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Casein kinase 2 is a critical determinant of the balance
of Thl7 and Treg cell differentiation

Sung Woong Jang, Soo Seok Hwang, Hyeong Su Kim, Keoung Oh Lee, Min Kyung Kim, Wonyong Lee,

Kiwan Kim and Gap Ryol Lee

Th17 cells promote inflammatory reactions, whereas regulatory T (Treg) cells inhibit them. Thus, the Th17/Treg cell balance is
critically important in inflammatory diseases. However, the molecular mechanisms underlying this balance are unclear. Here,
we demonstrate that casein kinase 2 (CK2) is a critical determinant of the Th17/Treg cell balance. Both the inhibition of CK2
with a specific pharmacological inhibitor, CX-4945, and its small hairpin RNA (shRNA)-mediated knockdown suppressed Th17
cell differentiation but reciprocally induced Treg cell differentiation in vitro. Moreover, CX-4945 ameliorated the symptoms of
experimental autoimmune encephalomyelitis and reduced Th17 cell infiltration into the central nervous system. Mechanistically,
CX-4945 inhibited the IL-6/STAT3 and Akt/mTOR signaling pathways. Thus, CK2 has a crucial role in regulating the Th17/Treg

balance.
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INTRODUCTION

Autoimmune diseases are regulated by the balance between T
helper 17 (Th17) cells, which promote inflammatory reactions
by secreting interleukin (IL)-17A, IL-17F, IL-21 and IL-22,'™*
and regulatory T (Treg) cells, which suppress effector T cells
and regulate self-tolerance.>® Despite their conflicting roles,
Th17 and Treg cells share a precursor cell (naive CD4 T cells)
and an inducing signal (transforming growth factor p (TGEp)).
Depending on other environmental conditions, such as the
presence of specific antigens, T cell receptor (TCR) binding,
and the amount of IL-2, IL-6, IL-21 and IL-23, naive
CD4 T cells differentiate into either Th17 or Treg cells.”"!°
Therefore, the differentiation of Thl7 and Treg cells is
controlled reciprocally, and the balance between them has a
critical role in autoimmune responses.

IL-6, together with TGE-f, triggers the differentiation of
Th17 cells by inducing retinoid-related orphan receptor
(ROR)-yt, the key transcription factor that determines Th17
lineage.!'2 STAT3, which is phosphorylated and activated by
IL-6, is an important component of IL-6-mediated Th17 cell
differentiation. STAT3-deficient T cells fail to produce IL-17
and instead induce Foxp3, even in the presence of IL-6
and TGE-p.'>!* Phosphoinositide 3-kinase (PI3K), Akt and
mammalian target of rapamycin (mTOR) complexes are also
important regulators of Th17 and Treg cell differentiation. The
PI3K-Akt axis works downstream of the TCR and CD28 in

T cells and ultimately activates mTOR complexes (mTORC1
and mTORC2)."> mTORCI, which is indirectly activated
by Akt phosphorylated on Thr308 upon TCR signaling,
translocates RORyt to the nucleus in a S6K1/2-dependent
manner and induces Th17 differentiation.!® Then, mTORC2
phosphorylates Akt on Ser473, which inactivates the FoxO
proteins that positively regulate Foxp3 expression.!” Thus,
mTOR-deficient T cells differentiate into Foxp3+ cells upon
TCR stimulation, even in the absence of exogenous cytokines.'8

Casein kinase 2 (CK2) is a highly conserved serine—threonine
kinase that contains two catalytic a-subunits (o, &) and two
regulatory B-subunits that form a holoenzyme tetramer.!® CK2
regulates many targets, such as the NF-kB, Wnt, 20 JAK/STAT
(including STAT3)?!??2 and PI3K/Akt/mTOR?® signaling
pathways, in different types of cells. A recent study showed
that CK2 is important for the Th2-restraining function of
Treg cells.* However, the role of CK2 during differentiation
of other CD4 T cell subsets is unclear. As CK2 regulates the
JAK/STAT pathway and the PI3K/Akt/mROR pathway, we
hypothesized that CK2 may regulate CD4 T cell differentiation
and, in particular, the Th17/Treg balance.

Here, we examined the role of CK2 in determining the
Th17/Treg balance. We found that the inhibition of CK2 by a
specific pharmacological inhibitor, CX-4945, or by shRNA-
mediated knockdown suppressed Th17 cell differentiation and
induced iTreg cell differentiation in vitro. CK2 antagonists
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exerted this effect by inhibiting the IL-6/STAT3 and mTOR
signaling pathways. Moreover, treatment with CX-4945
ameliorated symptoms of experimental autoimmune encepha-
lomyelitis (EAE), an animal model of a Th17-mediated disease
and reduced Thl7 cell infiltration into the central nervous
system (CNS), thereby demonstrating that inhibiting CK2 may
be a potential potent therapeutic strategy for Th17-mediated
diseases.

MATERIALS AND METHODS

Mice

Female C57BL/6 mice (6-8 weeks old) were purchased from Taconic
Biosciences (Daehan Bio Link, EumSeong, ChungBuk, Korea) and
maintained under specific pathogen-free conditions during the in vivo
experiments. All animal experiments were approved by the Sogang
University Institutional Animal Care and Use Committee.

In vitro culture of CD4 T cells

Naive CD4+ T cells were enriched from the spleen of C57BL/6 mice
using the anti-NK1.1 (#108712, BioLegend; San Diego, CA, USA),
anti-CD25 (#102014, BioLegend), anti-I-A/I-E (#107610, BioLegend),
anti-CD8u (#100716, BioLegend), BioMag goat anti-rat IgG (Qiagen;
Venio, Netherlands) and BioMag goat anti-mouse IgG (Qiagen)
antibodies. Then, the cells were sorted using the biotinylated anti-
CD62L antibody (#104404, BioLegend) and anti-biotin microbeads
(Miltenyi Biotec; Bergisch-Gladbach, Germany). The cells were then
activated by incubation with the plate-bound anti-CD3e (10 pgml™};
2C11) and anti-CD28 (10 pgml~'; 37.51) antibodies in RPMI-1640
medium supplemented with 5% fetal bovine serum, 2-mercaptoethanol,
MEM amino acids, non-essential MEM amino acids and penicillin—
streptomycin (all from Gibco Life Technologies, Carlsbad, CA, USA).
Differentiation of Thl and Th2 cells was induced as previously
described.”> Mouse recombinant IL-6 (50ngml~!; eBioscience;
Santa Clara, CA, USA), human recombinant TGF-pl (2 ng ml™1;
eBioscience), mouse recombinant IL-1f (2ngml~!; eBioscience),
mouse recombinant TNFa (1 ng ml~!; eBioscience), anti-IFNy Ab
(XMG1.2; 10 p.gml_l) and anti-IL4 Ab (11B11; Sp.gml_l) were
added to the culture medium to induce Th17 cell differentiation.
Mouse recombinant IL-2 (1 ngml™!), human recombinant TGF-B1
(5ngml~1), XMGI1.2 Ab (5 pgml~!) and 11B11 Ab (5 pg ml~ 1) were
added to the medium to induce Treg cell differentiation. CX-4945
(Selleckchem; Houston, TX, USA) was added to the culture medium
throughout the study at the indicated concentrations.

Immunoblot analysis

Immunoblot analysis was performed as previously described®® using
primary antibodies targeting CK2a (sc-12738; Santa Cruz Biotechnol-
ogy; Dallas, TX, USA), f-actin (sc-47778; Santa Cruz), STAT3
(sc-8019; Santa Cruz), pSTAT3 (sc-8059; Santa Cruz), Akt (#9272;
Cell Signaling Technology; Danvers, MA, USA), pAkt S473 (#9271;
Cell Signaling Technology), pAkt T308 (#9275 Cell Signaling
Technology), pS6 (#4856; Cell Signaling Technology), ROR-y (B2D;
eBioscience) and Lamin B1 (ab16048; Abcam; Cambridge, MA, USA).

CK2 kinase assay

The kinase activity of CK2 in the cells was determined using a Casein
Kinase 2 Assay Kit (#17-132, Millipore, Bedford, MA, USA) according
to the manufacturer’s instructions.
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Intracellular staining of cytokines and transcription factors
For cytokine staining, the cells were re-stimulated with 1pm
ionomycin and 10nmM PMA (both from Sigma-Aldrich, St Louis,
MO, USA) in the presence of Brefeldin A (BioLegend) for 4 h and
then stained with an Intracellular Fixation & Permeabilization Buffer
Set (eBioscience). Intracellular Foxp3 staining was performed using a
Foxp3 Fix/Perm Buffer Set (BioLegend). To detect the STAT3
phosphorylation, the cells were re-stimulated with IL-6 (100 ng ml ™~
eBioscience), fixed and permeabilized with IC Fixation buffer
(eBioscience) before staining. Flow cytometric analyses were per-
formed using a FACSCalibur flow cytometer (BD Biosciences;
Franklin Lakes, NJ, USA).

RNA isolation and quantitative RT-PCR

The total RNA was isolated from cells using TRI Reagent (Molecular
Research Center; Cincinnati, OH, USA) according to the
manufacturer’s protocol. Reverse transcription was performed using
TOPscript Reverse Transcriptase (Enzynomics; Daejeon, Korea).
Quantitative real-time PCR was then performed using HiFast Probe
Lo-ROX, HiFast SYBR Lo-ROX master mix (PCR Biosystems;
London, UK) and a Roche LightCycler 96 (Roche, Basel, Switzerland).

Cell viability assay

Cell viability was measured using an EZ-Cytox Cell viability assay kit
(DaeilLab Service; Seoul, Korea) according to the manufacturer’s
protocol. Cultured cells were collected and seeded into a 96-well
microplate containing assay reagent. After a 3 h incubation at 37 °C,
the absorbance was measured at 450 nm using a microplate reader
(Bio-Rad; Hercules, CA, USA).

Mouse EAE model

Female mice (8—10-weeks old) were immunized by a subcutaneous
injection with 200 pg of myelin oligodendrocyte glycoprotein (MOG)
35-55 (Peptron; Daejeon, Korea) emulsified in complete Freund’s
adjuvant containing 5 mg ml~! heat-killed Mycobacterium tuberculosis
(Chondrex; Redmond, WA, USA) (day 0). Pertussis toxin (200 ng; List
Biological Laboratories; Campbell, CA, USA) was then injected
intraperitoneally into the mice on days 0 and 2. Clinical signs were
assessed daily and scored as follows: 0, no symptoms; 1, limp tail;
2, weakness of hind legs; 3, complete paralysis of hind legs; 4, complete
hind leg and partial front leg paralysis. The mice were killed on the
indicated days, and the brain and spinal cord were isolated and
homogenized. Mononuclear cells were isolated by gradient centrifuga-
tion with a 30/70% Percoll gradient (GE Healthcare, Little Chalfont,
UK). CX-4945 (Selleckchem) was dissolved in filtered sesame oil.
The mice were then administered CX-4945 (50 mgkg™! per day) or
vehicle (same volume) for the indicated times using a gavage needle.

Retroviral transduction of shRNA

To knockdown Csnk2a, a shRNA vector (based on the retroviral vector
MSCV-LMP (GE Healthcare) and harboring a 97mer insert sequence
(5-TGCTGTTGACAGTGAGCGCCCTCACAATGTCATGATAGATTA
GTGAAGCCACAGATGTAATCTATCATGACATTGTGAGGTTGCCT
ACTGCCTCGGA-3" was transfected into Phoenix Eco cells along with
a pCL-Eco helper vector. The culture supernatant containing the
retrovirus was collected 48 h post transfection. Activated CD4 T cells
were spin-infected (at 200 X g for 90 min) with retrovirus-containing
culture medium supplemented with 4 pg ml~! polybrene. After 2 days,
the cells were analyzed by flow cytometry, and the GFP+ cells were
sorted for quantitative RT-PCR (qRT-PCR).
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Figure 1 The expression of CK2 and the effect of a CK2 inhibitor, CX-4945, on stimulated CD4 T cells. (a) In vitro-differentiated cells
were stimulated under subset-specific polarizing conditions for 3 days. The CK2a expression levels in whole-cell lysates from naive CD4
T cells and in vitro-differentiated ThO, Thl, Th2 and iTreg cells were then measured by immunoblot analysis. (b) The CK2
phosphotransferase activities in cell lysates from naive CD4 T cells and CD4 T cell subsets were measured using the Casein Kinase Assay
Kit (Millipore). The data are representative of three independent experiments. The control (con) indicates background levels (no cell lysate).
(c) Murine naive CD4 T cells were activated by aCD3 and aCD28 for 48 h in the presence of the indicated concentrations of CX-4945,
and the relative expression of Ifng, 114, I117a and Foxp3 mRNA was analyzed by quantitative RT-PCR (qRT-PCR). (d) The viability of cells
treated as described in ¢ was measured in a MTT assay. (e) The proliferation of cells treated as described in ¢ was assessed by Ki-67
staining. (f) The level of apoptosis of samples treated as described in ¢ was measured by Annexin V staining. (e, f) The percentages of
different CD4 T cell subsets as measured by flow cytometry. The error bars represent the s.d. P-values were calculated using Student’s
ttest. *P<0.05, **P<0.01. The experiments were performed three times independently and yielded similar results.

Statistical analysis

The data are expressed as the meanz+s.d. Statistical differences
between the mean values were determined using Student’s f-test.
Statistical significance was set at P<0.05.

mouse spleens. However, CK2a was expressed by in vitro-
differentiated CD4 T cell subsets (Figure 1a). There were no
significant differences between the stimulated CD4 T cell
subsets (ThO, Thl, Th2, Thl7 and ilTreg) in terms of
the CK2a expression levels. To examine whether CK2 is
functionally active in CD4 T cells, we then measured the

RESULTS

Functional CK2 is expressed by stimulated CD4 T cells

To study the role of CK2 in CD4 T cells, we first examined
its expression. No expression of CK2a, the catalytic subunit
of CK2, was detected in naive CD4 T cells isolated from

phosphotransferase activity of CK2 in cell lysates prepared
from each subset. The kinase activity of CK2 was increased in
all effector subsets of CD4 T cells compared with that of naive
CD4 T cells (Figure 1b). The CK2 activity was relatively high in

Experimental & Molecular Medicine
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Th17 cells but was the highest in Treg cells.>* Taken together,
these results indicate that active CK2 is induced during CD4
T cell differentiation.

Inhibiting CK2 alters the differentiation status of naive
CD4 T cells

Next, we studied the effects of CK2 on CD4 T cell differentia-
tion using CX-4945 (Silmitasertib), a potent and selective
inhibitor of CK2.2® Naive CD4 T cells were stimulated for
48h with aCD3 and aCD28 in the presence of increasing
concentrations of CX-4945. The expression of subset-specific
genes was then examined by RT-PCR. Upon activation, naive
CD4 T cells expressed various subset-specific genes, including
the Ifng, 1l4, 1117 and Foxp3 genes. Surprisingly, CX-4945 led
to a marked dose-dependent reduction in the amount II17
mRNA (Figure 1c). The amount of Ifng mRNA fell, but that
of Foxp3 mRNA increased, by CX-4945 treatment (Figure 1c).
A cytotoxicity assay revealed that the inhibitor did not affect
cell viability when used at a concentration between 0.1 and
2um (Figure 1d). The proliferation and apoptosis of the
CX-4945-treated cells were then examined using Ki-67 and
Annexin V staining, respectively. CX-4945 did not affect
proliferation or cell death (Figure le and f), indicating that
CX-4945-induced alterations in CD4 T cell differentiation
status were not due to either phenomenon. Taken together,
these results indicate that inhibiting CK2 represses the
differentiation of naive CD4 T cells into Th17 cells but induces
their differentiation into Treg cells.

CK?2 inhibitor alters the balance between Th17 and Treg cells
The above results suggest that CK2 reciprocally regulates Th17
and Treg cell differentiation. To examine this in more detail,
differentiating Th17 cells were treated with CX-4945 for 72 h,
and the subset-specific gene expression was measured. There
was a marked reduction in the number of cells expressing
IL-17A and IL-17F (Figure 2a and b), whereas the number of
cells expressing Foxp3 increased (Figure 2c). Furthermore,
CX-4945 increased the Foxp3 expression in iTreg cells
(Figure 2d). These changes in protein expression were mirrored
by changes in the mRNA expression (Figure 2e and f). To
examine alterations in the global gene expression induced by
CX-4945 treatment, we performed microarray analysis using
the total RNA isolated from Thl17 cells treated with 1 pm
CX-4945 and compared the levels to those from untreated cells
(Supplementary Figure S1). We identified 626 genes, mostly
encoding phosphoproteins, nuclear proteins and acetylation
mediators that were upregulated by CX-4945 by more than
twofolds, and 503 genes that were downregulated by more
than twofolds (Supplementary Figure Sla—c). A majority of
Th17-related genes was downregulated, whereas a majority of
Treg-related genes was upregulated by CX-4945, confirming
the qQRT-PCR data (Figure 2e and f). The number of Thl cells
was slightly but insignificantly decreased, and Th2 cells were
not affected by CX-4945 (Supplementary Figure S2a and b).
Taken together, these results suggest that CK2 specifically
regulates the reciprocal differentiation of Th17 and Treg cells.

Experimental & Molecular Medicine

ShRNA-mediated knockdown of CK2 alters Th17 and iTreg
differentiation

The role of CK2 in regulating the Th17/Treg balance was further
examined using shRNA-mediated knockdown technology.
We knocked down the Csnk2a gene, which encodes CK2q, in
Th17 and Treg cells using a specific shRNA cloned into a
GFP-expressing retroviral vector. The shRNA-transduced (GFP+)
cells were sorted, and the relative mRNA expression of Csnk2a,
Il17a, Rorc and Foxp3 was measured by qRT-PCR. One out of
the four shRNAs tested reproducibly reduced the expression of
Csnk2a mRNA (to ~30% of that in the controls) and its
respective protein (Figure 3a). CK2o knockdown reduced the
Il17a mRNA expression (Figure 3b) and the percentage of
IL-17A-expressing  cells (Figure 3c). CK2a knockdown
enhanced Foxp3 mRNA expression (Figure 3b), but it did not
alter percentage of Foxp3-expressing cells (Figure 3c). CK2a
knockdown more obviously enhanced both the Foxp3 mRNA
expression (Figure 3b) and the percentage of Foxp3-expression
cells in iTreg cells (Figure 3c). These results further confirm that
CK2 has a critical role in determining the Th17/Treg balance.

CK2 determines the severity of EAE

Since our data showed that CX-4945 suppresses Th17 cell
differentiation in favor of Treg cell differentiation in vitro, we
next examined whether it affects Th17-mediated inflammation in
a mouse model of EAE. As CX-4945 is an orally bioavailable
molecule,’®? it was administered by oral gavage starting on the
day of immunization. Surprisingly, the CX-5945-treated group
showed much less severe symptoms than the vehicle control
group (Figure 4a). Moreover, CX-4945 led to a marked
amelioration of the EAE symptoms when given 2 days after
symptoms first appeared (Figure 4a). The mice were killed on
day 18 and day 21, which correspond to the peak phase and the
resolution phase of the disease, respectively. Their spinal cords
were harvested and examined by staining with hematoxylin and
eosin (H&E) (Figure 4b) and Luxol fast blue (LFB) (Figure 4c).
The spinal cords from control mice showed severe inflammation
(Figure 4b) and demyelination (Figure 4c). In contrast, CX-4945-
treated mice showed less severe inflammation (Figure 4b) and
demyelination (Figure 4c). Next, we examined whether cell
infiltration into the CNS was affected by CX-4945 in this setting.
Mice treated with vehicle or CX-4945 from day 0 were killed at
day 18, and their mononuclear cells were isolated from the CNS
to measure the percentages of infiltrating Thl, Th17 and Treg
cells. We found a marked reduction in the percentage of Th17
cells after CX-4945 treatment; however, there was little change in
Th1 cells, both in the percentage and number (Figure 5a). The
percentage of Treg cells was higher in the CX-4945-treated group,
but the number was not different (Figure 5a). The total number
of infiltrated cells in the CX-4945-treated group was much lower
than that in the vehicle control group (Figure 5a). Some mice
were killed at day 21, and the cell populations were examined
again. The percentage and number of CNS-infiltrating Th17 cells
were still lower in the group treated with the inhibitor, whereas
those for the CNS-infiltrating Treg cells were not affected by
CX-4945 treatment (Figure 5b). Taken together, these results
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Figure 2 CX-4945 regulates the balance between Thl7 and Treg differentiation. (a—c) Naive CD4 T cells were stimulated under
Th17-polarizing conditions for 3 days in the presence of the indicated concentrations of CX-4945. The cells were then stained for IL17A,
IL-17F and Foxp3, and assessed by flow cytometry (left). The percentages of IL17A+, IL-17F+ and Foxp3+ cells are shown on the right.
(d) Naive CD4 T cells were stimulated for 3 days under Treg differentiation conditions in the presence of CX-4945, and the Foxp3
expression was measured by flow cytometry (left). The percentage of Foxp3+ cells is shown (right). (e, f) The relative mRNA expression of
Il17a and Foxp3 was assessed by quantitative RT-PCR (qRT-PCR). The samples were prepared as described in a-d. The error bars
represent the s.d., and P-values were analyzed using Student’s ttest. *P<0.05, **P<0.01, ***P<0.001. The experiments were

performed three times independently and yielded similar results.
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show that CX-4945 reduces the severity of EAE symptoms and
the infiltration of the CNS by Th17 cells, thereby demonstrating
its potent therapeutic effect against EAE and the role of CK2.

To examine whether CK2 regulates STAT3 activation during
Th17 cell differentiation, we treated differentiating Th17 cells
with CX-4945 and measured the STAT3 phosphorylation

with immunoblotting and flow cytometry analyses. CX-4945
reduced IL-6-dependent STAT3 phosphorylation in a dose-
dependent manner (Figure 6a and b). To examine whether
IL-6 restores Thl17 cell differentiation, CX-4945-treated

CK2 enables STAT3 phosphorylation downstream of IL-6
receptor signaling
CK2 is necessary for IL-6 receptor signaling, as it increases

STAT3 phosphorylation by interacting with JAK kinase.???  differentiating Th17 cells were treated with excess IL-6
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Figure 3 The effect of CK2 knockdown on Th17 and iTreg cells. Naive CD4 T cells were stimulated and transduced with a retroviral vector
containing a control vector or sh-CsnkZ2a. The cells were then stimulated for 3 days under Th17 (a, b) or Treg (c) differentiation conditions
and stained for intracellular IL-17A and Foxp3 expression. The cells were gated on GFP expression (b, ¢). GFP+ cells were sorted, and the
relative amounts of CsnkZa, 1/17a, Rorc and Foxp3 mRNA were measured by quantitative RT-PCR (gqRT-PCR) (a). The error bars represent
the s.d., and P-values were calculated using Student’s ttest. **P<0.01, ***P<0.001. The experiments were performed three times
independently and yielded similar results.
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after immunization or 2 days after the symptoms first appeared. (b, ¢) EAE-induced mice (a) were killed at day 18 or 21. (b) Hematoxylin
and eosin (H&E)-stained sections of the spinal cords from EAE-induced mice. Magnified regions are shown as rectangles. (c) Luxol fast
blue (LFB) stained sections of the spinal cords from the mice. Magnified regions are shown as rectangles. The experiments were performed
three times independently and yielded similar results. The data are representative of three individual mice, all with similar results.

(200 or 500 ng ml~ 1); the results showed that it did not restore
the differentiation (Figure 6¢—f), indicating that CK2 works
downstream of IL-6 receptor signaling. These results suggest
that CK2 promotes Th17 differentiation by enabling STAT3
phosphorylation downstream of the IL-6 receptor signal.

CK2 acts via the Akt/mTOR signaling pathway

TCR and CD28 signaling induces the mTORC2-mediated
phosphorylation of Akt at Ser473 and the PDKI-mediated
phosphorylation at Thr308.282° CK2 activates Akt,>*3! and the
activation of Akt/mTOR signaling inhibits Treg differentiation

and induces effector T cell differentiation.”> Therefore,
we tested the possibility that CK2 exerts its effect on Thl17
cell differentiation via Akt/mTOR signaling. We found that
CX-4945 repressed the phosphorylation of Akt at Serd73,
a direct target of mTORC2, upon TCR-re-stimulation
(Figure 7a). CX-4945 also repressed the phosphorylation
of Akt at Thr308 and S6, both downstream targets of
Akt/mTORCI signaling (Figure 7b). The shRNA-mediated
knockdown of CK2a also reduced the phosphorylation of
Akt at Ser473 and Thr308 (Figure 7c), consistent with the
CX-4945 experiment. As it has been reported that the
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Figure 5 CX-4945 reduces the infiltration of Th17 cells in the central nervous system (CNS). Experimental autoimmune encephalomyelitis
(EAE)-induced mice in Figure 4 were killed on day 18 (a) or 21 (b), and the mononuclear cells were isolated from the CNS. The
intracellular expression of IL-17A, IFNy and Foxp3 by CD4+ cells was measured by flow cytometry. The experiments were performed three
times independently and yielded similar results. The data are representative of three individual mice, all with similar results.

PIK3/Akt/mTOC1 axis controls Thl17 differentiation by
regulating the nuclear translocation of RORyt,'® we next
examined RORyt translocation in treated cells. CX-4945
reduced the amount of nuclear ROR-yt in a dose-dependent
manner, but it did not affect the amount of RORyt in the
cytosol, suggesting that CK2 inhibition suppressed the nuclear
translocation of ROR-yt (Figure 7d). These data indicate
that CK2 regulates Th17 and Treg cell differentiation via the
Akt/mTOR signaling pathway.

DISCUSSION

Here, we showed that CK2 (induced by TCR and
co-stimulatory signals) controls the differentiation of CD4
T cells. The inhibition of CK2 using a selective inhibitor
(CX-4945) blocked both STAT3 phosphorylation and the
activation of the mTOR signaling pathway, resulting in the

Experimental & Molecular Medicine

blockade of Th17 cell differentiation and a reciprocal increase
in Treg cell differentiation.

TCR and CD28 signaling activates naive CD4 T cells through
several signaling pathways. Although cytokines have a major
role in CD4 T cell differentiation, it is also regulated by both
the quantity and quality of the TCR and CD28 signals.!”32734
For example, sustained TCR stimulation activates the
PI3K/Akt/mTOR signaling pathway, which promotes the
differentiation of inflammatory T cells and inhibits the de novo
expression of Foxp3 and Treg cell differentiation.!” Here,
we propose that CK2 is a mediator that forms a link between
TCR/CD28 stimulation and PI3K/Akt/mTOR activation, and
that CK2 is an important regulator of TCR-dependent CD4
T cell differentiation. Our study shows that the differentiation
of naive CD4 T cells is influenced by TCR and CD28 signals in
the absence of additional role of cytokines.
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Figure 6 CX-4945 inhibits STAT3 phosphorylation downstream of IL-6 receptor signaling. (@) Immunoblot analysis of phosphorylated
STAT3 and the total STAT3 in T cell lysates. Naive CD4 T cells were stimulated for 72 h under Th17-polarizing conditions in the presence
of the indicated concentrations of CX-4945. (b) Flow cytometry analysis of phosphorylated STAT3. Naive CD4 T cells were stimulated for
48 h with aCD3 and aCD28 and then re-stimulated with IL-6 for 15 min. (c, d) Naive CD4 T cells were stimulated for 3 days with TGFp
and various concentrations of IL-6. CX-4945 was then added at the indicated doses, and the percentages of IL17A+ (c) and Foxp3+
(d) cells were measured by flow cytometry. (e, f) The relative mRNA expression of //17a and Foxp3 mRNA in cells prepared as in ¢, d. The
error bars represent the s.d. The experiments were performed three times independently and yielded similar results.

Most studies on CK2 have focused on its overexpression and
anti-apoptotic function in tumor cells.?® Thus, it is considered
a potential therapeutic target. Indeed, some CK2 inhibitors are
being assessed in ongoing pre-clinical trials.’® CX-4945 is one
such inhibitor undergoing phase 1 clinical trials as a treatment
for multiple myeloma (ClinicalTrials.gov NCT01199718) and
phase 1/phase 2 trials as a treatment for cholangiocarcinoma
(ClinicalTrials.gov NCT02128282). Recently, CD4 T cells
have emerged as a great tool for cancer immunotherapy.
The adoptive transfer of tumor antigen-specific T cells
prevented tumor progression in a patient with metastatic

cholangiocarcinoma.’” Th17 cells exhibit both pro- and
antitumor functions, depending on the context.’® A drawback
of CX-4945 is that it may induce tumor cell tolerance by
regulating the development of T effector cells and Treg cells;
therefore, the effects of the drug on antitumor immune
responses need to be examined to prevent latent obstacles that
may become apparent in upcoming clinical trials.

In humans, Th17 cells and their associated cytokines have a
key role in many autoimmune diseases, including multiple
sclerosis (MS), rheumatoid arthritis, psoriasis and inflamma-
tory bowel disease.! In most of these conditions, a reduced
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Figure 7 CX-4945 suppresses mTORC1 and mTOC2 signaling. (a) Immunoblot analysis of Akt phosphorylated on S473 and the total Akt
in the whole-cell lysates. Naive CD4 T cells were stimulated under Thl7-polarizing conditions in the presence of the indicated
concentrations of CX-4945 and then re-stimulated. (b) Immunoblot analysis of Akt phosphorylated on S308, the total Akt and
phosphorylated S6 in the whole-cell lysates prepared from Thl7-differentiated cells. CX-4945 was then added at the indicated doses.
(c) Naive CD4 T cells were stimulated and transduced with a retroviral vector containing a control vector or sh-Csnk2a. The cells were then
stimulated for 3 days under Th17 differentiation conditions. The GFP+ cells were sorted and subjected to immunoblot analysis similar
to a, b. (d) The immunoblot analysis of ROR-yt. Naive CD4 T cells were stimulated under Th17-polarizing conditions in the presence of
the indicated concentrations of CX-4945 and then re-stimulated. The cytosolic and nuclear extracts were then prepared. f-actin and lamin
B1 were used as markers for the cytosolic and nuclear extracts, respectively. The experiments were performed three times independently
and yielded similar results.

number/loss of function of Treg cells has been observed.*”
MS is an inflammatory demyelinating disease of the CNS,
which is induced by the activation of auto-reactive inflamma-
tory T cells that then migrate to the CNS through the blood
brain barrier (BBB). Many therapeutic strategies for MS target
Th17-mediated pathways, including IFN-f (FDA approved),
which inhibits Th17 differentiation and induces Treg differ-
entiation, and secukinumab (in clinical trials), a human anti-
IL-17A antibody that directly blocks IL-17A; both of these were
first tested in EAE mice, an animal model of human MS.40-42
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Here, we used CX-4945 to treat EAE mice and found that it led
to a marked reduction in symptom severity. CX-4945 reduced
the population of CD4 T cells in the CNS. Oral treatment with
CX-4945 reduced the development of auto-reactive CD4 T cells
and their migration to the periphery. CX-4945 can cross
the BBB,* so it can regulate these cells within the CNS.
When differentiating CD4 T cells were exposed to CX-4945 for
3672 h in vitro, the cell fates were still altered with the same
tendency (data not shown). Therefore, it is likely that CX-4945
controls both the infiltration of peripheral effector T cells and



the Th17/Treg balance in the CNS, even when administered
after disease onset.

In conclusion, this study shows that CK2 has an essential
role in promoting Thl7 cell differentiation during TCR
stimulation and IL-6 signaling, thereby regulating the
Th17/Treg cell balance. Inhibiting CK2 with a small molecule
inhibitor, CX-4945, had a positive therapeutic effect on
autoimmune-mediated inflammation in vivo. Thus, we have
identified both a novel mechanism underlying CD4 T
cell differentiation and a potential new strategy for treating
autoimmune diseases, including MS.
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