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Abstract
The differentiation of CD4+ T cells into different T helper lineages is driven by cytokine milieu in
the priming site and the underlying transcriptional circuitry. Even though many positive regulators
have been identified, it is not clear how this process is inhibited at transcriptional level. Here we
report that the ETS transcription factor ELF4 suppresses the differentiation of Th17 cells both in
vitro and in vivo. Culture of naive Elf4−/− CD4+ T cells in the presence of IL-6 and TGFβ (or IL-6,
IL-23, and IL-1β) resulted in increased numbers of IL-17A positive cells compared to wild-type
controls. In contrast, the differentiation to Th1, Th2, or Treg was largely unaffected by loss of
ELF4. The increased expression of genes involved in Th17 differentiation observed in Elf4−/−

CD4+ T cells suggested that ELF4 controls their programming into the Th17 lineage rather than
only IL-17A gene expression. Despite normal proliferation of naïve CD4+ T cells, loss of ELF4
lowered the requirement of IL-6 and TGFβ signaling for IL-17A induction in each cell division.
ELF4 did not inhibit Th17 differentiation by promoting IL-2 production as proposed for another
ETS transcription factor, ETS1. Elf4−/− mice showed increased numbers of Th17 cells in the
lamina propria at steady state, in lymph nodes after immunization, and most importantly in the
CNS following EAE induction, contributing to the increased disease severity. Collectively, our
findings suggest that ELF4 restrains Th17 differentiation in dividing CD4+ T cells by regulating
commitment to the Th17 differentiation program.

Introduction
The main function of CD4+ T cells is to provide “help” to cells of the innate and adaptive
immune system. There are different T helper cell lineages with unique features (i.e. Th1,
Th2, and Th17 cells) that modulate immune responses against infections and tumor growth
by promoting the effector functions and memory formation of CD8+ T cells, inducing
antibody class switching of B cells, and enhancing the activity of phagocytes (1, 2). Lineage
differentiation of CD4+ T cells is driven by TCR activation and a specific cytokine milieu.
Alterations in the balanced generation of different T helper cells often lead to
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immunodeficiencies or autoimmune disorders (2). Although many studies have focused on
identifying specific regulators of CD4+ T cell differentiation, the cell-intrinsic mechanisms
downstream of the TCR and cytokine receptors are largely unknown.

APC activate naïve CD4+ T cells via TCR recognition, costimulation, and secretion of
cytokines that induce differentiation into effector cells. These cytokines imprint unique
molecular signatures on CD4+ T cells by creating a transcriptional program that controls
lineage commitment and effector functions. In the case of Th17 cells, potent inducers of
tissue inflammation, IL-6 (or IL-21) and TGFβ initiate the differentiation program in
activated CD4+ T cells by inducing expression of the master regulator RORγt, which
subsequently turns on IL-17A and other Th17-associated genes (3–6). Differentiating Th17
cells are not fully functional until receiving IL-23 signal, which stabilizes and expands in
vivo Th17 responses in a STAT3-dependent manner (7). Consequently, transcription factors
are important cell-intrinsic mediators that translate environmental cues into effector
functions of Th17 cells. However, negative regulators that prevent excessive Th17 responses
are ill-defined.

ELF4 is a member of the ETS family transcription factors with a highly conserved ETS
domain that mediates protein-DNA and protein-protein interactions (8). Since ETS proteins
generally work in concert with other co-regulatory proteins by forming supramolecular
complexes, both protein-DNA and protein-protein interactions contribute to their
transcriptional activity and specificity (8, 9). Some ETS family proteins have been linked to
carcinogenesis because of their roles in cellular proliferation, differentiation, and apoptosis
(8–11). Given that certain ETS transcription factors such as ETS1 and PU.1 are involved in
T helper cell differentiation (12–16), we decided to investigate the role of ELF4 in this
process. ELF4 is widely expressed in several tissues including bone marrow, thymus, and
the spleen (17). ELF4 regulates cell cycle progression in hematopoietic stem cells and
endothelial cells, and has both tumor suppressor and oncogenic activity (18–21). In the
immune system, ELF4 plays important roles in both innate and adaptive immune cells, as
embryonic deletion of ELF4 resulted in impaired lytic activity of NK cells as well as
aberrant proliferation and trafficking of naïve CD8+ T cells (22, 23). Given that ELF4 is
generally considered a transcriptional activator, its aforementioned effects on NK cells and
CD8+ T cells were caused at least in part by direct regulation of the Prf1 and Klf4 genes,
respectively (22, 23). We previously showed that TCR activation leads to rapid
downregulation of ELF4 transcripts in naïve CD4+ T cells (24), suggesting a regulatory role
of ELF4 in TCR-mediated biological processes such as T cell differentiation.

In this work, we report that loss of ELF4 specifically enhanced Th17 differentiation both in
vitro and in vivo. ELF4 did not significantly affect the proliferation or survival of CD4+ T
cells but instead regulated commitment to the Th17 differentiation program downstream of
STAT1, STAT3, STAT5, and SMAD2/3 proteins, likely by suppressing Notch1 signaling.
As a consequence of deregulated Th17 differentiation, Elf4−/− mice showed more severe
symptoms after induction of EAE and increased numbers of Th17 cells in the CNS. Taken
together, our results suggest that ELF4 is a novel lineage-specific regulator that inhibits the
development of Th17 cells, emerging as an ideal therapeutic target in treating Th17-
mediated immune disorders.

Materials and Methods
Mice

Elf4−/− mice were provided by Dr. S. Nimer (Memorial Sloan-Kettering Cancer Center,
New York, NY) and backcrossed to the C57BL/6 (B6) background for additional 10
generations (23). B6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).

Lee et al. Page 2

J Immunol. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Il17f rfp mice were crossed with Elf4−/− mice to generate Elf4−/− Il17f rfp mice (25). All mice
were bred and maintained in specific pathogen-free conditions at Baylor College of
Medicine. The animal studies were approved by the Institutional Animal Care and Usage
Committee of Baylor College of Medicine.

Flow cytometry
The following antibodies were purchased from eBioscience (San Diego, CA): αIL-4 Alexa
647 (11B11), αFoxp3 Alexa 488 (FJK-16s), and αIFNγ Alexa 488 (XMG1.2), and αNK1.1
PE (PK136). Antibodies for αCD4 PE-Cy7 (GK1.5), αGM-CSF FITC (MP1-22E9),
αTCRγ/δ FITC (GL3), αCD45.1 FITC (A20), and αIL-17A Alexa 647 (TC11-18H10.1)
were purchased from BioLegend (San Diego, CA). Samples were analyzed using the flow
cytometer FACSCanto (BD Biosciences, San Jose, CA) and FlowJo software (Treestar,
Ashland, OR). For intracellular staining of cytokines, cells were first stimulated with PMA
(50 ng/ml) and Ionomycin (500 ng/ml) in the presence of GolgiPlug (1:1000; BD
Biosciences) for 4–6 hours at 37°C, followed by cell surface staining with αCD4 PE-Cy7
and the viability dye eFluor 780 (eBioscience). Then, cells were fixed and permeabilized
using BD Cytofix/Cytoperm kit (BD Biosciences), followed by intracellular staining with
αIFNγ Alexa 488, αIL-4 Alexa 647, or αIL-17A Alexa 647. For Foxp3 staining, cells were
stained with αCD4 PE-Cy7 and viability dye eFluor 780, and then fixed and permeabilized
using Foxp3 Staining Buffer Set (eBioscience), followed by intracellular staining of αFoxp3
Alexa 488. All samples were analyzed on gated live cells (eFluor 780 negative).

CD4+ T cell proliferation and differentiation in vitro
CD4+ T cells were purified from the spleen of 2–3 month old mice using the negative
selection BD IMag magnetic-bead separation system according to the manufacturer’s
instructions (BD Biosciences). Biotinylated αCD25 antibody (PC61, eBioscience) was used
in the enrichment process to deplete CD25+ T cells. Purity of enriched CD4+ T cells was
routinely 90–95%. Of note, WT and Elf4−/− CD4+ T cells purified from young mice had a
similar frequency of CD44hi cells (<5%).

For proliferation assays, CD4+ T cells were labeled with 2 μM CFSE according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). CFSE-labeled cells were then
stimulated with 10 μg/ml plate-bound αCD3 antibodies (145-2C11; BD Biosciences) and 2
μg/ml αCD28 antibody (37.51; BD Biosciences) in X-VIVO medium (Lonza, Basel,
Switzerland). After three days, proliferation was determined by CFSE dilution using flow
cytometry. For differentiation assays, CD4+CD25− T cells were stimulated with 10 μg/ml
plate-bound αCD3 and 2 μg/ml soluble αCD28 antibody in the presence of indicated
cytokines and neutralizing antibody. Th0: 10 ng/ml IL-2 (PeproTech, Rocky Hill, NJ), 5 μg/
ml αIFNγ (XMG1.2; BioLegend) and 5 μg/ml αIL-4 (11B11; BioLegend); Th1: 10 ng/ml
IL-2, 40 ng/ml IL-12 (PeproTech) and 5 μg/ml αIL-4; Th2, 10 ng/ml IL-2, 50 ng/ml IL-4
(PeproTech) and 5 μg/ml αIFNγ; Treg, 10 ng/ml IL-2, 5 ng/ml TGFβ (PeproTech), 5 μg/ml
αIFNγ and 5 μg/ml αIL-4; Th17, 30 ng/ml IL-6 (PeproTech), 0.1 ng/ml TGFβ, 5 μg/ml
αIFNγ and 5 μg/ml αIL-4 unless otherwise indicated. Cells were analyzed for intracellular
levels of IFNγ, IL-4, IL-17A or Foxp3 after three days. Inhibition of Notch1 signaling
during Th17 differentiation was achieved using the γ-secretase inhibitor (GSI) compound E
(Enzo Life Sciences, Farmingdale, NY).

RNA isolation and quantitative RT-PCR
Total RNA was extracted from CD4+ T cells using RNeasy Plus Mini kit (Qiagen, Valencia,
CA), and cDNA was synthesized from 100–500 ng RNA using random hexamer primers
and SuperScript III First-Strand Synthesis kit (Invitrogen). FastStart Universal SYBR Green
Master was used for quantitative real-time PCR as specified by the manufacturer (Roche,
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Indianapolis, IN). Primer sequences for PCR were as follows: β-actin forward, 5′-
CTGGGCCGCTCTAGGCACCA-3′, and reverse, 5′-
CGGTTGGCCTTAGGGTTCAGGGG-3′; ELF4 forward, 5′-CGGA
AGTGCTTTCAGACTCC-3′, and reverse, 5′-GGTCAGTGACAGGTGAGGTA-3′; IL-17A
forward, 5′-ACTTTCAGGGTCGAGAAGA-3′, and reverse, 5′-
TTCTGAATCTGCCTCTGAAT-3′; IL-17F forward, 5′-
TGCTACTGTTGATGTTGGGAC-3′, and reverse, 5′-AATGCCCT
GGTTTTGGTTGAA-3′; IL-21 forward, 5′-TGACATTGTTGAACAGCTGAAA-3′, and
reverse, 5′-AAAACAGGCAAAAGCTGCAT-3′; IL-22 forward, 5′-
GTGAGAAGCTAACGTCCATC-3′, and reverse, 5′-GTCTACCTCTGGTCTCATGG-3′;
IL-10 forward, 5′-ATCGATTTCTCCCCTGTGAA-3′, and reverse, 5′-
TGTCAAATTCATTCATGGCCT-3′; Foxp3 forward, 5′-
CTCGTCTGAAGGCAGAGTCA-3′, and reverse, 5′-TGGCAGAGAGGTATTGAGGG-3′;
GATA3 forward, 5′-AGGATGTCCCTGCTCTCCTT-3′, and reverse, 5′-GCCTG
CGGACTCTACCATAA-3′; T-bet forward, 5′-CAATGTGACCCAGATGATCG-3′, and
reverse, 5′-GCGTTCTGGTAGGCAGTCAC-3′;IRF4 forward, 5′-
CAAAGCACAGAGTCACCTGG-3′, and reverse, 5′-TGCAAGCTCTTTGACACACA-3′;
RORγt forward, 5′-AGCTTTGTGCAGATCTAAGG-3′, and reverse, 5′-
TGTCCTCCTCAGTAGGGTAG-3′; RUNX1 forward, 5′-
GGTGGACAGAGGAAGAGGTG-3′, and reverse, 5′-TTGCCACCTACCATAGAGCC-3′;
IL-23R forward, 5′-TTCAGATGGGCATGAATGTTTCT-3′, and reverse, 5′-
CCAAATCCGAGCTGTTGTTCTAT-3′; CCR6 forward, 5′-
CTGGAACTCTGCAGAACGCT-3′, and reverse, 5′-TGGCCAGTCTACTTTGGAGC-3′;
ETS1 forward, 5′-ATCTCGAGCTTTTCCCTTCC-3′, and reverse, 5′-
TTTTCAAGGCTTGGGACATC-3′; Hes1 forward, 5′-ACACCGGACAAACCAAA
GAC-3′, and reverse, 5′-ATGCCGGGAGCTATCTTTC-3′; c-Myc forward, 5′-
TCAAGAGGCGAACACACAAC-3′, and reverse, 5′-
GGAGGAAGTCCAGTGTCCAGCC-3′; HeyL forward, 5′-
CAGTGGAACAACAGAGAATGAAC-3′, and reverse, 5′-
ACCAGCAGTAGTGAGTAACCAG-3′. Reactions were performed in the Mx3005P
instrument (Stratagene, La Jolla, CA). Expression was calculated relative to β-actin for each
sample.

Induction of EAE
WT and Elf4−/− mice were immunized subcutaneously on the hind flanks with 200 μg
MOG35-55 (EZBiolab, Carmel, IN) emulsified in CFA (Sigma, St. Louis, MO). Pertussis
toxin (List Biological Laboratories, Campbell, CA) was administered intraperitoneally on
day 0 and day 2 (500 ng in PBS). Mice were monitored daily for body weight and clinical
symptoms; clinical scores were defined as previously described (26).

ELISA
WT and Elf4−/− CD4+ T cells were cultured under Th17 conditions and the supernatant was
collected on day 3 (for IL-17A) or on day 1, 2, and 3 (for IL-2). IL-17A and IL-2 production
was measured using Mouse IL-17A ELISA Ready-Set-Go kit and Mouse IL-2 ELISA
Ready-SET-Go kit following manufacturer’s instructions (eBioscience).

Isolation of lamina propria lymphocytes (LPL)
Small intestine LPL were isolated as previously described (27). Briefly, small intestine was
removed, cut into small pieces, and washed with CMF solution (Ca2+/Mg2+-free HBSS with
10 mM HEPES, 25 mM NaHCO3, and 2% FCS). After incubation with DTE solution (CMF
with 1 mM dithioerythritol), intraepithelial lymphocytes were removed and the remaining
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tissues were incubated with HBSS containing 1.3 mM EDTA. After washing with RPMI,
tissues were digested with 100 U/ml collagenase and subjected to centrifugation on a 44%/
67% Percoll gradient. Finally, LPL were obtained from the interface.

Isolation of mononuclear cells from brain and spinal cord
Mice were perfused with cold PBS through left cardiac ventricle. Brain was dissected and
spinal cord was flushed out by hydrostatic pressure using a 18G1.5 needle. CNS tissues
were minced and digested with collagenase D (2.5 mg/ml) and DNase I (1 mg/ml) in
DMEM at 37°C for 45 min. After passing through a 70 μm cell strainer, cells were subjected
to a 37%/70% Percoll gradient centrifugation at 500g for 20 min. Mononuclear cells were
collected from the interface.

Retroviral transduction of CD4+ T cells
293T cells were transfected with the retroviral vector Migr1 carrying ELF4 cDNA (or empty
vector as control) and a Ψ ecotropic envelope using ProFection Mammalian Transfection
System (Progema, Madison, WI). Two days after transfection, supernatant containing
retrovirus was passed through a 0.45 μm filter. CD4+ T cells were activated by plate-bound
αCD3 (10 μg/ml) and αCD28 (2 μg/ml) in X-VIVO medium for 24 hours and transduced
with the viral supernatant by spinoculation at 1200g for 90 min in the presence of polybrene
(8 μg/ml). After 24 hours, cells were transduced again and then cultured under Th17
polarizing condition for additional two days before intracellular cytokine staining.

Results
ELF4 selectively inhibits in vitro differentiation of Th17 cells

To examine whether ELF4 was involved in T helper cell differentiation, naïve CD4+CD25−

T cells from the spleens of wild-type (WT) and Elf4−/− mice were cultured under Th1, Th2,
Treg, or Th17 polarizing conditions. Elf4−/− CD4+ T cells showed similar percentages of
IFNγ, IL-4, and Foxp3 positive cells compared to WT controls, indicating that the ability to
differentiate into Th1, Th2, and Treg lineages was not significantly altered by loss of ELF4
(Fig 1A). In contrast, Elf4−/− CD4+ T cells showed a 2-fold increase in IL-17A+ cells
compared to WT counterparts (Fig 1A). Since Elf4−/− CD4+ T cells showed skewed
differentiation towards Th17 lineage despite normal Treg differentiation, this bias to the
Th17 lineage was likely not due to a reciprocal imbalance between Treg and Th17 cells.

IL-17F, another Th17 signature cytokine closely related to IL-17A, is largely co-expressed
with IL-17A but can also be expressed independently (25, 28). By crossing IL-17F-RFP
reporter (Il17f rfp) mice (25) with Elf4−/− mice, we were able to examine the effect of ELF4
on the expression of the two cytokines on a per cell basis by monitoring RFP expression and
the intracellular levels of IL-17A using flow cytometry. Both WT and Elf4−/− CD4+ T cells
showed two populations of Th17 cells, IL-17A+RFP(IL-17F)+ and IL-17A−RFP(IL-17F)+

cells (Fig 1B). Deletion of ELF4 augmented the formation of not only IL-17A+RFP+ but
also IL-17A−RFP+ cells (Fig 1B), suggesting that ELF4 regulated the lineage commitment
of Th17 cells rather than expression of the Il17a gene. Conversely, we confirmed the
inhibitory effect of ELF4 on Th17 differentiation using a gain-of-function model, where
retroviral expression of ELF4 in WT CD4+ T cells significantly reduced the frequency of
IL-17A+ cells (Fig 1C).

Despite a close association with inflammatory responses, not all in vitro-generated Th17
cells are endowed with the same capacity to induce inflammation in vivo, which depends on
the cytokines present during differentiation (29–31). IL-6/TGFβ-induced Th17 cells are
unable to cause EAE after adoptive transfer (29, 30, 32) whereas Th17 cells induced by
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IL-6/IL-1β/IL-23 are highly pathogenic (30). These findings suggested that pathogenicity of
Th17 cells is regulated by specific differentiation programs. Elf4−/− CD4+ T cells showed
greater frequency of Th17 cells induced by both IL-6/TGFβ (non-pathogenic) and IL-6/
IL-1β/IL-23 (pathogenic) conditions (Fig 2A). The enhanced production of IL-17A was
further confirmed by increased secretion of IL-17A protein measured by ELISA (Fig 2B).
Given the role of GM-CSF in the pathogenesis of EAE (33, 34), we also examined whether
ELF4 regulates its production in CD4+ T cells cultured in both Th17 conditions (Fig 2C).
Even though ELF4 can activate the human GM-CSF promoter in vitro (17), ELF4 deletion
did not significantly affect the production of GM-CSF in Th17 cells (Fig 2C). These data
suggest that ELF4 selectively regulates the differentiation of Th17 cells and potentially their
pathogenicity.

Naïve CD4+ T cells acquire effector functions during Th17 differentiation through the
acquisition of a specific gene signature controlled by transcription factors such as RORγt
(35). Therefore, we measured the transcript levels of additional Th17-associated genes to
investigate the effect of ELF4 on a global Th17 gene signature. Real-time PCR analysis
showed that the increased expression of IL-17A in Elf4−/− CD4+ T cells was accompanied
by elevated levels of additional cytokines (IL-17F, IL-21, IL-22, and IL-10), transcription
factors (RORγt and IRF4), and cytokine/chemokine receptors (IL-23R and CCR6) (Fig 3).
This finding raises the possibility that ELF4 may regulate a transcriptional repressor of Irf4
and Rorc genes to control the differentiation of Th17 cells. Despite comparable levels of
GATA3 (Th2) and lower levels of Foxp3 (Treg), Elf4−/− CD4+ T cells cultured under a
Th17-polarizing condition expressed higher levels of T-bet (Fig 3), which were likely due to
the occurrence of T-bet positive Th17 cells since few Th1 cells emerged in this experimental
condition (29, 30). Collectively, our findings support a novel role of ELF4 as a lineage-
specific inhibitor of the Th17 differentiation program.

ELF4 is dispensable for the proliferation and survival of differentiating Th17 cells
Cytokines are required but not sufficient to induce T helper differentiation, as naïve CD4+ T
cells only undergo differentiation after receiving TCR stimulation. TCR-driven proliferation
is known to be pre-requisite for the production of effector cytokines such as IFNγ and IL-4
(36). Since ELF4 inhibits proliferation of naive CD8+ T cells (22), we explored the
possibility that ELF4 may suppress Th17 differentiation in CD4+ T cells by blocking their
cell cycle progression. Two models of TCR-mediated induction of proliferation, in vitro
TCR crosslink and adoptive transfer into lymphopenic mice, showed a normal proliferative
capacity in Elf4−/− CD4+ T cells (data not shown). In addition, we examined the
proliferation of CD4+ T cells cultured under Th17-polarizing condition by dual detection of
intracellular IL-17A and dilution of the CFSE dye. Interestingly, Elf4−/− CD4+ T cells
displayed increased frequency of cells producing IL-17A despite a normal dilution of the
CFSE dye compared to WT controls (Fig 4A). The cell division of neither IL-17A+ nor
IL-17A− populations was significantly affected by loss of ELF4 (Fig 4A). A more detailed
analysis showed that loss of ELF4 did not substantially affect the overall cell cycle
progression (Fig 4B) but rather increased the proportion of IL-17A+ cells after two or more
cell divisions (Fig 4C), suggesting that the increased Th17 differentiation was not caused by
augmented proliferation of Elf4−/− CD4+ T cells. A similar frequency of Annexin V+ cells in
WT and Elf4−/− CD4+ T cells cultured under Th17 condition (27.7±1.4% for WT and
31.1±2.6% for Elf4−/− CD4+ T cells) ruled out the possibility that deletion of ELF4
promoted the survival of CD4+ T cells. Thus, the greater frequency of IL-17A+ cells caused
by deletion of ELF4 was likely not due to defects in proliferation or survival but rather
resulted from an enhanced Th17 differentiation program, indicating that ELF4 prevents
proliferating cells from committing to the Th17 lineage.
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ELF4 increases cytokine threshold for Th17 differentiation
Since TCR-induced proliferation was normal in Elf4−/− CD4+ T cells (Fig 4), we next
focused on cytokine signaling driving Th17 differentiation. A dose-dependent study
revealed increased expression of IL-17A in Elf4−/− CD4+ T cells in response to intermediate
(10 ng/ml) and high (30 ng/ml) concentrations of IL-6 (Fig 5A). However, this hyper-
responsiveness to IL-6 was not caused by elevated levels of STAT3 phosphorylation (Fig
5C) or increased surface IL-6Rα expression (data not shown). IL-6 induced a similar level
of phosphorylated STAT1 in WT and Elf4−/− CD4+ T cells (Fig. 5C), which is known to
negatively regulate Th17 differentiation (37, 38). A parallel study of TGFβ showed
increased frequency of IL-17A positive Elf4−/− CD4+ T cells at intermediate (0.1 ng/ml) and
high (1 ng/ml) concentrations of TGFβ (Fig 5B) despite normal kinetics of SMAD2/3
phosphorylation (Fig 5C). Of note, a similar frequency of Foxp3+ cells was induced by
TGFβ in the presence of IL-6 in Elf4−/− CD4+ T cells compared to WT controls, confirming
that enhanced Th17 differentiation was not caused by impaired Treg differentiation (data not
shown). Taken together, our findings suggest that ELF4 heightens cytokine requirements of
differentiating CD4+ T cells to prevent exacerbated Th17 responses downstream of STAT1,
STAT3 and SMAD2/3.

ELF4 inhibits Th17 differentiation in an IL-2-independent manner
Given the similar effect on Th17 cells, we sought to determine whether ELF4 inhibits Th17
differentiation by an IL-2-dependent mechanism similar to ETS1 (13). We first measured
the transcript levels of Ets1 and found higher expression in Elf4−/− Th17 cells compared to
WT controls (Fig 6A), suggesting that ELF4 does not drive Ets1 gene transcription and that
ETS1 is unable to reverse the defects caused by ELF4 deletion. In contrast to the impaired
IL-2 production reported for Ets1−/− CD4+ T cells (12), Elf4−/− CD4+ T cells showed normal
frequency of IL-2-producing cells (Fig 6B) and secretion of IL-2 to the media (Fig 6C).
Next, we co-cultured WT and Elf4−/− CD4+ T cells during Th17 differentiation to examine
whether aberrant secretion of IL-2 or other cytokine causes increased Th17 differentiation of
Elf4−/− CD4+ T cells. As shown in Fig 6D, Elf4−/− CD4+ T cells generated more Th17 cells
even when co-cultured with WT CD4+ T cells, suggesting that the increased Th17
differentiation was caused by a cell intrinsic defect rather than secreted factors, which
should have been normalized in a co-culture system. Of note, since IL-2 represses Th17
differentiation via STAT5 (39, 40), we also examined the kinetics of STAT5
phosphorylation under Th17 polarizing condition. STAT5 phosphorylation was not impaired
in Elf4−/− CD4+ T cells (data not shown).

Finally, Notch1 signaling has been shown to promote Th17 differentiation of murine and
human CD4+ T cells by directly regulating the expression of the Il17a and Rorc genes (41).
Since the expression of both genes was upregulated in the absence of ELF4 (Fig 3), we
investigated whether Notch1 pathway was augmented in Elf4−/− CD4+ T cells. Although the
protein level of Notch1 intracellular domain (NICD) was similar (Fig 7A), the transcript
levels of the Notch1 target genes Hes1 and Myc, and to a lesser extent HeyL, were
significantly increased in Elf4−/− Th17 cells (Fig 7B). This finding suggests that ELF4 likely
inhibits Notch1 signaling by modulating not the levels but the transcriptional activity of
NICD. Chemical disruption of Notch1 pathway by the γ-secretase inhibitor compound E
brought the frequency of IL-17A+ cells in Elf4−/− CD4+ T cells down to that of WT controls
(Fig 7C), suggesting that increased Th17 differentiation in Elf4−/− CD4+ T cells may be
caused by augmented Notch1 signaling. Collectively, these data suggest that ELF4 controls
Th17 differentiation using at least in part an ETS1-independent and Notch1-dependent
mechanism in differentiating CD4+ T cells.
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Loss of ELF4 leads to stronger in vivo Th17 responses
To further dissect the selective role of ELF4 in Th17 cell responses in vivo, we examined the
composition of lamina propria (LP) T helper cells in the small intestine, a site where Th1/
Th17 differentiation is constitutively driven by commensal microbiota (42, 43). Consistent
with our in vitro findings, we found a significant increase in Th17, but not Th1, cells in the
LP of unchallenged Elf4−/− mice compared to WT controls (Fig 8A), suggesting increased
homeostatic differentiation of Th17 cells in Elf4−/− mice. Next, we induced Th1 and Th17
differentiation in vivo by immunizing mice with the MHC-II-restricted peptide myelin
oligodendrocyte glycoprotein 35–55 (MOG35-55) emulsified in CFA (44–46). Elf4−/− mice
displayed a stronger induction of Th17 cells in the draining LNs, whereas the magnitude of
Th1 response was largely unaffected (Fig 8B). A normal Th1 response along with normal
expression of CTLA-4 and GITR in CD4+CD25+Foxp3+ cells in the thymus and the spleen
of Elf4−/− mice (data not shown) suggest that the Th17-skewed response was likely not due
to impaired function of Treg cells. These data demonstrate that ELF4 selectively modulates
Th17 differentiation in vivo both at steady state and after immunization.

Given that innate cells such as NK cells, γδ T cells, and lymphoid tissue inducer-like (LTi-
like) cells are also important sources of IL-17A (47–49), we examined whether ELF4
regulates IL-17A production in these cell types. Ten days after MOG35-55/CFA
immunization, very few NK cells were found to produce IL-17A regardless of ELF4
expression (Fig 8C). The frequency of IL-17A+ γδ T cells was also comparable between WT
and Elf4−/− mice (Fig 8C). Interestingly, loss of ELF4 led to significant reduction in IL-17A-
producing population in LTi-like cells (Fig 8C), suggesting that IL-17A is differentially
regulated in different cell types.

A growing body of evidence highlighted the importance of Th17 cells in the pathogenesis of
multiple sclerosis, a neurodegenerative disease caused by autoimmune inflammatory
responses in the central nervous system (50–52). Since ELF4 inhibited Th17 differentiation
both in vitro and in vivo, we sought to determine the role of ELF4 in the pathogenesis of
EAE, the most widely used animal model to study multiple sclerosis. As expected, the
disease severity was worsened in Elf4−/− mice, which showed more severe paralysis (Fig
9A) and increased weight loss (data not shown) during the disease course. In addition, we
detected larger perivascular infiltrates of CD3+ T cells in brain sections from diseased
Elf4−/− mice (Fig 9B). In accord with these findings, brains of Elf4−/− mice collected 14
days after EAE induction contained increased numbers of IL-17A+ CD4+ T cells (Fig 9C),
while no significant differences were found in the content of GM-CSF+ CD4+ T cells (Fig
9C) or IFNγ+ CD4+ T cells (data not shown). Finally, the increased numbers of cells
infiltrated to the brain was not composed of more myeloid (CD11b+), dendritic cells
(CD11c+), or B cells (B220+) (Fig 9D). In summary, expression of ELF4 plays a unique role
in the differentiation of Th17 cells and attenuation of EAE.

Discussion
Th17 cells are implicated in both pathogen clearance and development of autoimmune
diseases owing to their proinflammatory properties, and thus extensive studies have focused
on their generation and maintenance, aiming at developing novel strategies to control
immune deregulation. Th17 cells share the same precursor – naïve CD4+ T cells– with other
T helper lineages, making it difficult to specifically manipulate Th17 responses in patients.
Therefore, the identification of lineage-specific regulators is essential for future clinical
applications.

This is the first study identifying a novel function of ELF4 in CD4+ T cells as a cell-intrinsic
negative regulator of Th17 differentiation. In this work, we found increased differentiation
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of Elf4−/− CD4+ T cells toward the Th17 lineage both in vitro and in vivo. Despite normal
TCR-driven proliferation and activation of IL-6R and TGFβR proximal signaling, dividing
Elf4−/− CD4+ T cells exhibited increased percentages of IL-17A positive cells in the second
cell division and onward, suggesting that ELF4 represses Th17 lineage commitment in
activated CD4+ T cells downstream of STAT3, STAT1, and SMAD2/3. Furthermore, the
finding that the Th17 differentiation program was upregulated in Elf4−/− CD4+ T cells
indicates that ELF4 acts earlier than the master regulators IRF4 and RORγt during lineage
commitment. Elf4−/− mice exhibited worsened disease progression than WT mice in a model
of experimental autoimmune encephalomyelitis, supporting a novel role of ELF4 in the
pathobiology of autoimmune diseases. Interestingly, ELF4 expression was found elevated in
patients suffering from multiple sclerosis after IFNβ treatment (53), and ELF4 is regulated
by ligand-bound vitamin D receptor, which has a protective role against multiple sclerosis
(54). The fact that ELF4 selectively modulates Th17 differentiation with no significant
effect on the development of Th1, Th2, and Treg cells makes ELF4 an interesting
transcriptional target in Th17-mediated immune disorders.

STAT3 mediates signal transduction downstream of the IL-6, IL-21, and IL-23 receptors
and therefore is crucial for both initiation and maintenance of Th17 cells (3, 5, 55). Since
Elf4−/− CD4+ T cells showed increased Th17 differentiation induced by two different
combinations of cytokines that mediate STAT3 activation, we hypothesized that ELF4
abrogates STAT3 activation to prevent Th17 differentiation. However, immunoblots and
flow cytometric analysis showed a normal kinetic of STAT3 phosphorylation in Elf4−/−

CD4+ T cells. In addition to STAT3, we did not observe reduced STAT1 phosphorylation
that would explain the increased Th17 differentiation of Elf4−/− CD4+ T cells. Similarly,
Elf4−/− CD4+ T cells showed normal levels of phosphorylated SMAD2/3 in response to
TGFβ. The increased Th17 differentiation of Elf4−/− CD4+ T cells driven by IL-6 and TGFβ
stimuli with normal activation of STAT3 and SMAD2/3 implies that ELF4 may either
suppress their transcriptional activity or interfere with their co-factors/downstream targets
such as IRF4 and RORγt via protein-to-protein interactions.

The increased production of IL-17A in Elf4−/− CD4+ T cells could be due to a direct
regulation of the Il17a gene by ELF4. However, promoter reporter assays showed that ELF4
did not suppress Il17a promoter activity in both COS7 and 293T cells (data not shown),
consistent with the current understanding of ELF4 as a transcriptional activator (17, 22, 23).
Therefore, ELF4-mediated repression requires proteins absent in the cell lines or ELF4 has
no direct control in the Il17a gene. The fact that Th17 program is upregulated in Elf4−/−

CD4+ T cells supports the latter model. In addition to binding DNA, the ETS family proteins
can interact with other transcription factors or co-regulators to modulate gene expression,
leading to gene activation or silencing in a cell context-dependent manner. For example,
binding of ELF4 to RUNX1 results in a synergistic activation of Il3 promoter (56) while the
interaction between ELF4 and RUNX2 inhibits RUNX2 transcriptional activity (57). Thus,
it is plausible that ELF4 inhibits Th17 differentiation by forming a complex with RUNX1
that disrupts its function. This hypothesis is supported by two findings: RUNX1 has been
shown to promote Th17 differentiation (58, 59), and RUNX1 physically interacts with ELF4
in t(8;21)-positive acute myeloid leukemia cells (56).

Although APC-derived cytokines are the main driving force during Th17 differentiation,
factors secreted by CD4+ T cells also regulate development of Th17 cells in an autocrine/
paracrine manner. For example, IL-6 induces CD4+ T cells to secret IL-21 (60) that
promotes Th17 differentiation in cooperation with TGFβ1 (61, 62). Similarly, developing
Th17 cells can secret TGFβ3 in response to IL-23, which induces the formation of
pathogenic Th17 cells in concert with IL-6 (31). On the other hand, IL-2 produced by CD4+

T cells inhibits Th17 differentiation in a STAT5-dependent manner (39, 40). It has been
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demonstrated that Ets1−/− CD4+ T cells showed augmented Th17 differentiation due to
impaired production of IL-2 and increased resistance to the inhibitory effects of IL-2 (13).
However, the production of IL-2 in Elf4−/− CD4+ T cells was comparable to WT controls.
Furthermore, co-culture experiments also suggested that autocrine/paracrine cytokines such
as IL-2 and IL-21, whose transcript level was higher in Elf4−/− CD4+ T cells, are unlikely to
account for the inhibitory effect of ELF4 on Th17 differentiation.

The immunosuppressive drug rapamycin has been found effective in the treatment of EAE
in part by suppressing Th17 responses via inhibition of mTORC1 activity (63-66). The
mTOR pathway appeared to be intact in Elf4−/− CD4+ T cells as evidenced by normal
protein levels of phosphorylated mTOR, mTOR, RACTOR, RICTOR, and GβL (data not
shown). Since mTOR represses the transcription of ELF4 downstream of TCR activation
(24), it is possible that rapamycin inhibits Th17 differentiation by relieving mTOR-mediated
repression of ELF4. Since mTOR is widely involved in many aspects of T cell biology (67),
its potential downstream molecule ELF4 is an alternative molecular target for treating Th17-
mediated autoimmune disorders.

Notch1 signaling pathway, a highly conserved cell signaling, participates in many aspects of
the immune system including T helper cell differentiation (68). Different Notch1 ligands
expressed on APC instruct CD4+ T cells towards Th1 or Th2 lineage by engaging the
Notch1 receptor (68, 69). Since the Notch1 pathway is also activated upon TCR stimulation
(70, 71) and that Notch1 is essential for Th17 differentiation (41), we decided to investigate
whether ELF4 modulates Notch1 signaling in an APC-free in vitro culture system. The
normal protein level of NICD in Elf4−/− CD4+ T cells indicates that the cleavage of Notch1
and subsequent release of NICD is not regulated by ELF4. However, Elf4−/− CD4+ T cells
showed elevated expression of certain Notch1 target genes and their increased Th17
differentiation was normalized when Notch1 signaling was disrupted. These findings
suggest that ELF4 either lowers the transcriptional activity of NICD through direct binding,
which was suggested for GABPα and GABPβ via ETS domain and Notch-related structural
motif (72), or directly suppresses the gene signature of Notch1 pathway to regulate Th17
differentiation.

Taken together, our data demonstrate that ELF4 selectively inhibits the differentiation
program of Th17 cells with no major effects on the proliferation and survival of CD4+ T
cells. Hence, loss of ELF4 worsened clinical symptoms of EAE at least in part by increasing
infiltration of Th17 cells to the brain. The specificity on the Th17 lineage makes ELF4 an
ideal therapeutic target to control Th17 responses. Future studies should target ELF4, or its
upstream/downstream targets, to control aberrant immune response more specifically and
efficiently than cytokine-based and immunosuppressive therapies.
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Fig. 1. ELF4 selectively inhibits in vitro differentiation of Th17 cells
(A) Flow cytometric analysis of intracellular IFNγ, IL-4, Foxp3, or IL-17A expression in
wild-type (WT) and Elf4−/− CD4+ T cells cultured under Th1, Th2, Treg, or Th17 polarizing
conditions. Percentages of positive cells are summarized in the lower panels (n=3; mean ±
s.d.). (B) Flow cytometric analysis of intracellular IL-17A and expression of the reporter
IL-17F-RFP in WT Il17frfp/+ and Elf4−/− Il17frfp/+ CD4+ T cells polarized under Th17
condition. Percentages of IL-17A+IL-17F+ and IL-17A−IL-17F+ cells are summarized in the
lower panel (n=3; mean ± s.d.). (C) Flow cytometric analysis of intracellular IL-17A and
GFP expression in WT CD4+ T cells transduced with either empty retroviral vector (Migr1)
or retroviral carrying ELF4 (Migr1-ELF4) and cultured under Th17 condition. Percentages
of IL-17A+ in CD4+GFP+ cells are summarized in the lower panel (n=3; mean ± s.d.). Data
are representative of at least two independent experiments. ns: not significant, *P<0.05,
**P<0.01 (Two-tailed Student’s t-test).
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Fig. 2. ELF4 impairs Th17 differentiation induced by both IL-6 + TGFβ and IL-6 + IL-1β +
IL-23
(A) Flow cytometric analysis of IL-17A expression in WT and Elf4−/− CD4+ T cells
cultured with IL-6 + TGFβ (n=15) or IL-6 + IL-1β + IL-23 (n=5). Percentages of IL-17A+

cells are summarized in the lower panel (mean ± s.d.). (B) The secretion of IL-17A was
measured by ELISA in WT and Elf4−/− CD4+ T cells cultured with IL-6 + TGFβ (n=9) or
IL-6 + IL-1β + IL-23 (n=3) (mean ± s.d.). (C) Flow cytometric analysis of GM-CSF
expression in WT and Elf4−/− CD4+ T cells cultured with IL-6 + TGFβ (n=3) or IL-6 +
IL-1β + IL-23 (n=3). Percentages of GM-CSF+ cells are summarized in the lower panel
(mean ± s.d.). Data are representative of at least two independent experiments. ns: not
significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (Two-tailed Student’s t-test).
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Fig. 3. Loss of ELF4 activates the Th17 differentiation program in CD4+ T cells
Quantitative real-time PCR analysis of Th17-associated genes was performed in Th17-
polarized WT and Elf4−/− CD4+ T cells. Relative expression is expressed as log2 fold
change of Elf4−/− over WT controls after normalization with β-actin. Data include two
independent experiments (n=6; mean ± s.d.). ns: not significant, *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001 (Two-tailed Student’s t-test).
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Fig. 4. ELF4 modulates Th17 differentiation without affecting proliferation of CD4+ T cells
(A) Flow cytometric analysis of intracellular IL-17A expression and dilution of the CFSE
dye in WT and Elf4−/− CD4+ T cells cultured under Th17 condition. CFSE histograms are
shown for total, IL-17A+, and IL-17A− cells. (B) Percentages of total (IL-17A+ and
IL-17A−) cells that had undergone indicated cell divisions were calculated in WT and
Elf4−/− CD4+ T cells (n=3; mean ± s.d.). (C) Percentages of IL-17A+ cells for each cell
division were calculated in WT and Elf4−/− CD4+ T cells (n=3; mean ± s.d.). Data are
representative of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 (Two-
tailed Student’s t-test).
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Fig. 5. Increased Th17 differentiation of Elf4−/− CD4+ T cells in response to IL-6 and TGFβ
stimulation
Flow cytometric analysis of intracellular IL-17A in WT and Elf4−/− CD4+ T cells cultured
in the presence of either TGFβ (0.1 ng/ml) and increasing concentrations of IL-6 (0–30 ng/
ml) (A) or IL-6 (30 ng/ml) and increasing concentrations of TGFβ (0–1 ng/ml) (B).
Percentages of IL-17A+ cells are summarized on the right (n=4; mean ± s.d.). (C)
Immunoblot analysis shows kinetics of STAT3, STAT1, SMAD2/3 phosphorylation
(pSTAT3, pSTAT1, and pSMAD2/3) and total STAT3, STAT1, and SMAD2/3 levels in
WT and Elf4−/− CD4+ T cells after activation with αCD3/αCD28 in the presence of IL-6
and TGFβ. Data are representative of two independent experiments. *P<0.05, ***P<0.001
(Two-tailed Student’s t-test).
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Fig. 6. ELF4 does not use the same mechanism as ETS1 to regulate Th17 differentiation
(A) Quantitative real-time PCR analysis of Ets1 expression was performed in Th17-
polarized WT and Elf4−/− CD4+ T cells (n=6; mean ± s.d.). (B) Flow cytometric analysis of
intracellular IL-2 and IL-17A expression in Th17-polarized WT and Elf4−/− CD4+ T cells.
Percentages of IL-2+ and IL-17A+ cells are summarized in the lower panel (n=3; mean ±
s.d.). (C) The secretion of IL-2 on day 1, 2, and 3 was measured by ELISA in WT and
Elf4−/− CD4+ T cells cultured under Th17 condition (n=3) (mean ± s.d.). (D) WT (CD45.1+)
and Elf4−/− (CD45.1−) CD4+ T cells were cultured separately or co-cultured under Th17-
polarizing condition and analyzed for intracellular expression of IL-17A. The percentage of
IL-17A+ cells for single and co-culture are summarized in the lower panel (n=3; mean ±
s.d.). Data are representative of two independent experiments. ns: not significant, *P<0.05,
**P<0.01 (Two-tailed Student’s t-test).
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Fig. 7. Notch1 pathway is associated with ELF4-mediated inhibition on Th17 differentiation
(A) Immunoblot analysis shows Notch1 intracellular domain (NICD) and β-actin levels in
WT and Elf4−/− CD4+ T cells cultured under Th17-polarizing condition for three days. (B)
Quantitative real-time PCR analysis of Hes1, Myc, and Heyl expression was performed in
Th17-polarized WT and Elf4−/− CD4+ T cells (n=3; mean ± s.d.). (C) Summary of
percentages of IL-17A+ fraction in WT and Elf4−/− CD4+ T cells cultured under Th17
polarizing condition in the presence of 0, 0.04, 0.13, or 0.4 μM of the γ-secretase inhibitor
(GSI) compound E. Data are representative of two independent experiments. ns: not
significant, *P<0.05 (Two-tailed Student’s t-test).
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Fig. 8. Elf4−/− mice show increased Th17 responses in vivo
(A) Percentages of CD4+IL-17A+ and CD4+IFNγ+ cells isolated from lamina propria of
small intestine of non-manipulated WT and Elf4−/− mice (n=3; mean ± s.d.). (B)
Percentages of CD4+IL-17A+ and CD4+IFNγ+ cells isolated from the draining lymph nodes
of WT and Elf4−/− mice ten days after immunization with MOG35-55 peptide emulsified in
CFA. (C) Percentages of IL-17A+ fraction in NK cells (NK1.1+TCRβ−), γδ T cells
(TCRγδ+), and LTi-like cells (CD4+TCRβ−NK1.1−B220−CD11b−CD11c−) isolated from the
draining lymph nodes as in (B) (n=3 or 5; mean ± s.d.). Data are representative of two
independent experiments. ns: not significant, *P<0.05, **P<0.01, ***P<0.001 (Two-tailed
Student’s t-test).
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Fig 9. Increased severity of EAE in Elf4−/− mice
(A) EAE disease score of WT and Elf4−/− mice immunized with MOG35-55 peptide (n=5;
mean ± s.e.m.). (B) Immunohistochemistry of CD3+ cells in brain sections from WT and
Elf4−/− mice (fourteen days after EAE induction). Insets show higher magnification of areas
indicated by arrows. Infiltrated mononuclear cells were isolated from brains of WT and
Elf4−/− mice fourteen days after EAE induction. (C) The numbers of CD4+TCRβ+IL-17A+

and CD4+TCRβ+GM-CSF+ cells (n=3; mean ± s.d.). (D) The numbers of total infiltrating
cells, CD11b+ cells, CD11c+ cells, and B220+ cells (n=3; mean ± s.d.). Data are
representative of three independent experiments. ns: not significant, *P<0.05, **P<0.01,
***P<0.001 (Two-tailed Student’s t-test).
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