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Abstract

Earlier, we demonstrated the essential role of Kruppel-like transcription factor, TIEG1, in TGF-p—
induced regulatory T cell (Treg) development. In this article, we demonstrate that IL-6, which
promotes Th17 development, abrogated TIEG1 nuclear translocation and inhibited TGF-B—
induced Treg development. Tyrosine kinase Tyk2-mediated phosphorylation of TIEG1 at Tyr179
promoted noncanonical K-27-linked polyubiquitination, which inhibited TIEG1 nuclear
translocation. To test the role of TIEG1-regulated Treg/Th17 development in antitumor immunity,
we analyzed TRAMP-C2 tumor growth in TIEG1~~ mice. The defective Treg development and
elevated Th17 response resulted in enhanced immune reactivity in the tumor and inhibition of
TRAMP-C2 tumor growth in TIEG1~~ mice. Thus, our results uncovered a novel regulatory
mechanism that modulates Tregs and may regulate tumor progression.

Natural regulatory T cells (Tregs) develop from single-positive thymocytes during their
maturation in the thymus and bear a diverse TCR repertoire against a broad range of self-
Ags (1). In addition to thymus-derived natural Tregs, Foxp3* Tregs are generated
extrathymically by the conversion of naive CD4* T cells by the action of TGF-8, known as
induced regulatory T cells (iTregs) (2, 3). Because most tumor-associated Ags are aberrantly
expressed self-Ags, Tregs play a critical role in suppressing antitumor immune response (4,
5). Furthermore, most malignant cells secrete large amounts of TGF-p (6-10), which was
shown to convert effector T cells into tumor Ag-specific Tregs by inducing Foxp3
expression (6, 11-13). Such tumor-induced Tregs suppress the priming and effector
functions of antitumor effector cells and form a broad self-amplifying immunosuppressive
network (14). Therefore, overcoming TGF-f—induced expansion and de novo generation of
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Tregs is critical for the design of effective immunotherapeutic strategies for successful
cancer treatment.

Although TGF-f is a potent anti-inflammatory cytokine that induces Foxp3 expression and
Treg differentiation, in the presence of the proinflammatory cytokines IL-6, IL-21, and
IL-23, CD4* T cells differentiate into Th17 cells that can promote antitumor immunity (15—
19). The intracellular signaling pathways that link TGF-p signaling to these diverse, and
even opposing, T cell functions remain largely unclear. Whether Ag-stimulated CD4* T
cells differentiate into Foxp3™ Tregs or Th17 cells depends upon the cytokine-regulated
balance between Foxp3 and RORyt. STAT3 is a crucial component of IL-6—-mediated
regulation of Th17 cells (20). Beyond these observations, the downstream mechanisms are
not known.

We previously reported that Itch-mediated monoubiquitination is essential for TIEG1
nuclear translocation and Foxp3 expression. Interestingly, Itch also targets TIEG1 for
polyubiquitination in the transient overexpression system (21). However, the physiological
relevance of TIEG1 polyubiquitination is not known. Ubiquitin contains seven lysine
residues, and its linkage to a substrate generally occurs via K48 or K63. K48-linked
polyubiquitin predominantly targets proteins for proteasomal degradation, whereas K63-
linked poly- and monoubiquitination regulate subcellular localization, protein function, or
protein—protein interactions (22, 23). E3 ligases often target the same substrates differently
for mono- or polyubiquitination under different physiological conditions. Such a
phenomenon was reported for p53 and PTEN ubiquitination by MDM2 and Nedd4,
respectively (24-26). However, the molecular signals and precise mechanisms that
determine mono- versus polyubiquitination are not completely understood. In this article, we
demonstrate that TGF-$ and IL-6 differentially promote mono- and polyubiquitination of
TIEG1 and regulate Treg/Th17 differentiation. The impact of TIEG1 on tumor immunity
was investigated in TIEG1~~ mice. Growth of TRAMP-C2 tumor was reduced in TIEG1~
mice and was accompanied by reduced Foxp3* Tregs and an elevated Th17 response,
suggesting that TIEG1 deficiency tilted the balance from suppressive toward effector
immunity.

Materials and Methods

Mice

TIEG1~~ mice were described previously (27). Ragl~~ mice were purchased from The
Jackson Laboratory (Bar Harbor, ME); C57BL/6 mice were purchased from Charles River
Laboratory. All mice were housed in microisolator cages in the barrier facility of Karmanos
Cancer Institute. All experiments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Wayne State University. Tyk2~~ mice
were described previously (28) and were kept under specific pathogen-free conditions. All
experiments were performed according to the guidelines of the Institutional Animal Care
and Use Committee of Hokkaido University.

Reagents and Abs

Cytokines TGF-p1 and IL-6 were purchased from PeproTech. The following Abs were used
for immunoblotting and immunoprecipitation: anti-KLF10/TIEG1 (ab73537; Abcam), anti-
phosphotyrosine (PY99; Santa Cruz), anti-His (GE Healthcare), rabbit anti-Tyk2 (C20;
Santa Cruz), mouse anti-GST (B14; Santa Cruz), rabbit anti-hemagglutinin (HA) (Y-11;
Santa Cruz), anti—-c-Myc (9E10; Santa Cruz), anti-actin (AC-15; Sigma), anti-histone H3
(Biolegend), and anti-Xpress (Invitrogen). Ni*-NTA beads were purchased from Qiagen.
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Isolation of CD4TCD25~ T cells

CD4*CD252 T cells from mouse spleen and lymph node were isolated using the
CD4*CD62L* T Cell Isolation Kit (Miltenyi Biotec), according to manufacturer's protocol.
T cells were cultured in RPMI 1640 medium supplemented with 10% FBS and stimulated
with 2 pg/ml plate-bound anti-CD3 (eBioscience) and 2 pg/ml soluble anti-CD28
(Biolegend).

Flow cytometry

Surface and intracellular staining were performed using the Mouse Regulatory T Cell
Staining Kit (88-8111; eBioscience), according to the manufacturer's protocol. Briefly,
spleen and lymph node cells were suspended in Flow Staining Buffer with 0.5 pg anti-CD4-
FITC and incubated at 4°C for 30 min. Cells were fixed, permeabilized, subjected to
intracellular staining with anti-Foxp3-PE or negative control Abs by incubation at 4°C for 1
h, and analyzed by flow cytometry.

Quantitative RT-PCR

Total RNA was extracted using an RNeasy Mini kit (Qiagen), according to the
manufacturer's instructions, and reverse transcribed into cDNA using a Verso cDNA
Synthesis kit (Thermo Scientific). Real-time PCR was performed using a Mastercycler
realplex system (Eppendorf) and Light-Cycler 480 SYBR Green | Master kit (Roche). The
abundance of mMRNA was normalized to that of actin mRNA. The following primers were
used: Foxp3 primers, 5'-CCCATCCCCAGGAGTCTTG-3" and 5’-
ACCATGACTAGGGGCACTGTA-3’; actin primers, 5'-
GAAATCGTGCGTGACATCAAAG-3 and 5-TGTAGTTTCATGGATGCCACAG-3/;
IFN-vy primers, 5-GAACTGGCAAAAGGATGGTGA-3 and 5'-
TGTGGGTTGTTGACCTCAAAC-3; and IL-17 primers, 5’-
TTTAACTCCCTTGGCGCAAAA-3" and 5-CTTTCCCTCCGCATTGACAC-3'.

Plasmid construction and cell transfection

Mouse TIEG1 cDNA (Open Biosystem) was cloned into pEF4-His vector (Invitrogen) to
generate plasmid-encoding Hisg-Xpress—tagged TIEG1. The truncated TIEG1 was amplified
by PCR and then cloned into EcoRI/Xbal sites of pEF4-His B vector (Invitrogen). The
tyrosine residue mutants of TIEG1 were generated using a site-directed mutagenesis kit
(Stratagene). pMT2T-Tyk2 and pMT2T-Tyk2/K930I (kinase-deficient mutant) were kindly
provided by Dr. John J. Krolewski (University of California-Irvine). TIEG1 cDNA was
cloned into the BamHI/EcoRI sites of pGEX-4T-2 vector to generate plasmid-encoding
GST-TIEGL. Tyk2 and Tyk2/K930I were subcloned into the EcoRlI site of pPGEX-5X-3
vector (GE Amersham) to generate plasmids encoding GST-Tyk2 and GST-Tyk2/K930l.
Myc-Itch plasmid was a kind gift from Dr. Francesca Bernassola (Department of
Experimental Medicine and Biochemical Sciences, University of Rome). Flag-Tyk2— and
Flag-Tyk2/K930l-encoding plasmids were constructed by subcloning the Tyk2 or Tyk2/
K930I fragment into the EcoRI site of pPCMV-Tag 2A vector. Plasmids encoding HA-tagged
ubiquitin and ubiquitin lysine mutants were obtained from Addgene (29), with the exception
of ubiquitin mutants of K6, K11, K27, K29, and K27R, which were generated using a site-
directed mutagenesis kit. 293T cells were cultured in DMEM medium supplemented with
10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. Cell transfection was
performed using Lipofectamine 2000 (Invitrogen), according to the manufacturer's
instruction.
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Immunoprecipitation and Western blotting

Cell lysates were prepared in Nonidet P-40 (NP-40) lysis buffer (150 mM NaCl, 50 mM
Tris-Cl [pH 8] and 1% NP-40 with the addition of protease inhibitor mixture [Roche] and 1
mM vanadate). Cell lysates were incubated with 1-2 ng Ab at 4°C for ~3 h, followed by the
addition of 25 pl protein A/G plus agarose (Santa Cruz Biotechnology) for an additional
hour at 4°C. The immunoprecipitates were washed five times with NP-40 lysis buffer and
analyzed by Western blotting with appropriate Abs. Briefly, proteins were electrophoresed
by 10-12% denaturing polyacrylamide gels and transferred to polyvinylidene difluoride
membrane (Millipore). The membranes were probed with primary Abs, washed, and
incubated with appropriate HRP-conjugated secondary Abs. The membranes were
visualized by an ECL reagent (Amersham Pharmacia Biotech). Membranes were stripped by
incubation for 30 min at 65°C in stripping buffer and then reprobed with other Abs (21). In
some experiments, cytoplasmic and nuclear fractions were prepared from total-cell lysates
using Paris Protein and an RNA Isolation kit (Ambion).

Ubiquitination assay

Forty-eight hours after transfection with the indicated plasmids, 293T cells were treated with
10 pM proteasome inhibitor MG132 (Calbiochem) for 6 h, harvested, and lysed in NP-40
lysis buffer. Hisg-TIEG1 was isolated by the Ni-NTA affinity-purification method,
according to a published protocol (30). Briefly, cell lysates were diluted in 1 ml guanidine
buffer (6 M guanidine-HCI, 0.1 M Nay,HPO,4/NaH,PO,4 [pH 8]) with additions of 10 mM
imidazole and 25 pl Ni-NTA agarose (Qiagen). The mixtures were incubated at 4°C for 3 h.
The precipitated proteins were subsequently analyzed by immunoblotting with appropriate
Abs.

GST pull-down assay

GST-TIEG1, GST-Tyk2, and GST-Tyk2/K930I fusion proteins were purified from BL21
(DE3) by Glutathione Sepharose beads (Amersham Pharmacia Biotech), according to the
manufacturer's instructions. The purified GST, GST-TIEG1, GST-Tyk2, and GST-Tyk2/
K930l proteins bound to Glutathione Sepharose beads were incubated with cell lysates at
4°C for 2-3 h, washed five times with PBS, and subjected to immunoblot analysis.

Retroviral construction and transduction

Flag-TIEG1 and Flag-TIEG1/Y179F cDNA amplified by PCR were cloned into retroviral
vector MigR1. The retroviral particles were produced by Plat-E packaging cell line
transiently transfected with retroviral constructs. Retroviral supernatants were collected 48 h
after transfection. Naive CD4* CD25~ T cells from TIEG1~~ mice were stimulated with 2
pg/ml anti-CD3 (eBioscience) and 2 pg/ml soluble anti-CD28 (Biolegend) for 24 h and
infected by adding 1:2 volume of retroviral supernatants supplemented with polybrene (6
pg/ml; Sigma), followed by centrifugation at 3000 rpm for 1 h at 32°C. Retroviral infection
was repeated once at 24 h after the initial infection. T cells were maintained in complete
RPMI 1640 medium with 100 U/ml rlL-2.

Conditioned medium

TRAMP-C2 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 5 pg/
ml insulin (16634; Sigma), 100 U/ml penicillin, and 100 pg/ml streptomycin. The
conditioned medium (CM) was collected from 3-d culture of TRAMP-C2 cells and prepared
by passing through a 0.45-um filter. Isolated CD4*CD25~ T cells were incubated with T
cells medium (RPMI 1640 supplemented with 10% FBS) or CM in the presence of 2 pg/ml
plate-bound anti-CD3 and soluble anti-CD28. T cells were collected and analyzed by
quantitative PCR, as described above.

J Immunol. Author manuscript; available in PMC 2014 February 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peng et al. Page 5

In vivo tumor growth

TRAMP-C2 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 5 g/
ml insulin (16634; Sigma), 100 U/ml penicillin, and 100 pg/ml streptomycin. LLC cells were
cultured in DMEM medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/
ml streptomycin. A total of 0.5-5 x 108 TRAMP-C2 cells or 1 x 10 LLC cells was injected
s.c. into 8-12-wk-old male TIEG1~~ mice or age-matched male C57BL/6 mice. Tumor
growth was monitored thrice a week by measuring tumor length and width. The volume of
the tumor was estimated by the formula (length x width2)/2.

Adoptive transfer of TIEG1~~ T cells into Ragl™ mice

Naive CD4*CD25 T cells (3 x 10%) and CD8 T cells (1 x 10) isolated from TIEG1** and
TIEG1~~ mice were adoptively transferred into Ragl~~ mice by i.v. injection 3 d after
TRAMP-C2 tumor cell inoculation. Tumor growth was monitored thrice a week.

Results

IL-6 negatively regulates TIEG1 nuclear translocation via Tyk2-mediated phosphorylation

Because TGF-f and IL-6 reciprocally regulate Treg and Th17 differentiation (16, 31-34),
and TGF-f—induced TIEG1 nuclear translocation is essential for Foxp3 expression (21), we
tested whether 1L-6 negatively regulates TIEG1 to promote Th17 differentiation. Naive
CD4* T cells were stimulated with anti-CD3 + anti-CD28 in the presence of TGF-f alone or
in combination with IL-6. To analyze the cellular distribution of TIEG1, we separated
nuclear and cytoplasmic fractions and immunoblotted these fractions with anti-TIEG1 Ab.
Consistent with our previous report (21), TGF- treatment resulted in nuclear translocation
of TIEG1; however, TIEG1 was predominantly located in the cytoplasm of the cells
stimulated with IL-6 (Fig. 1A). This finding suggested that IL-6 inhibits nuclear localization
of TIEG1 as a negative-regulatory mechanism to promote Th17. Because I1L-6 stimulation
induces tyrosine phosphorylation of several intracytoplasmic proteins, we tested whether
TIEGL is also tyrosine phosphorylated. As shown in Fig. 1B, TIEG1 was tyrosine
phosphorylated in naive CD4* T cells stimulated in the presence of TGF-B and IL-6 but not
TGF-p alone, suggesting a critical role for phosphorylation-dependent cytoplasmic-to-
nuclear shuttling of TIEG1 in Treg/Th17 differentiation.

Next, we sought to identify the upstream kinase that induced TIEG1 phosphorylation. Tyk2,
a nonreceptor tyrosine kinase belonging to the Jak family, is activated when IL-6 binds to its
receptors (35, 36). A Tyk2 mutation is associated with hyper-IgE syndrome (37), and T cells
from hyper-1gE syndrome patients failed to differentiate into Th17 cells (38). Defective
IL-17 expression was also reported in v8 T cells from Tyk2~~ mice (39). In addition, a
natural mutation in the pseudokinase domain of Tyk2 accounted for increased susceptibility
to infection and resistance to collagen-induced arthritis in B10.Q/J mice (40, 41). All of
these suggest a possible link between the 1L-6-Tyk2 pathway in Treg and Th17
differentiation. We hypothesized that, upon binding of IL-6 to its receptor, activated Tyk2
phosphorylates TIEG1. To test this hypothesis, we transiently transfected 293T cells with
plasmids encoding wild-type (WT) Tyk2 or kinase-deficient mutant (K930I) Tyk2 and
TIEGL. After 24 h, cells were treated with a phosphatase inhibitor (pervanadate) for 20 min.
Cell extracts were immunoprecipitated with anti-His and immunoblotted with
antiphosphotyrosine to analyze TIEGL1 tyrosine phosphorylation. As shown in Fig. 1C, WT
Tyk2 induced TIEG1 phosphorylation but not the kinase mutant. To further confirm the
specificity of Tyk2 as the kinase, we stimulated naive CD4 T cells from Tyk2*/* and
Tyk2~~ mice (28) with anti-CD3 and anti-CD28 in the presence of TGF-f alone or in
combination with IL-6. TIEG1 was immunoprecipitated using anti-TIEG1 Ab and
immunoblotted with anti—p-tyrosine Ab. As shown in Fig. 1D, stimulation of Tyk2** CD4
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T cells with IL-6 resulted in TIEG1 phosphorylation but not in Tyk2~- cells. These data
strongly supported that Tyk2 phosphorylates TIEG1.

To understand the molecular mechanism underlying Tyk2-mediated TIEG1 tyrosine
phosphorylation, we examined whether Tyk2 physically associates with TIEG1. TIEG1 was
coimmuno-precipitated by anti-Tyk2 Ab, or vice versa, in transiently transfected 293T cells
(Supplemental Fig. 1A). Further, we generated GST-TIEG1 and GST-Tyk2 fusion protein
and performed pull-down assays. GST-TIEGL1 precipitated Tyk2 from the cellular lysate of
293T cells transiently transfected with Tyk2; similarly, GST-Tyk2 precipitated TIEG1
(Supplemental Fig. 1B). To test whether the endogenously expressed TIEG1 and Tyk2
interact in naive CD4 T cells, we performed coimmunoprecipitation experiments using anti-
TIEG1 and anti-Tyk2 Abs. As expected, anti-TIEG1 Ab coprecipitated Tyk2, and vice
versa, in cells stimulated with IL-6 but not TGF-§ alone (Fig. 1E).

TIEG1 phosphorylation at Y179 inhibits TIEG1 and Foxp3 expression

To identify the tyrosine residue that undergoes phosphorylation, we generated deletion
mutants of TIEG1, as shown in Fig. 2A. Cotransfection with Tyk2 and the constructs
encoding full-length TIEG1 or deletion mutants (1-220, and 1-370) resulted in TIEG1
phosphorylation but not deletion mutants 1-90, 1-160, 231-479, and 181-479 of TIEG1
(Fig. 2B). This result indicated that only tyrosine 179 is phosphorylated by Tyk2. To further
confirm this result, we generated Y179F mutant TIEG1 (in which tyrosine 179 was mutated
to phenylalanine). Cotransfection of TIEG1-Y179F with Tyk2 in 293T cells almost
completely abolished phosphorylation (Fig. 2C). These results showed that Tyk2
phosphorylates TIEG1 at tyrosine 179. To understand the physiological relevance of these
findings, we cloned TIEG1-Y179F mutant into MigR1-GFP retroviral vectors. We
transduced TIEG1~~ naive CD4* CD25™ cells with WT or TIEG1-Y179F mutant by
retroviral vectors, as we described previously (21). GFP* cells were FACS sorted and
stimulated under Treg (TGF-B)- and Th17 (TGF-B + IL-6)-inducing conditions. The nuclear
and cytoplasmic fractions were separated, and TIEG1 localization was analyzed by
immunoblotting. As shown in Fig. 3A, IL-6 inhibited nuclear translocation of WT TIEG1
but not TIEG1-Y179F mutant. Moreover, IL-6 failed to inhibit TGF-B-induced Foxp3
expression in TIEG1~~ CD4*CD25- cells reconstituted with TIEG1-Y179F mutants.
Similarly, Y179F-transduced TIEG1~~ T cells exhibited a marked defect in IL-17
expression (Fig. 3B). These data further highlight the phosphorylation-dependent negative
regulation of TIEG1 in primary CD4 T cells during Treg/Th17 differentiation.

IL-6-Tyk2 pathway promotes K27-linked polyubiquitination of TIEG1

Previous studies suggested that phosphorylation can mark proteins for polyubiquitination
(22, 42). To test whether Tyk2-mediated phosphorylation promoted TIEG1
polyubiquitination, we expressed His-TIEG1, HA-Ub, Myc-Itch, and Flag-Tyk2 in 293T
cells. The ubiquitinated proteins were isolated using a Ni-NTA affinitypurification method
(30). As shown in Fig. 4A, coexpression of Tyk2 markedly enhanced Itch-mediated TIEG1
polyubiquitination. Further, increasing Tyk2 expression resulted in enhanced TIEG1
polyubiquitination (Fig. 4B), which suggested that Tyk2-mediated phosphorylation
promotes TIEG1 polyubiquitination. Because IL-6 stimulation inhibited TIEG1 nuclear
translocation, we wanted to know whether TIEG1 polyubiquitination is K48 or K63 linked.
We coexpressed Myc-TIEGL1, Flag-Tyk2, Itch, and HA-tagged mutants of Ub (Ub K48, in
which all lysines, except K48, are mutated; UbK63, in which all lysines, except K63, are
mutated) in 293T cells, and a ubiquitination assay was performed. Expression of WT Ub in
the presence of Itch and Tyk?2 readily induced TIEG1 polyubiquitination. To our surprise,
neither UbK48 nor UbK63 catalyzed the ubiquitin chain on TIEG1 (Fig. 4C). Recent studies
suggested that, in addition to conventional K48 and K63 polyubiquitination, other forms of
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polyubiquitination are more common than originally thought (43-46). Therefore, we used
UbK®6, UbK11, UbK27, UbK29, and UbK33 to identify the topology of TIEG1
polyubiquitination. Interestingly, coexpression of UbK27 resulted in TIEG1
polyubiquitination. We consistently observed moderate polyubiquitination when UbK29 was
coexpressed but not with UbK6, UbK11, UbK33, UbK48, or UbK63 (Fig. 4D). This
suggested that Tyk2 promotes predominantly K27-linked polyubiquitination of TIEG1. To
further confirm K27-linked polyubiquitination, we generated UbK27R (in which lysine
residue at K27 of Ub was mutated to arginine]. Coexpression of UbK27R with ltch, Tyk2,
and TIEG1 resulted in markedly reduced TIEG1 polyubiquitination (Fig. 4E). To confirm
that Tyk2-mediated phosphorylation is essential for K27-linked polyubiquitination, we
coexpressed WT and Y179F mutant of TIEG1 (which is defective in phosphorylation) with
Itch, Tyk2, and UbK27. As shown in Fig. 4F, there was a marked defect in the
polyubiquitination of Y179F mutant compared with WT TIEG1. These results collectively
suggested that Tyk2-mediated phosphorylation of TIEG1 promotes K27-linked
polyubiquitination of TIEG1. Based on our results, we propose that when the naive CD4 T
cells are stimulated in the presence of TGF-f, Itch targets TIEG1 for monoubiquitination.
Monoubiquitinated TIEG1 translocates to the nucleus and binds to Foxp3 promoter to
induce Foxp3 expression (21), whereas in the presence of IL-6, Tyk2 phosphor-ylates
TIEG], and Itch targets phosphorylated TIEG1 for polyubiquitination and prevent its
nuclear translocation. This may divert Foxp3 transcription and promote Th17 differentiation
(Supplemental Fig. 2).

Defective iTreg development and elevated Th17 response attenuate TRAMP-C2 tumor
growth in TIEG1~~ mice

Th17/Treg was shown to play a critical role in tumor immunity and immunotherapy (47). In
hosts with large advanced tumors, Treg induction and expansion become dominant and
result in poor effector T cell activation and tumor rejection (48-50). Phenotypic analysis of
prostate-infiltrating lymphocytes revealed Th17/Treg skewing and an inverse correlation
between Th17 cells and tumor progression (51). Moreover, vaccination with hsp70 induced
IL-6 production in the prostate tissue, which triggered a Th17 response, resulting in rejection
of established prostate tumors (52). All of these findings suggested an intimate connection
between Treg/Th17 balance and immune surveillance. We previously demonstrated that
TIEG1~~ CD4* T cells were resistant to TGF-f— mediated suppression and defective in
Foxp3 expression upon TGF-B treatment in vitro (21). Another study reported enhanced
IL-17 and IFN-y production by TIEG1~~ T cells (53). Therefore, we hypothesized that a
reduced Treg and an elevated Th17 response in TIEG1~'~ mice will render enhanced
antitumor immunity. This hypothesis was tested with prostate cancer TRAMP-C2 cells,
which secrete large amounts of TGF-B. First, we tested whether TIEG1~~ CD4*CD25" cells
are refractory to TRAMP-C2—derived TGF-B. Naive CD4*CD25- cells from TIEG1*/* and
TIEG1~~ mice were cultured with TRAMP-C2 CM. The cells were stimulated with anti-
CD3 and anti-CD28 for 3-5 d (Fig. 5A). The effect of TRAMP-C2-derived TGF-f on the
conversion of CD4*CD25~ cells into Foxp3* cells was compared by real-time PCR, using
the total RNA isolated from these cells. As expected, TIEG1*/* cells expressed Foxp3, but
the level of Foxp3 induction was markedly lower in TIEG1~~ cells (Fig. 5B). To confirm
that TGF-f derived from the TRAMP-C2 cells induced Foxp3 expression, we neutralized
TGF-B in the supernatant using anti—-TGF-p Ab. As expected, anti-TGF-f Ab inhibited
Foxp3 expression in naive CD4 T cells, but the control isotype Ab did not (Fig. 5C). When
IL-6 was added to TRAMP-C2 CM, TIEG1~~ T cells produced significantly higher levels of
IL-17 compared with TIEG1** cells (Fig. 5D).

To test the impact of TIEG1 deficiency on tumor growth, we inoculated (0.5 x 108-5 x 10%)
TRAMP-C2 cells s.c. in the flanks of TIEG1*"* and TIEG1~~ mice. Tumor growth was
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monitored thrice a week for 60 d. As shown in Fig. 6A, a majority of the TIEG1~~ mice
rejected TRAMP-C2 tumors; even when the tumors developed, their sizes were smaller (Fig.
6B). Because we demonstrated the essential role of TIEGL in Treg development, we
analyzed Foxp3* Tregs in the spleen and draining lymph nodes of these mice by
intracellular staining using anti-Foxp3 Ab. As shown in Fig. 6C and 6D, the percentage of
CD4*Foxp3* cells was markedly increased in the tumor-bearing TIEG1*/* mice; however,
in the TIEG1~~ mice, the percentage of Tregs remained similar to that in the naive mice.
Similarly, we noticed markedly reduced Foxp3 expression in the tumor mass collected from
TIEG1~~ mice compared with TIEG1*/* mice. This suggested that the TIEG1 deficiency
may affect the expansion and de novo generation of tumor-specific Tregs. Because tumor-
specific Tregs actively suppress effector T cell responses, we tested whether defective Treg
development in TIEG1~~ mice correlated with elevated immune reactivity in the tumor. As
expected, we found elevated levels of IFN-y and IL-17 in the tumor-infiltrated cells in
TIEG1~~ mice (Fig. 6E) compared with TIEG1*/* mice. Because we found elevated IL-17
in TIEG1~~ tumors, we analyzed the expression of I1L-6 transcripts in the RNA isolated
from the whole tumor tissue. We detected 1L.-6 mRNA in the tumors from TIEG1*/* and
TIEG1~"~ mice (data not shown). This suggested that in the TRAMP-C2 tumor
microenvironment there is an abundance of Treg-promoting TGF-f and Th17-promoting
inflammatory IL-6. Because high levels of TGF-$ produced by TRAMP-C2 cells induced
Treg development and inhibited Th17 (54) in TIEG1*/* tumor-bearing mice, Treg
development may predominate, and TIEG1 deficiency may tilt the balance toward Th17 and
antitumor immunity. To further test whether an enhanced antitumor immune response is
unique to TRAMP-C2, we inoculated TIEG1** and TIEG1~~ mice with LLC cells. As
shown in Supplemental Fig. 3, reduced LLC tumor growth was observed in TIEG1~~ mice.
These data collectively suggested that defective Foxp3 expression and elevated Th17
responses in TIEG1~"~ mice result in robust antitumor immune response and tumor rejection.

To confirm that TIEG1 deficiency regulates de novo generation of Tregs/Th17 cells in the
tumor microenvironment, we set up an adoptive-transfer model. In this model, Ragl~~ mice
were injected with TRAMP-C2 cells, followed by infusion of CD25-depleted CD4 (3 x 10%)
and CD8 T cells (1 x 106) from naive TIEG1*"* and TIEG1~~ donors. In the WT
environment, tumors grew progressively; however, tumor growth was markedly reduced and
delayed in Rag1l~~ mice that received TIEG1~~ T cells (Fig. 7A, 7B). Analysis of Foxp3
expression in tumor-infiltrating lymphocytes by intracellular staining revealed that a
significant number of TIEG1*/* donor CD4*CD25" cells was converted into Foxp3* cells.
However, we detected only a few Foxp3™ cells in Ragl~~ mice that received CD25-depleted
TIEG1~ T cells (Fig. 7C). As expected, we also observed markedly increased numbers of
IFN-y* and IL-17* cells in the Rag1~'~ mice that received TIEG1~~ T cells (Fig. 7D). These
results showed that iTregs generated in the tumor microenvironment played a significant
role in the antitumor immune response.

Discussion

Although protein ubiquitination has been classically considered as a death signal, recent
studies convincingly demonstrated that it also represents a means of protein modification,
affecting protein—protein interaction, phosphorylation, and subcellular localization (55).
K48-linked polyubiquitin chains are the principal signals for targeting substrates for
degradation by the 26S proteasome, whereas K63-linked chains act in a range of processes,
including protein trafficking, DNA repair, and inflammation. In addition, endogenous K6,
K11, K27, K29, or K33-linked polyubiquitination of protein substrates has been reported:;
however, their function remains largely nebulous (44, 56). In this study, we demonstrated
that Itch differentially targets TIEG1 for mono- and polyubiquitination and regulates its
nuclear-to-cytoplasmic shuttling during Treg/Th17 differentiation. Interestingly, TIEG1
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polyubiquitination was K27 linked, and whose function remains largely unknown. The E3
ligase TRAF6 was reported to promote K6, K27, and K29 ubiquitination of the Parkinson's
disease proteins DJ-1 and a-synuclein, resulting in their accumulation in the cytoplasmic
aggregates (57). K27-linked polyubiquitination was also shown to promote lysosomal
localization of Jun (58). Our initial analysis revealed a bipartite nuclear localization signal
(59-61) within the second zinc finger domain of TIEG1 (K. Venuprasad, unpublished
observations), and K27-linked ubiquitination may block this nuclear localization signal.
Another important observation of our study was that Tyk2, which is activated by IL-6,
phosphorylates TIEG1 and acts as a recognition signal for K27-linked polyubiquitination.
Previous studies showed that phosphorylation can create recognition-signal phosphodegrons
for binding of an E3 ligase to the substrate (42, 62). Phosphorylation can also result in the
exposure of degrons by inducing conformational change, although the phosphate itself does
not directly contribute to recognition on the degron. In addition, phosphorylation can
regulate the access of an E3 ligase to its targets via phosphorylation-dependent transport of
the substrate or the ligase between cellular compartments (42). It is not clear how TIEG1
phosphorylation results in K27-linked polyubiquitination, and it requires further detailed
investigation.

Another important finding of our study was that inoculation of TRAMP-C2 cells into
TIEG1~~ mice resulted in tumor rejection. Also, reduced Foxp3* Tregs and elevated IFN-y
and IL-17 by tumor-infiltrated cells suggested a robust immune reactivity against TRAMP-
C2 cells in TIEG1™~ mice. Again, our adoptive-transfer studies using Ragl~~ mice clearly
suggested that TIEG1~~ T cells failed to convert into Foxp3* Tregs, resulting in elevated
Th17 responses and reduced tumor growth, which suggested a critical role for TIEG1 in
immune surveillance. However, TIEG1 was shown to regulate transcription of TGF-f itself
by binding to the consensus sequences on the TGF-B promoter (53). In addition to defective
Treg development and elevated Th17 responses, TIEG1 may regulate additional
mechanisms that contribute to the observed antitumor effects in TIEG1~~ mice.

The expansion and de novo generation of tumor-specific Tregs has emerged as a major
obstacle in successful immunotherapy against tumors (11). Especially in hosts bearing large
advanced tumors, Treg induction and expansion become dominant, resulting in poor effector
T cell activation and tumor rejection (48-50). For example, immunizing tumor-bearing mice
with vaccine carrying a tumor Ag elicited tumor Ag-specific effector T cells and Tregs (48).
Similarly, clinical investigations with human papilloma virus E6/E7 vaccines in cervical
cancer patients provide further support for the concomitant induction of tumor-specific
Tregs (50). Using the TRAMP-C2 prostate cancer cell line, which secretes high levels of
TGF-B (7), it was demonstrated that tumor-secreted TGF- converted the tumor Ag-specific
T cells into Foxp3* Tregs (6). Such Tregs inhibit the priming and effector function of
antitumor effector cells and form a self-amplifying immune-suppressive network through its
interaction with various APCs in the tumor microenvironment (14). Therefore, developing a
vaccination strategy to increase the frequency of tumor-specific effector T cells, as well as to
prevent Treg induction, is essential for successful treatment. Depleting Tregs using anti-
CD25 Ab was demonstrated to enable the rejection of several types of transplantable tumors.
Because Tregs are required for maintaining self-tolerance, prolonged, global, and
nonspecific depletion of Tregs may breach self-tolerance (11, 63). Therefore, strategies are
needed to selectively block the development of Tregs in the tumor site. It will be
advantageous to eliminate suppressors while redirecting the precursor T cells to differentiate
into effector cells, such as Th1l or Th17 cells (23). We describe a phosphorylation-dependent
regulation of Treg/Th17 development by TIEG1. TIEG1 deficiency resulted in elevated
IL-17 expression and reduced TRAMP-C2 tumor growth. Because higher levels of TGF-3
promote the development of Tregs and suppress IL-6—mediated Th17 cell differentiation
(54, 64, 65), it is likely that, in the absence of TIEGL, the effect of high concentrations of
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TGF-B in the tumor microenvironment is nullified, resulting in elevated IL-17 expression.
The role of IL-17 in tumor immunopathology has been controversial. Overexpression of
IL-17 in some tumor cell lines promotes angiogenesis and tumor growth, suggesting a
protumor activity (66). However, transgenic T cells polarized to a Th17 phenotype by
treatment with TGF- and 1L-6 were shown to eradicate tumors (17-19). A significant
inverse correlation between Th17 and tumor progression was reported in patients with
prostate cancer (51). Therefore, Th17 cells provide protection against tumors in certain
cases, as we observed in TIEG1-deficient mice. A better understanding of the molecular
regulation of Treg/Th17 conversion could help to improve cancer immunotherapy strategies.
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FIGURE 1.

IL-6-Tyk2 pathway-mediated phosphorylation regulates TIEG1 nuclear localization and
Treg/Th17 differentiation. A, Naive CD4*CD25~ T cells were stimulated with anti-CD3 and
anti-CD28 in the presence of TGF-p (5 ng/ml) alone or TGF-f (5 ng/ml) plus IL-6 (20 ng/
ml). The nuclear and cytoplasmic fractions were immunoblotted with anti-TIEG1 Ab. The
membranes were reprobed with anti-histone H3 and anti-actin Ab. C, cytoplasmic; N,
nuclear. B, CD4*CD25~ T cells were treated as in A. Endogenous TIEG1 from total-cell
lysates was immunoprecipitated with anti-TIEG1 Ab and immunoblotted with anti—-phos-
tyrosine Ab. Blots were reprobed using anti-TIEG1 Ab, p-TIEG1, or tyrosine-
phosphorylated TIEG1. C, 293T cells were transfected with plasmids encoding His-TIEG1,
Flag-Tyk2, or Flag-Tyk2/K930l, alone or in combination, for 24 h. TIEG1 was
immunoprecipitated with anti-His Ab and immunoblotted with anti—phos-tyrosine Ab. Blot
was stripped and reprobed with anti-TIEG1. The amount of Tyk2 in total-cell lysates was
determined by immunoblotting. Actin was used as an equal loading control. D, Naive
CD4*CD25- T cells isolated from Tyk2*/* and Tyk2~~ mice were stimulated with anti-CD3
and anti-CD28 in the presence of TGF-$ (5 ng/ml) alone or TGF-$ (5 ng/ml) plus IL-6 (20
ng/ml). TIEG1 was immunoprecipitated using anti-TIEG1 Ab and immunoblotted using
anti-phos-tyrosine Ab. E, TIEG1 interacts with Tyk2 in primary CD4 T cells. CD4*CD25~
T cells were stimulated with TGF-3 or TGF-f plus IL-6, as described above. Endogenous
TIEG1 or Tyk2 was immunoprecipitated with corresponding Abs and analyzed by
immunoblotting with anti-Tyk2. The same blot was stripped and reprobed with anti-TIEG1.
The amount of TIEG1 and Tyk2 in total-cell extracts was determined by Western blotting.
Actin was used as an equal loading control.
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Tyk2 phosphorylates TIEG1 at Tyr179. A, Truncated mutants of TIEG1. Each tyrosine
residue in individual truncated mutants is indicated. 6xHis and Xpress represent Hisg tag
and Xpress tag, respectively. B, 293T cells were cotransfected with plasmids encoding Flag-
Tyk2 and truncated TIEGL1 for 24 h. TIEG1 was precipitated by Ni-NTA affinity
purification and immunoblotted with anti—phos-tyrosine Ab (upper panel). The same blot
was stripped and reprobed with anti-Xpress (middle panel). C, 293T cells were cotransfected
with plasmids encoding Flag-Tyk2 and TIEG1 or TIEG1/Y179F mutant for 24 h. TIEG1
was immunoprecipitated with anti-His Ab and analyzed by immunoblotting with anti—phos-
tyrosine Ab. The results shown are from one representative experiment that was conducted

three times.
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FIGURE 3.

Tyk2-mediated phosphorylation regulates TIEG1 nuclear localization and Treg/Th17
differentiation. A, Naive TIEG1~/~ CD4* CD25" cells were reconstituted with WT or

Page 17

TIEG1-Y179F mutant by retroviral transduction. Nuclear/cytoplasmic localization of TIEG1
was analyzed in FACS-sorted GFP* cells following treatment with TGF-B or TGF-$ + IL-6.

B, GFP* cells were stimulated with TGF- (Treg-inducing) and TGF-B + IL-6 (Th17-

inducing) conditions for 7 d. The effect of Y179F mutation on Foxp3 versus IL-17

expression was analyzed by real-time PCR. The results shown are from one representative

experiment that was conducted three times.
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FIGURE 4.

Tyk2-mediated phosphorylation-dependent polyubiquitination of TIEG1 is K27 linked. A,
293T cells were transfected with the indicated combination of plasmids encoding Flag-
Tyk2, His-TIEG1, Myc-Itch, and HA-Ub for 48 h. Ubiquitinated TIEG1 was purified by Ni-
NTA precipitation and analyzed by immunoblotting with anti-HA Ab. The expression of
Tyk2 and Itch from total-cell lysates is shown (bottom two panels). B, 293T cells were
transfected with plasmids encoding His-TIEG1, Myc-ltch, HA-Ub, and increased amounts
of Flag-Tyk2. The ubiquitinated TIEG1 was purified by Ni-NTA precipitation and analyzed
by immunoblotting with anti-HA Ab. C, 293T cells were transfected with plasmids encoding
His-TIEG1, Myc-Itch, Flag-Tyk2, and HA-Ub or Ub-K48 or Ub-K63 (Ub-K48, only lysine
K48 present, all other lysine mutated into arginine; Ub-K63, only lysine K63 present, all
others mutated into arginine] for 40 h. Ubiquitinated TIEG1 was precipitated by Ni-NTA
beads and analyzed by Western blotting with anti-HA Ab. The same blot was stripped and
reprobed with anti-TIEG1. D, 293T cells were transfected with plasmids encoding His-
TIEGL, Myc-Itch, Flag-Tyk2, and various lysine mutants of HA-ubiquitin (KO, all lysines
are mutated into arginine; K6, K11, K27, K29, K33, K48, and K63, a single lysine present,
all other lysines mutated into arginine). Ubiquitinated TIEG1 was precipitated and blotted
with anti-HA Ab. E, 293T cells were transfected with Flag-Tyk2, Myc-Itch, and His-TIEG1
and HA-Ub WT, KO0, K27, or K27R (K27R, only lysine K27 mutated into arginine, all other
lysines present). The polyubiquitination of TIEG1 was determined by immunoblotting with
anti-HA. F, 293T cells were transfected with Flag-Tyk2, Myc-ltch, HA-UbK27, His-TIEG1
WT, or His-TIEG1/Y179F mutant in 293T cells. The polyubiquitination of TIEG1 was
determined by immunoblotting with anti-HA. The results shown are from one representative
experiment that was conducted three times.
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FIGURE 5.

Defective TGF-B induced Treg development in TIEG1~~ naive CD4 T cells. A,
Experimental procedures. TRAMP-C2 cells were cultured for 3 d without change of the
medium. CM was collected and incubated with naive CD4*CD25~ T cells isolated from
spleen and lymph nodes of TIEG1** and TIEG1~~ mice in the presence of anti-CD3 and
anti-CD28. After 3-5 d of culture with CM, T cells were harvested for Foxp3 analysis. B,
Real-time PCR analysis of Foxp3 expression. CD4*CD25~ T cells were stimulated with or
without CM as in A, and Foxp3 expression level was analyzed by real-time PCR. The
increased folds of Foxp3 mMRNA were normalized to that of actin mRNA. C, In a similar
experiment to B, anti-TGF- (15 pug/ml) or control isotype Ab was added to the cultures.
Foxp3 mRNA was analyzed by real-time PCR. D, In a similar experiment to A, 1L-6 was
added to the T cell cultures. IL-17 mRNA was analyzed by real-time PCR.
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FIGURE 6.

Elevated antitumor immune response in TIEG1~~ mice. A, Kaplan-Meier curves of tumor-
bearing TIEG1*/* mice (n = 16) and TIEG1~~ mice (n = 16). Male mice were injected s.c.
with TRAMP-C2 cells. Tumors were monitored three times per week. Tumor incidence in
each group was calculated from days 17-60. B, Representative image of tumor-bearing
TIEG1** and TIEG1~~ mice. The photograph was taken at day 60 after initial inoculation.
C, Foxp3* Tregs in the spleen (upper panels) and lymph nodes (lower panels) from tumor-
bearing (+TRAMP-C2) or control mice (-TRAMP-C2) were analyzed using FACS
following intracellular staining using anti-Foxp3 Ab. D, CD4*Foxp3+ cell numbers in the
spleen and lymph nodes of TIEG1** and TIEG1~~ mice. Each symbol represents an
individual mouse. E, Tumor tissues were collected from TIEG1*/* mice or TIEG1~~ mice,
and Foxp3, IFN-v, and I1L-17 expression was analyzed by real-time PCR. The results shown
are from one representative experiment that was conducted three times.
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FIGURE 7.

Adoptive transfer of TIEG1-deficient T cells inhibits TRAMP-C2 tumor growth. Rag1~~
mice were injected s.c. with TRAMP-C2 cells on day 0. On day 3, naive CD4*CD25~ (3 x
10%) and CD8* T cells (3 x 10%) from TIEG1** and TIEG1~~ mice were adoptively
transferred (i.v.) into these Rag™~ mice (n = 5). A, The kinetics of tumor growth. B,
Representative image of tumor-bearing Rag1~'~ mice. C, Percentage of CD4*Foxp3* cells in
tumor-infiltrated cells. D, Relative mRNA levels of IFN-y and IL-17 in tumor-infiltrated
lymphocytes.
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