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Abstract

CK2 is a highly conserved and pleiotropic serine/threonine kinase that promotes many pro-

survival and pro-inflammatory signaling pathways including PI3K/Akt/mTOR and JAK/STAT. 

These pathways are essential for CD4+ T cell activation and polarization, but little is known about 

how CK2 functions in T cells. Here we demonstrate that CK2 expression and kinase activity are 

induced upon CD4+ T cell activation. Targeting the catalytic activity of CK2 using the next 

generation small molecule inhibitor CX-4945 in vitro significantly and specifically inhibited 

mouse and human Th17 cell differentiation while promoting the generation of Foxp3+ Tregs. 

These findings were associated with suppression of PI3K/Akt/mTOR activation and STAT3 

phosphorylation upon CX-4945 treatment. Furthermore, we demonstrate that CX-4945 treatment 

inhibits the maturation of Th17 cells into inflammatory IFN-γ co-producing effector cells. The 

Th17/Treg cell axis and maturation of Th17 cells are major contributing factors to the 

pathogenesis of many autoimmune disorders, including multiple sclerosis (MS). Using a murine 

model of MS, experimental autoimmune encephalomyelitis (EAE), we demonstrate that in vivo 
administration of CX-4945 targets Akt/mTOR signaling in CD4+ T cells and the Th17/Treg axis 

throughout disease. Importantly, CX-4945 treatment after disease initiation significantly reduced 

disease severity, which was associated with a significant decrease in the frequency of pathogenic 

IFN-γ+ and GM-CSF+ Th17 cells present in the CNS. Our data implicate CK2 as a regulator of 

the Th17/Treg cell axis and Th17 cell maturation, and suggest that CK2 could be targeted for the 

treatment of Th17 cell-driven autoimmune disorders.

INTRODUCTION

Protein kinase CK2 is a ubiquitously expressed and constitutively active serine/threonine 

kinase (1). It is unique in its ability to regulate numerous canonical signaling pathways 
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through phosphorylation of over 500 target proteins, and is therefore capable of modulating 

numerous cellular processes including cell survival, proliferation and inflammation (2). 

Structurally, the holoenzyme is a tetramer comprised of two catalytic subunits, CK2α and/or 

CK2α′, associated with two regulatory subunits, CK2β. The regulatory subunit is not 

essential for activity, but confers specificity and therefore can affect the ability of the 

catalytic subunits to phosphorylate certain substrates. As such, CK2α/α′ can maintain 

catalytic activity in the absence of their association with CK2β, adding to the complexity of 

CK2 biology (3). Aberrant CK2 activity is present in a number of tumors, promoting anti-

apoptotic and pro-angiogenic mechanisms that favor tumor survival and growth, and is 

therefore a promising target for cancer therapy (4–6). CX-4945, an ATP-competitive small 

molecule inhibitor of both catalytic subunits of CK2, is one of the most specific inhibitors of 

CK2 available and is currently in Phase 1 and 2 clinical trials for both solid and liquid 

tumors (6–8).

Auto-reactive CD4+ T cells drive a number of autoimmune diseases including multiple 

sclerosis (MS), a demyelinating inflammatory disease of the CNS, and the widely used 

animal model of MS, experimental autoimmune encephalomyelitis (EAE) (9, 10). Once 

activated, complex networks of signaling pathways and transcription factors contribute to the 

differentiation of CD4+ T cells into effector or regulatory phenotypes depending on the 

inflammatory environment (11, 12). In particular, PI3K/Akt/mTOR signaling is known to 

promote the differentiation of pro-inflammatory IFN-γ-producing Th1 cells and IL-17-

producing Th17 cells, while inhibiting anti-inflammatory Foxp3+ Tregs (13, 14). In addition, 

activation of the JAK/STAT pathway by different cytokines is essential for the production of 

effector molecules associated with different phenotypes. IL-12-mediated STAT4 activation 

and IL-6-mediated STAT3 activation are required for the Th1 and Th17 phenotypes, 

respectively, while sustained IL-2-mediated STAT5 activation promotes Tregs (11). 

Importantly, Th17 cells exhibit unique plasticity. In the presence of cytokines such as IL-23 

and IL-12, Th17 cells may become ‘Th1-like’ and co-produce IFN-γ. These mature Th17 

cells have been shown to be critical effector cells in MS (15, 16). In addition, both Th17 

cells and Tregs require TGFβ, allowing for a degree of plasticity between the two 

phenotypes, which is further regulated by the balance of activated STAT3 and STAT5 (17, 

18).

Although CK2 is known to promote the activity of the PI3K/Akt/mTOR and JAK/STAT 

pathways (19–21), little is known as to how CK2 functions in CD4+ T cells. We demonstrate 

that CK2 protein and kinase activity are enhanced upon CD4+ T cell activation. 

Furthermore, CK2 activity selectively promotes Th17 cell differentiation while suppressing 

Treg cell differentiation through modulation of mTOR and STAT3 signaling. In addition, 

CK2 promotes the maturation of Th17 cells into IFN-γ co-producing effectors. Importantly, 

inhibition of CK2 utilizing CX-4945 suppressed Th17 cell responses, promoted Tregs and 

was ultimately protective in EAE. Our results support that pharmacological inhibition of 

CK2 may be therapeutic in T cell-driven autoimmune diseases through targeting of the 

Th17/Treg cell axis and Th17 cell maturation.
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MATERIALS AND METHODS

Mice

C57BL/6 mice, Rag1−/− mice, TCR-transgenic 2D2 mice and transgenic CD45.1 mice were 

bred in the animal facility at the UAB. Il17fThy1.1.Foxp3GFP reporter mice were generated in 

the laboratory of Dr. Casey Weaver, UAB (16, 22) and bred in the animal facility at UAB. 8–

12 week old male and female mice were used for all experiments. All experiments using 

animals were reviewed and approved by the Institutional Animal Care and Use Committee 

of UAB.

Inhibitors

The CX-4945 compound was provided by Cylene Pharmaceuticals (San Diego, CA). The 

compound was dissolved in DMSO for in vitro experiments. The compound was 

reconstituted in sodium phosphate (25 mM) and administered via oral gavage in vivo. 

Rapamycin was purchased from Sigma Aldrich and diluted in DMSO.

Cytokines, Antibodies and Dyes

Mouse and human cytokines used for in vitro polarizations as well as anti-human CD3 and 

anti-human CD28 were purchased from Biolegend. Anti-mouse CD3, anti-mouse CD28 and 

mouse and human neutralizing antibodies to IL-4 and IFN-γ were purchased from 

BioXCell. Anti-CK2α and anti-CK2β antibodies for detection by flow cytometry were 

purchased from AbCam and Calbiochem, respectively. Secondary antibodies for flow 

cytometry were purchased from Jackson ImmunoResearch. Flow cytometry antibodies 

against mouse CD4, IL-17A, IFN-γ, CD25 and CD45.1 and human CD3, CD4 and Foxp3 

were purchased from Biolegend. Flow cytometry antibodies against mouse CD44, Foxp3 

and GM-CSF and human IL-17A were purchased from eBioscience. Aqua Live/Dead 

Viability dye, CFSE proliferation dye and 2-NBDG were purchased from ThermoFisher 

Scientific. Flow cytometry antibodies and isotype controls for phosphorylated S6, Akt, 

STAT3, STAT5 and SMAD2/3 were purchased from Cell Signaling. Immunoblotting 

antibodies against phosphorylated T389, S371 and total S6 Kinase p70 and phosphorylated 

S129, S473 and total Akt were purchased from Cell Signaling, and antibody against mouse 

β-actin was purchased from abcam.

Naïve CD4+ T cell Enrichment, Activation and Polarization

Naive CD4+ T cells were enriched from the spleens of 8–12 week of mice using the Naïve 

CD4+ T cell Kit purchased from Stem Cell Technologies. Cells were cultured at a density of 

0.75 – 1 x 106 cells/ml in RPMI supplemented with 10% FBS, L-glutamine, Hepes buffer, 

sodium pyruvate, β-mercaptoethanol and penicillin/streptomycin (R10). Cells were activated 

with plate-bound anti-CD3 (10 μg/ml) and soluble anti-CD28 (1 μg/ml) for activation and 

polarization experiments. Th1 polarizing conditions were IL-12 (10 ng/ml) and anti-IL-4 (10 

μg/ml); Th17 conditions were IL-6 (20 ng/ml), TGFβ1 (2.5 ng/ml), IL-23 (10 ng/ml), anti-

IL-4 (10 μg/ml), and anti-IFN-γ (10 μg/ml); and Treg polarizing conditions were TGFβ1 (5 

ng/ml), IL-2 (5 ng/ml), anti-IL-4 (10 μg/ml), and anti-IFN-γ (10 μg/ml). Polarizations were 

ended at 72 h unless otherwise noted. For cytokine signaling experiments, cells were 
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activated overnight, resuspended in serum free media +/− CX-4945 for 4 h, and then 

stimulated with IL-6 (10 ng/ml) for 2 h or IL-2 (5 ng/ml) or TGFβ1 (5 ng/ml) for 30 min.

RNA Interference

siRNA transfection was performed using the Amaxa Mouse T Cell Nucleofector Kit, 

purchased from Lonza, as previously described (23). Non-targeting and CK2α-targeting 

siRNA constructs were purchased from Dharmacon. Transfection efficiency, as measured by 

eGFP transfection, was 20–30%.

Flow Cytometry

For surface protein detection, cells were incubated with Fc Block (2.4G2) for 15 min, 

washed and incubated with viability dye and anti-surface protein antibodies. For intracellular 

CK2 subunit and phosphorylated protein detection cells were permeabilized with 70% and 

90% MeOH, respectively. For cytokine detection, cells were stimulated with PMA (25 

ng/ml) and Ionomycin (1 μg/ml) in the presence of GolgiStop (BD Biosciences) for 4 h and 

permeabilized using the Foxp3 Staining Buffer Kit (eBioscience). For glucose uptake, cells 

were incubated with 2-NBDG (5 nM) for 30 min at 37°C, washed and stained for viability 

and surface markers (24). Stained cells were run on an LSRII flow cytometer (BD 

Biosciences), and data was analyzed using FlowJo Software (TreeStar). Representative flow 

plots are gated on live, CD4+ cells, unless otherwise noted.

Immunoblotting

CD4+ T cells were lysed in buffer containing 1% Triton X-100 (Sigma-Aldrich), and protein 

lysate was separated by electrophoresis, transferred to a nitrocellulose membrane and blotted 

with immunoblotting antibodies, as previously described (25).

CK2 Kinase Activity

The Casein Kinase 2 Assay Kit (Millipore) was used to assess CK2 kinase activity. Cells 

were lysed and both catalytic subunits, CK2α and CK2α′, were immunoprecipitated. 

Resulting lysates were assayed for CK2 kinase activity (21).

Proliferation and Suppression Assays

For in vitro proliferation assays, naïve CD4+ T cells were incubated in CFSE dye, washed 

and activated with plate-bound anti-CD3 and soluble CD28 antibodies. At 72 h, CFSE 

dilution was determined by flow cytometry. For suppression assays, naïve CD4+ T cells 

from Il17fThy1.1.Foxp3GFP mice were polarized in indicated conditions for 72 h. GFP+ cells 

were sorted using a FACS Aria (BD Biosciences) and co-cultured at a 1:4 ratio with CFSE-

labeled CD45.1+ naïve CD4+ T cells activated with plate-bound anti-CD3 and soluble CD28 

antibodies. At 72 h, CFSE dilution of CD45.1+ cells was determined by flow cytometry.

Human T Cell Polarizations

Human blood was obtained with the appropriate approval from the UAB Institutional 

Review Board for Human Use. PBMCs were isolated from human blood and plated at a 

density of 1 x 106 cells/ml in R10 media. Cells were activated with plate-bound anti-CD3 
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(10 μg/ml) and soluble anti-CD28 (1 μg/ml). Th17 cells were polarized in the presence of 

IL-1β (10 ng/ml), IL-6 (10 ng/ml), IL-23 (10 ng/ml), TGFβ1 (2.5 ng/ml) and neutralizing 

antibodies to IL-4 (10 μg/ml) and IFN-γ (10 μg/ml). After 6 days, polarization was assessed 

by flow cytometry.

Plasticity Assay

To model Th17 cell plasticity in vitro a protocol was adapted from the literature (26). Naïve 

CD4+ T cells from Il17fThy1.1.Foxp3GFP mice were cultured in Th17 conditions. At 72 h, 

Thy1.1+ cells were sorted and restimulated with plate-bound anti-CD3, soluble anti-CD28 

and either IL-12 (10 ng/ml), or IL-2 (5 ng/ml) and TGFβ1 (5 ng/ml) +/− CX-4945 for an 

additional 48 h, then assayed for IFN-γ or Foxp3 expression, respectively.

RNA Isolation, RNA-Sequencing and qRT-PCR

Total RNA was isolated from cells using Trizol extraction. Quality was checked by 

nanodrop, and 5 μg was submitted to GeneWiz (South Plainfield, NJ) for RNA-sequencing 

and bioinformatic analysis. RNA-seq data will be publicly available at time of publication, 

accession number: GSE86976. Access link: https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?token=qvedemwuzfmznah&acc=GSE86976 Further pathway analysis was 

performed using the Gene Set Enrichment Analysis available through the Broad Institute. 

For quantitative RT-PCR analysis, 500 to 1000 ng of RNA was used to reverse transcribe 

into cDNA. cDNA was subjected to qRT-PCR using TaqMan primers purchased from 

ThermoFisher Scientific. The data were analyzed using the comparative cycle threshold 

method to obtain relative quantitation values.

EAE Induction, Assessment and Cell Isolation

For adoptive transfer EAE, a protocol was adapted from the literature (27). Naïve CD4+ T 

cells from 2D2 mice, with TCRs specific to MOG35–55 (28), were activated with anti-CD3 

and anti-CD28 and polarized to the Th17 phenotype for 72 h, restimulated with anti-CD3 

and anti-CD28 antibodies overnight and 2 x 106 cells were transferred to Rag1−/− mice via 

intraperitoneal injection. Active EAE was induced in C57BL/6 mice using MOG35–55 

emulsified in complete Freund’s adjuvant purchased from Hooke Laboratories, as previously 

described (25). Mice were monitored daily and scored on a scale of 0 to 5: 0, no disease; 1, 

tail paralysis; 2, hind limb paresis; 3, complete hind limb paralysis; 4, front limb weakness 

and hind limb paralysis; and 5, moribund state. Total CD4+ T cells were enriched from the 

spleens of immunized mice using the CD4 T cell isolation kit (Milteny). Mononuclear cells 

were isolated from the spinal cords of immunized mice using a Percoll gradient, as 

previously described (25, 29), and assessed by flow cytometry.

Statistics

Levels of significance for comparison between two groups were determined by one-sided 

two-sample Mann–Whitney rank sum test, in the case of EAE scores, and the Student t test 

distribution. A p value <0.05 was considered statistically significant. All error bars represent 

SEM.
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RESULTS

CK2 Subunit Protein Expression and Kinase Activity are Induced Upon CD4+ T Cell 
Activation

We first determined the expression pattern of CK2α, the major catalytic subunit of CK2, and 

CK2β, the regulatory subunit of CK2, in naïve and activated primary murine CD4+ T cells. 

Expression of both CK2α and CK2β substantially increased upon activation with anti-CD3 

and anti-CD28 antibodies in a time-dependent manner (Figure 1A). Increases in protein 

expression also correlated with a significant increase in CK2α and CK2β mRNA compared 

to naïve cells by 72 h (Figure 1B), suggesting the induction occurs at least partially at the 

transcriptional level. In addition to subunit expression, a number of factors can contribute to 

overall CK2 kinase activity (1). Importantly, induction of CK2 expression upon activation 

was associated with a significant increase in overall kinase activity (Figure 1C). These 

results demonstrate an induction of CK2 expression and activity upon CD4+ T cell activation 

and suggest a potential role for CK2 in CD4+ T cell function.

CK2 Kinase Activity Promotes Akt/mTOR Signaling in CD4+ T Cells but is Not Required for 
CD4+ T Cell Activation or Proliferation

CK2 regulates a number of pathways important for CD4+ T cell activation and 

differentiation including the PI3K/Akt/mTOR pathway (19, 20). We stimulated naïve CD4+ 

T cells with anti-CD3 and anti-CD28 antibodies in the absence or presence of the CK2 

inhibitor CX-4945 (2 μM) or rapamycin (100 nM) for 24 h, when CK2 is robustly induced, 

and then examined mTOR activation. The CX-4945 dose was chosen after determining the 

dose-dependent effect of CX-4945 treatment on cell viability. Two μM CX-4945 was the 

maximum dose tested that had no effect on viability of the cells (Supplemental Figure 1). 

CX-4945 treatment resulted in partial inhibition of mTOR activity as indicated by a decrease 

in phosphorylation of the downstream target of mTORC1, S325/236 S6 kinase p70, and the 

downstream target of mTORC2, S473 Akt (Figure 1D). The partial inhibition of mTORC1 

signaling by CX-4945 was less than the near complete inhibition caused by rapamycin, 

while inhibition of mTORC2 signaling was comparable between the two inhibitors (Figures 

1D, 1E and 1F). Considering that rapamycin is a direct inhibitor of mTORC1 while 

inhibition of mTORC2 is indirect (30), we conclude that CX-4945 acts to promote signaling 

through both complexes, but is not necessarily required for their activation. Studies have 

demonstrated that inhibition of mTOR activity by rapamycin treatment or genetic deletion 

has little effect on the expression of T cell activation markers such as CD25 and CD69, but 

greatly inhibits CD4+ T cell proliferation (13, 31). To determine if CK2 is critical for 

activation in response to TCR and costimulatory signals, naïve CD4+ T cells were activated 

with anti-CD3 and anti-CD28 antibodies for 24 h in the absence or presence of CX-4945 or 

rapamycin. CX-4945 treatment did not have a substantial impact on expression of the 

activation markers CD25 and CD69 after 24 h, compared to minimal inhibition by 

rapamycin (Figures 1G and 1H). CX-4945 treatment, however, did result in a small, but 

significant, decrease in IL-2 production after 24 h (Figure 1I). To determine if CX-4945 

treatment had any effect on autocrine IL-2 signaling in culture, cells were stained for 

phosphorylated STAT5 Y694. Although IL-2 levels were reduced, STAT5 signaling in 

response to autocrine IL-2 was intact in the presence of CX-4945 (Figure 1J). To assess 
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effects on proliferation, naïve CD4+ T cells were incubated in CFSE dye, and activated in 

the absence or presence of CX-4945 or rapamycin for 72 h. Inhibition of CK2 with CX-4945 

had no significant effect on the ability of CD4+ T cells to proliferate, in contrast to 

substantial inhibition with rapamycin (Figures 1K and 1L). Together, these data demonstrate 

that although CK2 promotes mTOR signaling, its activity is not required for CD4+ T cell 

activation or proliferation.

CK2 Inhibition Selectively Suppresses Th17 Cell Differentiation and Promotes the 
Generation of Tregs In Vitro

Although the inhibition of Akt/mTOR with CX-4945 compound is partial, the signal 

strength and duration through the Akt/mTOR pathway in response to TCR and costimulation 

have been shown to be critical regulators of CD4+ T cell differentiation. Strong signals 

promote the inflammatory effector phenotypes, while weaker signals can bias the cell to 

become a Treg (32, 33). To begin investigating the potential role for CK2 in regulating CD4+ 

T cell differentiation, naïve CD4+ T cells were polarized to the Th1, Th17 and Treg 

phenotypes in the absence or presence of CX-4945. Interestingly, CX-4945 treatment had no 

effect on the frequency of IFN-γ+ cells in Th1 polarizing conditions (Figure 2A). CX-4945 

treatment, however, did result in a significant decrease in the frequency of IL-17A+ cells in 

Th17 polarizing conditions (Figures 2B, 2D and 2E). This finding is consistent with the 

previously defined role of CK2 in transducing signals through CD5 to promote Th17 cell 

differentiation, but not Th1, described by the Raman group (34, 35). Alternatively, CX-4945 

treatment significantly enhanced the generation of Foxp3+ cells in Treg conditions (Figure 

2C). These results demonstrate that CK2 functions in CD4+ T cells to promote Th17 cell 

differentiation while inhibiting the generation of Tregs.

CK2 Regulates the Th17/Treg Cell Axis Through Modulation of Cytokine Signaling

Mechanistically, overlapping programs allow for a degree of plasticity between the Th17 and 

Treg phenotypes (36, 37). CX-4945 treatment not only significantly suppressed the 

generation of IL-17A+ Th17 cells, but also reciprocally promoted the generation of Foxp3+ 

cells under Th17 conditions (Figures 2D and 2E), implicating CK2 as a key regulator of the 

Th17/Treg cell axis.

Furthermore, CX-4945 treatment did not result in increased Foxp3 expression in the absence 

of cytokines (Th0) or Th1 polarizing conditions (Supplemental Figure 2A). This finding 

suggests that effect of CK2 inhibition on Akt/mTOR signaling is not sufficient to promote 

the generation of Tregs. In addition to the PI3K/Akt/mTOR pathway, the balance of IL-6-

induced phosphorylated STAT3 and IL-2-induced phosphorylated STAT5 are important 

regulators of the Th17/Treg axis (17, 18). We have previously shown that CK2 can directly 

promote the activation of STAT proteins through phosphorylation of upstream Janus Kinases 

(21). To determine the potential influence of CK2 activity on phosphorylation of STAT3 and 

STAT5, naïve CD4+ T cells were activated overnight, resuspended in serum-free media in 

the absence or presence of CX-4945 for 4 h, and then stimulated with IL-6 or IL-2 for 2 h or 

30 min, respectively. CX-4945 treatment significantly inhibited the phosphorylation of 

STAT3 Y705 and in response to IL-6 (Figure 2F). Alternatively, CX-4945 did not inhibit 

IL-2-induced phosphorylation of STAT5 Y694 (Figure 2G). Both Th17 and Treg cell 
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differentiation require TGFβ1, which primarily signals through Smad proteins (37). 

CX-4945 treatment had no significant effect on TGFβ1-induced phosphorylation of 

S465/467 Smad2 and S423/425 Smad3 (Figure 2H). Together, these data indicate the CK2 

promotes Th17 cell differentiation through enhancing the phosphorylation of STAT3. 

Therefore, inhibition of CK2 results in decreased STAT3 activation and allows signals 

through STAT5 and SMAD2/3 to promote Foxp3 expression.

We next sought to determine if the Foxp3+ cells generated in Th17 conditions were 

functionally suppressive. We utilized IL-17F and Foxp3 double reporter mice, in which 

IL-17F expression is reported by surface Thy1.1 expression, and Foxp3 is reported by GFP 

(16, 22). Naïve CD4+ T cells from Il17fThy1.1.Foxp3GFP mice were cultured under Th17 

conditions in the presence of CX-4945 or under Treg conditions, and GFP+ cells were sorted 

and co-cultured with CFSE-labeled naïve effector cells stimulated with anti-CD3 and anti-

CD28 antibodies. Foxp3+ cells generated under Th17 conditions in the presence of CX-4945 

(Th17+CX) were able to suppress effector cell proliferation equivalent to Foxp3+ cells 

generated under Treg conditions (Figure 2I). Therefore, CK2 promotes Th17 cell 

differentiation while actively suppressing the generation of functional Foxp3+ Tregs under 

Th17 conditions, further implicating CK2 as a critical regulator of the Th17/Treg axis.

Genetic Targeting of CK2α Targets the Th17/Treg Axis

Although CX-4945 is one of the most selective CK2 inhibitors available, off-target effects 

have been described (38). As such, we next sought to validate the regulation of the Th17/

Treg axis by CK2 utilizing a genetic approach. Since deletion of the major catalytic subunit 

of CK2, CK2α, is embryonic lethal (39), we utilized siRNA to knock-down CK2α. CD4+ T 

cells were transfected with either non-targeting siRNA or siRNA targeted to CK2α, and 

cultured under Th17 conditions. Importantly, targeting of CK2α with siRNA inhibited Th17 

cell differentiation and reciprocally promoted the generation of Foxp3+ Tregs (Figures 2J 

and 2K).

CK2 Inhibition Targets the Human Th17/Treg Axis

To determine if CK2 regulates the human Th17/Treg axis in vitro, and could therefore 

potentially regulate the Th17/Treg cell axis during human disease, PBMCs were enriched 

from human blood and polarized for 6 days under Th17 conditions in the absence or 

presence of CX-4945. CX-4945 treatment resulted in a significant decrease in the frequency 

of IL-17A+ cells and a significant increase in the frequency of Foxp3+ cells under Th17 

conditions (Figures 2L and 2M). These data demonstrate that CK2 promotes the 

differentiation of human Th17 cells while reciprocally suppressing the generation of Foxp3+ 

Tregs, similar to murine CD4+ T cells.

CK2 Inhibition Results in Decreased Th17-associated Effector and Metabolic Gene 
Expression

To comprehensively investigate changes to the Th17 program in response to CK2 inhibition, 

we performed RNA-sequencing (RNA-seq) analysis on cells cultured in Th17 conditions for 

72 h in the absence or presence of CX-4945. Over 1500 genes had a 2-fold or greater change 

in expression as a result of CX-4945 treatment (Figure 3A). We performed an unbiased 
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Gene Set Enrichment Analysis to determine the major Th17-associated pathways affected by 

CX-4945 treatment. We limited this analysis to a set of 134 genes that were the most highly 

expressed in untreated cells and were inhibited at least two-fold by CX-4945 treatment. The 

pathway analysis revealed a significant overlap between genes that were inhibited by 

CX-4945 treatment and genes that are induced in Th17 polarizing conditions as well as 

genes associated with both hypoxia and glycolysis (Figure 3B). These data indicate that 

CK2 broadly influences the expression of many genes involved in programming the Th17 

phenotype, including transcription factors, effector genes, and genes that regulate the 

metabolic state of the cell. Interestingly, genes that were decreased in the presence of 

CX-4945 were particularly enriched for genes associated with pathogenic Th17 cells grown 

in pathogenic conditions, including additional polarizing cytokines such as TGFβ3 and IL-1. 

Along with IL-23, these cytokines have been shown to program more pathogenic effector 

Th17 cells in the context of autoimmunity compared to IL-6 and TGFβ1 alone (40).

We next performed a targeted analysis of Th17 effector genes. CX-4945 treatment 

significantly inhibited the expression of genes for transcription factors essential for Th17 

differentiation including Rorc, Rora, Ahr and Hif1a (Figure 3C). Consistent with a broad 

change in Th17-programming capacity, there was a global decrease in Th17-associated 

effector genes such as Il17a, Il17f, Ccr6 and Il23r (Figure 3C). Alternatively, and consistent 

with our findings at the protein level (Figures 2D and 2E), the Treg associated transcription 

factor Foxp3 was significantly increased (Figure 3C). Importantly, the effect of CX-4945 on 

transcription of a panel of Th17 effector genes along with Foxp3 was validated by qPCR 

(Figure 3D).

Recent studies have highlighted the importance of metabolism in the induction of CD4+ T 

cell phenotypes (41, 42). In particular, Th17 cells are characterized by a preferential use of 

glycolysis and expression of hypoxia-inducible genes while Treg cells are characterized by 

the use of mitochondrial, oxidative metabolism. (43, 44). Further analysis of the RNA-seq 

data revealed a global decrease in genes associated with glycolysis and hypoxia and a 

reciprocal increase in genes associated with mitochondrial metabolism in CX-4945 treated 

cells compared to untreated cells (Figures 3E). A panel of these metabolic genes were 

validated by qPCR (Figure 3F). To determine if the change in gene expression observed with 

CX-4945 treatment correlated with changes in glycolytic activity of cells, we performed a 2-

NBDG uptake assay. CX-4945 resulted in a significant decrease in the uptake of the 

fluorescent glucose analog (Figure 3G), providing evidence that CX-4945 treatment results 

in a significant decrease in glycolytic activity.

CK2 Inhibition Suppresses IL-12-induced IFN-γ Production By Th17 Cells

IL-17-producing Th17 cells can gain the ability to co-produce additional inflammatory 

cytokines such as IFN-γ in vivo in response to cytokines such as IL-12 and IL-23. These 

mature, pathogenic Th17 cells are critical for neuroinflammation during EAE (15, 16). To 

determine if CK2 kinase activity contributes to the maturation of Th17 cells into 

IL-17A+IFN-γ+ cells, naïve CD4+ T cells from Il17fThy1.1.Foxp3GFP reporter mice were 

cultured in Th17 conditions. After 72 h of polarization, Thy1.1+GFP− cells were sorted and 

restimulated with anti-CD3 and anti-CD28 antibodies in the presence of IL-12 and in the 
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absence or presence of CX-4945. After 48 h of restimulation, CX-4945 treatment 

significantly decreased the production of IFN-γ from Th17 cells in response to IL-12 

(Figures 4A and 4B). In these conditions, or upon addition of TGFβ1 and IL-2 during 

restimulation, CX-4945 treatment did not cause an increase in Foxp3 expression in Th17 

cells (Supplemental Figure 2B). These results suggest that CK2 is not required to suppress 

Foxp3 expression after cells have committed to the Th17 lineage. In addition, induction of 

Foxp3 expression can not explain the inhibition of IFN-γ production from Th17 cells. 

Studies have demonstrated that the production of IFN-γ by Th17 cells is mediated by 

transcription factors including T-bet and Runx3 (26). The expression of Ifng, Tbx21 and 

Runx3 were significantly decreased in Th17 cells restimulated in the presence of CX-4945 

as compared to untreated cells (Figure 4C). These data demonstrate that CK2 activity 

promotes IFN-γ production by Th17 cells and the expression of transcription factors 

necessary for maturation into pathogenic Th17 effector cells.

CK2 Promotes the Pathogenicity of Th17 Cells in Adoptive Transfer Experimental 
Autoimmune Encephalomyelitis

To determine how CK2 activity contributes to the differentiation of CD4+ T cells into Th17 

cells capable of functioning as pathogenic effector cells in vivo, we utilized Th17-mediated 

adoptive transfer EAE with CD4+ T cells isolated from 2D2 mice (27). CD4+ T cells were 

enriched from 2D2 mice, polarized under Th17 conditions for 72 h, and then restimulated 

with anti-CD3 and anti-CD28 antibodies for an additional 24 h. DMSO (Vehicle) or 

CX-4945 was added to the cells either at the initial polarization only (day 0) or during 

restimulation only (day 3). On day 4, 2 x 106 cells were transferred via intraperitoneal 

injection into Rag1−/− mice, and recipients were monitored daily for signs of classical EAE 

(Figure 4D). Mice receiving cells either polarized under Th17 conditions in the presence of 

CX-4945 (day 0), or restimulated after initial polarization in the presence of CX-4945 (day 

3), experienced a significantly delayed progression of EAE disease (Figure 4E). These 

results indicate that CK2 activity promotes the pathogenic effector function of Th17 cells. 

Mice in both CX-4945 treatment groups can reach the same peak score by day 30 post 

transfer (data not shown). At disease peak, CX-4945 treated cells reach similar frequencies 

of IL-17A+ and IL-17A+IFN-γ+ cells to control cells in the spinal cords of recipient mice, 

suggesting recovery in the absence of CX-4945 (data not shown).

CK2 Expression is Enhanced in CD4+ T Cells in the Context of EAE

To determine the expression and function of CK2 in CD4+ T cells activated during an in 
vivo inflammatory autoimmune response, active EAE was induced in C57BL/6 mice by 

immunization with MOG35–55 peptide emulsified in CFA (Figure 5A). We first examined 

the expression of CK2α protein in CD4+ T cells at two timepoints during EAE disease 

development; pre-onset (day 9) and progression (day 12) (Figure 5A). At day 9, CD4+ T 

cells from the draining lymph nodes expressed elevated CK2α protein compared to CD4+ T 

cells from an unimmunized control mouse (Figure 5A). On day 12, CD4+ T cells from the 

spinal cord expressed higher levels of CK2α compared to CD4+ T cells from an 

unimmunized control mouse (Figure 5A).
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CX-4945 Pre-treatment Reduces EAE Disease Severity

For functional in vivo studies, mice were administered the CX-4945 compound orally at 20 

mg/kg daily. This dose was determined to be well tolerated by the C57BL/6 strain, as 

CX-4945 treatment did not result in accelerated weight loss compared to vehicle-treated 

controls (Supplemental Figure 3). To determine the effect of CK2 inhibition on EAE disease 

course, mice were treated daily beginning one week before immunization and monitored for 

clinical symptoms. CX-4945 treatment significantly reduced disease severity (Figure 5B). To 

determine if CK2 inhibition targeted the PI3K/Akt/mTOR pathway in vivo, CD4+ cells were 

enriched from the spleens at day 9-post immunization (PI), lysed and immunoblotted for 

downstream targets of the Akt/mTOR pathway. CX-4945 treatment led to substantial 

decreases in phosphorylation of S129 Akt, a CK2 specific phosphorylation site, S473 Akt, 

and T389 S6 Kinase p70 (Figure 5C), demonstrating that CK2 contributes to the activation 

of the Akt/mTOR pathway in CD4+ T cells during EAE.

In order to determine the consequence of CX-4945 pre-treatment on the phenotype of CD4+ 

T cells present in the CNS, mononuclear cells were enriched from the spinal cords of 

Vehicle- and CX-4945-treated mice at day 23 PI. FACS analysis revealed a significant 

increase in the frequency of CD25+Foxp3+ Tregs in the treated group (Figure 5D). These 

data demonstrate that protection conferred by CX-4945 treatment is associated with a 

decrease in Akt/mTOR signaling, resulting in an increase in the generation of Tregs during 

disease resolution.

Inhibition of CK2 Targets the Th17/Treg Axis During the Initiation of EAE

To determine if CK2 inhibition during disease initiation is sufficient to target CD4+ T cell 

differentiation during EAE, mice were treated with CX-4945 from days 0 to 7 PI. At day 7, 

before the onset of clinical symptoms, CD4+ T cells from the draining lymph nodes were 

assessed for IFN-γ and IL-17A expression. Consistent with our in vitro data (Figures 2A 

and 2B), CX-4945 treatment caused a significant decrease in the frequency of 

IL-17A+CD4+CD44+ T cells in the draining lymph nodes (dLN), with no effect on IFN-

γ+CD4+CD44+ T cells (Figure 5E). In addition, treatment resulted in a significant increase 

in the frequency of Tregs present in the spleen (Figure 5F), demonstrating that inhibition of 

CK2 targets the Th17/Treg axis in the periphery during the initiation phase of EAE.

Therapeutic CX-4945 Treatment Reduces EAE Disease Severity

To test the therapeutic efficacy of CX-4945 in active EAE, mice were immunized on day 0, 

and treated with CX-4945 or vehicle for one week starting at the onset of clinical symptoms. 

Therapeutic CX-4945 treatment significantly reduced the severity of clinical symptoms 

throughout the remaining course of disease (Figure 6A).

Unlike CX-4945 pre-treatment, protection observed with the therapeutic treatment could not 

be explained by promotion of Tregs, as no difference was observed in Treg frequencies 

during disease resolution (Figure 6B). Therefore, to determine the effect of CX-4945 

treatment after disease initiation on effector CD4+ T cells present in the CNS, mice were 

immunized on day 0 and treated with CX-4945 from days 7 to 14 PI, when mice are 

experiencing clinical disease progression. CX-4945 treatment resulted in significantly 
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decreased frequencies of IL-17A+ effector T cells present in the spinal cord, with no 

significant effect on the frequencies of IL-17A−IFN-γ+ cells (Figure 6C). Importantly, 

treatment after disease initiation resulted in a significant decrease in the frequency of 

IL-17A+IFN-γ+ pathogenic effector cells present in the spinal cord (Figure 6C). In addition 

to IFN-γ, Th17 cells are a major source of local GM-CSF production in the CNS during 

EAE. Furthermore, Th17 cell-derived GM-CSF is critical for disease progression (45, 46). 

While CX-4945 treatment had no significant effect of the frequency of IL-17A−GM-CSF+ 

cells in the spinal cord, treatment did result in a significant decrease in the frequency of 

IL-17A+ GM-CSF+ cells (Figure 6D). These data demonstrate that CX-4945 treatment is 

capable of suppressing the generation of the pathogenic IFN-γ- and GM-CSF-producing 

Th17 cells, ultimately leading to protection during active EAE.

DISCUSSION

CK2 is involved in a vast number of biological processes, with more that 2,000 putative 

phosphorylation sites in the human proteome (6). Our findings document an important role 

for CK2 in adaptive immunity as a critical regulator of the Th17/Treg cell axis. Inhibition of 

CK2 restrains the formation of both murine and human Th17 cells and promotes the 

development of anti-inflammatory Foxp3+ Tregs. We demonstrate that CK2 activity 

promotes activation of the signaling pathways essential for the Th17 phenotype, notably 

Akt/mTOR and STAT3, and subsequent expression of Th17-associated transcription factors 

and effector genes. Our findings can be explained by the ability of CK2 to enhance Akt/

mTOR activation, regulate the balance of activated STAT3 to activated STAT5 and leave 

TGFβ1 signaling unaffected, all of which are critical for the development of Tregs (13, 17, 

18). Our RNA-seq data also revealed global changes in the metabolic phenotype of the cells 

as a result of CK2 inhibition. Treatment with CX-4945 resulted in a shift from a Th17-

associated glycolytic metabolic gene expression profile to expression of genes associated 

with oxidative metabolism, preferred by Tregs (41, 42). Further, a 2-NBDG uptake assay 

confirmed that CX-4945 treatment resulted in a significant decrease in glycolytic activity. 

Although a more thorough analysis of CD4+ T cell metabolism is needed, these findings 

suggest that CK2 can direct the metabolic fate of the cell, which could play a major role in 

its control of CD4+ T cell differentiation.

CX-4945 treatment was capable of inhibiting the Akt/mTOR pathway and targeting the 

Th17/Treg axis in vivo during EAE, and was ultimately effective in decreasing the severity 

of clinical symptoms. As this manuscript was in preparation, Ulges and colleagues (47) 

reported a protective effect of CX-4945 in vivo in EAE, which was also associated with an 

inhibition of Th17 cells and generation of Tregs. Thus our findings confirm that CK2 is 

critical in the control of the Th17/Treg axis during EAE.

Our studies, however, revealed several unique features regarding CK2 and CD4+ T cells. We 

demonstrate that CK2 mRNA, protein expression and kinase activity are very low in naïve 

CD4+ T cells, and are strongly induced upon in vitro activation. To our knowledge, this 

pattern of expression is unique to CD4+ T cells and quite interesting in the context of CK2 

biology. In addition, the delayed but robust induction of the transcription of CK2 mRNA is 

interesting, and further study may reveal novel transcriptional and post-transcriptional 
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regulation of protein expression that are currently not well understood. Importantly, we 

demonstrate that CK2 expression in CD4+ T cells is strongly induced in vivo under 

conditions that promote the autoimmune disease EAE, suggesting that auto-reactive CD4+ T 

cells with high CK2 expression and activity may be targeted by CK2 inhibition. In addition, 

we describe an essential role for CK2 activity in promoting Th17 cell maturation into truly 

pathogenic effectors capable of co-producing the cytokine IFN-γ in vitro. Furthermore, the 

in vivo therapeutic efficacy of CX-4945 treatment after disease initiation was associated 

with a decrease in IFN-γ+ and GM-CSF+ Th17 cells in the CNS. This important finding 

demonstrates that CK2 contributes to the maintenance and maturation of cells committed to 

the Th17 lineage, suggesting cells may be therapeutically targeted after initial activation 

during disease.

Our results demonstrating that in vivo CX-4945 treatment inhibits phosphorylation of S129 

Akt, a specific CK2 substrate, suggests that inhibition of CK2 kinase activity conferred by 

the catalytic subunits is associated with the inhibition of Th17 cells and promotion of Tregs. 

Utilizing a genetic approach, we further demonstrate that knock-down of the major catalytic 

subunit, CK2α, in CD4+ T cells inhibits Th17 cell differentiation while promoting Tregs. 

Ulges and colleagues, however, demonstrated that ablation of CK2β in CD4+ T cells was 

sufficient to target the Th17/Treg axis (47). These results collectively implicate the 

involvement of both subunits in regulating the differentiation and function of CD4+ T cells. 

This is particularly interesting considering the essential role of CK2β in Tregs previously 

described by the same group (48). Treg specific deficiency of CK2β resulted in spontaneous 

development of uncontrolled Th2-mediated lung inflammation. These findings highlight the 

complexity of CK2 biology in regards to CD4+ T cell function and the need for further 

study.

Ultimately, our findings characterize an essential role of CK2 in regulating CD4+ T cell fate. 

The capacity of CK2 to direct vast gene expression changes within the cell and functional 

outcomes is a testament to the immense control it has over the phosphoproteome, making it 

a powerful therapeutic target. Furthermore, our findings demonstrate that CK2 is a critical 

regulator the Th17/Treg cell axis and Th17 cell maturation, which has far-reaching 

implications for a number of diseases in which CD4+ T cells play an important role.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dr. Denis Drygin (Cylene Pharmaceuticals) for providing CX-4945, Dr. Casey Weaver for generously 
providing mice, Dr. David Crossman for RNA-sequencing advice, and Dr. Laurie Harrington, Dr. Hui Hu, Dr. 
Chander Raman, Boyoung Shin and Danielle Chisolm for helpful discussions. We thank Dr. Steffanie Sabbaj for 
her collaboration with the human work. We thank the Comprehensive Flow Cytometry Core at UAB.

This work was funded by National Institute of Health grants R01NS057563 and R01CA194414 (E.N.B.), 
T32AI00705 (S.A.G.), and R01AI061061 and R01AI113026 (A.S.W.). The Flow Cytometry Core at UAB is 
supported by NIH grants P30AR048311 and NIH P30AI27667.

Gibson et al. Page 13

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abbreviations Used in this Article

EAE experimental autoimmune encephalomyelitis

MS multiple sclerosis

PI post immunization

dLN draining lymph node

SC spinal cord
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Figure 1. CK2 Kinase Activity is Induced Upon CD4+ T Cell Activation and Promote Akt/mTOR 
Signaling, but is Not Required for Activation or Proliferation
(A, B) CD4+ T cells were activated with plate-bound anti-CD3 (10 μg/ml) and soluble anti-

CD28 (1 μg/ml) antibodies. (A) At 24 and 72 h, cells were stained for intracellular CK2α 
and CK2β; numbers represent corresponding mean fluorescence intensities (MFIs), and data 

are representative of 3 independent experiments. (B) RNA was extracted and qPCR 

performed using primers for Csnk2a1 and Csnk2b (n=3). (C) At 72 h, naïve and activated 

cells were assayed for CK2 kinase activity. Data represent mean of 2 technical replicates, 

and are representative of 3 independent experiments. (D–J) Naïve CD4+ T cells were 

activated in the absence or presence of CX-4945 (2 μM) or rapamycin (100 nM) for 24 h. 

(D–F) Cells were stained for phosphorylated S235/236 S6 kinase and phosphorylated S473 

Akt. (D) Representative histograms and (E, F) MFIs normalized to the corresponding naïve 

control +/− SEM are shown (n=3). (G–I) Cells were stained for surface expression of the 

activation markers CD25 and CD69. (G) Representative histograms and (H) MFIs 

normalized to the corresponding naïve control +/− SEM are shown (n=3). (I) IL-2 was 

detected in the supernatant by ELISA. Concentrations +/− SEM are shown (n=3). (J) Cells 

were stained for phosphorylated Y694 STAT5. MFIs normalized to the corresponding naïve 

control +/− SEM are shown (n=3). (K, L) Naïve CD4+ T cells were incubated with CFSE 

dye and activated with anti-CD3 and anti-CD28 antibodies in the absence or presence of 

CX-4945 or rapamycin for 72 h, and proliferation assessed by CFSE dilution. (K) 
Representative histograms and (L) frequencies of cells undergoing 3 or more divisions +/− 

SEM (n=3). *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Inhibition of CK2 Selectively Suppresses Th17 Cell Differentiation and Promotes Tregs
(A, B) T cells were cultured in (A) Th1 and (B) Th17 conditions in the absence or presence 

of CX-4945 (2 μM) and at 72 h stained for IFN-γ and IL-17A. (C, D) Cells were cultured in 

(C) Treg and (D) Th17 conditions in the absence or presence of CX-4945 and at 72 h stained 

for Foxp3 and IL-17A. Data are representative of at least 3 independent experiments. (E) 
Mean frequencies of IL-17A+ and Foxp3+ cells in Th17 conditions +/− SEM are shown 

(n=6). (F–I) T cells were activated for 24 h, cultured in serum free media +/− CX-4945 (2 

μM) for 4 h, then stimulated with (F) IL-6 (10 ng/ml) for 2 h, (G) IL-2 (5 ng/ml) for 30 min, 

or (H) TGFβ1 (5 ng/ml) for 30 min, and stained for phosphorylated Y705 STAT3, Y694 

STAT5 or S463/465 Smad2 and S465/467 Smad3, respectively. NC: no cytokine. 

Representative histograms and MFIs normalized to isotype controls +/− SEM are shown 
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(n=3). (I) Il17fThy1.1.Foxp3GFP T cells were polarized to the Th17 phenotype in the presence 

of CX-4945 (Th17+CX) or the Treg phenotype. GFP+ cells were sorted and co-cultured with 

CFSE-labeled effector T cells and proliferation assessed by CFSE dilution after 72 h. 

Representative histograms and mean frequencies of cells undergoing 3 or more divisions +/− 

SEM are shown (n=3). (J, K) T cells were transfected with the indicated siRNAs and 

polarized in Th17 conditions for 72 h. (J) A representative FACS plot and (K) mean 

frequencies of IL-17A+ and Foxp3+ cells +/− SEM are shown (n=3). (L, M) PBMCs were 

isolated from human blood and cultured in Th17 conditions for 6 days. (L) A representative 

FACS plot and (M) mean frequencies of IL-17A+ and Foxp3+ cells +/− SEM are shown 

(n=3). *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Inhibition of CK2 Kinase Activity Suppresses Th17- and Pathogenic Th17-associated 
Effector and Metabolic Gene Expression
Naïve CD4+ T cells were cultured in Th17 conditions in the absence or presence of 

CX-4945 (2 μM). At 72 h, RNA was extracted from cells from 3 independent experiments, 

and RNA-seq performed. (A) Summary of genes differentially regulated by CX-4945 

treatment using the following cutoffs are shown: p<0.05, fold change >2 or <−2. (B) Gene 

Set Enrichment Analysis (Broad Institute) was performed on 134 genes selected on the 

following parameters: RPKM>20, fold-change <−2 and p<0.05. The percent overlap and 

FDR-q value of representative gene sets relevant to Th17 cell biology are shown. (C) The 

log2 fold change from vehicle control of genes associated with the Th17 effector program 

and Foxp3 are shown (n=3). (D) A panel of Th17 effector genes was validated by qPCR 

(n=6). (E) The log2 fold change from vehicle control of genes associated with glycolysis and 

oxidative phosphorylation are shown (n=3). (F) A panel of genes involved in metabolic 

pathways was validated by qPCR. (n=6). (G) Naïve CD4+ T cells were cultured in Th17 cell 

conditions in the absence or presence of CX-4945 for 72 h and glycolytic activity measured 

by 2-NBDG uptake. MFIs +/− SEM are shown (n=3). **p<0.01, ***p<0.001.
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Figure 4. CX-4945 Treatment Suppresses the Pathogenicity of Th17 Cells
(A–C) Naïve CD4+ T cells from Il17fThy1.1.Foxp3GFP reporter mice were cultured in Th17 

conditions. At 72 h Thy1.1+GFP− cells were sorted and reactivated with anti-CD3 and anti-

CD28 antibodies and IL-12 (10 ng/ml) in the absence or presence of CX-4945 (2 μM). (A, 
B) After 48 h of restimulation, cells were stained for IFN-γ. (A) Representative FACS plots 

and (B) mean frequencies of Thy1.1+IFN-γ+ cells +/− SEM are shown (n=3). (C) At 72 h, 

mRNA was extracted and gene expression analyzed by qRT-PCR. Data represent the mean 

relative expression to DMSO control (n=3). (D) 2D2 T cells were activated and polarized 

under Th17 conditions in the absence or presence of CX-4945 (2 μM) [CX-4945 (day 0)]. 

On day 3, cells were reactivated for 24 h. Cells that were polarized in the absence of 

CX-4945 were reactivated in the absence (DMSO) or presence of CX-4945 [CX-4945 (day 

3)]. On day 4, 2 x 106 cells from each condition were transferred into Rag1−/− recipient 

mice. (E) Mice were scored daily for symptoms of classical EAE. Data are pooled form 2 

separate experiments; n=5/group. *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. In Vivo CX-4945 Pre-treatment Suppresses Th17 Cell Differentiation and Promotes 
Tregs During EAE
(A) A schematic of disease induction, scoring and progression is shown with asterisks 

indicating time-points for CK2α detection. At days 9 and 12 post immunization (PI), cells 

were enriched from the draining lymph nodes (dLN) and spinal cord, respectively, and 

stained for intracellular CK2α. Data are representative of at least 3 independent 

experiments. (B–D) Mice were treated with CX-4945 (20 mg/kg/day) or sodium phosphate 

buffer (Vehicle) from 7 days before immunization throughout disease. Data are from 1 

representative experiment of at least 2 independent experiments. (B) Clinical scores from 

days 0 to 23 PI are show; n=5/group. (C) On day 9, CD4+ T cells were enriched from the 

spleens via magnetic selection, lysed and immunoblotted for phosphorylated S129 and S473 

Akt and T389 and S371 S6K p70; n=5/group. (D) On day 23, mononuclear cells were 

enriched from the spinal cord and Tregs identified by CD25 and Foxp3 staining; n=5/group. 

(E, F) Mice were treated with vehicle or CX-4945 (20 mg/kg/day) via oral gavage from days 

0 to 7 PI. Data were pooled from 2 independent experiments. (E) At day 7, CD4+ T cells 

from the dLNs were stained for IL-17A and IFN-γ; n=8/group. (F) At day 7, CD4+ T cells 

from the spleens were stained for CD25 and Foxp3; n=5/group. *p<0.05, ***p<0.001.
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Figure 6. CX-4945 Therapeutic Treatment Suppresses Th17 Cell Differentiation and Reduces 
Disease Severity During EAE
(A, B) Mice were treated with vehicle or CX-4945 via oral gavage for 8 days beginning at 

the onset of clinical symptoms. Data are from 1 representative experiment of at least 2 

independent experiments. (A) Clinical scores from day 0 to 22 PI are shown; n=5/group. (B) 
At day 22, during disease resolution, mononuclear cells were enriched from the spinal cord 

and Tregs identified by CD25 and Foxp3 staining; n=5/group. (C, D) Mice were treated with 

vehicle or CX-4945 beginning on day 7 PI. At disease peak, effector T cells from the spinal 

cords were stained for (C) IL-17A and IFN-γ or (D) IL-17A and GM-CSF. Representative 

flow plots and frequencies of single and double positive cells +/− SEM are shown. Data 

were pooled from 3 independent experiments; vehicle, n=6; CX-4945, n=8. *p<0.05.
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