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Abstract
Co-stimulation by the chemokine, SDF-1/CXCL12, has been shown to increase the amount of IL-10
secreted by TCR-stimulated human T cells, however, the molecular mechanisms of this response are
unknown. Knowledge of this signaling pathway may be useful since extensive evidence indicates
that deficient IL-10 secretion promotes autoimmunity. The human IL-10 locus is highly polymorphic.
We report here that SDF-1 co-stimulates IL-10 secretion from T cells containing all three of the most
common human IL-10 promoter haplotypes that are identified by SNPs at -1082, -819, and -592 bp
(numbering is relative to the transcription start site). We further show that SDF-1 primarily co-
stimulates IL-10 secretion by a diverse population of CD45RA- (“memory”) phenotype T cells that
includes cells expressing the presumed regulatory T cell marker, Foxp3. To address the molecular
mechanisms of this response, we showed that SDF-1 co-stimulates the transcriptional activities in
normal human T cells of reporter plasmids containing 1.1 kb of all three of the common IL-10
promoter haplotypes. IL-10 promoter activity was ablated by mutating two non-polymorphic binding
sites for the AP-1 transcription factor, and chromatin immunoprecipitation assays of primary human
T cells revealed that SDF-1 co-stimulation enhances AP-1 binding to both of these sites. Together,
these results delineate the molecular mechanisms responsible for SDF-1 co-stimulation of T cell
IL-10 secretion. Since it is preserved among several human haplotypes and in diverse T cell
populations including Foxp3+ T cells, this pathway of IL-10 regulation may represent a key
mechanism for modulating expression of this important immunoregulatory cytokine.

Keywords
T cells; chemokines; cytokines; transcription factors; gene regulation

INTRODUCTION
IL-10 potently inhibits inflammatory immune reactions in both humans and mice, primarily
by inhibiting the immune activation of monocytes, dendritic cells, and macrophages, and their
secretion of inflammatory mediators. For example, IL-10 profoundly inhibits monocyte
expression of MHC Class II, ICAM-1, B7.1, B7.2, and TLR4, thereby limiting their ability to
act as antigen presenting cells (APCs) to promote the activation of Th1-type inflammatory T
cells (1). IL-10 also critically limits the initiation, duration, and associated pathology of
inflammatory immune responses by limiting the secretion of many chemokines and pro-
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inflammatory cytokines. IL-10 thereby ameliorates sepsis, endotoxemia, pancreatitis, uveitis,
and hepatitis in mouse models (1). Interestingly, mice with the IL-10 gene deleted only from
their T cells develop gut inflammation with immune features similar to human inflammatory
bowel disease, even though gut macrophages and other cell types in these animals expressed
IL-10 (2). T cell-derived IL-10 also plays important roles in inhibiting allergy and asthma
(3). Therapies aimed at increasing T cell secretion of IL-10 may therefore hold promise for
ameliorating autoimmunity. Unfortunately, the molecular mechanisms responsible for
regulating IL-10 secretion by T cells are only poorly understood.

Stromal Cell-Derived Factor-1 (SDF-1; CXCL12) is a member of the superfamily of
chemokines that regulate the growth and migration of multiple cell types (4–6). CXCR4 is the
receptor for SDF-1 and is expressed by most T cell subsets. SDF-1/CXCR4 signaling results
in T cell adhesion (7), chemotaxis (8), and gene expression important for regulating cell-cycle
progression and apoptosis (9). SDF-1 critically modulates T cell immune functions. For
example, SDF-1/CXCR4 signal transduction contributes to regulating lymphocyte
development (10) and homeostasis (11), and both SDF-1 and CXCR4 are critical for (9,12,
13) regulating T cell infection by the human immunodeficiency virus type-1 (HIV-1) (14,15).
SDF-1/CXCR4 signaling also induces the expression of multiple genes, via mechanisms
including activation of the MEK-1/ERK Mitogen-Activated Protein (MAP) kinase pathway
which regulates downstream transcription factors including AP-1 (9,16–18). Nevertheless, the
immunological role(s) of SDF-1 regulation of gene expression are, as yet, incompletely
understood.

Mapping of the human IL-10 promoter has revealed multiple predicted transcription factor
binding sites and two microsatellite regions that are likely to regulate IL-10 gene transcription
(19–23). Interestingly, IL-10 promoter polymorphisms among humans affect levels of IL-10
secretion and susceptibility to autoimmune diseases and related immune conditions (20–25).
These polymorphisms include forty-six single-nucleotide polymorphisms (SNPs) and multiple
variations within two microsatellites. Thirty-eight of the published polymorphisms are located
in the 5′ flanking and presumed promoter region of the IL-10 gene, suggesting that they affect
IL-10 expression. In particular, three linked SNPs located within 1.1 kb of the transcription
start site characterize three haplotypes that we shall refer to here as ATA, ACC and GCC, that
are defined by G or A at -1082 bp, C or T at -819 bp, and C or A at -592 bp (numbering is
relative to the transcription start site). The ATA, ACC, and GCC haplotypes also contain other
linked polymorphisms, including other SNPs and variations in two microsatellite CA repeat
regions located −4 kb and −1 kb (summarized in (23)). The ATA, ACC, and GCC haplotypes
are particularly common: each is present at least heterozygously in 20 – 33 % of Caucasian
individuals, and the ATA haplotype is present in up to 70 % of Asian sub-populations (23,
25).

The haplotypes are therefore likely to have been preserved and disseminated among human
populations via selective pressure. Consistent with this idea, the ATA, ACC, and GCC
haplotypes are associated with low, medium, and high levels of IL-10 secretion, respectively
(25,26). In contrast to the higher-IL-10-expressing ACC and GCC haplotypes, the lower-IL-10-
expressing ATA haplotype is epidemiologically associated with the development of
autoimmune diseases, including Sjogren’s syndrome, rheumatoid arthritis, systemic lupus
erthematosus, and psoriasis (27,28). ATA is also associated with other immune-related
conditions, including increased risk of graft rejection after renal or cardiac transplantation
(28), increased risk of HIV-1 infection and faster progression to AIDS (29), and decreased risk
of graft-vs.-host-disease and death after HLA-identical hematopoietic cell transplantation
(23,26). Strikingly, the range of IL-10 secretion levels associated with the haplotypes is
relatively small: GCC+ individuals secrete on the average only 2 - 3 -fold more IL-10 than
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ATA+ individuals (25,26). Thus, even small differences in IL-10 secretion evidently can
significantly impact the development of immune-related diseases including autoimmunity.

Below, we show that the chemokine, SDF-1/CXCL12, potently co-stimulates IL-10 secretion
by human memory T cell subsets. In addition, we address the molecular mechanisms
responsible for this co-stimulation by isolating and characterizing in primary human T cells
SDF-1 and TCR stimulation effects on ATA, ACC, GCC human IL-10 promoter constructs.
These results significantly enhance understanding of the molecular mechanisms responsible
for regulating IL-10 secretion by T cells. By establishing that SDF-1 is a potent regulator of T
cell IL-10 secretion these results in addition suggest a critical role for SDF-1 in preventing the
development of the diverse autoimmune diseases and immune disregulations that are linked to
IL-10 deficiency.

MATERIALS AND METHODS
Cells

Human PBMC were isolated from the defibrinated peripheral blood of healthy volunteers using
a ficoll gradient and were used for experiments following 12–24 hr of culture at 37 °C. Blood
was obtained and used with informed consent and approval by the Mayo Institutional Review
Board. Typical PBMC preparations contained 75–80 % CD3+ T lymphocytes (70–75 % CD4
+ and 25–30 % CD8+), and essentially 100 % of CD3+ cells expressed CXCR4. T cells were
purified from buffy coats using the RosetteSep Human T cell enrichment cocktail according
to the manufacturer’s instructions (Stem Cell Technologies, Canada). Where indicated,
additional purification of T cell subsets utilized the CD4 and CD8 Multisort kits from Miltenyi
Biotech (Auburn, California). The purified CD4+ or CD8+ T cell preparations were divided
into two parts and further separated into naïve vs. memory cells as follows: CD45RA or
CD45RO beads were added and CD45RA- (memory) or CD45RO- (naïve) cells were isolated
by negative-selection. Purities of the isolated cell populations were determined by flow
cytometry to be 97–99 % for CD4+CD45RO- and CD4+CD45RA- cells, and ≥ 88% for CD8
+CD45RO-and CD8+CD45RA- cells.

Cell culture and stimulation
Cells were cultured in Medium A (RPMI 1640 supplemented with 10 % FCS, 10 mM Hepes
pH 7.4, 2 mM L-glutamine, 1 mM sodium pyruvate, and 2 μM 2-ME) at 1 × 106 - 2 × 106 cells/
ml. Stimulations were performed at 37 °C and SDF-1α (R&D Systems, Minneapolis, MN) was
used at 5 × 10−8 M. TCR ligation was achieved by cross-linking anti-TCR mAbs: for reporter
assays, chromatin immunoprecipitation assays, and cytokine production assays, the TCR was
ligated via plate-bound 1 μg/ml anti-CD3 mAb (OKT3, Ortho Biotech, Bridewater, NJ); for
biochemical assays, the TCR was ligated via 1 μg/ml soluble OKT3 mAb that was then cross-
linked with 0.1 mg/ml goat anti-mouse IgG (Sigma, St. Louis, MO). Where indicated, cells
were pretreated for 90 min with either 50 μM PD098059 (Sigma, St. Louis, MO) or an
equivalent amount of vehicle (DMSO) as a control.

Assays of IL-10 and marker expression by human T cells
Cells were stimulated as indicated, then assayed. Stimulation times were 24 hr for both IL-10
intracellular cytokine staining and ELISA. Cell-surface staining of CD4, CD3, CD8, CD69,
CCR7, and CXCR3 and intracellular staining of IL-10 were performed using the Cytoperm/
Cytofix intracellular cytokine staining kit (BD Pharmingen, San Diego, CA). The kit was used
according to the manufacture’s directions, except that cells were treated with 4X GolgiPlug
for 6 hr prior to staining. Intracellular Foxp3 staining was performed using the Foxp3 staining
set from eBioscience (San Diego, CA). Supernatant IL-10 was assayed using an ELISA kit
(BD Pharmingen, San Diego, CA).
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IL-10 promoter expression constructs
DNA sequence −1111 bp to +1 bp from the human IL-10 promoter (numbering is relative to
the transcription start site) was amplified by PCR (primers available upon request) from normal
human blood and subcloned into the luciferase vector, pGL4 (Promega, Madison, WI). Site-
directed mutagenesis of the GCC promoter construct was performed using the Quikchange II
XL kit (Stratagene, La Jolla, CA) to change the GGGTCA AP-1 site at −775 bp to GTTCAG
and the CCAATCA AP-1 site at −202 bp to CAGGCAG. After subcloning and/or mutagenesis,
the identity of each construct was confirmed by DNA sequencing.

Transient transfections and assays of activities of IL-10 promoter constructs in primary
human T cells

Purified human T cells (3 × 107) were mixed with 100 μg of the indicated expression plasmid.
To compare different transfections done the same day, the cells were additionally transfected
with 40 ng of pRL-TK (Promega, Madison, WI), which encodes a Renilla luciferase. Cells
were transfected by electroporation using a BTX Electro-square-porator model T820 (BTX
Inc., San Diego, CA) as described (30), except that 350 volts were used. Typical transfection
efficiencies were 10 – 20 %. Transfected cells were cultured in Medium A for 2.5 hr and then
stimulated for 18 hr, as indicated. Luciferase activities derived from both experimental and
control pRL-TK plasmids were measured in the same samples using the Dual-Luciferase assay
kit (Promega, Madison, WI) and Renilla luciferase values were used for normalization. Results
shown are presented as Fold-Increases as compared to unstimulated samples in the same
experiment.

Assay of active, phosphorylated ERK
Cells were stimulated as indicated, then whole cell lysates were assayed for active ERK
phosphorylated on Thr-202 and Tyr-204 after SDS-PAGE and immunoblotting with phospho-
specific anti- p44/p42 ERK1/ERK2 (Thr-202/Tyr-204; Cell Signaling Technology, Beverly,
MA). Total ERK2 protein was determined as a control by stripping bound antibodies off the
same blots and re-immunoblotting with p44 ERK kinase antiserum (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA).

Assay of IL-10 mRNA
Cells were stimulated as indicated. RNA was isolated using Trizol (Invitrogen, Carlsbad, CA),
and IL-10 and actin mRNA was assayed using the Thermoscript RT-PCR System (Invitrogen)
according to manufacturer’s directions. Briefly, each reaction utilized 2 μg of total RNA that
was subjected cDNA synthesis, 10 % of the cDNA reaction was then subjected to 35 cycles of
PCR at denaturing, annealing, and elongation temperatures of 94 °C, 55 °C, and 72 °C,
respectively, in an i-Cycler PCR machine (BioRad, Hercules, CA). The primers used were
CTCTGTTGCCTGGTCCTCCTG and GTCCTCCAGCAAGGACTCC for IL-10 mRNA, and
ATGTTTGAGACCTTCAACAC and ACGTCACACTTCATGATGGA for actin mRNA.

Chromatin Immunoprecipitation Assay
Purified T cells (2 × 106 cells per test) were stimulated for 12 hr as indicated. Chromatin
immunoprecipitation assays were performed on lysed cells using a ChIP Assay kit (Upstate,
Lake Placid, New York). ChIP assays were performed according to the manufacturer’s
instructions, except that the sonicated suspension was pre-cleared for 3 hr at 4 °C before
incubation with 1μg of either c-Fos rabbit polyclonal antisera (Santa Cruz Biotech, Santa Cruz,
CA) or normal rabbit control polyclonal IgG (R&D systems, Minneapolis, MN) overnight at
4 °C, and the salmon sperm DNA/protein A agarose slurry was blocked for 30 min at room
temperature in 5 % BSA/PBS before incubation with the immune complexes for 3 hr at 4 °C.
Sonicated DNA was between 200 and 1000 bp in length. Each sample was subjected to thirty
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cycles of PCR at denaturing, annealing, and elongation temperatures of 94 °C, 55 °C, and 72
°C, respectively, using an i-Cycler PCR machine (BioRad, Hercules, CA). The primers used
to amplify the −775 bp AP-1 site were GTGCTGGAGATGGTGTACAGTAGG and
GGTAAGAGTAGTCTGCACTTGCTG and the primers used to amplify the −202 bp AP-1
site were CCTAGGAACACGCGAATGAGAACC and
GCTTAGAGCTCCTCCTTCTCTAACC. As a control, 0.12 % of each input DNA sample
prior to immunoprecipitation was assayed by PCR amplification under identical conditions of
the −202 bp AP-1 site (“input”).

RESULTS
SDF-1 co-stimulates IL-10 secretion by human T cells of both GCC+ and GCC− genomic
haplotypes

We analyzed SDF-1 co-stimulation of IL-10 secretion by T cells from different individuals.
Human PBMC were isolated from normal blood donors, stimulated in vitro with immobilized
anti-TCR-CD3 mAb ± SDF-1, and assayed for IL-10 production. SDF-1 co-stimulation
increased the number of T cells producing IL-10 protein, as shown by intracellular cytokine
staining of CD4+ CD3+ cells (Fig. 1A). SDF-1 co-stimulation also increased the number of T
cells producing IL-10 protein among CD8+ CD3+ T cells (Fig. 1A and data not shown). SDF-1
co-stimulation of IL-10-expressing T cells was consistently observed among different blood
donors (Fig. 1B). The percentage of IL-10-expressing T cells induced after CD3 mAb alone
or CD3 + SDF-1 stimulation varied among individual donors (Fig. 1B), therefore, we asked if
IL-10 promoter haplotype influenced the ability of SDF-1 to co-stimulate T cell IL-10
expression. The GCC haplotype has previously been associated with higher IL-10 levels (25,
26), therefore, genomic DNA sequencing of the -1082 bp SNP site was used to classify blood
donors as either GCC+ or GCC−. All individuals who lacked the GCC haplotype were
confirmed by DNA sequencing to contain either ATA and/or ACC haplotypes (data not shown).
SDF-1 co-stimulation enhanced the amount of IL-10 secreted by all T cells, including
individuals both with and without the −1082 bp G SNP (p < 0.05) (Fig. 1C). In contrast to
SDF-1 co-stimulation, SDF-1 alone had no effect on T cell IL-10 production or secretion as
measured either by intracellular cytokine staining or ELISA (Fig. 1A, 1B and data not shown).
Together, the results in this section indicate that SDF-1 co-stimulates IL-10 production and
secretion by human T cells, via a mechanism independent of the presence or absence of the
GCC IL-10 promoter haplotype.

SDF-1 co-stimulates activity of GCC, ACC, and ATA IL-10 promoter haplotype constructs
expressed in human T cells

We next addressed the molecular mechanisms responsible for SDF-1 co-stimulation of T cell
IL-10 secretion. Since we found no effect of SDF-1/CXCR4 signaling on mRNA stability
regulated by the IL-10 3′-untranslated region (31,32) (data not shown), we analyzed SDF-1
co-stimulation of IL-10 promoter activity. 1.1 kb 5′ of the human IL-10 transcription start site
contains the three SNPs that define the GCC, ACC, and ATA haplotypes discussed in this
report, as well as several predicted transcription factor binding sites (Fig. 2A, top). We therefore
subcloned this region from GCC, ACC, and ATA human haplotypes into a luciferase reporter
plasmid vector, creating haplotype luciferase reporter constructs (Fig. 2A, bottom). The
reporter plasmids were transiently transfected into normal human T cells, and luciferase was
assayed and compared after in vitro stimulation of the T cells with TCR mAbs +/−SDF-1 (Fig.
2B). All three IL-10 promoter haplotype constructs responded with increased transcriptional
activity in response to CD3 mAb stimulation of the TCR (for each construct, p < 0.05; n = 5).
Moreover, SDF-1 co-stimulation enhanced the activity of all three haplotypes of the IL-10
promoter luciferase constructs (for each construct, p < 0.05; n = 5). Thus, all three of the most
common human polymorphic IL-10 promoter haplotypes respond to TCR stimulation by
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increasing transcriptional activity, and SDF-1 further co-stimulates the TCR-dependent
transcriptional activity of all three haplotypes.

SDF-1 co-stimulates the MEK-1/ERK pathway in human T cells, and both IL-10 mRNA
accumulation and IL-10 secretion by human T cells requires MEK-1 activity

Both the TCR and SDF-1 signaling activate the MEK-1/ERK pathway in human T cells (9,
16–18). We therefore asked if SDF-1 co-stimulates TCR-mediated activation of this pathway.
PBMC T cells were stimulated with either SDF-1 or cross-linked anti-TCR (CD3) mAb, lysed
and assayed for active, phosphorylated ERK. The results indicate that both SDF-1 and CD3
mAb stimulated ERK activation, and that ERK activation was enhanced by co-stimulation with
both SDF-1 and CD3 mAb (Fig. 3A, upper gel). The same gel was stripped and reprobed with
antiserum recognizing total ERK2, as a loading control (Fig. 3A, lower gel). Thus, SDF-1 co-
stimulation enhances TCR-mediated ERK activation. We next asked if the MEK-1/ERK
pathway is required for T cell IL-10 secretion. For this purpose we used the MEK-1 inhibitor
drug, PD098059. PD098059 pretreatment abrogated IL-10 mRNA accumulation after either
TCR or TCR+SDF-1 stimulation of normal human T cells (Fig. 3B). The same MEK-1 inhibitor
also inhibited TCR and TCR+SDF-1 -mediated stimulation of IL-10 protein secretion by
human T cells (Fig. 3C). Thus, SDF-1 co-stimulates the MEK-1/ERK pathway in human T
cells, and both IL-10 mRNA accumulation and IL-10 secretion by stimulated human T cells
is sensitive to upstream blockade of the MEK-1/ERK pathway.

SDF-1 co-stimulates activity of the human IL-10 promoter in T cells by enhancing binding of
the AP-1 transcription factor to two non-polymorphic binding sites located at −775 bp and
−202 bp

We next addressed the mechanism by which SDF-1 co-stimulation of the MEK-1/ERK
pathway leads to enhanced IL-10 promoter activity. Activation of the MEK-1/ERK pathway
frequently leads to activation of downstream AP-1-dependent transcriptional activity (9,33,
34), and we recently showed that SDF-1 selectively co-stimulates TCR-mediated AP-1
transcriptional activity (17). Since the human IL-10 promoter contains two putative AP-1
binding sites located approximately at −775 bp and −202 bp in all three common haplotypes
of the IL-10 promoter (Fig. 2A), we hypothesized that AP-1 might mediate SDF-1 co-
stimulatory effects on IL-10 gene transcription in T cells. To test this idea, we first asked if the
activity of the IL-10 promoter constructs in human T cells requires the two putative AP-1 sites.
Mutagenesis of both AP-1 sites of the IL-10 promoter construct significantly impaired both
TCR and TCR+SDF-1 -mediated activation of the IL-10 promoter in T cells (Fig. 4A),
suggesting a critical role for AP-1 in regulating activity of the IL-10 promoter in T cells.
Consistent with this idea, the transcriptional activity in T cells of the un-mutated IL-10
promoter constructs was abrogated by the MEK-1 inhibitor drug, PD098059 (data not shown).

To further address whether SDF-1 co-stimulates IL-10 promoter activity by enhancing AP-1
binding to the IL-10 promoter, we employed a chromatin immunoprecipitation (ChIP) assay.
The most common transactivating form of AP-1 is composed of one c-Fos and one c-Jun
subunit (35,36). Purified human T cells were stimulated in vitro and c-Fos-specific antibodies
were used to immunoprecipitate AP-1 together with bound genomic DNA. PCR
characterization of precipitated DNA revealed that, as compared to unstimulated cells or cells
stimulated with either TCR or SDF-1 alone, TCR+SDF-1 stimulation enhanced c-Fos binding
to both the −775 bp AP-1 binding site and the −202 AP-1 binding site of the endogenous IL-10
promoter (Fig. 4B, upper and middle gels). In contrast to the results obtained from using c-
Fos-specific antibodies for chromatin immunoprecipitation, IL-10 promoter DNA was not
specifically immunoprecipitated by non-specific control IgG (Fig. 4B, far right lane).
Moreover, all samples contained similar amounts of IL-10 genomic DNA prior to
immunoprecipitation (Fig. 4B, lower gel, “input”). Together, the results in this section indicate
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that SDF-1 co-stimulation enhances AP-1 binding to two sites of the human IL-10 promoter,
and that this event is required for the promoter’s transcriptional activity in T cells.

SDF-1 co-stimulates IL-10 secretion by a subset of human CD4+ and CD8+ memory-
phenotype T cells

To gain a better understanding of the immunological role of SDF-1 co-stimulation of T cell
IL-10 secretion, we characterized T cell subsets that respond to SDF-1 co-stimulation with
enhanced IL-10 production and secretion. Several T cell subsets have been previously shown
to produce IL-10, including Th2 effector cells and various regulatory and memory T cell subsets
(1,37–39). We therefore purified human peripheral blood T cells according to their expression
of CD4, CD8, and the naive/memory markers, CD45RA and CD45RO. Purified T cells were
stimulated in vitro and assayed for secreted IL-10. Compared to naive-phenotype (CD45-RO-
negative) T cells, SDF-1 potently co-stimulated IL-10 secretion by both CD4+ and CD8+
memory-phenotype (CD45-RA-negative) T cells (Fig. 5A). The effect of SDF-1 was
particularly potent on CD4+CD45-RA-negative T cells: SDF-1 enhanced CD3-mediated IL-10
secretion by over 10-fold in 4 out of 5 donors (data not shown). Similar results were obtained
using intracellular cytokine staining to detect IL-10-producing T cells (data not shown). Thus,
SDF-1 co-stimulates IL-10 secretion by human CD4+ and CD8+ memory-phenotype T cells,
particularly the CD4+ memory-phenotype T cells. Cell-surface and other FACS analysis was
then used together with intracellular cytokine staining to further characterize the CD4+
memory-phenotype T cells that express IL-10 after SDF-1 co-stimulation. Interestingly, CD4
+ memory T cells that responded to SDF-1 co-stimulation with enhanced IL-10 production
included cells both positive and negative for the transcription factor Foxp3 that has been
associated with regulatory T cells (Fig. 5C). In contrast to Foxp3 staining, all IL-10+ CD4+
memory-phenotype T cells were positive for the activation marker, CD69 (Fig. 5B). Similarly,
all IL-10+ cells were positive for the activation marker, CD25 (data not shown). Thus, the CD4
+ memory-phenotype T cells that respond to SDF-1 co-stimulation with enhanced IL-10
production appear to include both Foxp3+ regulatory and other types of memory-phenotype T
cells. In addition to regulatory T cells, memory-phenotype T cell populations contain both
“central” and “peripheral” memory T-cells that are defined via expression or non-expression
of the CCR7 chemokine receptor, respectively (40). Most IL-10-secreting cells expressed
CCR7, however, SDF-1 co-stimulated IL-10 production by both CCR7+ and CCR7− subsets
of the CD4+ memory-phenotype T cells (Fig. 5D). Thus, SDF-1 appears to co-stimulate IL-10
secretion by a subset of both central and peripheral memory T cells. Finally, we assayed
expression of the CXCR3 chemokine receptor by SDF-1-co-stimulated IL-10-expressing CD4
+ memory-phenotype T cells. CXCR3 expression has been associated with both activation and
tissue-homing effector and memory T cell subsets (41–43). Most IL-10-secreting cells
expressed CXCR3, although SDF-1 co-stimulated IL-10 expression of CD4+ memory-
phenotype T cells which were also CXCR3- (Fig. 5E). Together, these results indicate that
SDF-1 is capable of co-stimulating IL-10 secretion by diverse T cell subsets within the
population characterized by expression of the previously-activated/”memory” cell-surface
CD45 markers, including presumed regulatory Foxp3+ T cells, both central and peripheral
memory T cells, and CXCR3+ memory T cells.

DISCUSSION
Despite extensive genetic evidence linking particular human IL-10 promoter polymorphisms
to various autoimmune diseases and immune conditions (19–23), the molecular mechanisms
that regulate activity of the human IL-10 promoter in T cells have until now been only poorly
understood. Moreover, despite previous reports describing SDF-1 co-stimulation of IL-10
secretion by human T cells (17,44,45), neither the particular T cell subset(s) targetted by SDF-1,
nor any signaling pathway(s) or molecular mechanisms responsible for this effect of SDF-1,
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have been defined. Knowledge about these mechanisms becomes particularly urgent to acquire
as epidemiological evidence is accumulating that small, genetically-determined differences in
IL-10 secretion can significantly alter human susceptibility to certain autoimmune diseases
and autoimmune conditions including Sjogren’s syndrome, rheumatoid arthritis, and graft-vs.-
host disease (20–25). In addition, understanding the regulation of IL-10 secretion by T cells is
of particular importance since experimental evidence indicates that T cell-derived IL-10, in
contrast to IL-10 secreted by other cell types, is critical for inhibiting the development of
autoimmunity (2) and the airway inflammation associated with allergy and asthma (3). We
therefore investigated the molecular mechanisms responsible for SDF-1 co-stimulation of
human T cell IL-10 secretion. In addition, we compared the effects of SDF-1 co-stimulation
on common human T cell IL-10 locus haplotypes and investigated the subpopulation(s) of T
cells in which IL-10 production is regulated by SDF-1.

Our results indicate that SDF-1 co-stimulates IL-10 secretion in human T cells via a mechanism
in which SDF-1 enhances TCR-mediated activation of the MEK-1/ERK signaling pathway,
thereby leading to enhanced AP-1 production, enhanced AP-1 binding to the IL-10 promoter,
and enhanced IL-10 gene transcription. Moreover, we show that the co-stimulatory effects of
SDF-1 on IL-10 promoter activity and T cell secretion of IL-10 are haplotype-independent,
occurring similarly in all three of the most common haplotypes of the polymorphic IL-10
promoter. Finally, we show that SDF-1 co-stimulates IL-10 secretion by several T cell
populations that are characterized by cell-surface memory-marker phenotypes, including T
cells both expressing and not expressing the putative regulatory T cell marker, Foxp3. Together,
our results represent a novel and important advance in the understanding of the molecular and
genetic regulation of the human IL-10 promoter in T cells. The signaling pathway defined here
may in addition represent a mechanism that could be usefully modulated therapeutically in
order to regulate T cell IL-10 secretion and related immunopathologies.

No previous studies have determined if SDF-1 co-stimulates IL-10 in a haplotype -dependent
or -independent manner. We found that SDF-1 co-stimulated IL-10 secretion by human T cells
from all donors tested, whether or not the donor was positive for the previously-reported high-
expressing IL-10 promoter haplotype that is identified by the -1082 G SNP (25,26). To more
clearly define the effects of SDF-1 co-stimulation on IL-10 promoter activity, and the impact
of different haplotypes on this effect of SDF-1, we isolated and cloned into luciferase analysis
plasmids the three most common haplotypes of IL-10 promoters from human donors that are
defined by three linked SNPs of ATA, ACC, and GCC. In normal human T cells, TCR
stimulation increased the promoter activities of all three haplotypes, and SDF-1 co-stimulation
significantly further enhanced the promoter activities of all three haplotypes. Thus, SDF-1 co-
stimulates T cell IL-10 secretion in a similar manner in the three most common polymorphic
variants of the human IL-10 promoter.

The above results suggested that SDF-1 co-stimulation of human IL-10 promoter activity is
mediated via a non-polymorphic transcription factor binding site of the promoter. Several of
our results indicate that SDF-1 co-stimulates T cell IL-10 gene transcription and IL-10 secretion
by enhancing TCR-mediated activation of the MEK-1-ERK pathway and downstream AP-1,
which then binds the IL-10 promoter at a non-polymorphic site and enhances its transcriptional
activity. First, we recently showed that SDF-1/CXCR4 signals in T cells via the TCR, and that
this novel pathway is required for SDF-1 to stimulate prolonged ERK activation and robust
activation of AP-1-dependent transcriptional activity (16,17). SDF-1 is relatively unique
among several chemokines in its ability to stimulate ERK activation in T cells for a prolonged
period of time (18), suggesting that SDF-1-mediated ERK activation subserves a special
biological role. Indeed, while blockade of MEK-1/ERK activation has no effect on SDF-1-
directed chemotaxis (46), MEK-1/ERK activity is required for SDF-1 to induce the expression
of multiple genes involved in signal transduction and for the prevention of apoptosis in a T cell
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line (9). ERK phosphorylates and regulates the functions of transcription factors (47,48),
thereby regulating gene expression. Second, we showed that SDF-1 co-stimulates TCR-
mediated activation of the MEK-1-ERK pathway, and that blockade of this pathway by a
MEK-1 inhibitor drug abrogates both IL-10 mRNA accumulation and IL-10 secretion by
stimulated T cells. Third, we showed that mutation of two non-polymorphic consensus AP-1
binding sites within the IL-10 promoter disrupts activation of this promoter in T cells. Fourth,
we showed using a chromatin immunoprecipitation assay that SDF-1 + TCR stimulation of
human T cells enhances the binding of c-Fos-containing AP-1 transcription factors to the IL-10
promoter. Together, these results provide strong support for the idea that the mechanism by
which SDF-1 co-stimulates T cell IL-10 secretion is by enhancing TCR-mediated activation
of the MEK-1/ERK signaling pathway, which leads to enhanced AP-1 production, enhanced
AP-1 binding to the IL-10 promoter, and enhanced IL-10 gene transcription. Similar to the
classic situation of CD28 co-stimulation of the IL-2 promoter, our results also indicate that
activation of the ERK/AP-1 pathway by SDF-1 is not by itself sufficient to induce IL-10
secretion. Thus, in addition to activation of the ERK/AP-1 pathway, other regulatory signals
induced in response to anti-CD3/TCR stimulation are likely to be required for IL-10 secretion.

This is the first study to indicate the importance of AP-1 in regulating IL-10 promoter activity
in human T cells. Basal promoter elements have previously been shown to exist near the IL-10
promoter TATA-box (49). As for many inducible promoters, an Sp1 binding site at
approximately −80 bp relative to the transcription start site is essential for IL-10 promoter
activity in T cells and macrophages of both humans and mice (50–52). Analysis of the human
IL-10 promoter in the human T lymphoma cell line HuT78 identified and characterized roles
for NF-κB in its regulation (53), and a STAT3 site located at −120 bp was shown to be involved
in LPS-induced activation of the human IL-10 promoter in a B cell line (54). A SMAD binding
site previously characterized as mediating IL-10 secretion in T cells in response to TGF-β is
unlikely to function in human T cells since it is not present in the human IL-10 promoter
(55). In contrast to this SMAD binding site, AP-1 regulation of the IL-10 promoter in T cells
is likely to be conserved between mouse and humans, since the mouse IL-10 promoter also
contains an AP-1 binding site that was shown to be functional in a mouse Th2 cell clone
(56). The ATA, ACC, and GCC haplotypes have been associated with low, medium, and high
levels of IL-10 secretion, respectively (25,26). However, none of these previously-reported
linked polymorphisms, nor any other polymorphisms of the IL-10 promoter described in the
literature, specifically target either AP-1 site.

Our results further indicate that SDF-1 co-stimulates IL-10 secretion by several different
subsets of previously-activated T cells. SDF-1 co-stimulated both central and peripheral
memory T cells defined as CD45RA- and either CCR7+ or CCR7−, as well as CD45RA- T
cells that are CXCR3+ and may therefore be capable of migrating into inflamed tissues. SDF-1
also appears to co-stimulate IL-10 secretion by CD4+CD45RA- T cells that are both positive
and negative for the presumed regulatory T cell marker, Foxp3. SDF-1 co-stimulation of T cell
IL-10 secretion may therefore have the potential to broadly antagonize inflammatory
responses, both in the lymph nodes and within inflamed tissues.

The biological functions of many chemokine receptors including CXCR4 are often assumed
to be derived primarily from their ability to regulate cellular migration. Thus, SDF-1/CXCR4
signaling has been proposed to play a homeostatic role in regulating the migration patterns of
immune and other cell types (10,11). Here, we show that SDF-1/CXCR4 signaling also
significantly regulates T cell gene expression of the critical immune regulatory cytokine, IL-10.
SDF-1/CXCR4 signaling therefore appears to contribute to immune homeostasis via multiple
critical mechanisms, including both immune cell migration and regulation of IL-10 gene
expression. While IL-10 levels have not been specifically examined in mice or humans either
completely or partially deficient in expression of SDF-1 and/or CXCR4, it is therefore possible
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that some phenotypes and conditions associated with mutation of these genes might be
exacerbated by changes in SDF-1-dependent IL-10 secretion in addition to changes in SDF-1-
dependent cellular migration. For example, mice completely deficient in either SDF-1 or
CXCR4 die perinatally from multiple developmental defects in the brain, gut, and bone marrow
(10). Humans bearing a relatively common human SDF-1 polymorphism (801A) that is thought
to decrease SDF-1 expression (57) are at higher risk for certain conditions that might
theoretically be exacerbated by low IL-10 levels, including transmitting HIV-1 maternally
(58), developing early onset Type I diabetes after a shorter lag time (59), and developing lung
cancer (60). In addition, rare mutations in CXCR4 that truncate CXCR4 and enhance some
SDF-1-dependent signals are linked to WHIM syndrome, which is characterized by extensive
Human Papilloma Virus infection in addition to other pathologies (61). Thus, SDF-1/CXCR4
signaling may contribute to immune homeostasis via multiple critical mechanisms, including
both immune cell migration and regulation of IL-10 gene expression.
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Fig. 1. SDF-1 co-stimulates IL-10 secretion by human T cells of both GCC+ and GCC− genomic
haplotypes
A) Normal human PBMC were purified from peripheral blood, then stimulated in vitro for 24
hr with 1 μg/ml immobilized CD3 mAb + SDF-1 (5 × 10−8 M). IL-10 expression was
determined by intracellular cytokine staining. Results shown are gated on CD3+ T cells. B)
Results of analyzing multiple PBMC donors as in A). C) Normal human T cells were purified
and stimulated as in A), then secreted IL-10 was determined by ELISA in triplicate (S.D. for
all data points were ≤ 10 %). The results from different donors are grouped according to a
haplotype-characteristic SNP at −1082 relative to the IL-10 transcription start site: donors in
which the GCC haplotype is present are at left, donors in which the GCC haplotype is absent
are at right. Lines connect results from the same donor.
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Fig. 2. SDF-1 co-stimulates activity of GCC, ACC, and ATA IL-10 promoter haplotype constructs
expressed in human T cells
A) Top, cartoon of the proximal human IL-10 promoter region, showing SNPs referred to in
the text and the putative AP-1 transcription factor binding sites. Bottom, cartoons showing the
1.1 kb fragments of the IL-10 promoters of the most common haplotypes (ATA, ACC, and
GCC) that were subcloned into a luciferase reporter plasmid to create IL-10 promoter haplotype
constructs. B) The IL-10 promoter luciferase constructs containing the indicated haplotypes
were transiently-transfected into purified human T cells. Cells were stimulated in vitro for 18
hr with 1 μg/ml immobilized CD3 mAb ± SDF-1 (5 × 10−8 M) and assayed for luciferase
activity. Fold-increases in promoter activity were calculated as compared to unstimulated
samples in the same experiment, and the results of multiple independent experiments were then
normalized so that the fold-increase of the unmutated, unstimulated construct in each
experiment = 1. The results of multiple experiments performed on different days are shown;
lines connect results from the same experiment; each point denotes the mean of 2 independent
determinations; y-axes denote the fold-increase in luciferase activity as compared to
unstimulated cells analyzed in the same experiment.
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Fig. 3. SDF-1 co-stimulates the MEK-1/ERK pathway in human T cells, and both IL-10 mRNA
accumulation and IL-10 secretion by human T cells requires MEK-1 activity
A) Cells were stimulated with 1 μg/ml cross-linked CD3 mAb ± SDF-1 (5 × 10−8 M) for 12
min as indicated, then active, phosphorylated ERK was assayed by SDS-PAGE and
immunoblotting with specific antisera (P-ERK; upper gel). As a control, the same membrane
was stripped and reprobed with antisera recognizing total ERK2 (lower gel). B) Normal human
T cells were pretreated with either vehicle (DMSO) or the MEK-1 inhibitor, PD098059 (PD),
then stimulated as in Fig. 1A. Cells were then lysed and IL-10 mRNA levels were assayed by
RT-PCR (upper gel). As a control, actin mRNA levels of the same samples were similarly
assayed by RT-PCR (lower gel). C) Normal human T cells were pretreated with either vehicle
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(DMSO) or the MEK-1 inhibitor, PD098059 (PD), then stimulated as in Fig. 1A. Secreted
IL-10 was assayed by ELISA as in Fig. 1C. The bar graph shows mean IL-10 levels ± S.D. of
three independent determinations. Results in A) – C) are each representative of 3 independent
experiments.
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Fig. 4. SDF-1 co-stimulates activity of the human IL-10 promoter in T cells by enhancing binding
of the AP-1 transcription factor to two non-polymorphic binding sites located at −775 bp and −202
bp
A) Either the GCC haplotype IL-10 promoter luciferase construct or this construct with both
putative AP-1 sites mutated (see Fig. 2A) was transiently-transfected into purified human T
cells. The cells were then stimulated as indicated and assayed for luciferase activity as in Fig.
2B. Fold-increases in promoter activity were calculated as compared to unstimulated samples
in the same experiment, and the results of multiple independent experiments were then
normalized so that the fold-increase of the unmutated, unstimulated construct in each
experiment = 10. B) Normal human T cells of GCC/GCC genotype were stimulated as in Fig.
1A for 12 hr. The presence of the AP-1 subunit, c-Fos, bound to two sites of the endogenous
IL-10 promoter was then detected by chromatin immunoprecipitation (ChIP) assay. Chromatin
immunoprecipitation of the SDF-1 + CD3 sample was also performed with control IgG (far
right lane). The upper and middle gels denote c-Fos binding to the AP-1 sites located at
approximately −775 and −202 bp of the human IL-10 promoter (numbering is relative to the
transcription start site). The lower gel shows a control PCR showing the amount of IL-10
promoter DNA present in each sample prior to chromatin immunoprecipitation (“input”). The
results shown are representative of 2 independent experiments using different donors.
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Fig. 5. SDF-1 co-stimulates IL-10 secretion by a subset of human CD4+ and CD8+ memory-
phenotype T cells
Purified human T cells were separated into CD4, CD8, CD45RA and CD45RO populations
then stimulated in vitro as in Fig. 1A. A) Secreted IL-10 was assayed by ELISA as in Fig. 1C.
Each bar shows the mean of 2 determinations ± range. B–E) Purified CD4+ memory-phenotype
T cells stimulated as in Fig. 5A were further characterized by intracellular cytokine staining
for IL-10 expression together with staining for either cell-surface CD69, intracellular Foxp3,
or cell-surface CCR7 or CXCR3. Results in A) – E) are each typical of 3–5 independent
experiments using different donors.
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