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Abstract

Innate regulation through Toll-like receptor (TLR) signaling has been shown to be important for
promoting T cell subset development and function. However, limited information is known about
whether differential TLR signaling can selectively inhibit Th17 and/or Th1 cells, important for
controlling excessive inflammation and autoimmune responses. Here we demonstrate that
activation of TLR7 signaling in T cells can inhibit both Th17 cell differentiation from naive T cells
and IL-17 production in established Th17 cells. We further report that down-regulation of STAT3
signaling is responsible for TLR7-mediated inhibition of Th17 cells due to induction of SOCS3
and SOCS5. TLR7-mediated suppression of Th17 cells does not require DC involvement. In
addition, we show that TLR7 signaling can suppress Th1 cell development and function due to a
mechanism different from Th17 cell suppression. Importantly, our complementary /7 vivo studies
demonstrate that treatment with the TLR7 ligand imiquimod can inhibit both Th1 and Th17 cells,
resulting in prevention of and immunotherapeutic reduction in experimental autoimmune
encephalomyelitis (EAE). These studies identify a new strategy to manipulate Th17/Th1 cells
through TLRY7 signaling, with important implications for successful immunotherapy against
autoimmune and inflammatory diseases.
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Introduction

Th17 cells are an important cell subset involved in the pathogenesis of a broad array of
inflammatory and autoimmune diseases such as rheumatoid arthritis, psoriasis and
inflammatory bowel disease, and also play an important role in host defense against
microbial infections (1-3). In addition, Th17 cells are a key cell component in the tumor
microenvironment involved in the pathogenesis and tumorigenesis of cancer development
(4-7). Differentiation and development of Th17 cells is dependent on the specific cytokine
combinations of IL-1, IL-6, IL-21, IL-23 and TGF-B both in mice and in humans (8-11).
Furthermore, molecular programming of transcription regulation is also a determinant for
Th17 development, including signal transducer and activator of transcription 3 (Stat3),
retinoid-related orphan receptor -yt (RORyt), RORa, IFN regulatory factor-4 (IRF4), BATF,
and hypoxia-inducible factor 1 alpha (HIF1)(12-14). Improved understanding of the
molecular mechanisms involved in regulation of Th17 cell development and functions will
facilitate the development of novel strategies specifically targeting Th17 cells for clinical
interventions.

TLRs have recently been recognized as critical components of the innate immune system,
acting as a link between innate and adaptive immunity (15). TLRs are also very important
for regulating T cell subset development and functions, including Thl, regulatory T (Treg)
and Th17 cells (16, 17). TLR2 signaling can directly enhance both the proliferation and
IL-17 production by Th17 cells and promote the pathogenesis of EAE (16). TLR3 ligand
Poly (I:C) and TLR9 ligand CpG can stimulate Th1 responses and mediate potent anti-tumor
activity (17). TLR4 activation in CD4* T cells is essential for the proliferation and survival
of Thl and Th17 cells and stimulates IL-17 production (17, 18). We have demonstrated that
human TLR8 signaling directly reverses the suppressive functions of naturally occurring
CD4*CD25* Treg cells, as well as tumor-derived CD4*, CD8* and & Treg cells (19-23).
Furthermore, we found that TLR signaling promotes chemoattraction and generation of
Th17 cells in the tumor microenvironment through tumor cells and tumor-derived fibroblasts
(5). Understanding the unique signaling pathways involved in the precise regulation of T cell
subsets by different TLRs will be important for the development of TLR-based
immunotherapy against various diseases. In fact, several TLR ligands are now being
developed as immunotherapeutic drugs or vaccine adjuvants for cancer treatment (24, 25).

Besides the promotion of T cell immune responses, limited information is known about
whether TLR signaling can inhibit Th17 and/or Th1 cells, which is important for controlling
excessive inflammation and autoimmune responses. EAE is the most extensively studied
animal model for multiple sclerosis (MS), an inflammatory demyelinating disease of the
central nervous system (CNS) (26). Both Th1 and Th17 myelin reactive CD4* T cells are
now known to be involved in MS and EAE (27). Regulation of EAE development and
pathogenesis through innate TLR signaling has been investigated (28). Recent reports
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demonstrated that agonists of certain TLRs, including TLR2, TLR4, and TLR9, promoted
pathogenesis of EAE (16, 29, 30); while TLR3 signaling protected against disease (31). The
role of TLR7 signaling in the regulation of EAE has also been explored but remains
controversial. On the one hand, TLR7 signaling was reported to protect against EAE through
increased IFN-B production and elicitation of I1L-10 and IL-10-inducing cytokines (32—34).
In contrast, several studies have shown that stimulation of TLR7 can also promote EAE
pathogenesis by direct regulation of DCs and downstream effects on adaptive T cell
responses (35-38). Therefore, whether and/or how TLR7 signaling influences Th17 and/or
Th1 cells, two key players for EAE remains unknown. Furthermore, whether DCs are
required for TLR7 regulation of autoimmune EAE and T cell responses in the disease
progression is also unclear and needs to be investigated. Improved understanding of these
molecular mechanisms and regulatory events will open new avenues to develop novel
therapeutic strategies for the treatment of T cell-mediated immune diseases.

To better understand the regulation of Th17 cells mediated by TLR signaling, we screened a
panel of TLR ligands on both murine and human Th17 cells. We demonstrated that
activation of TLR7 signaling in T cells can inhibit both Th17 cell differentiation from naive
T cells and 1L-17 production in established Th17 cells. We further revealed that
downregulated STAT3 signaling is responsible for the TLR7-mediated inhibition of Th17
cells, dependent on the induction of SOCS3 and SOCS5. In addition, we also observed that
TLRY7 signaling could suppress Thl cell development and function, which may through a
different mechanism from that of Th17 cells. Importantly, our complementary /n vivo studies
demonstrated that activation of TLR7 signaling prevents the development of EAE and
reduces the disease severity /n vivo. These studies provide a new strategy to specifically
target Th17/Th1 cells via TLR7 signaling for successful immunotherapy against T cell-
related inflammatory and autoimmune diseases.

Materials and Methods

Human samples and cell lines

Mice

Tumor samples were obtained from hospitalized patients in the Department of Surgery at St.
Louis University from 2004 to 2014 who have given informed consents for enroliment in a
prospective tumor procurement protocol approved by the Saint Louis University Institutional
Review Board. Buffy coats from healthy donors were obtained from the Gulf Coast Regional
Blood Center at Houston. Peripheral blood mononuclear cells (PBMCs) were purified from
buffy coats using Ficoll-Paque. Human naive CD4" and CD8* T cells were purified by
EasySep enrichment kits (StemCell Technologies). Jurkat T and 293T cells were purchased
from the American Type Culture Collection (ATCC, Manassas, VA), and maintained in
RPMI 1640 medium containing 10% FCS.

C57BL/6 and FoxP3ECFP transgenic mice were purchased from The Jackson Laboratory.

STAT3Mflcp4cre= and STAT3M/lCD4Ce mice were kindly provided by Dr. Daniel Hawiger
(Department of Molecular Microbiology & Immunology at Saint Louis University School of
Medicine). MyD88~/~ mice were provided by Dr. Richard Flavell (Yale University School of
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Medicine). All mice were maintained in the institutional animal facility and all animal
studies have been approved by the Institutional Animal Care Committee of Saint Louis
University.

T cell subset differentiation

Mouse CD4* T cell jn vitro differentiation was performed as previously described (8, 10).
Briefly, naive CD4* T cells were purified from spleens and peripheral lymph nodes of 6-8
week mice of C57BL/6, FoxP3ECFP STAT3M/l cp4cre- STAT3/flcDA4Ce* or MyD88~/~
mice, with CD4* T-cell enrichment kit (Stem cell Technologies) and then cultured with
plate-bound anti-CD3 (2 pg/ml) and anti-CD28 (2 pg/ml) (Bio X Cell) plus polarization
condition medium at 37°C for 6 days. For Th1 differentiation, naive T cells were cultured in
the presence of anti-1L-4 neutralizing antibody (10 ug/ml, 11B11, Bio X Cell), and
recombinant mouse IL-12 (rmIL-12; 5 ng/ml, R & D). For Th2 differentiation, naive T cells
were cultured in the presence of anti-IFN-y neutralizing antibody (10 pg/ml, XMG1.2, Bio
X Cell) and rmIL-4 (4 ng/ml, R & D). For Th17 differentiation, naive T cells were cultured
in the presence of anti-IL-4 and anti-IFN-y neutralizing antibodies (10 pg/ml), rmIL-6 (50
ng/ml, Peprotech) and rmTGF-pB (1 ng/ml, R & D). For Treg differentiation, naive T cells
from FoxP3ECFP mice were culture in the presence of rmIL-2 (100 U/ml, R & D) and
rmTGF-B (5 ng/ml, R & D). Human Th17 cell differentiation was induced as we described
previously (4, 5). Naive T cells purified from PBMCs of healthy donors were cultured in T
cell medium (RPMI-1640 medium containing 10% human serum supplemented with L-
glutamine, 2-mercaptethanol, and 50 U/ml IL-2) in the presence of IL-1B (20 ng/ml), IL-6
(20 ng/ml), and IL-23 (10 ng/ml) (R & D) for 6 days. In some experiments, T cell
differentiation was induced in the presence or absence of TLR ligands, including
Pam3CSK4 (200 ng/ml), Poly (I:C) (25 pg/ml), LPS (100 ng/ml), flagellin (10 pg/ml),
loxoribine (Lox, 500 um), imiquimod (Imiq, 10 pg/ml), and CpG-B (3 pg/ml) (Invivogen ).

Mouse DC preparation and in vitro polarization of Th17 cells with DCs

Mouse DCs were generated with the B16-FIt3L injection strategy (39) (B16-FIt3L was
kindly provided by Dr. John T. Harty at University of lowa). CD11c* cells were isolated
from the spleen cells of tumor-bearing mice using anti-CD11c microbeads (Miltenyi Biotec).
The purity and activation status of DCs were determined by expression of CD11c, CD86,
and MHC-class Il. For Th17 differentiation with DCs, mouse naive CD4* T cells were
cultured with DCs at a ratio of 10:1 with 1 pg/ml soluble anti-CD3 antibody and Th17
polarization condition medium, in the presence or absence of various TLR ligands for 6
days. In some experiments, DCs were pretreated with/without various TLR ligands for 1
day, and then co-cultured with CD4"* T cells to generate Th17 cells, or DCs were separated
with CD4" T cells by a transwell insert (0.4 um) in the Transwell systerm, as we described
before (5, 21, 23).

Generation of human tumor-infiltrating Th17 cell clones

Tumor-infiltrating lymphocytes (TIL) were generated from different tumor tissues derived
from cancer patients, as we previously described (4, 5). Briefly, tissues were minced into
small pieces followed by digestion with collagenase type IV, hyaluronidase, and
deoxyribonuclease. After digestion, cells were washed in RPM11640, and then cultured in
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RPMI1640 containing 10% human serum supplemented with L-glutamine, 2-mercaptethanol
and 50 U/ml of IL-2 for the generation of T cells. Th17 cell clones were generated from
TILs by a limiting dilution cloning method and confirmed by FACS analysis after
intracellular staining for IL-17, as we previously described (4, 21).

Flow cytometry analysis

Expression markers on T cells were determined by FACS analysis after surface staining or
intracellular staining with specific anti-human or anti-mouse antibodies conjugated with PE,
FITC, APC, PerCP-Cy5.5, or V450. Anti-human antibodies included: anti-1L4, anti-IFN-y,
anti-IL-17A, and anti-FoxP3. Anti-mouse antibodies included: anti-1L4, anti-IFN-vy, anti-
IL-17A, anti-CD25, anti-FoxP3, anti-CD19, anti-CD11c, anti-CD11b, anti-Ly6G/Ly6C
(Gr-1), and anti-TCRy$& (purchased from BD Biosciences, BioLegend or eBioscience).
Intracellular staining for cytokine-producing T cells was performed on T cells stimulated
with PMA and ionomycin (Sigma-Aldrich) in the presence of GolgiStop (BD Bioscience)
for 5 hours. All stained cells were analyzed on a FACSCalibur flow cytometer (BD
Bioscience) and data analyzed with FlowJo software (Tree Star).

Luciferase Assays

Jurkat T cells or 293T cells were transfected with plasmid constructs of empty vector pGL3-
B, control h17C-Luc, or h17P-Luc containing IL-17 promoter with the Gene Pulser 11
electroporator (Bio-Rad) at 250 V, 950 microfarads (Constructs were kindly provided by Dr.
Sarah Gaffen, University of Pittsburgh) (40). Each reporter experiment included 20 ng of
Renilla luciferase construct as an internal control. Cells were collected at 24 hours after
transfection, and then lysed, and luciferase activity was quantified using the Dual-Luciferase
assay system (Promega) according to the manufacturer’s instructions. All experiments were
performed in triplicate.

Reverse-transcription PCR analysis

Total RNA was extracted from T cells using Trizol reagent (Invitrogen), and cDNA was
transcribed using a SuperScript Il RT kit (Invitrogen), both according to manufacturers’
instructions. Expression levels of transcription factors, cytokines and cytokine receptors
were determined by reverse-transcription PCR using specific primers, and mRNA levels in
each sample were normalized to the relative quantity of Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene expression. All experiments were performed in triplicate.
The specific primers used for human T cells are as described previously (4, 5). The specific
primers used for mouse T cells are listed in Table 1.

Western-blotting analysis

T cells were cultured in anti-CD3 (2 pg/ml) and anti-CD28 (2 pg/ml) pre-coated 24-well
plates with Th17 polarization condition medium in the absence or presence of different TLR
ligands for various time points. Co-cultured T cells were purified and then lysates prepared
for western blot analyses. The antibodies used in western blotting are as following: anti—
STAT1, anti-phospho-STAT1 (Y701), anti-STAT2, anti- phospho-STAT2 (Y609), anti-
STAT3, anti—phospho-STAT3 (Y705), anti-phospho-STAT3 (S727), anti-STAT5, anti—
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phospho-STAT5 (Y694), anti-STAT®6, anti-phospho-STAT6 (Y641), and anti-GAPDH. Al
antibodies are purchased from Cell Signaling Technology.

Gene knockdown with siRNA in T cells

EAE Model

For SOCS3 and SOCS5 gene knockdown experiments, anti-CD3 and anti-CD28-
preactivated CD4" T cells were transfected with siRNAs targeting SOCS3 and SOCS5
(NM_007707 and NM_019654, Sigma), or nonspecific scrambled control siRNAs at a final
concentration of 100 nmol/L using the standard transfection reagents (TransIT-siQUEST®,
Mirus Bio LLC). The transfected T cells were then cultured in T cell polarization medium in
the presence or absence of various TLR ligands for 5 days to generate different T cell
subsets.

Eight- to ten-week-old female C57BL/6 mice were injected with synthetic Myelin
Oligodendrocyte Glycoprotein peptide (MOG3s_s5, 200 pg/mouse) in Complete Freund’s
Adjuvant (CFA, containing 4 mg/ml Mycobacterium tuberculosis, Sigma) subcutaneously in
each flank (41). Pertussis Toxin (200 ng/mouse, List Biological Laboratories Inc.) was
injected intraperitoneally at days 0 and 2 post MOG injection. Clinical score of EAE was
graded on a scale of 1-4: 0, no clinical signs; 1, flaccid tail; 2, hind limb weakness,
abnormal gait; 3, complete hind limb paralysis; 4, complete hind limb paralysis and forelimb
weakness or paralysis. For early treatment experiments, imiquimod (invivo gene) (50 pg in
200 pl PBS/mouse) or PBS (200 pl) was administered intraperitoneally on every second day
from Day 3 after MOG immunization, and then continued for a total of 6 time injections
throughout the experiment. For late treatment experiments, imiquimod (80 pg in 200 ul PBS/
mouse) or PBS (200 pl) was administered intraperitoneally on every second day from day 9
after MOG immunization (mice start EAE symptoms), and then continued for a total of 4
time injections throughout the experiment. Mice were scored daily. Each experimental group
was scored in a blinded fashion. Blood, spleens, lymph nodes, and spinal cords were isolated
from the early treatment EAE mice sacrificed on day 12, 16, 19 and 24 of EAE
development. Cell populations and functions were determined by flow cytometer analysis
and MOG recall assay.

MOG recall assay of T cell proliferation

Splenocytes from the EAE mice were incubated with 1, 5, or 25 pg/ml MOG for 3 days. At

16 hours prior to the 3-day culture, 3H-thymidine (Amersham/GE Healthcare) was added at
a final concentration of 1 uCi/well. The incorporation of 3H-thymidine was measured with a
liquid scintillation counter (22, 42).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism5 software. Unless indicated
otherwise, data are expressed as mean + standard deviation (SD). For multiple group
comparison /n vivo studies, the one-way analysis of variance (ANOVA) was used, followed
by the Dunnett’s test for comparing experimental groups against a single control. For single
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comparison between two groups, paired Student’s #test was used. Nonparametric #test was
chosen if the sample size was too small and not fit Gaussian distribution.

Results

TLR7 signaling directly inhibits both murine and human Th17 differentiation and
development

Recent studies have shown that TLRs directly modulate differentiation, proliferation and
function of T lymphocytes. TLR2 signaling in T cells could directly promote Th17
generation and expansion, while TLR4 signaling in T cells enhanced proliferation and
survival of T cells (16, 18). We also showed that TLR and NOD?2 signaling promote the
attraction and generation of Th17 cells induced by tumor cells and tumor-derived fibroblasts
(4, 5). To determine the direct effects of different TLR signaling on Th17 cell differentiation
and development, we screened a panel of TLR ligands for effects on human Th17 cells
during the course of Th17 polarization from naive T cells purified from healthy donors.
Consistent with the previous findings, we showed that the TLR2 ligand Pam3CSK4 could
promote Th17 cell differentiation in naive CD4* T cells (Figure 1A) (16). However, TLR7
ligands, imiquimod (Imiq) and loxoribine (Lox) significantly inhibited human Th17
differentiation from naive CD4* T cells. We further confirmed this effect and the generality
of TLR7 ligand-mediated inhibition of human Th17 cell development from naive T cells in
six of additional healthy donors (Figure 1A). In addition to the suppression of human Th17
cell differentiation, we observed that imiquimod and loxoribine strongly inhibited mouse
Th17 differentiation from naive CD4* T cells, decreasing IL-17-producing cell populations
and IL17 mRNA expression levels in the cultured cells (Figure 1B and Figure 1C). We next
determined whether TLR7 ligands specifically influenced Th17 differentiation rather than
the other T cell subsets. Mouse naive CD4* T cells were cultured with Th1, Th2, or Treg
polarization condition medium in the presence or absence of various TLR ligands.
Unexpectedly, we found that imiquimod but not loxoribine dramatically inhibited Th1 cell
differentiation (Figure 1D). Furthermore, neither imiquimod nor loxoribine affected Th2 and
Treg development from naive CD4* T cells (Figure 1E & 1F).

We then attempted to confirm that the effects on Th17 differentiation mediated by
imiquimod and loxoribine were TLR7 signaling dependent. Given that MyD88 is a key
adaptor molecule shared by different TLRs pathways including TLR7 signaling (15), we
utilized MyD88-deficient mouse CD4" cells to develop Th17 cells in the presence of TLR7
ligands. Mouse naive CD4* T cells derived from wild-type or MyD88~/~ mice were cultured
with Th17 or Th1l polarization medium in the presence of TLR ligands for 6 days and T cell
subsets were determined. As shown in Figure 2A, both imiquimod and loxoribine inhibited
Th17 cell differentiation from naive T cells derived from wild-type mice. In contrast, there
was no suppressive effect on Th17 cell differentiation from naive T cells derived from
MyD88~/~ mice. In addition, we confirmed that both imiquimod and loxoribine exhibited
strong suppression of RoRyt and IL-17 mRNA expression in Th17 cells differentiated from
wild-type CD4* T cells but not from MyD88-deficient CD4* T cells (Figure 2B). These
results clearly suggested that suppression of Th17 differentiation and development mediated
by imiquimod and loxoribine is TLR7 signaling-specific and MyD88 is required for the
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effect. We also investigated whether imiquimod-mediated suppression of Thl differentiation
was through TLR7 signaling. We observed that decreased numbers of Th17 or Thl cells
were generated from MyD88~/~CD4* T cells, compared with that of wild-type CD4* T
cells. These results were consistent with previous reports showing that MyD88~/~CD4" cells
exhibited impaired ability to produce IL-2, IL-17 or IFN-y (43, 44). Furthermore,
imiquimod and loxoribine had similar suppressive effects on Thl polarization and both IFN-
v and T-bet mRNA expression comparing wild-type and MyD88-deficient CD4* T cells
(Figure 2A and 2B). These results suggest that imiquimod-mediated suppression of Thl
differentiation does not involve TLR7-MyD88 signaling, different from the mechanism
responsible for suppression of Th17 cells.

TLR7 signaling decreases IL-17 production by established Th17 cells

We further examined whether TLR7 ligands also inhibited already established Th17 cells.
We previously established Th17 clones derived from ovarian cancer, colon cancer and
melanoma cancer patients (4, 5). Two human colon cancer-derived Th17 cell clones were
cultured in the presence of TLR ligands and then IL-17-producing cell populations
determined. We found that imiquimod but not loxoribine partially decreased IL17-producing
cell populations in both established Th17 cell clones (from 88% to 63% in Th17-C18 cells
and from 82% to 59% in Th17-C20 cells, respectively) (Figure 3A). In addition, imiquimod
treatment also dramatically reduced IL17A, IFN-vy, and IL-21 mRNA expression levels in
human tumor-derived Th17 cells (Figure 3B). Over-expression of RoRyt could convert
CD4* T cells into Th17 cells (45, 46). Therefore, we utilized murine Th17 cells generated
from RoRyt-transfected mouse CD4™ T cells as established Th17 cells. Consistent with the
effects on human established Th17 cells, we observed that imiquimod could also decrease
the IL-17 and RoRyt expression in mouse Th17 cells (Figure 3C and Data not shown).
These results collectively suggest that activation of TLR7 signaling can not only inhibit the
Th17 cell differentiation but also suppress IL-17 production in established Th17 cells.

TLR7 signaling inhibits lineage-specific transcription factors in Th17 cells

Based on our observations that TLR7 signaling significantly inhibited Th17 cell
differentiation and development, we reasoned that these phenotypic alterations could be the
result of changed expression of lineage-restricted transcription regulators that control and
direct T cell programming (45, 46). To test this possibility, we first determined gene
expression of the key CD4* T cell subset differentiation transcription factors, including
ROR+yt and IRF-4 (Th17), as well as T-bet (Th1), GATA-3 (Th2) and FoxP3 (Treg), in
polarized Th17 cells and in established Th17 cells in the presence of various TLR ligands
using real-time PCR (4, 6). As expected, mouse Th17 cells expressed higher levels of the
Th17-specific transcription factors ROR+yt and IRF-4 but only low levels of T-bet, GATA-3
and FoxP3 during the course of Th17 polarization. However, expression levels of RORyt
and IRF-4 were dramatically decreased following the treatment with TLR7 ligands
imiquimod and loxoribine (Figure 4A). In addition, in human tumor-derived Th17 clones,
imiquimod but not loxoribine dramatically inhibited Th17-related transcription factors
ROR+yt and IRF4, but also suppressed Thl-related transcription factor T-bet (Figure 4B).
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To explore the molecular mechanisms of TLR7-mediated suppression of Th17 cell
development, we determined whether TLR7 ligand-induced IL-17 inhibition was due to the
transcriptional regulation of 1L-17 gene. We transfected a human 1L-17 promotor-luciferase
construct (h17P-Luc) into Jurkat T cells and then stimulated the cells with TLR ligands (40).
However, we did not find any suppressive effects on IL-17 promoter activity (luciferase
activity) induced by TLR?7 ligands (Figure 4C). These results were further confirmed in
293T cells cotransfected with h17p-Luc and TLR7 genes (Figure 4C). We then investigated
whether TLR7 ligands inhibited Th17 cells by posttranscriptional regulation of IL-17 and/or
key Thi17-related transcription factors. Human Th17 clones were pre-treated with the
transcriptional inhibitor actinomycin D (ACD) for 24 hours to block de novo RNA synthesis.
The pretreated Th17 cells were further cultured in the presence of TLR ligands and I1L-17,
IRF4 and RORyt mRNA expression was determined by Real-time PCR. However, TLR7
ligand treatment did not affect IL-17, IRF4 and RORyt mRNA stability measured at 3 or 5
hours after ACD treatment in Th17 cells (Data not shown). Collectively, our data indicate
that TLR7 signaling had strong suppressive effects on both Th17 differentiation and
established Th17 cell maintenance, which were not through transcriptional and
posttranscriptional regulation of the IL-17 gene. Given that lineage-specific cytokines
instruct T cell subset specific differentiation programs, we thus investigated possible
changes of interactions between cytokine and cytokine receptor in Th17 cells mediated by
TLR7 signaling. We determined the expression levels of cytokine receptors for IL-23, IL-6
and IL-21 in T cells, which are important for Th17 differentiation. We did not observe any
significant decreases in expression of these cytokine receptors in Th17 cells induced by
TLR7 ligands (Supplemental Figure 1A), suggesting that TLR7-mediated inhibition of Th17
cells does not involve down-regulation of these key cytokine-cytokine receptors.

Transcription factors STAT3 and STATS5 are critical for Th17 inhibition mediated by TLR7

signaling

It is well established that signal transducer and activator of transcription (STAT) family
proteins are critical in mediating T cell development and differentiation (47, 48). STAT1 and
STATA4 are required for the polarization of Th1 cells, while Th2 cell differentiation requires
STATG6 (45, 46). It is now recognized that STAT3 is required for commitment of naive T
cells toward the Th17 developmental pathway (12, 49, 50). We thus reasoned that TLR7
signaling may inhibit STAT3 signaling in T cells resulting in inhibition of Th17
differentiation. We first determined the expression levels and phosphorylated activation
patterns of the STAT members in T cells during Th17 differentiation in the presence of TLR
ligands. STAT1, STAT2 and STAT6 were not activated (phosphorylated) in CD4* T cells
cultured in Th17 polarization medium (Data not shown). Furthermore, addition of
Pam3CSK4, loxoribine, and imiquimod did not alter their activation status. However, STAT3
(both Y705 and S727 sites) and STAT5 (Y694 site) were dramatically phosphorylated in
CD4* T cells during Th17 polarization in the absence of TLR signaling (Figure 5A).
Moreover, loxoribine and imiquimod treatment significantly prevented the phosphorylated
activation of STAT3 and STATS5, while Pam3CSK4 did not have suppressive effects on both
STAT3 and STATS activation (Figure 5A). In addition, the suppression on STAT3
phosphorylation induced by TLR7 signaling was further confirmed in already established
human Th17 cells (Data not shown). Notably, studies from other group have shown that
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STATS is a negative regulator of Th17 differentiation and IL-2 signaling (51). Therefore,
activation of STAT5 during Th17 differentiation in our results might be a negative feedback
response detectable in the co-culture system.

To further confirm that transcription factor STAT3 is the key player controlling the
molecular process of Th17 inhibition induced by TLR7 signaling, we generated
STAT3MflcD4Cre+ mice by crossing CD4 Cre mice with STAT3/f mice. We determined
whether we could abolish TLR7 signaling-mediated suppression of Th17 cell differentiation
in CD4* T cells without STAT3 signaling. CD4* T cells derived from wild-type,
STAT3flcp4cre= and STAT3MlcD4Ce+ mice were cultured under Th17 polarization
condition in the presence or absence of TLR ligands for 5 days, and the numbers of IL-17-
producing cells generated were evaluated. Consistent with published results from other
groups, CD4* T cells derived from STAT3/flcDA4C™e* mice had a lower ability to develop
into Th17 cells compared with those from wild-type and STAT3/fl CD4¢e~ mice,
demonstrating the importance of STAT3 in Th17 cell polarization (Figure 5B)(49, 50).
Furthermore, consistent with the results shown in Figure 1, we found that loxoribine and
imiquimod treatment significantly inhibited Th17 development; while addition of
Pam3CSK4 increased IL-17-producing T cells in the co-cultured CD4* T cells derived from
wild-type and STAT3/fl CD4%"e~ mice (Figure 5B). In contrast, loxoribine and imiquimod
treatment did not have any suppressive activity on Th17 polarization in CD4* T cells derived
from STAT3M/flcD4Ce+ mice. In addition, loxoribine and imiquimod treatment markedly
inhibited levels of IL-17 and RORyt mRNA expression in polarized Th17 cells in CD4* T
cells derived from STAT3/fl CD4%e~ mice, but not from STAT3/flCD4Cre* mice (Figure
5C). These results clearly confirm that inhibition of Th17 development mediated by TLR7
signaling is controlled by the transcription factor STAT3.

Since imiquimod can inhibit Th1 differentiation (Figure 1), we therefore determined whether
STAT3 signaling is required for imiquimod-mediated suppression of Th1 cells. CD4* T cells
derived from wild-type, STAT3flcD4ce~ and STAT3/flcDA4Ce mice were cultured under
Th1 polarization condition in the presence or absence of TLR ligands for 5 days.
Unexpectedly, we found that development of Th1 cells in CD4* T cells derived from
STAT3fIcD4Ce* mice was significantly impaired compared with CD4* T cells from wild-
type and STAT3flCDA4C™~ mice, suggesting that STAT3 is also critical for Thi cell
polarization (Supplemental Figure 2A). Importantly, imiquimod treatment significantly
inhibited Th1 differentiation in co-cultured CD4* T cells derived from all three types of
mice, and there was no difference of the suppressive effects on CD4* T cells comparing
STAT3flcD4C mice and STAT3M/flcDA4Ce+ mice (Supplemental Figure 2A).
Furthermore, imiquimod treatment significantly inhibited mRNA expression levels of IFN-y
and T-bet in polarized Thi cells in CD4* T cells derived from both STAT3™/flcD4¢re- and
STAT3flcD4Ce* mice with a similar level, further suggesting that STAT3 is not involved in
imiquimod-mediated suppression of Th1l polarization (Supplemental Figure 2B). These
results further indicate that suppression of Th17 cells and Thl cells mediated by imiquimod
involves different mechanisms and molecular processes.
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SOCS3 and SOCSS5 are involved in the reciprocal regulation of STAT3 during TLR7-
mediated Th17 suppression

DCs are not

We next explored the potential mechanisms involved in the reciprocal regulation of STAT3
during inhibition of Th17 development mediated by TLR7 signaling. Proinflammatory
cytokines, such as IL-6, IL-8, IFN-y and TNF-a have been shown to be critical inducers for
activation of STAT1/STAT3 signaling or to be their targets (47, 48). We thus first tested
whether these cytokines were involved in the STAT3 regulation loop and required for the
inhibition of Th17 development by TLR7 signaling. However, loxoribine and imiquimod
treatment did not suppress the cytokine expression levels, including IL-4, IL-8, IL-10 and
TNF-a, compared with those in Th17 condition medium group (Supplemental Figure 1B).
In contrast, imiquimod treatment promoted IL-4 gene expression, and loxoribine treatment
increased I1L-8 and TNF-a expression (Supplemental Figure 1B). These results suggested
that proinflammatory cytokines were not responsible for the down-regulation of STAT3
signaling in TLR7 signaling-mediated Th17 suppression.

Regulation of STAT activation is also dictated by negative regulators termed suppressors of
cytokine signaling (SOCS). SOCS3 has been shown to block STAT3 signaling and its
deletion results in enhanced Th17 differentiation (52, 53). A recent study demonstrated that
SOCS proteins are induced not only viathe JAK/STAT pathway, but also through TLR and
Dectin-1 (54). We thus hypothesized that TLR7 signaling may induce SOCS in CD4* T
cells, resulting in the inhibition of STAT3 signaling and Th17 development. We first
determined expression levels of SOCSs induced by TLR7 ligands. We observed imiquimod
treatment significantly promoted expression of SOCS3 and SOCSS5 in the polarized Th17
cells, compared with those in the medium group (Figure 6A). Surprisingly, we did not notice
significant effect on SOCS expression mediated by loxoribine treatment. To verify the
importance of SOCS3 and SOCS5 in TLR7 signaling-mediated suppression of Th17 cells,
we utilized a loss-of-function strategy with specific SIRNAs to knockdown gene expression
of SOCS3 and SOCS5 in T cells, as we have done in previously studies (19, 21).
Knockdown of SOCS3 and SOCS5 genes in CD4™ T cells dramatically alleviated the
imiquimod-mediated suppression of Th17 development (Figure 6B). However, transfection
of both siRNA-SOCS3 and siRNA-SOCS5 in CD4* T cells could not reverse the
suppressive effect of imiquimod on Th1 polarization (Supplemental Figure 2C), supporting a
specific role of SOC3 and SOCS5 only for imiquimod-mediated inhibition on Th17
polarization. These studies collectively suggest that induction of SOCS3 and SOCS5 is
responsible for the inhibition of STAT3 signaling and Th17 differentiation mediated by
TLRY7 signaling.

required for TLR7-mediated suppression of Th17 cells

Recent studies suggested that TLR7 ligands could affect Th17 differentiation or IL-17
responses by acting on DCs, although these results remain controversial (34, 35). We
therefore explored whether TLR7 signaling may also regulate DCs and then indirectly affect
Th17 differentiation and development. We observed that IL-17-producing cell populations
were significantly induced in a DC co-culture system with Th17 polarization conditions.
Addition of loxoribine and imiquimod significantly inhibited Th17 cell generation in the DC
co-culture system (Figure 7A). In contrast, LPS and Pam3CSK4 promoted generation of

J Immunol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Page 12

Th17 cells in this system (Figure 7A). We then separated DCs from CD4* T cells by
transwell inserts to determine the DC requirement for Th17 polarization. We observed a
significant decrease of Th17 polarization when DCs and T cells were separated in the
Transwell system (from 13% to 6%), indicating that DC-T cell direct interaction is required
for Th17 polarization in this DC co-culture system (Figure 7B). However, the DC-T cell
separation did not alleviate the suppression of Th17 cell differentiation mediated by
imiquimod (Figure 7B). To exclude the possibility that TLR7 signaling may first affect DCs
and then TLR7-treated DCs can induce suppression of Th17 differentiation and
development, DCs were pre-treated with TLR ligands and then utilized for Th17
development. We found that pretreatment of DCs with TLR7 ligands did not influence Th17
differentiation either in the coculture or in the transwell systems (Figure 7C and 7D),
suggesting that TLR7 signaling plays an inhibitory role on Th17 differentiation by acting
directly on CD4* T cells, rather than on DCs.

Activation of TLR7 signaling delays the development of EAE and reduces the disease
severity in vivo

Our /n vitro studies provided us important information showing that TLR7 signaling
activation in T cells can significantly suppress both Th17 and Thl cell development,
although the molecular actions on these two cell subsets may be through different
mechanisms. We next performed complementary /in vivo studies to explore whether TLR7
signaling is critical for controlling Th17 and Th1 cells /n vivo in pathological conditions.
Since both Thl and Th17 cells are important regulators of CNS inflammation in the EAE
mouse model (27), we therefore selected EAE as our experimental model to determine
whether TLR7 signaling activation can prevent EAE development and/or alleviate disease
severity. Furthermore, due to the strong and consistent suppressive effects of imiquimod on
Th1 and Th17 cells in our /n vitro studies, we selected imiquimod as a potential
immunotherapy in our /n vivo EAE studies. EAE was induced by injection of
Oligodendrocyte Glycoprotein peptide MOG plus CFA and Pertussis Toxin, and EAE
clinical scores were graded during the disease progression (41). In parallel experiments, the
mice were administered intraperitoneally with imiquimod or PBS every second day,
beginning at day 3 after the MOG immunization, and then continued injection for 6 times
total throughout the experiment. The control immunized mice exhibited clinical symptoms
on day 9-10 after immunization and then reached peak of disease severity on day 16-18
(Figure 8A). However, treatment with imiquimod dramatically delayed the onset of EAE,
and the mice did not display clinical symptoms until day 13 after MOG immunization.
Importantly, imiquimod treatment also significantly reduced the disease severity and
decreased clinical scores (Figure 8A). These results strongly indicate that activation of TLR7
signaling can prevent the development of EAE. To further validate that the protection of
EAE mediated by imiquimod is due to the inhibition of Th1 and Th17 cells, we isolated the
blood, spleen, lymph node, and spinal cord from the treated mice sacrificed on day 12, 16
and 19 of EAE development. Cell populations and functions obtained from different organs
were analyzed. Since the imiquimod-treated mice had delayed EAE onset of symptoms until
day 13 after immunization, we thus first compared the cell components from the two groups
on day 12. As expected, we found that absolute numbers of CNS-infiltrating CD4*,
CD4*IFN-y*, CD4*IL-17" and CD4*IFN-y*IL-17* T cell populations in spinal cords were
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significantly decreased, compared with those in the control group (Figure 8B). Furthermore,
imiquimod-treated mice also had reduced percentages of infiltrated CD4* T cells in the total
spinal cord tissues (Figure 8C). We further observed decreased percentages of Thl (IFNy*)
and Th17 (IL-17%) T cell populations in the total spinal tissue-infiltrating CD4* T cells,
although the reduction was not dramatic, possibly due to the small sample size of the mice
utilized (Figure 8D). In addition, we analyzed gene expressions of CNS-infiltrating cells,
revealing that significantly decreased mRNA expression levels of IFN-y, T-bet, IL-17 and
RORyt in CNS-infiltrating cells were obtained from imiquimod-treated mice compared with
the control group (Figure 8E). These studies strongly suggest that imiquimod treatment can
reduce Thl and Th17 cells in the local inflammatory microenvironment, resulting in the
prevention of EAE development.

Besides studying the local spinal cords, we investigated cell population alterations in the
periphery mediated by TLR7 signaling activation during EAE development. We found that
treatment with imiquimod also markedly decreased the percentages of total CD4* T cells in
blood, spleens and lymph nodes in EAE mice (Supplemental Figure 3). Furthermore,
imiquimod treatment reduced the fractions of Th1 and Th17 cells in the blood and lymph
nodes but not in the spleens after attempted EAE induction (Supplemental Figure 3). In
addition to cell population changes, we next determined whether TLR7 signaling affects the
specific immune response during EAE progress. Splenocytes obtained from the treatment
groups in EAE mice were stimulated with MOG peptide for 3 days, and the proliferation of
the antigen-specific T cells was determined with the 3H-thymidine incorporation assay. We
found that stimulation with MOG peptide significantly promoted antigen-specific T cell
proliferation in EAE mice in a dose-dependent manner (Figure 8F). However, imiquimod
treatment dramatically inhibited MOG-induced specific T cell proliferation in co-cultures /in
vitro, confirming suppression of antigen-specific immune responses and function. Given that
imiquimod treatment significantly reduced the disease severity throughout EAE progression,
we thus extended the analyses of cell populations to days 16, 19 and 24 after immunization.
We showed significant reductions in both absolute numbers and percentages of infiltrated
CD4*IFN-y* and CD4*IFN-y*IL-17*cells in the spinal cords on days 16 and 19 in
imiquimod-treated EAE mice (Supplemental Figure 4A & 4B and Data not shown).
Furthermore, significant reductions of CD4*IFN-y*, CD4*IL-17* and CD4*IFN-y*IL-17*
T cell populations were also observed in blood and lymph nodes in imiquimod- treated EAE
mice (Supplemental Figure 4C). These studies collectively indicate that TLR7 signaling not
only decreases the Thl and Th17 cells in blood and peripheral lymph organs, and in local
spinal cords, but also inhibits the MOG-specific T cell responses and function, which result
in the prevention of EAE development and reduction of disease severity. In addition to CD4*
T cells, we determined whether imiquimod treatment influences global cell numbers and
other cell populations in spinal cords. We observed that imiquimod treatment did not alter
the whole cell numbers, as well as both cell numbers and fractions of CD8* T cells and DCs
(CD11b~CD11c*) in spinal cords (Supplemental Figure 4D). However, imiquimod treatment
significantly decreased the cell numbers and percentages of B cells, granulocytes (Gr-1/
Ly6G/Ly6C) and macrophages (CD11b*CD11c™) in the spinal cords in EAE mice,
suggesting that TLR7 may also affect humoral and inflammatory immune responses locally.
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To further explore the translational potential of imiquimod as an immunotherapy drug for
autoimmune diseases, the EAE mice were administered intraperitoneally with imiquimod
when the immunized mice exhibited clinical symptoms of EAE (at day 9), and continued to
inject every second day for a total of 4 times. Consistence with the results shown in Figure
8A, the control immunized mice continued to develop clinical symptoms of EAE and then
reached peak of disease severity on day 17-19 (Figure 8G). However, treatment with
imiquimod in the late stage still can significantly delay the progression of EAE even in the
mice already developed EAE, and markedly reduce the disease severity and decrease clinical
scores. In addition, the imiquimod-treated mice continued the trend for the reduction of EAE
severity and clinical scores after they reached the peak of EAE severity even the imiquimod
admistration was stopped (Figure 8G). These results strongly indicate that activation of
TLRY7 signaling could be an effective therapeutic strategy for autoimmune therapy.

Discussion

Th17 cells are an important player involved in the pathogenesis of inflammatory and
autoimmune diseases, and also are critical for protection against some infections and anti-
tumor immunity. Improved understanding of the molecular regulation of Th17 cells will
facilitate the development of novel strategies specifically targeting Th17 cells for effective
immunotherapy against Th17-related diseases. Our current study identified that activation of
TLR?7 signaling can inhibit both Th17 cell differentiation and maintenance. We further
demonstrated that TLR7-mediated suppression of Th17 cells is mechanistically dependent
on the induction of SOCS3 and SOCSS5, resulting in the inhibition of STAT3 signaling and
Th17-related transcriptional factors. In addition to inhibition of Th17 cells, the TLR7 ligand
imiquimod also suppressed Thl cell development and function, which involves a mechanism
different from that of Th17 cells. Most importantly, we utilized EAE as a model to further
demonstrate that activation of TLR7 signaling can inhibit Th1 and Th17 cells /in vivo,
resulting in immunotherapeutic prevention of EAE development and reduction of the disease
severity. These studies indicate activation of TLR7 signaling may be successful as a new
strategy to specifically target Th17/Th1 cells, which should have therapeutic potential in
autoimmune and inflammatory diseases and other Th17/Th1-related diseases as well.

TLRs are critical for triggering innate immune responses and priming antigen-specific
adaptive immunity (15). However, increasing evidence suggests that TLRs can also directly
modulate the differentiation, proliferation and function of T lymphocytes (16, 17).
Activation of Th17 cells through different TLRs has recently also been investigated by
different groups. TLR2 signaling in T cells could directly promote Th17 generation and
expansion, while TLR4 signaling enhances proliferation and survival of Th17 cells (16-18).
Both TLR2 and TLR4 signaling are critical for amplification of autoimmune inflammation
and promote the pathogenesis of EAE /n vivo (16-18). However, little is known about
whether other TLR signaling pathways can inhibit Th17 cells and control excessive
inflammation and autoimmune responses. Our current study provides strong evidence
showing that TLR7 can significantly inhibit Th17 differentiation and development, as well
as suppress already established Th17 maintenance and stability in both mice and humans. In
support of our observations, previous studies have already shown that imiquimod treatment
could reduce the disease severity of asthma and EAE (33, 55), but mechanistic details
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responsible for these imiquimod-mediated effects have not been reported. Importantly, our
current studies significantly improve our molecular understanding of TLR7-mediated
suppression of Th17 cells. We confirmed that the ligand-mediated suppression of Th17 cells
is TLR-signaling specific using T cells derived from MyD88 knockout mice. Utilizing loss-
of-functions strategies with STAT3 knockout T cells and siRNAs, we have further shown
that TLR7-induced Th17 suppression involves the reciprocal regulation of SOCS3/SOCS5
and STAT3 signaling. Surprisingly, we also found that the TLR7 ligand imiquimod
suppressed Thl cell development and function. However, the molecular processes of
suppression of Th1 cells did not require MyD88 signaling or STAT3-SOCS regulation,
distinct from Th17 cells. Furthermore, we did not observe any effects on y& T cell changes
mediated by imiquimod /n7 vivo during the EAE development (data not shown)(18). These
diverse results further suggest that TLR mediated regulation of T cell subsets is complex and
may vary by cell subset and among different TLR ligands. A better understanding of the
function and regulation of TLR signaling pathways in different T cell subsets will not only
facilitate the identification of the molecular mechanisms involved in T cell mediated
pathogenesis of immune diseases, but also will provide novel strategies for the development
of effective clinical treatments.

Our current studies indicate the potential development of TLR7-targeted Th17/Th1 cells for
immunotherapy of autoimmune and inflammatory diseases. In our initial screening studies,
we used loxoribine and imiquimod, the two well-known ligands for TLR7 signaling. Our
studies suggest that imiquimod and loxoribine may have a different activity on T cell
development, although they induce similar effects and responses in macrophages, DCs and B
cells (56, 57). Both Imiquimod and loxoribine can inhibit Th17 polarization and
development, but imiquimod is more potent than loxoribine. Furthermore, loxoribine does
not have strong activity on established Th17 cells both in humans and mice, and cannot
inhibit Th1 development. The differences of TLR7 ligands imiquimod and loxoribine on T
cells are supported by the study from other group showing that imiquimod and loxoribine
induce different responses in astrocytes both /n vitro and in vivo (58). Our studies clearly
show that imiquimod can induce consistent suppression of both Thl and Th17 cells,
suggesting that imiquimod could be a feasible immunotherapeutic agent. In support of this
notion, our complementary /1 vivo studies using the EAE model demonstrated that
activation of TLR7 signaling through imiquimod significantly prevented EAE development
and reduced EAE disease severity. These /n vivo therapeutic effects mediated by imiquimod
were associated with inhibition of both Th1 and Th17 cell responses, demonstrated by
decreases in both absolute cell numbers and cell fractions of IFN-y*, IL-17* and IFN-
v*IL-17* T cells in the local inflammatory microenvironment in spinal tissue, decreases of
cell percentages of these cells in the periphery, as well as downregulation of antigen-specific
T cell responses during EAE development. In addition, our novel concept is supported by
studies from other groups showing that the TLR7 agonist imiquimod stimulation could
reduce severity of EAE, and decrease allergic diseases such as asthma and rhinitis both in
mouse models and in humans (33, 55, 59, 60). Actually, the TLR7 agonist imiquimod is how
being developed as an immunotherapeutic drug or vaccine adjuvant for cancer treatment in
cancer patients (24, 25).
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Our studies clearly suggest that TLR7-mediated Th17 inhibition mechanistically involves
direct effects on Th17 cells rather than indirectly effects on DCs. Studies from humans have
shown that stimulation of plasmacytoid dendritic cells (PDCs), MoDCs or PBMC with
TLRY ligands can modify DC maturation and function, resulting in the promotion of Th17
differentiation and polarization from naive T cells, as well as IL-17 production (35-38).
Interestingly, some previous studies have been reported in mouse models suggesting
inhibitory effects of TLR7 signaling on Th17 cells dependent on DC effects in both
inflammatory and EAE models (33, 34, 61). We investigated the possibility that TLR7-
mediated inhibition of Th17 differentiation and development involves effects on DCs. Using
both co-culture and transwell systems, we found that pretreatment of DCs with TLR7
ligands did not influence Th17 differentiation. These studies clearly indicate that TLR7
signaling plays an inhibitory role on Th17 differentiation acting directly on CD4* T cells,
but not DCs. Besides DCs, TLR7 signaling may also regulate B cell responses which could
then influence T cells (62). Furthermore, B cells also contribute to both pathogenesis and
protection in EAE (63). Our studies demonstrated that imiquimod treatment significantly
decreased the cell numbers and percentages of B cells, granulocytes and macrophages in the
spinal cords in EAE mice (sFigure 4D). Therefore, our future studies will continue to
explore the effects of TLR7 signaling on different immune components involved in humoral
and inflammatory immune responses during the processos of inflammatory and autoimmune
diseases.

Our studies identified that TLR7-mediated suppression of Th17 cells mechanistically
involves the inhibition of STAT3 signaling and Th17-related transcriptional factors. It is now
recognized that STATS3 is the key transcription factor controlling Th17 cell development and
fate (49, 50). Th17 polarizing cytokines (IL-6, IL-21, and IL-23) preferentially activate
STAT3, enhancing expression of the transcription factors ROR-yt and RORa., which in
cooperation with the arylhydrocarbon receptor promote the expression of unique Th17
cytokine products, including IL-17, IL-21 and IL-22 (49, 50). In turn, IL-17 and IL-21 genes
are also the direct targets of STAT3 (50). In addition to cytokine regulation, SOCS3 can
directly block STAT3 signaling and its deletion results enhanced Th17 differentiation (52,
53). In our efforts to identify the mechanisms responsible for the TLR7-mediated
suppression of Th17 cells, we discovered that STATS3 is the key player controlling the
molecular process of Th17 inhibition mediated by TLR7 signaling. Using STAT3/flcD4cre*
mice, we further demonstrated that STAT3 is very important for the polarization of both
Th17 and Th1 cells. Although the TLR7 ligand imiquimod can inhibit both Th17 and Thl
cells, we observed that STAT3 signaling is involved only in TLR7-mediated suppression of
Th17 cells, but not Thl cells. Importantly, using a loss-of-function strategy with siRNA, we
further elucidated that induction of SOCS3 and SOCSS5 is responsible for TLR7-mediated
inhibition of STAT3 signaling and Th17 differentiation. Additionally, our studies show that
TLRY7 ligand treatment can partially decrease IL-23R expression in T cells. Given that IL-23
is important for Th17 cell maintenance, this effect could also be involved as a causative link
for inhibition of both Th17 differentiation and established Th17 cell maintenance.
Furthermore, STAT3 is important for IL-23R expression, therefore our study showing
decreased expression of IL-23R in TLR7 treated T cells might also be the result of STAT3
inhibition (50). Our future studies will focus on a better understanding of the different
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molecular mechanisms and unique signaling pathways involved in TLR7-regulated Th1 and
Th17 cells. These studies will be critical preludes for the application of TLR7 ligands as
clinically therapeutic interventions.

In summary, we have identified that activation of TLR7 signaling in T cells can inhibit both
Th17 and Th1 cell differentiation and function, but through different molecular mechanisms.
We further reveal that inhibition of STAT3 signaling is responsible for the TLR7-mediated
suppression of Th17 cells, which is reciprocally regulated by the induction of SOCS3 and
SOCS5. Importantly, our complementary /in vivo studies demonstrate that activation of
TLR7 signaling can suppress both Th17 and Th1 cells, resulting in the therapeutic
prevention of EAE development and reduction of the disease severity /n vivo. These studies
provide a new strategy focused on the activation of TLR7 signaling to specifically target
Th17/Th1 cells for overcoming autoimmune and inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Direct inhibitory effect of TLR7 ligands on Th17 differentiation from naive T cells
(A) TLRY ligands inhibited human Th17 cell differentiation from naive CD4* T cells in

vitro. Human naive CD4* T cells were cultured with Th17 polarization condition medium in
the presence of TLR7 ligands (Imiq and Lox) or TLR2 ligand (Pam3) for 6 days. Results
shown in left panel are representative intracellular staining of IL-17-producing T cells in
differentiated Th17 cells with different TLR ligand treatments using flow cytometry
analyses after stimulation with PMA and ionomycin for 5 hours. Results shown in right
panel are the summary of IL-17-producing cells in differentiated Th17 cells with indicated
TLR ligand treatments in human naive CD4* T cells isolated from different donors. Result
of each dot shown is derived from an individual donor and data shown are mean + SD.
*p<0.05, compared with the medium only group determined by paired t-test. (B) Imiqg and
Lox, but not Pam3 inhibited mouse Th17 cell differentiation from naive CD4* T cells in
vitro. Intracellular staining of 1L-17-producing cells was performed using flow cytometry
analyses following Th17 differentiation from mouse naive CD4* T cells in the presence of
imiq, lox or Pam3 for 6 days. (C) Imiq and Lox, but not Pam3 suppressed IL-17 mMRNA
expression in mouse CD4* T cells during Th17 polarization. Mouse CD4* T cells were
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cultured in Th17 polarization condition medium in the presence of Imig and Lox and Pam3
for 6 days. IL-17 and INF-y mRNA expression levels were determined by real-time PCR.
The expression level of each gene was normalized to GAPDH expression and adjusted to the
levels in naive CD4* T cells. Data are means + SD from 3 representative naive CD4* T
cells. ** p< 0.01, compared with the medium only group determined by paired t-test. (D)
Imig, but not Lox and Pam3 inhibited mouse Th1 polarization from naive CD4* T cells.
Mouse CD4* T cells were cultured in Thl differentiation medium in the presence of
indicated TLR ligands for 6 days. INF-y-producing T cells were analyzed using flow
cytometry after stimulation with PMA and ionomycin for 5 hours. (E) No inhibitory effect
of TLR7 ligands on mouse Th2 polarization from naive CD4* T cells. Mouse CD4* T cells
were cultured in Th2 differentiation medium in the presence of indicated TLR ligands for 6
days. IL-4-producing T cells were analyzed using flow cytometry after stimulation with
PMA and ionomycin for 5 hours. (F) No inhibitory effect of TLR7 ligands on mouse Treg
polarization from naive CD4" T cells. Naive CD4* T cells from FoxP3-GFP transgenic mice
were cultured in Treg differentiation medium in the presence of indicated TLR ligands for 6
days. GFP* T cells were analyzed using flow cytometry.
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Figure 2. Suppression of Th17 differentiation mediated by Imiq and Lox is TLR7-signaling
dependent

(A) Left panel: Both Imiq and Lox inhibited Th17 cell differentiation from naive T cells
derived from wild-type mice. However, there was no suppressive effect on Th17 cell
differentiation from naive T cells derived from MyD88~/~ mice. Right panel: Only Imiq
inhibited Th1 cell polarization and had similar suppressive effects in both wild-type and
MyD88-deficient CD4* T cells. Mouse CD4* T cells purified from wild-type or MyD88-
deficient KO mice were cultured in the Th17 or Thl polarization medium in the presence or
absence of the indicated TLR ligands for 6 days. IFN-y— and IL-17-producing T cells were
determined using flow cytometry analyses after stimulation with PMA and ionomycin. Data
shown are a representative of three individual experiments with similar results. (B) Upper
panel: Both Imiqg and Lox exhibited strong suppression of RoRyt and IL-17 mRNA
expression in Th17 cells differentiated from wild-type CD4" T cells but not from MyD88-
deficient CD4* T cells. Lower panel: Imiq had a similar suppressive effect on IFN-y and T-
bet MRNA expression in Thl cells differentiated from both wild-type and MyD88-deficient
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CD4* T cells. Cell culture and treatment were identical to the description in (A). mRNA
expression of each gene was determined by real-time PCR and expression level was
normalized to GAPDH expression. Data shown are mean + SD from three independent
experiments, and paired t-test was performed. **p<0.01, compared with the medium only

group.
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Figure 3. TLR7 signaling decreases IL-17 production by established Th17 cells
(A) Decreased IL-17-producing cell population in the established human Th17 cell clones

after treatment with Imig. Human colon cancer-derived Th17 cell clones, Th17-C18 and
Th17-C20, were treated with Imiq (10 pg/ml), Lox (500 uM) or Pam3 (200 ng/ml) for 48
hours. IL-17-procuing cell population was analyzed using flow cytometry after intracellular
staining. (B) Decreased mRNA expression levels of IL-17, IFN-y, and IL-21 in human Th17
clones after treatment with Imiqg. Th17 clones were treated with the indicated TLR ligands
for 48 hours and mRNA expression was determined by real-time PCR. The expression level
of each gene was normalized to GAPDH expression and then adjusted to the level in Th17
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cells cultured in medium. Data shown are mean + SD from three independent experiments,
and paired t-test was performed. *p<0.05, compared with the medium only group. (C)
Decreased IL-17* T cells in mouse RORyt- transfected Th17 cells after treatment with Imig.
RORyt-transfected mouse CD4" T cells were treated with Imiq (10 pg/ml), Lox (500uM) or
Pam3 (200ng/ml) for 48 hours. IL-17-procuing cells were determined using flow cytometry
analysis after intracellular staining.
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Figure 4. Inhibitory effect of TLR7 ligands on lineage-specific transcription factors in Th17 cells
(A) TLRY ligand Imig and Lox inhibited the gene expression of RORyt and IRF4, but not T-

bet, GATA-3 and FoxP3 in mouse CD4" T cells cultured in Th17 polarization condition
medium for 6 days. Relative mMRNA expression level of each gene was determined by real-
time PCR with specific primers, normalized to GAPDH expression and then adjusted to the
level in naive CD4* T cells. Data shown are mean + SD from three independent
experiments, and paired t-test was performed. *p<0.05 and ** p<0.01, compared with none
treatment group. (B) Imiq treatment inhibited RORyt, IRF4, and T-bet gene expression in
human Th17 cells. Human Th17 cell clones were cultured in the presence of indicated TLR
ligands for 24 hours, and gene expression levels of transcription factors were determined by
real-time PCR. Relative mMRNA expression level of each gene was normalized to GAPDH
expression and then adjusted to the level in Th17 cells cultured in medium only. Data shown
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are mean + SD from triplicate experiments, and paired t-test was performed. *p<0.05 and **
p<0.01, compared with the medium only group. (C) Treatment with TLR7 ligands did not
affect 1L-17 promoter activity. Jurkat T or 293T cells were transfected with either human
IL-17 promoter-luciferase plasmid (h17P-Luc) or control luciferase vector (hp17C-Luc) for
24 hours and then treated with Imiq, Lox, or Pam3 for additional 24 hours. Luciferase
activities were measured in cell lysates and normalized to the activity in cells only
transfected with the empty vector. Results shown are mean + SD from three independent
experiments.
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Figure 5. STAT3 signaling down-regulation is involved in TLR7-induced inhibition of Th17 cells
(A) TLRY ligands inhibited phosphorylation of STAT3 (both Y705 and S727 sites) and

STATS5 (Y694 site) in mouse CD4* T cells during Th17 polarization. Mouse naive CD4* T
cells were cultured in Th17 differentiation medium for various time points in the absence or
presence of Imig, Lox or Pam3. Co-cultured CD4* T cells were purified and lysates
performed western blot analyses. (B) STAT3 deficiency abolished TLR7-mediated
suppression of Th17 cell differentiation in CD4* T cells. Furthermore, CD4* T cells derived
from STAT3M/flcD4Ce+ mice had lower ability to develop Th17 cells compare with those
from wild-type and STAT3/fl CD4¢"e~ mice. CD4* T cells derived from wild-type,
STAT3fficD4cre- and STAT3/lcD4C™e* were culture in the Th17 polarization medium in
the presence or absence of TLR ligands for 6 days, and I1L-17- and IFN-y-producing cells

J Immunol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ye et al.

Page 30

were evaluated using flow cytometry after stimulation with PMA and ionomycin for 5 hours.
(C) TLRY ligands Lox and Imiq treatment markedly inhibited IL-17 and RORyt mRNA
expression in polarized Th17 cells derived from STAT3/fl CD4c"e~ mice, but not from
STAT3flcD4Ce* mice. CD4* T cells derived from wild-type, STAT3/fl cD4cre- and
STAT3fflcD4Cre* were cultured in the Th17 polarization medium in the presence or absence
of TLR ligands for 6 days. mMRNA expression of IL-17 and RORyt was determined by real-
time PCR. Relative mRNA expression level of each gene was normalized to GAPDH
expression and then adjusted to the level in naive CD4* T cells. Data shown are mean + SD
from the triplicate experiments, and paired t-test was performed. ** p<0.01, compared with
the Th17 polarization medium only group.
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Figure 6. Induction of SOCS3 and SOCSS5 is responsible for the STAT3 signaling inhibition and
Th17 differentiation mediated by TLR7

(A) Imiq but not Lox treatment significantly promoted SOCS3 and SOCS5 expression in
CD4* T cells in the presence of Th17 polarization condition. Mouse naive CD4* T cells
were cultured in Th17 differentiation medium for 6 days in the presence or absence of Imiq,
Lox or Pam3. mRNA expression levels of SOCS-1, SOCS3 and SOCS5 were determined by
real-time PCR. Relative mRNA expression level of each gene was normalized to GAPDH
expression and then adjusted to the level in naive CD4* T cells. Data shown are mean + SD
from triplicate experiments, and paired t-test was performed. ** p<0.01, compared with
Th17 polarization medium only group. (B) Knockdown of SOCS3 and SOCS5 genes in
CD4* T cells dramatically alleviated the imiquimod-mediated suppression of Th17
development. Mouse CD4" T cells were transfected with specific siRNAs against SOCS3 or
SOCSS5, as well as related scrambled siRNA controls, and then cultured in Th17 polarization
medium in the presence or absence indicated TLR ligands for 6 days. IL-17- and IFN--y-
producing cells were evaluated using flow cytometry analysis after stimulation with PMA
and ionomycin for 5 hours. Results shown in the right panel are the summary of 1L-17-
producing cells in differentiated Th17 cells with indicated TLR ligand and siRNA treatments
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obtained from three different individual experiments. Data shown are mean + SD, and
*p<0.05, compared with the scrambled siRNA control group determined by paired t-test.
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Figure 7. TLR7-mediated inhibitory effect of Th17 differentiation does not require DC
involvement

(A) Imiq and Lox significantly inhibited Th17 cell generation in the DC co-culture system.
In contrast, LPS and Pam3 promoted the generation of Th17 cells in this system. Mouse
naive CD4" T cells were co-cultured with DCs at a ratio of 10:1 with 1ug/ml soluble anti-
CD3 in the absence or presence of indicated TLR ligands. IL-17- and IFN-y-producing
CDA4* T cells were evaluated using flow cytometry after stimulation with PMA and
ionomycin for 5 hours. Results shown in the right panel are the summary (mean + SD) of
IL-17-producing cells in the DC co-culture system in the presence of indicated TLR ligands
from 3 repeated experiments with similar results. *p<0.05 and **p<0.01, compared with the
medium only group determined by paired t-test. (B) Separation of DCs from CD4* T cells
by a transwell insert dramatically decreased Th17 polarization in the Transwell system, but
did not affect the suppression effect of Th17 cell differentiation mediated by Imiq. Naive
CD4* T cells were separated from DCs using transwell inserts, and cultured in the Th17
differentiation medium in the absence or presence of Imig. Results shown in the right panel
are mean + SD of IL-17-producing cells in the Transwell system from 3 repeated
experiments with similar results. **p<0.01, compared with the medium only group

J Immunol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ye et al.

Page 34

determined by paired t-test. (C) and (D) Pre-treatment of DCs with TLR7 ligands did not
influence Th17 differentiation either in coculture (in C) or in transwell systems (in D).
Mouse DCs were pretreated with or without Imig, Lox, Pam3 and LPS for 1 day, and then
cocultured with CD4™ T cells (in C), or separated with naive CD4* T cells by a transwell
insert (in D), in the presence of soluble anti-CD3 (1ug/ml) and Th17 polarization cytokines
for 6 days. IL-17- and IFN-y-producing CD4* T cells were evaluated using flow cytometry
after stimulation with PMA and ionomycin for 5 hours. Data shown in (A) to (D) are a
representative from at least three individual experiments.
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Figure 8. Treatment with TLR7 ligand Imiqg prevents the development of EAE and reduces the
disease severity in vivo.

(A) Treatment with Imiq dramatically delayed the onset of EAE and decreased the clinical
scores. Mice were administered intraperitoneally with Imiq or PBS on every second day
beginning at day 3 after the MOG immunization, and then continued injection for 6 times
total throughout the experiment. Each experimental group was scored daily in a blinded
fashion. Results shown are mean + SD (n= 5 mice per group). *p<0.05 and ** p<0.01,
compared with the clinical scores from PBS administration group in EAE mice using
unpaired t-test. (B) Imiq treatment decreased absolute cell numbers of infiltrated CD4*,
CD4*IFN-y*, CD4*IL-17", CD4*IFN-y*IL-17* cells in spinal cords of EAE mice. Cells
were isolated from the spinal cords of two treatment groups sacrificed on day 12 of EAE
development. Cytokine-producing CD4* T cells were evaluated using flow cytometry after
stimulation with PMA and ionomycin for 5 hours. Data shown are summary with mean +
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SD (n=5 mice per group) and ** p<0.01, compared with those from PBS administration
group in EAE mice using unpaired t-test. (C) and (D) Imiq treatment decreased cell
percentages of infiltrated CD4™ cells (in C), but not cell subsets of CD4*IFNy™,
CD4*CD17* and CD4*IFNy*IL17* cells (in D) in spinal cords from mice sacrificed on day
12 of EAE development. Cell isolation and analyses were identical to the performance in
(B). Data shown are mean = SD (n=5 mice per group) and * p<0.05, compared with those
from PBS administration group in EAE mice using unpaired t-test (in C). (E) Decreased
mMRNA expression levels of IFN-y, T-bet, IL-17 and ROR-yt in CNS-infiltrating cells
obtained from Imig-treated mice compared with those in PBS-treated mice during EAE
development. mMRNA expression of each gene was determined by real-time PCR and
expression level was normalized to GAPDH expression. Data shown are mean £ SD (n=5
mice per group) and unpaired t-test was performed. ** p<0.01, compared with those from
PBS administration group in EAE mice. (F) Imiq treatment mice showed dramatically
inhibited MOG-induced specific T cell proliferation from spleen cells in EAE mice. In
contrast, stimulation with MOG peptide significantly promoted antigen-specific T cell
proliferation with a dose-dependent manner in PBS-treated mice. Splenocytes obtained from
the treatment groups in EAE mice were stimulated with the MOG peptide for 3 days, and
proliferation of the antigen-specific T cells was determined with the [3H]-thymidine
incorporation assay. Results shown are mean + SD (n=5 mice per group) and *p<0.05 and
** p<0.01, compared with that of PBS administration group in EAE mice using unpaired t-
test. (G) Treatment with imiquimod in the late stage also significantly delayed the
progression of EAE and markedly reduced the disease severity and decreased clinical scores.
EAE mice were administered intraperitoneally with imiquimod after the immunized mice
exhibited clinical symptoms (at day 9), and continued to inject every second day for a total
of 4 times. Results shown are mean = SD (n= 6 mice per group). *p<0.05 and ** p<0.01,
compared with the clinical scores from PBS administration group in EAE mice using
unpaired t-test.
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The specific primers used for mouse T cells
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Primer Name

Sequence (5"--3")

Mouse IL-4 forward
Mouse IL-4 reverse
Mouse IL-10 forward
Mouse IL-10 reverse
Mouse IL-17A-forward
Mouse IL-17A-reverse
Mouse IL-21-forward
Mouse IL-21-reverse
Mouse IFN-y-forward
Mouse IFNy-reverse
Mouse TGFp-1-forward
Mouse TGFp-1-reverse
Mouse IL6Ra Forward
Mouse IL6Ra Reverse
Mouse IL23R-forward
Mouse IL23R-reverse
Mouse RORc-Forward
Mouse RORc-Reverse
Mouse IRF4-forward
Mouse IRF4-reverse
Mouse T-bet-forward
Mouse T-bet-reverse
Mice Gata-3-forward
Mice Gata-3-reverse
Mouse FOXP3-Forward
Mouse FOXP3-Reverse
Mouse socs-1-forward
Mouse socs-1-reverse
Mouse SOCS3-forward
Mouse SOCS3-reverse
Mice Socs5-forward

Mice Socs5-reverse

TGAACGAGGTCACAGGAGAAG
GAGCTCACTCTCTGTGGTGTT
TGAATTCCCTGGGTGAGAAGCT
TGCTCCACTGCCTTGCTCTTAT
CTCCAGAAGGCCCTCAGACTAC
GGGTCTTCATTGCGGTGG
ATCCTGAACTTCTATCAGCTCCAC
GCATTTAGCTATGTGCTTCTGTTTC
ATGAACGCTACACACTGCATC
CCATCCTTTTGCCAGTTCCTC
GCCCGAAGCGGACTACTATG
TGCTTCCCGAATGTCTGACG
CCACATAGTGTCACTGTGCG
GGTATCGAAGCTGGAACTGC
GCCAAGAAGACCATTCCCGA
TCAGTGCTACAATCTTCAGAGGAC
TTTGGAACTGGCTTTCCATC
AAGATCTGCAGCTTTTCCACA
TGAAAATGGTTGCCAGGTGACAGG
GCAGCCTTCAGGGCTCGTCG
TTTCCAAGAGACCCAGTTCATTG
ATGCGTACATGGACTCAAAGTT
CTCGGCCATTCGTACATGGAA
GGATACCTCTGCACCGTAGC
CCCATCCCCAGGAGTCTTG
ACCATGACTAGGGGCACTGTA
GTGGGCACCTTCTTGGTG
AAAGGCAGTCGAAGGTCTCG
GAGATTTCGCTTCGGGACTA
GGAAACTTGCTGTGGGTGAC
GCGTAGTGGGAGCTTACTCG
TGATTAGAAGAGCTCCACGGC
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