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Abstract

Pancreatic cancer (PC) evades immune destruction by favoring the development of regula-

tory T cells (Tregs) that inhibit effector T cells. The transcription factor Ikaros is critical for

lymphocyte development, especially T cells. We have previously shown that downregulation

of Ikaros occurs as a result of its protein degradation by the ubiquitin-proteasome system in

our Panc02 tumor-bearing (TB) mouse model. Mechanistically, we observed a deregulation

in the balance between Casein Kinase II (CK2) and protein phosphatase 1 (PP1), which

suggested that increased CK2 activity is responsible for regulating Ikaros’ stability in our

model. We also showed that this loss of Ikaros expression is associated with a significant

decrease in CD4+ and CD8+ T cell percentages but increased CD4+CD25+ Tregs in TB

mice. In this study, we evaluated the effects of the dietary flavonoid apigenin (API), on Ikaros

expression and T cell immune responses. Treatment of splenocytes from naïve mice with

(API) stabilized Ikaros expression and prevented Ikaros downregulation in the presence of

murine Panc02 cells in vitro, similar to the proteasome inhibitor MG132. In vivo treatment of

TB mice with apigenin (TB-API) improved survival, reduced tumor weights and prevented

splenomegaly. API treatment also restored protein expression of some Ikaros isoforms,

which may be attributed to its moderate inhibition of CK2 activity from splenocytes of TB-

API mice. This partial restoration of Ikaros expression was accompanied by a significant

increase in CD4+ and CD8+ T cell percentages and a reduction in Treg percentages in TB-

API mice. In addition, CD8+ T cells from TB-API mice produced more IFN-γ and their spleno-

cytes were better able to prime allogeneic CD8+ T cell responses compared to TB mice.

These results provide further evidence that Ikaros is regulated by CK2 in our pancreatic can-

cer model. More importantly, our findings suggest that API may be a possible therapeutic

agent for stabilizing Ikaros expression and function to maintain T cell homeostasis in murine

PC.
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Introduction

Pancreatic cancer (PC) is one of the most aggressive and most lethal solid malignancies [1].

The pancreatic tumor microenvironment favors the recruitment of immunosuppressive cells

that dampen anti-tumor immune responses, allowing tumor cells to evade immune surveil-

lance and leading to tumor progression [2, 3]. Understanding the mechanisms by which these

anti-tumor immune responses, specifically those mediated by T cells, are regulated in PC is

therefore critical for developing new, targeted treatment options.

Effector CD4+ and CD8+ T cells play important roles in the host’s immune response to can-

cer [4]. Early studies showed a conventional “helper” role for CD4+ T cells by primarily influ-

encing immune responses by regulating CD8+ cytotoxic T lymphocytes (CTLs) [5]. The

percentages and function of CD8+ T cells are significantly decreased in the peripheral blood of

PC patients, compared to healthy controls [6]. One contributing mechanism to this dimin-

ished anti-tumor response in PC patients is the induction and recruitment of suppressive cells

by tumor-derived factors (TDF) [2, 3]. In particular, immunosuppressive regulatory T cells

(Tregs) are a subpopulation of CD4+ T cells that express the forkhead boxP3 (FoxP3) gene [7].

Their main function is maintaining peripheral immune tolerance against self-antigens and for-

eign antigens by suppressing CD4+ and CD8+ T cell responses [8]. The percentages of Tregs

are elevated in PC in human patients as well as murine models of PC [9–11]. Delineating the

mechanisms by which this balance in T cells is lost is critical for the generation of effective

anti-tumor immune responses in PC hosts.

Alterations in transcription factors (TF) that play critical roles in the commitment and

maintenance of lymphocyte development often promote malignant transformation [12]. One

such example is the Ikaros family of zinc finger TF that includes Ikaros, Aiolos, Helios, Eos

and Pegasus proteins. Ikaros, Helios and Aiolos are restricted to the immune-cell lineages

whereas Eos and Pegasus are found in lymphoid tissues [13]. These TF regulate cell-fate deci-

sions during hematopoiesis and are thus important players in the development of immune

cells [13]. In particular, Ikaros, the founding member is highly important for normal T cell

development [14–16]. Ikaros is regulated post-transcriptionally by alternative splicing, which

produces functional and dominant-negative (DN) isoforms, which can inhibit its activity [17,

18]. Ikaros is also regulated by posttranslational modifications, which primarily include phos-

phorylation [19]. Phosphorylation by protein kinase (Casein II) CK2 and dephosphorylation

by protein phosphatase 1 (PP1) can negatively affect Ikaros’ stability, localization and function

[20]. Specifically, CK2 phosphorylation of Ikaros impairs its DNA binding ability, regulation

of cell cycle progression, and its function in T cells. It also alters its subcellular localization

and leads to its ubiquitin-mediated proteasomal degradation via phosphorylation in PEST

sequence regions [20–22]. On the contrary, dephosphorylation of Ikaros by PP1 maintains its

stability and function [20, 21, 23]. CK2 is a ubiquitously expressed and highly conserved ser-

ine/threonine kinase that regulates a number of critical cellular processes, including cell prolif-

eration and apoptosis [24–26]. CK2 is widely studied in blood and solid malignancies [27].

Overexpression of its tetrameric subunits and deregulation of its activity have been linked to

numerous cancers [24]. Overexpression of CK2 in mice leads to T cell leukemia’s and lympho-

mas [28–30]. However, limited studies have focused on CK2’s involvement in regulating

immune responses.

Apigenin (API) is a natural plant flavonoid and selective CK2 inhibitor that targets CK2-de-

pendent signaling pathways. API has a number of reported biological effects including anti-

proliferative, anti-oxidant, anti-inflammatory and anti-carcinogenic characteristics, which are

thought to be an integral part of its anti-cancer attributes [31]. Recently, there has been

increased exploration of the use of API as a chemopreventive agent in a number of cancer
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models [32]. More specifically, API has been shown to induce cell death and also enhance the

anti-proliferative effects of chemotherapeutic agents in human PC cells, in vitro [33–35].

We have previously shown that Ikaros undergoes proteasomal degradation, which may

contribute to altered effector and regulatory T cell development in murine PC [36]. Our stud-

ies suggest that a shift in the balance between CK2 and PP1, favoring CK2 activity may be

responsible. Therefore, to further delineate CK2’s involvement in regulating Ikaros expression

and thus T cell responses, we investigated the effects of API in our PC model. We found that

API is able to stabilize Ikaros’ expression in vitro and in vivo while also restoring the balance

between effector CD4+/CD8+ T cells and Tregs. This correlated with an increase in immune

function as observed on splenocytes from API treated pancreatic tumor-bearing (TB-API)

mice exemplified by increase in the in vivo production of INF-γ CD8+ T cells in vivo and by

robust allogeneic CD8+ T cell responses, in vitro. This study highlights the importance of CK2

in regulating Ikaros expression and its possible influence on T cell immune responses in

murine PC.

Materials and methods

Cell line

Panc02 murine pancreatic adenocarcinoma cell line was established by Corbett et al. [37]. This

cell line was maintained in complete RPMI 1640 medium supplemented with 10% Fetal

Bovine Serum (FBS), (HyClone, Logan, UT), 2mM L-glutamine, 100μ/ml penicillin and

100μg/ml streptomycin (Gibco BRL, Rockville, MD) at 37˚C in 5% CO2. Cultured cells were

tested and found to be negative for mycoplasma and viral contamination.

Mice

Female C57BL/6N mice (6–8 weeks) were purchased from Harlan Laboratories (Indianapolis).

The Institutional Animal Care and Use Committee of the University of South Florida

approved protocol T IS00000447 is in compliance with the Guide for the Care and Use of Lab-

oratory Animals. All mice were maintained in a pathogen-free animal facility, fed and housed

with other mice for 1 week before the start of in vitro or in vivo experiments. Mice were

humanely euthanized using CO2 and cervical dislocation according to the University of South

Florida IACUC guidelines.

CK2 inhibitor

Apigenin (CK2 Inhibitor) (API) (40,5,7-Trihydroxyflavone, 5,7-Dihydroxy-2-(4-hydroxyphe-

nyl)-4-benzopyrone) was purchased from Fisher Scientific, USA and diluted in DMSO accord-

ing to the manufacturer’s instructions.

Proteasome inhibitor

MG132 (proteasome inhibitor Cbz-LLL) carbobenzoxyl-L-leucyl-leucyl-L-leucine was pur-

chased from Fisher Scientific, USA and diluted in DMSO according to manufacturer’s

instructions.

In vitro assay

Control splenocytes from C57BL/6N mice were collected and co-cultured in the absence or

presence of Panc02 cells, treated with and without API or MG132 for four hours at 10μM and

20μM, in vitro. Cells were harvested for protein lysates and western blot analysis.
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Mice

Female C57BL/6N mice (6–8 weeks of age) were injected with 1.5 × 105 Panc02 cells sus-

pended in 100μl of PBS and administered subcutaneously (s.c.) in the lower, left abdomen.

Mice from the control (CTRL) group were s.c. injected with sterile PBS only. Treatments of

pancreatic tumor-bearing (TB) mice started immediately after the tumor onset (as evidenced

by the appearance of palpable tumors). A group of TB mice received either 100μl of PBS (TB)

or doses of 25mg/kg of API (TB-API) administered three times per week via intra-peritoneal

injections (i.p.). Mice were monitored three times per week for weight, infection, abdominal

swelling (due to ascites), impediment in locomotion, labored breathing, and any signs of dis-

comfort (pain). At the experimental endpoint of TB and TB-API mice, from the survival or

treatment studies that experienced, signs of suffering or pain, abdominal swelling due to asci-

tes (the main cause of animal deaths), solitary tumor masses greater than 2 cm or necrotic

tumors were humanely euthanized using CO2 and cervical dislocation, according to the Uni-

versity of South Florida IACUC guidelines and approved protocol (T IS0000447). Tumors and

spleens were harvested and weighed from all mice. In addition, spleens were processed for in
vivo and in vitro biochemical experiments.

In vitro CK2 kinase assay

CK2 kinase activity was measured in splenocytes from CTRL, TB and TB-API mice using the

CK2 assay kit (Millipore) according to the manufacturer’s instructions [36]. CK2 activity was

calculated by subtracting the mean counts per minute (CPM) of samples in the absence of sub-

strate from the mean CPM of samples in the presence of substrate [36].

Western blot analyses

Protein lysates were prepared from splenocytes from CTRL, TB and TB-API mice. In addition,

control splenocytes were co-incubated in the absence or presence of Panc02 cells treated with

and without API and/or MG132. Cells were lysed with modified Radioimmunoprecipitation

assay (RIPA) Buffer (Millipore) supplemented with Na3OV4 and protease inhibitor cocktail

(Sigma-Aldrich). Protein concentrations were determined using the BCA Protein Assay Kit

(Thermo Fisher Scientific). Approximately, 40 μg protein lysates were loaded and resolved

using NuPAGE 4–12% Bis-Tris polyacrylamide gels (Invitrogen) and transferred to nitrocellu-

lose membranes (Whatman). The membranes were blocked with 5% nonfat milk in PBS/0.1%

Tween-20 and then probed with either anti-Ikaros (Cell Signaling), at a dilution of 1:1000,

anti-CK2α (Santa Cruz Biotechnology) and anti-PP1 (Santa Cruz Biotechnology) at a dilution

of 1:200. Primary antibodies were detected using their respective secondary IgG, HRP-conju-

gated antibodies (Jackson Immunoresearch), at a dilution of 1:10000. Secondary antibodies

were identified using Super Signal West Pico and Femto Chemiluminescent Substrates

(Thermo Fisher Scientific). As an internal control for equal protein loading, all blots were

stripped and re-probed with anti-β-actin (Sigma-Aldrich) at a dilution of 1:20,000 or anti-

GAPDH (Santa Cruz Biotechnology) at a dilution of 1:200. Membranes were either exposed to

X-ray films (Phoenix) and developed using a Kodak M35-X OMAT Processor or imaged using

a ChemiDoc XRS Imaging System (Bio-Rad). Band intensities were quantified using Quantity

One 1-D Densitometry and Image Lab softwares (Bio-Rad) [36].

Flow cytometry

Splenocytes from CTRL, TB and TB-API mice were lysed with red blood cell (RBC) lysis

buffer (eBioscience) and counted for immunophenotyping. Cells were then suspended in 3%
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FBS-PBS and stained with fluorescent antibodies against murine T cell surface markers CD3

(FITC) (eBioscience), CD4 (PE-Cy7) (BD Pharmingen), CD8 (APC-H7) (BD Pharmingen)

and CD25 (PE) (eBioscience). Subsequently, cells were intracellularly stained with anti-IFN-γ-

PE (BD Pharmigen) after using a fixation-permeabilization kit from eBioscience according to

the manufacturers protocol. Flow cytometry was performed using a BD LSRII (BD Biosciences

Immunocytometry Systems) and data analyzed with FlowJo software (Tree Star Inc.) [36].

Allogeneic mixed lymphocyte reaction

CTRL, TB and TB-API spleens and Balb/c spleens were processed into single cell suspensions,

RBC lysed and counted. 4 × 105/well Balb/c splenocytes (responders) were labeled with 1μM of

Carboxyfluorescein diacetate succinimidyl ester (CFSE) and co-cultured with 8 × 105/well irra-

diated (2000 rad) C57BL/6N splenocytes (stimulators) from CTRL, TB and TB-API mice. Cul-

ture wells were set-up in triplicate in a 96 well plate in a one-way allogeneic mixed-leukocyte

reaction (MLR), and cultured for 4 days at 37˚C [38]. Proliferation responses of allogeneic

CD8+ T cells from Balb/c mice assay were evaluated using flow cytometery. Cells were stained

with murine anti-CD3 PerCP (BD Pharmigen), anti-CD8-APC-H7 (BD Pharmigen). The

CFSE dilution profile of CFSE+CD3+CD8+ cells was acquired using BD LSRII flow cytometer

and data analyzed with FlowJo software (Tree Star Inc.).

Statistical analysis

All in vivo and in vitro graph results described in this study are representative of the mean ± S.

E.M. of at least three independent experiments analyzed with two-tailed Student’s t test and

Kaplan–Meier survival curve using Prism 5 Software (GraphPad, San Diego, CA). Statistical

significance and representative quantification of normalized densitometric ratios of western

blot data was realized using the J software. Statistical differences were considered significant at

p< 0.05.

Results

Apigenin prevents Ikaros downregulation, in vitro

We previously published that MG132 is able to stabilize Ikaros expression in vitro, providing

evidence that Ikaros undergoes ubiquitin proteasomal degradation [36]. A balance between

CK2 and PP1 regulates Ikaros stability and function [20, 21, 39]. In particular, increased CK2

activity is thought to cause Ikaros degradation [21]. Therefore, inhibiting CK2 should stabilize

Ikaros expression and prevent its degradation, similar to MG132. We treated naïve splenocytes

with the CK2 inhibitor, API, as well as MG132, both at 10μM and 20μM, to compare their

effects on Ikaros expression. Both API and MG132 stabilized Ikaros expression (Fig 1A and 1B

Lanes 2 and 3 vs. Lane 1; Lanes 4 and 5 vs. Lane 1), respectively and displayed a significant syn-

ergistic effect, which shows accumulation of ubiquitination ladders (Fig 1A and 1B Lane 6).

The addition of murine Panc02 cells causes a reduction, although not significant, in Ikaros

protein expression (Fig 1A and 1B Lane 7) that is prevented by MG132 treatment. To deter-

mine whether API has the same activity as MG132 to prevent downregulation of Ikaros, we

treated Panc02 cells and naïve splenocyte co-cultures with both 10μM and 20μM of API (Fig

1A Lanes 10 and 11) and 10μM and 20μM of MG132 (Fig 1A Lanes 8 and 9). Thus, our results

show that API treatment also significantly prevented Panc02 reduction of Ikaros protein

expression in splenocytes at the same concentration as MG132 (Fig 1B). However, adding

both drugs did not result in a synergistic effect in this co-culture system (Fig 1A Lane 12).

Overall, these results suggest that API is able to stabilize Ikaros and prevent its downregulation

CK2 inhibitor increases Ikaros expression and improves immune homeostasis in murine pancreatic cancer

PLOS ONE | DOI:10.1371/journal.pone.0170197 February 2, 2017 5 / 17



in a pancreatic tumor microenvironment. Moreover, the similarities to MG132 and their addi-

tive effect, also further suggest that API may be preventing Ikaros’ proteasomal degradation,

possibly via its inhibition of CK2.

Apigenin increases survival and reduces tumor burden, in vivo

API has been shown to have anti-tumor effects in a number of tumor models such as breast

cancer and melanoma [40, 41]. To determine whether the effects of API on Ikaros in vitro, are

also occurring in vivo, the impact of API treatment on survival and tumor burden was evalu-

ated using TB mice. Treatment of TB mice with 25 mg/kg API caused an increase in their sur-

vival (Fig 2A) and a significant decrease in their tumor weight compared to vehicle-treated TB

mice (Fig 2B). Next, we evaluated whether API treatment may have any toxicity effects in vivo
by weighing and observing all mice three times a week for the duration of the study. Results

showed that there was no significant difference in the weights of API treated compared to

untreated TB mice at the end of the study (Fig 2C). A hallmark finding in TB mice is a

Fig 1. Apigenin prevents Ikaros downregulation, in vitro. (A) Western blot analysis of Ikaros in naïve

splenocytes co-cultured in the absence or presence of Panc02 cells, treated with apigenin (API) and/or

MG132 for four hours at 10μM and 20μM, in vitro. To control for equal protein loading the blot was reprobed

with an antibody specific to GAPDH. (B) Representative quantification of normalized densitometric ratios of

western blot data is shown. Graph represented is the mean ± S.E.M. of three independent experiments.

Lanes 1–6 vs. Lane 1; Lane 7 vs. Lane 1; Lanes 8–12 vs. Lane 7 *p<0.05, **p<0.005; ***p<0.0001(by two-

tailed Student’s t test).

doi:10.1371/journal.pone.0170197.g001
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pronounced splenomegaly, measured by a significant increase in spleen weights [42]. We

found that in vivo API treatment reversed this PC induced splenomegaly and caused a signifi-

cant reduction in spleen weights in TB-API compared to TB mice (Fig 2D).

Apigenin partially stabilizes Ikaros expression, in vivo

Since our in vitro data shows that API can stabilize Ikaros expression, especially in the presence

of murine Panc02 cells, we evaluated the effect of API treatment on Ikaros protein expression

in an in vivo pancreatic tumor microenvironment. Western blot analyses revealed that API

partially restored Ikaros expression in TB-API mice compared to TB mice (Fig 3A). More spe-

cifically, it appears that DN Ikaros isoforms, (described as less than 46 kDa) [43], were

increased in TB-API compared to TB mice (Fig 3A).

Apigenin inhibits CK2 activity and improves PP1 expression, in vivo

We previously published that key regulators of Ikaros expression CK2 (increased activity) and

PP1 (down-regulated expression) were altered in TB mice [36]. Therefore we evaluated API’s

effect on CK2 expression by western blot using an antibody specific to its catalytic alpha sub-

unit. Splenocytes from TB-API mice showed a slight decrease in the molecular weight of

Fig 2. Apigenin increases survival and reduces tumor burden in TB mice, in vivo. (A) Kaplan-Meier

survival curve show that Control (CTRL) (n = 6), TB-API mice (n = 10) and TB mice (n = 10) per group.

Survival curve graph represents at least three independent experiments. (B) Tumor weights of TB and TB-API

mice on the last day of the study. (C) Body weights of CTRL, TB and TB-API mice on the last day of the study.

(D) Spleen weights of CTRL, TB, and TB-API mice on the last day of the study. Graphs represented are the

mean ± S.E.M of CTRL (n = 3), TB (n = 3) and TB-API (n = 3) mice of three independent experiments.

*p<0.05 (by two-tailed Student’s t test).

doi:10.1371/journal.pone.0170197.g002
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CK2α compared to TB mice, similar to that seen in CTRL splenocytes (Fig 4A). Furthermore,

we observed a significant increase in CK2α expression in TB-API compared to TB mice (Fig

4D). To further delineate the effect of API on CK2 in our pancreatic TB model, we evaluated

CK2’s activity and found that API treatment caused a reduction in CK2 activity in TB-API,

compared to TB mice. However, this inhibition was not significant (Fig 4B). Next, we also eval-

uated PP1 expression (observed as doublets) in splenocytes found in CTRL mice, however the

Fig 3. Apigenin partially stabilizes Ikaros expression, in vivo. (A) Western blot analysis of Ikaros protein

expression in splenocytes from Control (CTRL), TB and TB-API mice. To control for equal protein loading, the

blot was reprobed with an antibody specific to β-actin. The arrows on the left indicate observed Ikaros

isoforms. (B) Representative quantification of normalized densitometric ratios of western blot data is shown.

Graph represented is the mean ± S.E.M. of CTRL (n = 3), TB (n = 3) and TB-API (n = 3) mice of three

independent experiments. *p<0.05, (by two-tailed Student’s t test).

doi:10.1371/journal.pone.0170197.g003
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higher molecular weight isoform was absent in TB mice (Fig 4C). In fact, the lower molecular

weight PP1 isoform, which was present in splenocytes from CTRL, TB and TB-API mice was

significantly increased in TB-API mice (Fig 4E). These data strongly suggest that API is able to

stabilize Ikaros expression in vivo, which may be mediated by its ability to inhibit CK2 activity

and increase PP1 expression.

Apigenin partially restores T cell homeostasis and immune responses, in

vivo

We previously published that T cell homeostasis was lost in TB mice [36]. To determine

whether API-mediated rescue of Ikaros expression had any effect in the previously observed

shift in T cell numbers in TB mice [36], we measured effector T cells (CD4+, CD8+ and Treg)

percentages in TB-API and TB mice. Flow cytometry results show that splenocytes from TB

mice had significant reduction in CD4+ (Fig 5A) and CD8+ T cell percentages (Fig 5B) but an

increase in Treg percentages compared to CTRL mice (Fig 5C). However, flow cytometry

results of splenocytes from TB-API mice had significantly increased CD4+ (Fig 5A) and CD8+

T cell percentages (Fig 5B) but reduced Treg percentages compared to TB mice (Fig 5C).

These results suggest that Ikaros expression may in fact influence T cell development in TB

murine model of PC. Next, we asked whether API-mediated an increase in effector T cell per-

centages and whether the reduction in Treg percentages could impact anti-tumor immune

responses in TB mice. Therefore, we performed one-way allogeneic mixed leukocyte reaction

(MLR) to address this question. In the MLR assay, splenocytes from CTRL, TB and TB-API

Fig 4. Apigenin inhibits CK2 activity and improves PP1 expression, in vivo. (A) Western blot analysis of

CK2α protein expression in Control (CTRL), TB and TB-API splenocytes. (B) Counts per minute (C.P.M.) of

CK2 activity in protein lysates from splenocytes from CTRL, TB and TB-API mice as assayed by an in vitro

CK2 kinase assay (C) Western blot analysis of PP1 protein expression in CTRL, TB and TB-API splenocytes.

(D) and (E) representative quantification of normalized densitometric ratios of western blots data of CK2 and

PP1, respectively. To control for equal protein loading, the blots were reprobed with an antibody specific to β-

actin. Graphs represented are the mean ± S.E.M. of CTRL (n = 3), TB (n = 3) and TB-API (n = 3) mice of three

independent experiments. *p<0.05; (by two-tailed Student’s t test).

doi:10.1371/journal.pone.0170197.g004
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mice were used as stimulators and co-incubated with CFSE-labeled BALB/c splenocytes,

which were used as responders. As expected, TB whole splenocytes were deficient in their abil-

ity to prime allogeneic CD8+ T cell immune responses compared to CTRL splenocytes (Fig

5D). In contrast, TB-API whole splenocytes restored the ability to prime allogeneic responses

compared to TB splenocytes (Fig 5D). Based on this observation, we hypothesized that API

treated TB mice may have a higher rate of activated CD8+ T cells that produce IFN-γ which is

critical to their effector function in eliminating tumor cells [44]. To address this question, we

evaluated intracellular IFN-γ production of CD8+ T cells from splenocytes of CTRL, TB and

TB-API using flow cytometry. Intracellular staining and flow cytometry analyses revealed that

there were defects in CD8+ T cell IFN-γ production in TB mice compared to CTRL, which

were significantly restored with API treatment (Fig 5E). These findings suggest a correlation

between Ikaros expression, T cell development and immune responses in a pancreatic tumor

microenvironment and ultimately points to a possible involvement of CK2 as a key regulator.

Discussion

Recently, Song et al reported that inhibiting CK2 restored Ikaros tumor suppressor activity in

clinical samples and pre-clinical xenograft models of leukemia [45]. Although widely studied

in hematological malignancies [13], the role of Ikaros in solid cancers has not been fully inves-

tigated. We have previously identified the possible involvement of Ikaros in maintaining

Fig 5. Apigenin partially restores T cell homeostasis and immune responses, in vivo. Flow cytometry

analysis of (A) CD4+ T cells, (B) CD8+ T cells and (C) CD4+CD25+ Treg percentages in splenocytes from

Control (CTRL), TB and TB-API mice. (D) Allogeneic CD8+ T cell proliferation responses of CFSE-labeled

BALB/c splenocytes (responders) in response to CTRL, TB and TB-API splenocytes (stimulators) in a one-

way mixed- leukocyte reaction (MLR), as analyzed by flow cytometry. (E) Flow cytometry analysis of IFN-γ
production of CD8+ T cells in splenocytes from CTRL, TB and TB-API mice. Graphs represented are the

mean ± S.E.M. of CTRL (n = 3), TB (n = 3) and TB-API (n = 3) mice of three independent experiments.

*p<0.05; **p<0.005; ***p<0.0001(by two-tailed Student’s t test).

doi:10.1371/journal.pone.0170197.g005
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effector and regulatory T cell homeostasis in a pre-clinical PC model [36]. Our previous pub-

lished data suggested that loss of Ikaros was a result of its ubiquitin-mediated proteasomal deg-

radation in response to increased CK2 activity versus PP1 in a PC microenvironment (Fig 6A)

[36]. In this current study, we make use of a selective CK2 inhibitor, apigenin (API), to further

delineate the mechanism by which Ikaros is regulated and to provide functional evidence for

its involvement in modulating T cell anti-tumor immune responses. In vitro, API stabilized

Ikaros expression (IK1 and IK 2/3) in naïve splenocytes and prevented its downregulation in

the presence of murine Panc02 cells, similar to MG132 treatment. In vivo, API treatment of TB

mice improved survival, reduced tumor burden, reduced CK2 activity, increased PP1 expres-

sion and restored expression of some Ikaros isoforms (Fig 6B). In addition, API treatment of

TB mice increased CD4/CD8+ effector T cell numbers while decreasing Treg numbers

compared to TB mice (Fig 6B). Also, API treatment of TB mice restored the splenocytes’ ability

to prime allogeneic CD8+ T cell responses in MLR. More importantly, API treatment of TB

mice showed an increase in anti-tumor immune responses correlated with the increased pro-

duction of intracellular IFN-γ from CD8+ T cells, in vivo. Our study sheds insight into Ikaros’

Fig 6. Proposed model. Ikaros’ regulation by CK2. (A) We propose that CK2 hyper-phosphorylates Ikaros,

which facilitates its polyubiquitination and eventual protein degradation by the ubiquitin-proteasome system in

PC. (B) We propose that API inhibits CK2 activity, stabilizing Ikaros expression by increasing PP1 activity and

resulting in T cell homeostasis denoted by the broken arrows. We also propose that MG132 in vitro acts

downstream by directly inhibiting that activity of the ubiquitin-proteasome system, preventing proteasomal

degradation of Ikaros and thereby stabilizing its expression. Overall, our results suggest that in vivo API

treatment increases T cell homeostasis and thus improves anti-tumor immune responses in PC

microenvironment.

doi:10.1371/journal.pone.0170197.g006
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regulation of T cell immunity in PC and demonstrates evidence for a possible mechanism by

which it is regulated. Regardless of the mechanism, the results of this study suggests that phar-

macological CK2 inhibition restores Ikaros expression and can influence T cell immune

responses in a murine PC model and other solid tumor models.

Phosphorylation of Ikaros by CK2 induces Ikaros degradation while dephosphorylation by

PP1 maintains its stability [20, 21, 39]. In vitro, we found that API appeared to mimic the

effects of MG132 by stabilizing Ikaros expression, causing the accumulation of its ubiquitina-

tion ladders. These data suggest that API may be similarly preventing ubiquitin-proteasomal

degradation of Ikaros via its ability to inhibit CK2 activity. The combined effects of MG132

and API further provide evidence for this mechanism. As a result, our current working

hypothesis is that API may be inhibiting the upstream effector of the pathway, CK2 and its

ability to hyper-phosphorylate Ikaros further leading to its ubiquitination and degradation

(Fig 6B). On the contrary, we propose that MG132 works downstream of this pathway by

inhibiting the proteasome (Fig 6B). Ultimately, both inhibitors would lead to a more stable

Ikaros expression. In addition, regarding our model Ikaros function is important for T cell

homeostasis (Fig 6B).

Alternatively, API has also been reported to regulate proteasomal degradation. More specif-

ically, API has been shown to potentially inhibit the chymotrypsin-like activity of the protea-

some [40], similar to MG132 [46, 47]. It is therefore possible that API may stabilize Ikaros

expression by inhibiting both CK2 and/or proteasomal activity, which needs to be further,

investigated. Furthermore, clinically available proteasomal inhibitors exhibit some toxic effects

[48], highlighting the need for safer alternatives such as natural, non-toxic compounds like

API.

In vivo, API treatment improved survival and significantly reduced tumor weights of

TB-API compared to TB mice. These findings suggest that API may have anti-tumor proper-

ties in murine PC. Although the frequency and dosage of API administered in our TB mice

reduced CK2’s activity to half; this value however was not significant (p = 0.053). Therefore,

in-depth pharmacokinetics and dose-dependent studies need to be done to determine a more

effective dosage of API treatment for targeting CK2’s expression and/or activity in TB mice.

Western blot analyses of CK2α showed an increase in its expression in splenocytes from

TB-API compared to TB mice. However, CK2 expression in splenocytes of TB-API mice was

accompanied by a reduction in MW, similar to that observed in splenocytes from CTRL mice.

This suggests that API treatment may be inhibiting a posttranslational modification event of

CK2. Phosphorylation of CK2 by kinases increases its activity [49, 50]. Therefore, this observa-

tion opens the intriguing possibility that API may reduce the activity of CK2 rather than the

level of CK2. It will be crucial to evaluate other kinases such as ERK [49], and CDK1-cyclinB1

[51, 52], which may be responsible for modulating CK2’s activity in TB mice. Furthermore,

western blot analyses from splenocytes showed a higher MW of PP1 isoform (demonstrated

PP1 expression as doublets) found in CTRL and TB-API mice but absent in TB mice. PP1 pro-

tein expression was down-regulated but not significant (p = 0.0752) in TB mice compared to

CTRL mice. API was able to significantly increase PP1 expression in TB mice with the restora-

tion of the upper MW PP1 isoform (appearance of doublets) that was originally observed in

CTRL mice. This data suggest that PC negatively impacts the phosphatase activity, which may

be specific to only one of the several isoforms of PP1. Therefore it will be equally crucial to

determine which PP1 isoform(s) activity is lost as a result of transcriptional or posttransla-

tional modification events in PC microenvironments. In addition, it would be paramount to

determine which PP1 isoform(s) responds to API treatment in TB (PC) mice.

API treatment appeared to increase the expression of Ikaros isoforms in vivo. Ikaros expres-

sion is critical for T cell immune balance. We previously published that full-length Ikaros

CK2 inhibitor increases Ikaros expression and improves immune homeostasis in murine pancreatic cancer
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isoforms (IK-1 and IK-2/3) in enriched CD3+ T cells were degraded in TB models [36]. Typi-

cally, the overexpression of DN isoforms is known to inhibit the activity of Ikaros and it is

associated with T cell malignancies [53]. However, in this study we observed less degradation

of Ikaros isoforms from splenocytes of TB-API compared to TB mice. Therefore, the identifi-

cation of tumor-specific full-length and/or DN Ikaros isoforms and their functional impact on

immune regulation and PC progression are warranted and are currently being investigated.

We observed that API caused a decrease of CK2 activity in splenocytes from TB-API mice but

there was no significant difference when compared to TB mice. However, it is possible that an

increased dosage or more frequent treatments with API, may lead to a significant decrease in

CK2 activity, which could lead to the up-regulation and the stability of more full-length Ikaros

isoforms and consequently an increase in anti-tumor immune responses.

API treatment significantly increased CD4+ and CD8+ T cells but decreased Tregs percent-

ages in TB mice. Our results showed functional evidence that API modulates immune

responses in our TB mice since API treatment increased IFN-γ production of CD8+ T cells.

This is an indication of restored CD8+ T cells’ activity and cytotoxic function [54, 55]. In addi-

tion, our data show that API also significantly increased the ability of antigen-presenting cells

(APCs) to prime allogeneic CD8+ T cell immune responses. In a one-way MLR, allogeneic

BALB/c CD8+ T cell responses were stimulated by APCs, from CTRL, TB and TB-API mice.

Dendritic cells (DC) are the most potent APCs. Their function is often evaluated by their abil-

ity to induce proliferation of allogeneic T cells in MLR assays [56]. Therefore, the ability of

TB-API splenocytes to effectively stimulate allogeneic CD8+ T cell proliferation may be a result

of API’s effects on DC function, which has previously been reported [57]. API’s effects on DC

function may be a result of its reduction of Treg percentages, which can inhibit DC function

and T cell immune responses [8]. However, these Treg percentages were not fully restored to

those of CTRL mice, which may also explain why allogeneic CD8+ T cell proliferation was not

fully restored to CTRL levels. In addition, we have previously published that other immuno-

suppressive cells such as myeloid derived suppressor cells (MDSC) are expanded in TB mice

[42]. MDSC are immature macrophages, dendritic cells and granulocytes [58]. API reduction

in MDSC percentages may be a result of maturation or differentiation of these immature cells,

thus producing mature DC, macrophages and other APCs, which could also account for the

increased allogeneic immune responses. Our unpublished findings suggest that API reduces

MDSC percentages, which may also account for the increased proliferation of allogeneic T

cells from TB-API splenocytes in MLR assay (unpublished Ghansah et al., 2017). Overall, our

results with API provide evidence that Ikaros may be specifically involved in regulating T cell

immune responses in TB (PC) model.

In conclusion, this study highlights the importance of CK2 in regulating Ikaros expression

and T cell immune responses in a solid pancreatic tumor microenvironment. Our results sug-

gest that the natural flavonoid, API, may be therapeutically beneficial in stabilizing Ikaros

expression via regulation of CK2 activity, thus restoring T cell homeostasis and enhancing

anti-tumor immune responses in pancreatic cancer.
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