-basic,
HGF, and VEGF detected in stimulated BM and PB T cells are
considered to be associated with a poor prognosis and secondary
complications during HIV infection (7, 8, 74, 75). In contrast, the
production of GM-CSF, which is part of a functional immune
response and has been proposed to have an adjuvant role in HIV
vaccine (76), was downregulated in anti-CD3/28 MAb-stimulated
PB CD4� T cells and remained at undetectable concentrations in
other tissues.

In conclusion, loss of CD4� T cells and immune activation of
CD8� T cells were detected in PB and ALN tissues. Despite the loss
of CD4� T cells in BM, no sign of CD4� T-cell exhaustion or
CD8� T-cell activation was detected, which is suggestive of tissue-
specific changes during the acute phase of SIV infection. There
was no evidence of a TH1-to-TH2 shift in CD4� T cells or a TC1-
to-TC2 cytokine shift in CD8� T cells in the PB, BM, and ALN

T-cell subsets during the acute phase of SIV infection. �-Chemo-
kines were the major cytokine/chemokine products of all of the
T-cell subsets from all three of the tissue types examined, except
for CD4� PB T cells, where IL-2 was the major cytokine produced.
Our experimental design does not address the cytokine/chemo-
kine responses of other cell populations or time points beyond the
acute phase of SIV infection. Increased CD4�- and CD8�-specific
cytokine/chemokine responses in PB and BM, respectively, after
SIV infection suggest that different tissue-specific T-cell responses
are actively mounting functional cytokine/chemokine responses
that are responsible for mitigating some of the impact of the loss of
functional TH cells. The only increased production of IL-17 by
ALN CD8� T cells suggested an influx of Tc17 cells during the
acute phase of SIV infection that might play an important role in
regulating functional immune responses and tissue homeostasis.
Despite the upregulation of several important effector cytokine/
chemokine responses (IL-2, IL-12, IL-17, IFN-�, GM-CSF) by
CD4� and CD8� T cells, the upregulation of �-chemokines
(CCL2 and CCL22), FGF-basic, HGF, and MIF may provide a
poor prognosis either by inducing increased virus replication or

FIG 10 Relative contributions of cytokine/chemokine expression in ALN during the acute phase of SIVMAC251 infection. The pie charts illustrate the relative percent
contributions of the cytokines/chemokines based upon their concentrations (pg/ml) in culture supernatants of sorted SP CD4� and CD8� T cells stimulated with
anti-CD3/28 MAbs before and 21 days after SIV infection. Medium control values were subtracted from all values before analysis (n � 5).
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by other unknown mechanisms. Therefore, drugs targeting
�-chemokines (CCL2 and CCL22), FGF-basic, HGF, or MIF
might be important for developing effective vaccines and thera-
peutics against HIV.
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