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Background: CD3-T cell receptor co-stimulation through SLAMF3/SLAMF6 promotes IL-17A production.
Results: SLAMF3/SLAMF6 and CD28 co-stimulation induces NFAT recruitment to IL17A. SLAMF3/SLAMF6 signaling
increases nuclear ROR�t abundance and recruitment to the IL17A promoter.
Conclusion: SLAMF3/SLAMF6 promote Th17 subsets in a ROR�t-dependent fashion.
Significance:Deciphering themolecularmechanisms that control receptor-specific cytokine expressionwill help to understand
immune regulation in health and disease.

Th17 lymphocytes play a key role during immune responses
against bacteria and fungi and are involved in the pathophysiol-
ogy ofmultiple autoimmunedisorders. The co-stimulatorymol-
ecules SLAMF3 and SLAMF6 have been implicated in the for-
mation of Th17 phenotypes and IL-17A expression. Increased
surface expression of SLAMF3 and SLAMF6 has been linked
with disease activity in systemic lupus erythematosus. Here we
demonstrate that in human total T lymphocytes the canonical
CD28 and the non-canonical SLAMF3/SLAMF6 co-stimulatory
pathways cooperate in the recruitment of the transcription fac-
torNFAT1 to the IL17Apromoter. Furthermore, thedominance
of the SLAMF3/SLAMF6 pathway in inducing IL-17A produc-
tion can be attributed to an increased nuclear abundance and
recruitment of ROR�t to the IL17A promoter. Thus, we have
identified an additional mechanism that may be central for the
specific control of IL17A gene regulation in systemic lupus ery-
thematosus T lymphocytes.

T lymphocytes play a central role during immune responses
against pathogens. T lymphocyte activation is achieved through
the recognition of the Ag-MHC complex by the T cell receptor
complex and additional signals that are mediated through co-
stimulatory pathways (1, 2). Co-stimulation through the canon-
ical CD28 pathway is best characterized during T lymphocyte
activation (3). A growing body of literature provides evidence
for additional co-stimulatorymolecules, including the family of
signaling lymphocyte activation molecules (SLAMF)3 (4–6, 6,

7). SLAMs are trans-membrane receptors that have been dem-
onstrated to mediate regulatory signals between immune cells
by entertaining homophilic and/or heterophilic interactions.
SLAMF receptors play a key role in the regulation of both the
innate and adaptive immune system, and defective SLAM sig-
naling has been linked with severe NK (natural killer), T, and B
cell anomalies and reduced antibody production (6, 6–8).
The differentiation of CD4� T helper (Th) cells into distinct

effector populations is a key mechanism during adaptive
immune responses. Recent reports suggest that co-stimulation
of T helper populations through SLAMs is involved in T cell
priming and lineage commitment, especially during germinal
center formation (9–12). The recently discovered and highly
specialized Th17 subset is characterized by abundant produc-
tion of the proinflammatory cytokines IL-17A, IL-17F, IL-21,
and IL-22. Th17 lymphocytes play a central role during
immune responses to bacteria and fungi and have been impli-
cated in the development of autoimmune disorders, including
multiple sclerosis, rheumatoid arthritis, inflammatory bowel
disease, and systemic lupus erythematosus (SLE) (10, 13–17).
We recently demonstrated that T lymphocytes from SLE

patients exhibit increased SLAMF3 and SLAMF6 surface
expression, the levels of which even reflect disease activity in
these individuals (10). Co-activation of T lymphocytes with
anti-SLAMF3 or anti-SLAMF6 antibodies along with CD3-T
cell receptor stimulation induces IL-17A production and con-
tributes to Th17 generation. However, the molecular down-
stream mechanisms following SLAM receptor activation and
the involved transcription factor repertoires are not yet
elucidated.
The calcium-dependent transcription factor family that is

referred to as nuclear factor of activated T cells (NFAT) plays a
central role during T helper lymphocyte differentiation. During
this process, NFATs control the expression of genes that are
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essential for lineage determination and commitment, including
growth factors, cytokines, and cell-cell interaction proteins
(18–22).NFAT1 (also knownasNFATc2) centrally contributes
to the cytokine profile that is essential for Th17 generation.
NFAT1 is involved in the induction of the lineage-determining
cytokines IL-17A, IL-17F, IL-21, and IL-22 (19, 23, 24). Another
central role for the differentiation of Th17 subsets has been
documented for the two transcription factors ROR� and
ROR�t. Both are required for the differentiation of Th17 lym-
phocytes from naive CD4� T cells (25–28). SR1001 is a specific
suppressor of ROR� and ROR�t activity. The application of
SR1001 to in vitro T lymphocyte cultures results in reduced
IL17A promoter activities and inhibits Th17 differentiation. In
the Th17-dependent experimental autoimmune encephalopa-
thy model, application of SR1001 results in an improvement of
clinical scores and reduced expression of the proinflammatory
cytokines IL-17A, IL-21, and IL-22 (27).
In this report, we demonstrate that both transcription fac-

tors, NFAT1 and ROR�t, together are required in order to opti-
mally induce IL17A in response to co-stimulation with CD28
and SLAMF3/SLAMF6. Differences in IL-17A expression lev-
els in response to co-stimulation through the canonical CD28
pathway and the non-canonical SLAMF3/SLAMF6 co-stimu-
latory pathways can be explained by increased nuclear abun-
dance of ROR�t in response to SLAMF3/SLAMF6 signaling,
resulting in enhanced recruitment to a ROR�t(�183) binding
site within the IL17A promoter and increased trans-activation.

MATERIALS AND METHODS

Study Subjects and T Cell Isolation—Blood samples were
obtained fromhealthy platelet donors at the Kraft Family Blood
Donor Center (Dana-Farber Cancer Institute, Boston, MA).
Primary total T cells were isolated from peripheral venous
blood by negative selection as described previously (15). All
primary T cells were kept in RPMImedium supplemented with
10% fetal bovine serum.
Plasmids and Generation of Luciferase Reporter Constructs—

Reporter constructs spanning the proximal 465 and 195 bp of
the human IL17A promoter were PCR-amplified and cloned
into luciferase vector pGL3-Basic (Promega) as reported
previously (15) using primers with attached restriction sites for
MluI and BglII. All plasmidDNApreparations were carried out
with DNA purification kits (Qiagen) and sequence-verified
(Genewiz, Cambridge, MA). Site-directed mutagenesis at the
NFAT sites (�212 and �170) and the ROR�t site (�183) within
both reporter constructs IL17Ap(�465)_luc and IL17Ap(�195)_
lucwas performed using thePfuTurbo�DNApolymerase (Strat-
agene) according to the manufacturer’s instructions.
Luciferase Assays in Primary Human T Cells—Three million

primary human T cells were transfected with a total amount of
3 �g of plasmid DNA by the Amaxa transfection system
(Lonza). Each reporter experiment included 10 ng of Renilla
luciferase construct as an internal control. Eighteen hours after
transfection, cells were collected and lysed, and luciferase activ-
ity was quantified using the PromegaDual-Luciferase assay sys-
tem (Promega) according to the manufacturer’s instructions.
Luciferase experiments were repeated at least four times, and
values in the bar diagrams are given as mean and S.E.

T Lymphocyte Culture and Th17 Differentiation Assays—
Cell culture plates were precoated overnight with 0.5 �g/ml
monoclonal anti-CD3 (BioXcell, clone OKT3), 0.5 �g/ml anti-
CD28 (Biolegend), 0.5 �g/ml anti-SLAMF6 (Genentech, clone
24D8.1H5.1F5), or 0.5 �g/ml anti-SLAMF3 antibodies (Bioleg-
end, clone HLy-9.1.25) as indicated. For transcription factor
inhibition experiments and transcription factor immunoblot-
ting assays, naive CD4� T cells were differentiated into Th17
cells in serum-free X-VIVO10 medium (BioWhittaker) by the
addition of IL-6 (25 ng/ml), TGF-�1 (5 ng/ml), IL-1� (12.5
ng/ml), IL-21 (25 ng/ml), and IL-23 (25 ng/ml) for the indicated
time periods. IL-6, IL-1�, IL-23, and TGF-�1 were obtained
from R&D Systems, and IL-21 was purchased from Cell Sci-
ences. Supernatants were collected at different time points and
tested for IL-17A (eBioscience) by ELISA. T lymphocytes were
collected at different time points and tested for 1) the nuclear
abundance of NFAT1 or ROR�t at 72 or 120 h or 2) used for
ChIP analysis (NFAT1 or ROR�t recruitment) at 120 h as
indicated.
TCell Stimulation, NFAT and ROR�t Inhibitors, and ELISAs—

In order to assess the influence of NFAT and ROR�t effects on
IL-17A expression, both transcription factors were antago-
nized by applying specific inhibitors. NFAT was inhibited with
0.5 nM FK506/tacrolimus (Sigma) or 10 nM cyclosporin A
(Sigma) as indicated, and ROR�t was antagonized by 10 nM
SR1001 (Cayman Chemical). Vehicle controls (DMSO for
FK506/tacrolimus and CSA; 96% ethanol for SR1001) were
included in order to exclude effects of the solvent on IL-17A
expression. Supernatants were collected after 120 h and tested
for IL-17A by ELISA (eBioscience).
NFATKnockdown—In order to assess the effects ofNFATon

IL-17A expression in response to co-stimulation with anti-
CD28, SLAMF3, or SLAMF6 antibodies under polarizing con-
ditions (10, 13–17), we knocked down NFAT1 with trivalent
siRNAs (OriGene). In brief, naive CD4� T cells were isolated
through magnetic bead separation (Miltenyi). Two million
naive CD4� T cells were transfected with 80 �M NFAT1-spe-
cific siRNA (OriGene) using 40 �l/ml Lipofectamine 2000
(Invitrogen). Prior to these experiments, experimental condi-
tions were optimized using Cy-3-labeled control siRNA (Ori-
Gene). Transfection efficiency for siRNAs was �70%. Cells
were collected after 6 h, washed and resuspended in RPMI 1640
medium with 20% FBS, and cultured in the presence of Th17
priming cytokines for 72 h as published previously (10, 13–17).
Cells and supernatantswere harvested in order to assess IL-17A
expression by ELISA (eBioscience) and quantitative RT-PCR.
NFAT1 mRNA knockdown efficiency was �60–70% as
assessed by quantitative RT-PCR with NFAT1-specific
primers.
NFAT and ROR�t Immunoblotting—For nuclear protein

extraction, cells were handled on ice and lysed in 200 �l of lysis
buffer (10 mM HEPES, pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1
mM EGTA, supplemented with freshly added 1 mM DTT, 0.5
mM PMSF, 2 mM aprotinin, 1 mM leupeptin, 10 mM NaF, and
2 mM Na3VO4 for 15 min. Subsequently, Nonidet P-40 was
added to the reactionmixture at a concentration of 0.6%.Nuclei
were pelleted, resuspended, and washed. Nuclear extracts were
resolved on 4–12% BisTris gels and transferred to a polyvi-
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nylidene difluoride membrane. Membranes were blocked with
5% nonfat milk in Tris-buffered saline with Tween 20 (TBS-T)
for 1 h, incubated with primary antibody (1:1,000) overnight
(NFATc2 and ROR�t, both from Santa Cruz Biotechnology,
Inc.), washed three times with TBS-T, incubated with horse-
radish peroxidase-conjugated secondary antibody (1:2,000) for
1 h, washed three times with TBS-T, developed with ECL
reagents (GE Healthcare), and visualized on a Fujifilm LAS-
4000 imager (GE Healthcare).
NFAT and ROR�t ChIP and Reporter-ChIP Assays—Anti-

NFAT1 antibodies were from Abcam, and anti-ROR�t was
fromSantaCruz Biotechnology, Inc.Nonspecific normal rabbit
andnormalmouse IgGwere obtained fromUpstate (Millipore).
ChIP grade Protein A/G Plus-agarose was purchased from
Pierce (Thermo Scientific). The ChIP assay was carried out
according to themanufacturer’s instructions (Upstate Biotech-
nology/Millipore). Briefly, human T cells were cross-linked
with 1% formaldehyde, washed with cold phosphate-buffered
saline, and lysed in buffer containing protease inhibitors (Roche
Applied Science). Cell lysates were sonicated to shear DNA and
sedimented, and diluted supernatants were immunoprecipi-
tated with the indicated antibodies. A proportion (20%) of the
diluted supernatants was kept as “input” (input represents PCR
amplification of the total sample). Protein-DNA complexes
were eluted in 1% SDS, 0.1 MNaHCO3 and reverse-cross-linked
at 65 °C. DNA was recovered using the QIAamp DNA minikit
(Qiagen) and subjected to PCR analysis on anABIOneStepPlus
real-time PCR system. The amount of immunoprecipitated
DNA was subtracted by the amplified DNA that was bound by
the nonspecific normal IgG and subsequently calculated as rel-
ative to the respective input DNA.
Reporter-ChIP was performed from T lymphocytes transfec-

ted with wild type IL17Ap(�195)_wild type, IL17Ap(�195)_
mNFAT(�170), or IL17Ap(�195)_RORc(�183) plasmids. Sub-
sequently, cells were lysed, DNAwas sheared by sonication, and
ChIP was carried out according to the manufacturer’s instruc-
tions (Upstate Biotechnology/Millipore). Immunoprecipitated
DNA was quantified by quantitative RT-PCR with sequence-
specific primers.
Statistical Analyses—The paired two-tailed Student’s t test

was used for statistical analyses.

RESULTS

NFAT Regulates IL17A Promoter Activity in Response to Co-
stimulation through CD28, SLAMF3, or SLAMF6—A thorough
analysis of the human IL17A promoter yielded three putative
ROR�t sites and two potential NFAT sites (Fig. 1A). To inves-
tigatewhetherNFAT andROR�t regulate IL-17A expression in
response to canonical co-stimulation throughCD28 and/or co-
stimulation through SLAMF3 or SLAMF6 at the transcrip-
tional level, we performed luciferase assays using reporter con-
structs spanning the proximal 465 or 195 bp of the human
IL17A promoter (Fig. 1A). Indeed, stimulation of T lympho-
cytes with anti-CD3 antibodies plus anti-CD28, anti-SLAMF3
(Fig. 1, B and C), or anti-SLAMF6 (Fig. 1, D and E) antibodies
resulted in significant up-regulation of IL17A promoter activi-
ties in both constructs as compared with pGL3 empty vector.
Next, we deleted either NFAT site (�212 or �170) within the

465 bp-spanning construct (Fig. 1, B and D) or the sole NFAT
site (�170) within the 195 bp-spanning IL17A reporter con-
struct (Fig. 1, C and E) and noted that the activity of both con-
structs lackingNFAT sites was significantly reduced (p� 0.001
under all conditions in the 465-bp construct and p� 0.01 in the
192-bp construct). These results suggest that both NFAT sites
are crucial for IL17A transcription in human T cells.
ROR�t Regulates IL17A Promoter Activity in Response to Co-

stimulation through CD28, SLAMF3, or SLAMF6—To investi-
gate whether ROR�t regulates IL17A transcription in response
to canonical co-stimulation through CD28 and/or co-stimula-
tion through SLAMF3 or SLAMF6, we performed luciferase
assays using the aforementioned reporter constructs spanning
the proximal 465 or 195 bp of the human IL17A promoter (Fig.
1A). Stimulation of T lymphocytes with anti-CD3 antibodies
plus anti-CD28, anti-SLAMF3 (Fig. 1B), or anti-SLAMF6 (Fig.
1C) antibodies resulted in a significant induction of IL17A pro-
moter activities in both constructs as compared with pGL3
empty vector. However, co-stimulation with anti-SLAMF3 or
anti-SLAMF6 antibodies was superior to co-stimulation with
anti-CD28 antibodies. Next, we deleted the ROR�t site (�183)
within the 195 bp-spanning IL17A reporter construct and
noted that promoter activity was significantly reduced (p �
0.01). These results suggest that theROR�t(�183) site is crucial
for ROR�t-mediated IL17A transcription in human T cells in
response to CD28 and SLAMF co-stimulation (Fig. 2, B andD).
NFAT Inhibition Disrupts IL-17A Expression—In order to

further investigate the involvement of NFAT and ROR�t sig-
naling in the induction of IL-17A expression and Th17 differ-
entiation in response to either canonical CD28 or SLAMF3/
SLAMF6 co-stimulation, we applied inhibitors for NFAT
(FK506/tacrolimus and cyclosporin A) (29, 30) and ROR�t
(SR1001) (27) in naive CD4� T lymphocyte cultures under
Th17-polarizing conditions as indicated under “Materials and
Methods.” Effects of the chemical solvents used were excluded
by the inclusion of vehicle controls as indicated under “Materi-
als and Methods.” Supernatants were harvested after 5 days of
culture. Co-stimulation through SLAMF3/SLAMF6 resulted in
significantly increased IL-17A expression when compared with
canonical co-stimulation through CD28 (Figs. 3A and 4). Both
NFAT inhibitors, FK506/tacrolimus and cyclosporin A, almost
completely blocked IL-17A expression (p � 0.001) (Fig. 3A).
The ROR�t antagonist SR1001 significantly reduced IL-17A
expression into the supernatant. However, IL-17A expression
was not completely abrogated, suggesting additional effects of
ROR�t in addition to “preexisting” NFAT signaling that seems
to be necessary for the induction of IL-17A expression (Fig. 3B).
NFAT Knockdown—Because calcineurin inhibition though

FK506/tacrolimus or cyclosporin A is not very specific for
NFAT, we specifically knocked down NFAT1 though trivalent
siRNAs. Knockdown of NFAT1 in naive CD4� T cells in the
presence of Th17 polarizing cytokines and in response to co-
stimulation though CD28, SLAMF3, or SLAMF6 resulted in
equally reduced mRNA and protein expression of IL-17A (Fig.
3, B and C).
Co-stimulation through SLAMF3 or SLAMF6 Mediates

Increased Nuclear Levels of ROR�t—To determine whether
varying nuclear levels ofNFAT1 andROR�tmay be responsible
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for differences in IL-17A induction and Th17 generation as a
result of canonical co-stimulation through CD28 versus non-
canonical co-stimulation through SLAMF3 or SLAMF6, we
performed immunoblot analyses in nuclear lysates fromT lym-
phocytes under Th17-polarizing conditions after 72 or 120 h as
indicated.
NFAT1 was induced to comparable levels in response to

stimulation with anti-CD3 plus anti-CD28 antibodies and anti-
CD3 plus anti-SLAMF3 or anti-SLAMF6 antibodies (Fig. 5A).
Interestingly, nuclear ROR�t levels were significantly higher in
response to T lymphocyte stimulation with anti-CD3 plus anti-
SLAMF3 or anti-SLAMF6 antibodies when compared with co-
stimulationwith anti-CD28 antibodies (p� 0.05) (Fig. 5B), sug-

gesting that differences in IL-17A expression levels in response
to SLAMF3/SLAMF6 versus CD28 co-stimulation may be the
result of variable ROR�t induction.
Co-Stimulation with SLAMF3 or SLAMF6 Results in

Increased ROR�t Recruitment to the IL17A Promoter—In order
to investigate whether the increased nuclear abundance of
ROR�t in response to co-stimulation with SLAMF3 or
SLAMF6 translates into increased ROR�t recruitment to the
IL17A promoter, we performed ChIP assays with NFAT and
ROR�t antibodies. In agreement with the aforementioned
reporter studies andWestern blot analyses, co-stimulationwith
anti-CD28 antibodies or anti-SLAMF3/SLAMF6 antibodies
under Th17-polarizing conditions for 120 h resulted in an

FIGURE 1. IL17A promoter activity in response to CD28, SLAMF3, or SLAMF6 co-stimulation requires intact NFAT binding sites. A, the IL17A promoter
harbors multiple putative transcription factor binding sites, including three consensus binding sequences for ROR�t and two consensus sequences for NFAT.
In order to investigate IL17A promoter activity and the effects of transcription factors in response to co-stimulation with CD28, SLAMF3, or SLAMF6, two
reporter constructs (�465 and �195 bp) were used. The effects of T lymphocyte stimulation with anti-CD3 antibodies and co-stimulation with anti-CD28,
anti-SLAMF3 (B and C), or anti-SLAMF6 (D and E) antibodies on the �465 bp (B and D) and the �195 bp (C and E) IL17A promoter construct were tested as
indicated. The consensus NFAT sites in both IL17A reporter constructs were subsequently deleted in order to assess their contribution to promoter activity.
Error bars, S.E.

SLAMF3/SLAMF6 Promote IL-17A Expression through ROR�t

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38171



increased NFAT recruitment to the NFAT(�170) site. How-
ever, canonical and non-canonical co-stimuli did not cause dif-
ferences in the level of NFAT recruitment (Fig. 6A, left). Co-
stimulationwith anti-SLAMF3/SLAMF6 antibodies resulted in
markedly increased ROR�t recruitment to the ROR�t(�183)
site in the IL17A promoter as compared with anti-CD28 anti-
bodies (Fig. 5A, right).
Both the NFAT(�170) and the ROR�t(�183) Site Are Re-

quired for the Recruitment of Either Transcription Factor—
TheNFAT(�170) and the ROR�t(�183) site are in close prox-
imity within the IL17A promoter. Furthermore, the deletion of
theNFAT(�170) site abrogated SLAMF3/SLAMF6 effects that
strongly induce ROR�t signaling. Thus, we asked whether the
presence of either transcription factor binding site is required
for the recruitment of the other factor. Applying reporter-ChIP
techniques, we determined strong recruitment of NFAT and
ROR�t to the IL17A promoter construct in response to co-
stimulation with SLAMF3 or SLAMF6 (Fig. 6B). Deletion of
either the NFAT(�170) or the ROR�t(�183) site within the
195 bp-spanning IL17A reporter construct resulted in signifi-
cantly impaired binding of both NFAT and ROR�t. Thus, the
presence of both intact transcription factor binding sites is
required for the recruitment of NFAT and/or ROR�t.

DISCUSSION

Th17 cells are a highly specialized T cell subset and play a
central role during immune responses to bacteria and fungi (26,
31, 32). We recently demonstrated that Th17 polarization is
enhanced by non-canonical co-stimulation of T lymphocytes
through SLAMF3 or SLAMF6. Furthermore, T lymphocytes
from SLE patients express significantly more SLAMF3 and
SLAMF6 on their surface when compared with T cells from
healthy controls (10). Co-stimulation through SLAMF3 or
SLAM6 follows different kinetics when compared with CD28.
IL-17A production in response to CD28 co-stimulation peaks
at day 3 andmay relate to a normal immune response elicited by
the antigen involving the CD3-T cell receptor complex. How-
ever, engagement of SLAMF3 or SLAMF6 initiates a prolonged
inflammatory response, which may cause organ damage (10).
Thus, we hypothesized that overexpression of SLAMF3/
SLAMF6 on T lymphocytes may be a pathophysiological step
that contributes to the pathogenesis of SLE (10).
It has been documented that SLAMmolecules associate with

intracellular adaptor proteins (e.g. those of the SLAM-associ-
ated protein (SAP) family) (10, 33–35). SAP proteins contribute
to SLAM receptor activation as they mediate dimer formation

FIGURE 2. IL17A promoter activity in response to co-stimulation with anti-SLAMF3 and anti-SLAMF6 antibodies requires an intact ROR�t binding site.
The effects of T lymphocyte stimulation with anti-CD3 plus anti-CD28, anti-SLAMF3 (A and B), or anti-SLAMF6 (C and D) antibodies on the �465 bp (A and C) and
the �195 bp (B and D) IL17A promoter construct were tested as indicated. One consensus ROR�t site, �183 bp upstream from the transcriptional start codon,
was subsequently deleted in both IL17A reporter constructs in order to assess its contribution to promoter activity. Error bars, S.E.
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between SLAM receptors. The downstream molecular mecha-
nisms that are involved in SLAMF3/SLAMF6-mediated IL-17A
induction remained to be elucidated. Here, we provide evi-
dence for the involvement of both transcription factors,
NFAT1 and ROR�t, in the trans-activation of IL17A in
response to co-stimulation with CD28, SLAMF3, or SLAMF6.
Superior trans-activating effects in response to induction of the
SLAMF3/SLAMF6 pathway could be explained by increased
nuclear abundance of ROR�t, resulting in enhanced recruit-
ment to the ROR�t(�183) site to the IL17A promoter.
TheNFAT family of transcription factors, includingNFAT1,

is centrally involved in the transcriptional control of IL17A (19).

Stimulation of the CD3-T cell receptor results in Ca2� flux
from the extracellular space and Ca2� release from the endo-
plasmic reticulum (19, 36). In turn, NFAT controls the expres-
sion of target genes that are essential during lineage determina-
tion and commitment of Th17 cells, including IL-17A, IL-17F,
IL-21, and IL-22 (19, 23, 24). Thus, we aimed to investigate
whether differences in the induction of IL17A and Th17 polar-
ization in response to co-stimulation through SLAMF3/
SLAMF6 could be mediated by differential induction and/or
recruitment of NFAT1. Applying luciferase reporter con-
structs, we determined superior induction of promoter activity
in response to co-stimulation with SLAMF3/SLAMF6 when
compared with CD28. Deleting either binding site, we demon-
strated that NFAT recruitment to both the NFAT(�212) and
the NFAT(�170) element are involved and essential for trans-
activation of IL17A. In agreement with these findings, the sup-
pression of NFAT activation with the calcineurin inhibitor
FK506/tacrolimus or cyclosporin A in T cell cultures under
Th17-polarizing conditions resulted in a complete abrogation
of IL-17A protein expression under all co-stimulation condi-
tions: CD28, SLAMF3, or SLAMF6. The same results were
achieved by specific NFAT1 knockdown through siRNAs.
However, no differences in the nuclear abundance of NFAT1
were detected in response to canonical (CD28) and non-canon-
ical co-stimulation of T lymphocytes. Furthermore, NFAT
recruitment to the IL17A promoter was comparable under all
co-stimulatory conditions (CD28, SLAMF3, or SLAMF6).
Taken together, these findings strongly suggest a key role for

FIGURE 3. IL-17A expression depends on NFAT. A, the effects of NFAT signaling on IL-17A expression by T lymphocytes in response to stimulation with
anti-CD3 plus anti-CD28, anti-SLAMF3 or anti-SLAMF6 antibodies were investigated, using the NFAT inhibitor FKK506/tacrolimus or cyclosporin A. Vehicle
controls were included in order to exclude effects of the applied chemical solvent DMSO. NFAT1 was furthermore knocked down, applying specific NFAT1
siRNAs as compared with scrambled control siRNAs. The impacts of NFAT1 knockdown on IL-17A of mRNA (B) and protein (C) expression are given. Error bars,
S.E.

FIGURE 4. IL-17A expression depends on ROR�t. The effects of ROR�t sig-
naling on IL-17A expression by T lymphocytes in response to stimulation with
anti-CD3 plus anti-CD28, anti-SLAMF3, or anti-SLAMF6 antibodies were inves-
tigated, using the ROR�t inhibitor SR1001 as indicated. Vehicle controls were
included in order to exclude effects of the applied chemical solvent ethanol.
Error bars, S.E.
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NFAT1 during the induction of IL-17A and Th17 generation.
However, NFAT1 does not appear to be responsible for the
variable kinetics and expression levels of IL-17A expression in
response to canonical or non-canonical co-stimulation (10).
Members of the ROR transcription factor family, particularly

ROR� and ROR�t, are centrally involved in the generation of
Th17 phenotypes and IL-17A expression (25–28). Thus, we
aimed to investigate the involvement of ROR�t in the increased
IL-17A expression in response to SLAMF3/SLAMF6 co-stim-
ulation. Applying the aforementioned reported constructs, we
determined reduced IL17A promoter activity in response to
co-stimulation through CD28 and SLAMF3/SLAMF3 after
deletion of the ROR�t(�183) site. Suppression of ROR� and
ROR�t by the specific inhibitor SR1001 (27) under Th17-polar-
izing conditions resulted in significantly reduced IL17A pro-
moter activity in response to both canonical (CD28) and non-
canonical (SLAMF3/SLAMF6) co-stimulation. In contrast to
our findings using calcineurin inhibitors, SR1001 did not com-

pletely abrogate IL-17A protein expression in T cell cultures in
Th17-polarizing conditions. SR1001 rather reduced IL-17 pro-
tein expression to the same levels in all groups (CD28 and
SLAMF3/SLAMF6). This suggests that differences in the
IL-17A expression in response to canonical and non-canonical
co-stimulation are at least partially be due to variable effects of
ROR�t on IL17A transcription. Thus, we aimed to determine
differences in the nuclear abundance of ROR�t. Indeed, ROR�t
was detectable at higher levels in response to co-stimulation
through SLAMF3/SLAMF6 when compared with CD28
co-stimulation under Th17-polarizing conditions. In agree-
ment with this, ROR�t recruitment to the IL17A promoter was
markedly increased in response to co-stimulation with
SLAMF3/SLAMF6.
Because NFAT family transcription factors, including

NFAT1, have been demonstrated to interact with other tran-
scription factors in order to differentially affect T lymphocyte
functional outcomes (19), we asked whether the binding of

FIGURE 5. Differences in the IL-17A response to co-stimulation with anti-CD28 versus anti-SLAMF3 or anti-SLAMF6 antibodies are mediated by ROR�t
but not NFAT. Differences in the nuclear abundance of NFAT (A) and ROR�t (B) in response to co-stimulation with anti-CD28 versus anti-SLAMF3 or anti-
SLAMF6 antibodies were investigated using Western blot techniques. Error bars, S.E.
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NFAT may also affect ROR�t recruitment to IL17A and vice
versa. Indeed, deletion of the NFAT(�170) site in our �195
bp-spanning IL17A promoter construct strongly affected
ROR�t binding to its ROR�t(�183) element, as assessed by
reporter-ChIP, and deletion of the ROR�t(�183) site resulted
in impaired NFAT recruitment to NFAT(�170). This suggests
interplay between the two transcription factors and points to
the importance of both binding elements for IL-17A
expression.
At this point, it remains to be answered whether additional

transcription factors that play a role in the induction of IL-17A,
such as Stat3 or IRF4, etc., are affected by SLAMF3/SLAMF6

(31). Furthermore, the molecular mechanisms downstream of
SLAMF3/SLAMF6 and the interacting SAP proteins and
upstream of NFAT/ROR�t remain to be elucidated in order to
link SLAM stimulation with the increased ROR�t recruitment
to IL17A (10, 33–35) (Fig. 7).

CONCLUSIONS

Co-stimulation of T lymphocytes through the SLAMF3/
SLAMF6 pathways mediates more potent effects on IL-17A
expression when compared with the canonical CD28 path-
way. Although the transcription factor NFAT is necessary
for the expression of IL-17A, it is not responsible for

FIGURE 6. Differences in the IL-17A response to co-stimulation with anti-CD28 versus anti-SLAMF3 or anti-SLAMF6 antibodies are mediated by
increased binding of ROR�t but not NFAT to the IL-17A promoter. Differences in the recruitment of NFAT (A) and ROR�t (B) to the IL17A promoter in
response to co-stimulation with anti-CD28 versus anti-SLAMF3 or anti-SLAMF6 antibodies were investigated using ChIP. C, in order to assess the importance of
co-recruitment of NFAT and ROR�t to the proximal IL17A promoter (ROR�t(�183) site and NFAT(�170) site), we deleted either site in the �195 bp IL17A
reported construct and determined the recruitment of NFAT and ROR�t in response to co-stimulation with anti-SLAMF3 or anti-SLAMF6 antibodies using ChIP.
One representative experiment is given in the top panel, and averages and S.D. (error bars) values from two independent experiments are given in the bottom
panel.
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increased IL-17A expression in response to SLAM signaling.
SLAMF3/SLAMF6 signaling mediates increased nuclear
abundance and recruitment of ROR�t to the proximal IL17A
promoter, resulting in increased trans-activation and gene
expression (Fig. 7).
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Bardwell, P. D., Wekerle, T., Wüthrich, R. P., and Fehr, T. (2012) Resist-
ance to ABT-737 in activated T lymphocytes. Molecular mechanisms and
reversibility by inhibition of the calcineurin-NFAT pathway. Cell Death.
Dis. 3, e299

30. Kayama, H., Koga, R., Atarashi, K., Okuyama, M., Kimura, T., Mak, T.W.,
Uematsu, S., Akira, S., Takayanagi, H., Honda, K., Yamamoto, M., and
Takeda, K. (2009) NFATc1 mediates Toll-like receptor-independent in-
nate immune responses during Trypanosoma cruzi infection. PLoS Pat-
hog. 5, e1000514

31. Dong, C. (2011) Genetic controls of Th17 cell differentiation and plastic-
ity. Exp. Mol. Med. 43, 1–6

32. Wilke, C.M., Bishop, K., Fox, D., and Zou,W. (2011) Deciphering the role
of Th17 cells in human disease. Trends Immunol. 32, 603–611

33. Henning,G., Kraft,M. S., Derfuss, T., Pirzer, R., de Saint-Basile, G., Aversa,
G., Fleckenstein, B., andMeinl, E. (2001) Signaling lymphocytic activation
molecule (SLAM) regulates T cellular cytotoxicity. Eur. J. Immunol. 31,

FIGURE 7. Model of the effects of canonical co-stimulation through CD28
versus co-stimulation with SLAMF3 or SLAMF6 on IL-17 expression in T
lymphocytes. Co-stimulation of T lymphocytes through the canonical CD28
pathway results in massively increased NFAT abundance in the nucleus but
only slightly increased ROR�t shuttling as compared with resting conditions.
Co-stimulation with SLAMF3 or SLAMF6 results in a massive increase of NFAT
and ROR�t in the nucleus, resulting in recruitment of both to the IL17A pro-
moter and strong trans-activation.

SLAMF3/SLAMF6 Promote IL-17A Expression through ROR�t

38176 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 45 • NOVEMBER 2, 2012



2741–2750
34. Howie, D., Okamoto, S., Rietdijk, S., Clarke, K., Wang, N., Gullo, C.,

Bruggeman, J. P., Manning, S., Coyle, A. J., Greenfield, E., Kuchroo, V.,
and Terhorst, C. (2002) The role of SAP in murine CD150 (SLAM)-
mediated T-cell proliferation and interferon � production. Blood 100,
2899–2907

35. Howie, D., Laroux, F. S., Morra, M., Satoskar, A. R., Rosas, L. E., Faubion,
W.A., Julien, A., Rietdijk, S., Coyle, A. J., Fraser, C., andTerhorst, C. (2005)
Cutting edge. The SLAM family receptor Ly108 controls T cell and neu-
trophil functions. J. Immunol. 174, 5931–5935

36. Li, H., Rao, A., and Hogan, P. G. (2011) Interaction of calcineurin with
substrates and targeting proteins. Trends Cell Biol. 21, 91–103

SLAMF3/SLAMF6 Promote IL-17A Expression through ROR�t

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38177


