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interleukin-21 receptor on chronic lymphocytic leukemia B cells
through an NF-xB mediated pathway
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ABSTRACT

CpG oligodeoxynucleotides (ODNs) upregulate the interleukin-21 receptor
(IL21R) and enhance IL-21-mediated cytotoxicity in chronic lymphocytic leukemia
(CLL) B cells. We demonstrate that treatment of CLL B cells with the ODN CpG-685
leads to increased IL21R expression, and that this increased expression enhances the
effects of IL-21 treatment as evidenced by increased phosphorylation of JAK1, STAT1,
and STAT3, as compared to IL-21 treatment without prior CpG stimulation. Induction
of IL21R by CpG-685 also enhanced IL-21-mediated cytotoxicity. The mechanism by
which CpG ODNs upregulate IL21R has not been elucidated, although IL21R regulation
in T cells has been shown to be linked to T cell receptor-induced Sp1 binding to the
IL21R promoter. Here, we demonstrate that luciferase reporter constructs containing
the Sp1 binding site have increased basal luciferase activity compared to constructs
lacking the Sp1 binding site, but fail to increase luciferase activity with CpG-685
stimulation in CLL B cells. By treating CLL cells with an NF-«xB inhibitor, we inhibit the
CpG ODN-mediated induction of IL21R, thus demonstrating that CpG-685 upregulates
IL21R through an NF-xB mediated pathway. These findings suggest an alternative
mechanism for induction of IL-21 receptor in CLL B cells and provide a basis for
creation of future combination therapies.

enhancing activity of other immune cells. Interleukin-21
(IL-21) has emerged as a potential treatment of this nature.
IL-21 is a member of the IL-2 family of cytokines

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most

prevalent adult leukemia and is characterized by an
accumulation of malignant CD5+, CD19+, CD20+,
CD23+ B cells that exert immunosuppressive activity.
Thus, CLL patients often experience significant immune
dysfunction; consequently, infection is a major cause
of mortality in CLL patients [1, 2]. Exacerbating this
problem, most currently approved therapies for CLL are
immunosuppressive to either the T-cell or B-cell adaptive
immune system, further impairing immune function. In
addition, CLL is incurable with the exception of stem cell
transplant, which is not an option for the majority of CLL
patients. Thus there is an urgent need for new therapeutic
strategies that can target the tumor cell population while

and signals through its receptor IL21R, which functions
as a heterodimer with the common gamma chain [3, 4].
IL-21 is produced by activated CD4+ T cells and has
pleiotropic effects on B, T, and NK cells [5-7]. IL-21 has
been shown to have cytotoxic effects on CLL cells when
used as a single agent, including in CLL cells activated
by CD40L or CpG oligodeoxynucleotides (ODN) [8—10].
However, the expression of IL21R varies greatly between
patients [9]. This variability is of particular interest
because receptor expression is directly correlated with the
apoptotic action of IL-21 in CLL cells [8].

Both CpG ODNs and CD40L have been shown
to upregulate IL21R in CLL cells and enhance
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IL-21-mediated killing [9, 10]. However, the mechanism
by which these agents upregulate IL21R is unknown. In
T cells, regulation of IL21R has been demonstrated to be
subject to T cell receptor-mediated Sp1 transcription factor
activity [11]. As CpG ODNs are currently in development
for use as an immunomodulatory agent in CLL, it becomes
important to understand the mechanism by which IL21R
is regulated in this disease. Here, we show that while Spl
binding may be involved in baseline expression of IL21R
in CLL cells, the upregulation of IL21R by CpG ODN:Ss is
mediated through NF-xB.

RESULTS

CPG-68S upregulates functionally competent
IL21R

CpG ODNS s have been reported to trigger apoptosis in
CLL cells, with CpG-685 showing more potent activity than
CpG 2006 [12]. CpG 2006 has been shown to upregulate
IL21R in B CLL cells, leading to enhanced IL-21-mediated
apoptosis of the tumor cells [10]. CpG-685, also a Class B
CpG ODN [13, reviewed in 14] has not been examined in
the setting of combination therapy with IL-21. To assess
whether CpG-685 upregulates the IL21R on CLL cells,
lysates from CpG-685-treated CLL patient cells were
probed for IL21R protein. Treatment of CLL cells with
CpG-685 led to a time-dependent increase in IL21R, as
compared to untreated controls (Figure 1a). Although some
patient samples showed an initial decrease at three hours of

treatment, levels recovered and exceeded baseline levels
within six hours after addition of CpG ODN, with maximum
levels achieved between six and eleven hours of stimulation.
In order to better approximate physiological conditions,
additional experiments were done in which the CpG ODN
was washed out of culture after three hours of treatment.
This transient exposure was sufficient to induce IL21R, as
IL21R levels still increased at later time points when CLL
cells were exposed to CpG-685 for just 3 hours, followed
by washout and incubation in CpG-free media (Figure 1a).
Quantitative RT-PCR analysis indicated that CpG-685-
mediated upregulation of IL21R occurs at the transcriptional
level, with increased IL21R mRNA occurring within 3 hours
of CpG-685 stimulation (Figure 1b).

Having confirmed that CpG-685 was capable of
inducing IL21R on CLL cells, we next assessed whether
the upregulated IL21R was functionally competent. CLL
cells from eight patients were treated with CpG-685 for
three hours, washed, incubated in fresh media for 24 hours,
then stimulated with IL-21 for 15 minutes. Lysates were
assessed for phosphorylation of the IL-21 downstream
targets STAT1, STAT3, and JAK1. These same patient
samples were also assessed for induction of IL21R,
in order to confirm that each was responsive to CpG-
685 treatment. As shown in Figure 2, CpG-685-treated
samples showed an increase in pSTAT1Y""!, pSTAT3Y7%,
and pJAK1Y!022Y1023 ip response to IL-21 stimulation, as
compared to IL-21 treatment only. These results indicate
that the IL21R induced by CpG-685 is indeed functional
in primary CLL cells.
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Figure 1: CpG-68S treatment of CLL B cells enhances expression of IL21R in a time-dependent manner. a. Inmunoblot
analysis of lysates from CLL patient cells exposed to CpG-685 (1.7 pM) for 3 hours, then incubated in fresh media for 0-21 additional
hours (times shown are total incubation times). Blot was reprobed with anti-GAPDH antibody to show equal loading. Representative blot,
n=>5. b. Real-time RT-PCR analysis of CLL cells incubated with CpG-685 for 3 or 24 hours. Raw values were normalized to 18s internal
control transcript and are shown as fold change relative to time-matched untreated controls.
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Figure 2: CpG-induced IL21R demonstrates functional signaling. a. Immunoblot analysis of lysates from CLL B cells treated
with CpG-685 for 3 hours, washed, then incubated in fresh media for a total time of 24 hours, followed by 15 minutes of treatment with
IL21. 5/8 patients showed increased pSTAT1 with CpG+IL21 compared to IL21 alone, 7/8 patients showed increased pSTAT3, and 7/8
showed increase pJAK 1. Image shows results from three representative patient samples. Blot was reprobed with anti-GAPDH antibody to

show equal loading.

Both IL-21 and CpG ODNs have cytotoxic activity
in CLL cells [8-10, 12, 15-17], and the combination of
IL-21 and CpG 2006 has been shown to be synergistic in
inducing apoptosis of B CLL cells [10, 17]. To assess if
similar findings were observed with CpG-685, we assessed
apoptosis of CLL patient cells following incubation with
IL-21, CpG-685, or the two combined. As shown in
Figure 3a, CpG-685 treatment significantly enhanced
IL-21 mediated cytotoxicity over that observed with
IL-21 alone (Figure 3a, Figure Sla). As initial viability
studies were done using a24-hour pretreatment with
CpG, we repeated the studies using three-hour CpG
exposures, followed by washout prior to addition of IL-
21 for a 72-hour incubation. CpG as a single agent failed
to show cytotoxic effects with a 3-hour exposure, but the
combination of CpG-685 and IL-21 significantly reduced
viability as compared to the untreated controls (Figure 3b,
Figure S1b).

Interestingly, in a small subset of patient samples that
failed to exhibit reduced viability in response to treatment
with single agent IL-21 or CpG-685, two patient samples
that showed an upregulation of IL21R following treatment
with CpG-685 also showed apoptosis when IL-21and CpG-
685 were used in combination. The single patient sample
that failed to upregulate IL21R in response to CPG-685
treatment also failed to respond to combined IL-21and CPG-
685 (Figure 3¢ and 3d). This patient sample also showed a
decrease of Toll-Like Receptor 9 (TLR9) protein over time
(Supplementary Figure S2), which could account for the
failure of this sample to upregulate IL21R, as CpG ODNs
signal through TLRY [18]. Collectively, these data suggest
that the induction of IL21R by CpG-685 may play a role
in the potential therapeutic effects of combined CpG ODN
and IL-21 as a novel immune therapeutic approach for CLL.

CpG-685-mediated IL21R induction occurs via
an Spl-independent mechanism

Previous work indicates that the transcriptional
induction of IL2IR in T cells is mediated by T cell

receptor-induced Sp1 transcription factor binding [11]. To
assess the importance of Sp1 activity in regulation of IL21R
in CLL cells, luciferase reporter constructs containing the
Spl binding site of the IL21R promoter (the TGGGCG
motif -49 to -44 bp from the major transcription initiation
site [11], Figure 4a) were transiently transfected into CLL
patient cells. The transfected cells were briefly allowed
to recover, then incubated with or without CpG-685.
As shown in Figure 4b, reporter constructs containing
the Sp-1 binding site produced higher luciferase activity
compared to those without the Spl site, consistent with
prior studies in T-cells showing that this transcription
factor is important in IL21R expression. However, in all
four patient samples tested, CpG-685 failed to increase
luciferase activity relative to the untreated controls. This
result indicates that while Spl may play a role in basal
expression of IL21R, CpG-685-mediated induction of
IL21R is not dependent on this Sp1 binding site.

IKK-p inhibition blocks CpG-685-mediated
upregulation of IL21R

Given that both CpG ODN and CD40L enhance NF-
kB binding [reviewed in 18 and 19] and promote IL21R
expression in CLL cells [9, 16], we hypothesized that NF-
kB was involved in upregulation of IL21R by CpG-685.
To determine if inhibition of NF-xB activity would in
turn suppress CpG-685-mediated upregulation of IL21R,
CLL patient cells were incubated concurrently with CpG-
685 and the IKK-B inhibitor Bay 11. Bay 11 treatment
inhibited CpG-685-mediated induction of IL21R protein
(Figure 5a) and mRNA (Figure 5b, Figure S3) in CLL
cells in a dose-dependent manner. To confirm that Bay 11
indeed blocked NF-xB activation under these conditions,
electrophoretic mobility shift assays were performed
using a probe containing a consensus NF-kB binding site
and nuclear extracts from Bay 11 and CpG-treated CLL
cells. Antibodies to NF-xB p50 and p65 were included to
identify the relevant complexes by supershift. As shown
in Figure 5c, the addition of Bay 11 blocks both basal and
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Figure 3: Pretreatment with CpG-685 enhances IL-21-mediated cytotoxicity. a. AnnexinV-FITC/PI flow cytometry analysis
of CLL cells treated for 24 hours with CpG-685 followed by 72 hours of IL-21 treatment. Viability graphs show percentage of cells negative
for both AnnexinV-FITC and PI (* for p < .05, **** for p <.0001, compared with untreated). Data are represented as mean +/— SEM.
Individual values by patient are shown in Supplemental Figure 1a. b. AnnexinV-FITC/PI analysis of CLL cells treated with CpG-685 for
three hours, followed by washout and incubation in fresh media for eight hours prior to addition of IL-21. Cells were incubated with IL-21
for 72 hours. Individual values by patient are shown in Supplemental Figure 1b. (¢ and d) Immunoblot assessment of IL21R induction c.
and viability as assessed with AnnexinV-FITC/PI flow d. for three patient samples that failed to show cytotoxicity with IL-21 or CpG-685

alone.

CpG-685-induced binding of NF-kB complexes with the
labeled probe. Together, these studies show that NF-kB is
a crucial mediator of IL21R upregulation by CpG-685 in
CLL B cells.

DISCUSSION

IL-21 presents a potential immunomodulatory
therapy with cytotoxic activity in CLL B cells [8-10].
Its activity, however, is dependent upon the expression
of IL21R on the tumor cells [8]. CpG ODNs have been
demonstrated to upregulate the receptor and enhance the
activity of IL-21 [10, 17]. In addition, CpG ODNs by
themselves have cytotoxic activity in CLL cells in vitro
[12, 15, 16] and are being developed as a therapeutic
approach with immune-stimulating potential [reviewed
in 20 and 21]. In a phase I clinical trial of single-dose
CpG 7909 (CpG 2006) in patients with relapsed CLL,
patients who received IV CpG 7909 showed enhanced

CD20, CD86, and TRAIL expression on CLL B cells, as
well as increased NK and T cell counts [22], highlighting
the potential of CpG oligodeoxynucleotides to be used
as an immune-activating agent in combination therapies.
Because CpG 2006 has been reported to contribute to
chemoresistance to bendamustine and fludarabine in
CLL cells when combined with CD40 ligation in bone
marrow stromal coculture experiments [23], CpG ODNs
may be best utilized in combination with immune-
based therapies that could benefit from the enhanced
costimuatory molecule expression on the CLL cells, along
with enhanced activation of other immune cells, rather
than chemotherapy based treatments. Therefore, IL-21 and
CpG ODNSs present a potential therapeutic combination
for the treatment of CLL. Importantly, this therapy would
differ from others used in CLL in that it lacks immune
suppressive activity.

There are multiple potential mechanisms by
which the combination of CpG stimulation followed by
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Figure 4: IL21R promoter constructs containing the Sp1 binding site are not responsive to CpG-685 treatment. a.
IL21R promoter luciferase reporter constructs were designed containing the Sp1 binding site (-49 to -44 bp relative to the transcription
initiation site b. Luciferase activity in CLL B cells transiently transfected with the reporter constructs and left untreated or treated with
CpG-685. All luciferase values are normalized to control renilla luciferase activity and then normalized to untreated empty vector control.

Data are represented as mean +/— SEM.

IL-21 treatment leads to enhanced cytotoxicity in CLL B
cells. One potential reason for increased apoptosis may
be increased STAT1 phosphorylation. Liang et al. [12]
demonstrated that inhibition of NF-xkB and the JAK/STAT
inhibited CpG-induced apoptosis in CLL cells, indicating
that both of these pathways are involved. They speculated
that CpG treatment might induce cytokine production that
could contribute to apoptosis via autocrine stimulation.
Jahrsdorfer et al. [10] demonstrated that IL-21 induced
granzyme B production in CLL cells, and this granzyme
B was capable of inducing cytotoxicity in surrounding
CLL B cells. Furthermore, production of granzyme B was
increased by combining IL-21 with CpG ODN stimulation
[10]. In addition, we observed apoptosis in response to
combined CpG and IL-21 in CLL patient cells that failed
to respond to either agent in isolation. Therefore, there
is strong rationale for use of Class B CpGs and IL-21 in
tandem.

In contrast to what was observed by Liang et al.
[12] using CpG 2006, we did not see a marked increase
in STAT1 phosphorylation with CpG-685 treatment
alone. This is likely due to differences in experimental
conditions; although both studies evaluated STATI
phosphorylation at the 24-hour time point, our treatment
involved washing out the CpG-685 after three hours of
incubation. This suggests that sustained exposure is
required for STAT1 phosphorylation in vitro. Nevertheless,
a three-hour exposure time was sufficient to enhance
IL-21-mediated phosphorylation of STAT1 at the

24-hour time point. Hagn et al. [17] did not observe a
similar increase in IL-21-mediated STAT1 phosphorylation
when combined with CpG ODN, and indeed showed no
phosphorylation of JAK1. This difference is most likely
due to the concurrent addition of CpG ODN and IL-21,
rather than pre-treating the cells with CpG ODN prior to
addition of IL-21. Here we show that incubating the cells
with CpG-685 for three hours (followed by an additional
21-hour period without CpG-685) allowed for induction of
IL-21 receptor prior to addition of the cytokine; this may
account for the enhanced STAT phosphorylation observed
in our data.

In addition to triggering apoptosis, treatment of CLL
cells with Class B CpG ODNSs enhances their potential
immunogenicity to T cells by increasing costimulatory
surface markers [12, and our own unpublished obser-
vations]. IL-21 promotes development of cytotoxic T
cells [24] and suppresses T regulatory cell formation
[25] thereby enhancing T cell responses. In this context,
the combination of IL-21 and CpG-685 has potential not
only to directly target CLL B cells but also to enhance the
patient’s immune response, recruiting other immune cells
to target the tumor.

Although previous reports show that CpG ODNs
and IL-21 produce superior anti-CLL cell activity when
combined in vitro, the mechanism by which CpG ODNs
induce IL21R and thereby enhance its effects has hitherto
not been elucidated. Spl binding has been shown to
a critical regulator of IL21R expression in T cells [11];
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Figure 5: Treatment with CLL B cells with Bay 11 diminishes CpG-685-mediated upregulation of IL21R. (a and b)
Evaluation of upregulation of IL21R protein by immunoblot a. and IL21R mRNA by real time RT-PCR b. in CLL cells treated with
increasing concentrations of NF-«B inhibitor Bay 11 prior to addition of CpG-685 (3 hour exposure to CpG-685, wash, and media incubation
for 8 additional hours). Real time RT-PCR data is shown as AACt = vehicle control(IL21R-18S)-CpG(IL21R-18S). Data are represented
as mean +/— SEM. n = 5. Individual results by patient are shown in Supplemental Figure 3. Data from a sixth patient were excluded as an
influential outlier (S3). ¢. Electrophoretic mobility shift assay assessment of binding of NF-kB consensus probe to nuclear extracts from
CLL cells treated with 2.5 uM or 5 pM Bay 11 followed by CpG-685. Anti-p50 and anti-p65 antibodies were included for supershift. Wild
type cold probe and mutant cold probe competition were included to show specificity of the interaction. CD40 ligand was used as a positive

control for Nf-kB activation.

however, in CLL cells, our luciferase assays with the
promoter containing the Sp1 binding site failed to show
increased activity with CpG stimulation, although it does
appear that Spl binding may play a role in endogenous
expression of IL2IR. Through inhibitor studies, we
have demonstrated that the CpG ODN-induced IL21R
expression is dependent on activation of NF-xB. Although
the NF-xB pathway is generally understood to contribute
to the survival of CLL cells [reviewed in 26], Liang et al.
[12] demonstrated that it was necessary for the CpG ODN-
induced apoptosis in CLL cells. Variable activation of the
NF-kB pathway could account for the high interpatient
variability of IL21R expression that was reported by de
Totero et al [9] and could also explain the induction of
IL21R in CLL cells following CD40 ligation. This could
also account for the isolated CLL patient sample that
showed decreasing TLR9 and failure to upregulate IL21R
with CpG-685 stimulation, as NF-xB activation by CpG
ODN s is mediated through the TLR9 signaling pathway.

These findings demonstrate the mechanism for induction
of IL-21 receptor in CLL B cells and provide a basis for
the design of combination therapies impacting this target.

MATERIALS AND METHODS

Cell isolation and culture

The Ohio State University Institutional Review
Board reviewed and approved the protocol for acquisition
of CLL samples used in these laboratory studies. All
patients gave written informed consent prior to any sample
being collected. All patients had CLL as defined by the
IWCLL 2008 criteria [27]. CLL B cells were selected using
Rosette-Sep reagent (Stem Cell Technologies, Vancouver,
BC, Canada) and isolated by Ficoll density gradient
centrifugation (Ficoll-Paque Plus, Amershan Biosciences,
Piscataway, NJ). Cells were suspended in RPMI 1640
medium (Gibco, Carlsbad, CA) supplemented with 10%
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heat-inactivated human serum, 2 mmol/l L-glutamine
(Invitrogen, Carlsbad, CA), and 100 U/ml penicillin/
100 pg/ml streptomycin (Sigma-Aldrich, St. Louis, MO).
Cells were incubated at 37°C in an atmosphere of 5% CO.,.

Antibodies and Cytokines/Reagents

The ODN CpG-685
(5'-TCGTCGACGTCGTTCGTTCTC-3', also known as
GNKG168) oligodeoxynucleotide was provided by SBI
Biotech Co. (Tokyo, Japan) or purchased from Sigma-
Aldrich and was used at 1.7 pM. Recombinant human
[1-21 was kindly provided by ZymoGenetics (Seattle, WA)
and was used at 100 ng/ml. The NF-xB inhibitor Bay 11
was purchased from Calbiochem (San Diego, CA) and was
used at 1.25, 2.5, and 5 uM. Rabbit anti-human phospho-
STAT1Y7"! (D4A7), mouse anti-human total STAT1 (9H2),
rabbit anti-human phospho-STAT3Y7% (#9131), and
mouse anti-human total STAT3 (124H6) were purchased
from Cell Signaling Technology (Beverly, MA). Goat
anti-human IL21R (L-20) and mouse anti-human
GAPDH (0411) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-human
p-JAK1Y1022Y1023  was  purchased from BioSource
International (Camarillo, CA).

Immunoblots

Whole cell lysates were prepared from 3—4 x 107
cells and stored at —80°C. Protein concentration was
quantified using the bicinchoninic acid assay (Pierce,
Rockford, IL). Lysates were separated on 10% sodium
dodecyl sulfate-polyacrylamide gels, transferred to
nitrocellulose membranes (Bio-Rad Laboratories,
Richmond, CA), and blocked in 5% nonfat milk prior
to incubation with primary and secondary antibodies.
Protein-antibody complexes were detected using
SuperSignal chemiluminescent substrate (Pierce).
Quantitation was performed using the Fluorchem (Alpha
Innotech, San Leandro, CA). Target proteins were
normalized to GAPDH values for each sample.

RNA extraction, reverse transcription, and real
time PCR

Cells were lysed in Trizol reagent (Invitrogen,
Life Technologies, Grand Island, NY) and RNA was
extracted according to the manufacturer’s instructions.
Reverse transcription was performed using the
Superscript First Strand System (Invitrogen). Real time
polymerase chain reaction was performed using the IL21R
(Hs00222310 ml1) Tagman Gene Expression Assay
(Applied Biosystems, Foster City, CA). Transcript
levels were determined from threshold cycle numbers,
normalized to internal control 18S, and expressed relative
to transcripts in untreated or vehicle-treated CLL cells.

Assessment of apoptosis by flow cytometry

The apoptosis of cells following treatment with
CPG-685 and/or IL-21 was measured using Annexin
V-FITC/propidium iodide (PI) flow cytometry using a
Beckman Coulter FC500 cytometer (Beckman Coulter,
Indianapolis, IN). Cells were stained with Annexin
V-FITC and PI according to the manufacturer’s protocol
(BD Pharmingen, San Diego, CA). Unstained cells and
cells stained with Annexin V-FITC or PI only were also
processed for compensation. Viability results are presented
as percentage of cells that were negative for both Annexin
V-FITC and PI.

IL21R promoter luciferase assay

The 5’ regulatory region of the IL21R gene from
—1441, =314, or —250 to +233 was subcloned in the
pGL3-Basic luciferase reporter vector that had been
modified to contain Ascl and EcoRV restriction sites.
Plasmid DNA was prepared with Qiagen Plasmid Mini
and Maxi kits (Valencia, CA). Primary CLL B cells
were transfected using the Amaxa nucleofector system
(Lonza, Walkersville, MD) with 5 pg of the reporter
construct plasmid and 1 pg of renilla luciferase vector
as a transfection control. Following transfection, cells
were rested briefly then were treated with CPG-685 as
mentioned above. Luciferase activity was assessed using
the Promega Dual Luciferase Assay (Madison, WI).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from CLL cells
using the NE-PER kit (Pierce). NF-xB consensus (5-AGT
TGA GGG GAC TTT CCC AGG C-3') and mutant (5'-
AGT TGA GGC GAC TTT CCC AGG C-3') probes were
purchased from Santa Cruz Biotechnology and *?P-labeled
using the Nick Translation System (Invitrogen). Five ug
nuclear protein was incubated at room temperature for
30 minutes in binding buffer (10 mmol/L Tris-HCI, pH
7.5; 1.0 mmol/L ethylenediaminetetraacetic acid (EDTA);
4% Ficoll; 1.0 mmol/L dithiothreitol; 75 mmol/L KCI)
plus 250 ng poly dI-dC (Sigma). Protein/probe complexes
were separated on non-denaturing polyacrylamide gel in
Tris borate EDTA buffer (89 mM Tris-base, 89 mM boric
acid, 2.0 mM EDTA), dried, and autoradiographed. For
antibody shift experiments, antibodies to NF-kB subunits
p65 or p5S0 (Santa Cruz Biotechnology) were incubated
with nuclear extract for 10 minutes prior to the addition
of probe.

Statistics

Data analyses were conducted using SAS 9.3
(SAS, Inc., Cary, NC). For the experiments with repeated
measures, data were analyzed by mixed effect models
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incorporating observational dependencies. For the
experiments involving independent groups, data were
analyzed by analysis of variance. Multiplicities were
adjusted by Holm’s method to control the family-wise
error rate at 0.05.

ACKNOWLEDGMENTS

We would like to acknowledge Shu-Huei Wang
for her assistance in designing the luciferase constructs
and providing technical training for RLB, and Asha
Ramanunni for her assistance with EMSA experiments.
We would also like to acknowledge Drs. Leslie Andritsos,
Joseph Flynn, Jeffrey Jones, and Kami Maddocks who
provided access to patient samples, and we are particularly
grateful to the patients whose participation made this
work possible. This work was supported by the National
Cancer Institute of the National Institutes of Health
F30CA174232, P50 CA140158, P01 CA95426, Leukemia
and Lymphoma Society, Four Winds Foundation, and the
D Warren Brown Foundation. The content is solely the
responsibility of the authors and does not necessarily
represent the official views of the National Institutes of
Health.

Authorship contribution

RLB participated in experiment design, performed
the majority of the experiments, and wrote the manuscript.
XM performed statistical analysis of data and reviewed
the manuscript. NM and JCB reviewed and supervised
research and reviewed and approved the manuscript.

CONFLICTS OF INTEREST

There are no conflicts of interest to declare.

REFERENCES

1. Francis S, Karanth M, Pratt G, Starczynski J, Hooper L,
Fegan C, Pepper C, Valcarcel D, Milligan DW, Delgado J.
The effect of immunoglobulin VH gene mutation status and
other prognostic factors on the incidence of major infections
in patients with chronic lymphocytic leukemia. Cancer.
2006; 107:1023-1033.

2. Morrison VA. Infectious complications of chronic lympho-
cytic leukemia: pathogenesis, spectrum of infection, pre-
ventive approaches. Best Pract Res Clin Haematol. 2010;
23:145-153.

3. Ozaki K, Spolski R, Ettinger R, Kim HP, Wang G, Qi CF,
Hwu P, Shaffer DJ, Akilesh S, Roopenian DC, Morse IIT HC,
Lipsky PE, Leonard WJ. Regulation of B cell differentia-
tion and plasma cell generation by IL-21, a novel inducer
of Blimp-1 and Bcl-6. J Immunol. 2006; 173:5361-5371.

10.

11.

12.

13.

14.

15.

Asao H, Okuyama C, Kumaki S, Ishii N, Tsuchiya S, Foster D,
Sugamura K. Cutting edge: the common y-chain is an indis-
pensable subunit of the IL-21 receptor complex. J Immunol.
2006; 167:1-5.

Parrish-Novak J, Dillon SR, Nelson A, Hammond A,
Sprecher C, Gross JA, Johnston J, Madden K, Xu W, West J,
Schrader S, Burkhead S, Heipei M, et al. Interleukin 21 and
its receptor are involved in NK cell expansion and regula-
tion of lymphocyte function. Nature. 2000; 408:57-63.
Habib T, Nelson A, Kaushanksy K. IL-21: a novel IL-2-
family lymphokine that modulates B, T, and natural
killer cell responses. J Allergy Clin Immunol. 2003;
112:1033-1045.

Strengell M, Saraneva T, Foster D, Julkunen I, Matikainen S.
IL-21 up-regulates the expression of genes associated with
innate immunity and Thl response. J Immunol. 2002;
169:3600-3605.

Gowda A, Roda J, Hussain SA, Ramanunni A, Joshi T,
Schmidt S, Zhang X, Lehman A, Jarjoura D, Carson WE,
Kindsvogel W, Cheney C, Caligiuri MA, et al. IL-21 medi-
ates apoptosis through up-regulation of the BH3 family
member BIM and enhances both direct and antibody-
dependent cellular cytotoxicity in primary chronic lympho-
cytic leukemia cells in vitro. Blood. 2008; 111:4723-4730.
de Totero D, Meazza R, Zupo S, Cutrona G, Matis S,
Colombo M, Balleari E, Pierri I, Fabbi M, Capaia M,
Azzarone B, Gobbi M, Ferrarini M, et al. Interleukin-21
receptor (IL-21R) is up-regulated by CD40 triggering and
mediates proapototic signals in chronic lymphocytic leuke-
mia. Blood. 2006; 107:3708-3715.

Jahrsdorfer B, Blackwell SE, Woolridge JA, Huang J,
Andreski MW, Jacobus LS, Taylor CM, Weiner GJ.
B-chronic lymphocytic leukemia cells and other B cells
can produce granzyme B and gain cytotoxic poten-
tial after interleukin-21-based activation. Blood. 2006;
108:2712-2719.

Wu Z, Kim H, Xue H, Liu H, Zhao K, Leonard W.
Interleukin-21 receptor gene induction in human T cells is
mediated by T-cell receptor-induced Sp1 activity. Mol Cell
Biol. 2005; 25:9741-9752.

Liang X, Moseman EA, Farra MA, Bachanova V,
Weisdorf DJ, Blazar BR, Chen W. Toll-like receptor 9 sig-
naling by CpG-B oligodeoxynucleotides induces an apop-
totic pathway in human chronic lymphocytic leukemia B
cells. Blood. 2010; 115:5041-5052.

Krieg AM, Yi A, Matson S, Waldschmidt TJ, Bishop GA,
Teasdale R, Koretzky GA, Klinman DM. CpG motifs in
bacterial DNA trigger direct B-cell activation. Nature.
1995; 374:546-549.

Gosu V, Basith S, Kwon O, Choi S. Therapeutic applica-
tions of nucleic acids and their analogues in toll-like recep-
tor signaling. Molecules. 2012; 17:13503—-13529.

Jahrsdorfer B, Miihlenhoff L, Blackwell SE, Wagner M,
Poeck H, Hartmann E, Jox R, Giese T, Emmerich B, Endres S,

www.impactjournals.com/oncotarget

15938

Oncotarget



16.

17.

19.

20.

21.

22.

Weiner GJ, Hartmann G. B-cell lymphomas differ in their
responsiveness to CpG oligodeoxynucleotides. Clin Cancer
Res. 2005; 11:1490—1499.

Jahrsdorfer B, Woolridge JE, Blackwell SE, Taylor CM,
Griffith TS, Link BK, Weiner GJ. Immunostimulatory oli-
godeoxynucleotides induce apoptosis of B cell chronic lym-
phocytic leukemia cells. J Leukoc Biol. 2005; 77:378-387.

Hagn M, Blackwell SE, Beyer T, Ebel V, Fabricius D,
Lindner S, Stilgenbauer S, Simmet T, Tam C, Neeson P,
Trapani JA, Schrezenmeier H, Weiner GJ, et al. B-CLL
cells acquire APC- and CTL-like phenotypic characteristics
after stimulation with CpG, ODN, and IL-21. Int Immunol.
2014; 26:383-395.

Krieg AM. CpG motifs in bacterial DNA and their immune
effects. Annu Rev Immunol. 2002; 20:709-760.

Schattner EJ. CD40 ligand in CLL pathogenesis and ther-
apy. Leuk Lymphoma. 2000; 37:461-472.

Vollmer J, Krieg AM. Immunotherapeutic applications of
CpG oligodeoxynucleotide TLR9 agonists. Adv Drug Deliv
Rev. 2009; 61:195-204.

Weiner GJ. CpG oligodeoxynucleotide-based therapy
of lymphoid malignancies. Adv Drug Deliv Rev. 2009;
61:263-267.

Zent CS, Smith BJ, Ballas ZK, Wooldridge JE, Link BK,
Call TG, Shanafelt TD, Bowen DA, Kay NE, Witzig TE,
Weiner GJ. Phase I clinical trial of CpG oligonucleotide
7909 (PF-03512676) in patients with previously treated

23.

24.

25.

26.

27.

chronic lymphocytic leukemia. Leuk Lymphoma. 2012;
53:211-217.

Purroy N, Abrisqueta P, Carabia J, Carpio C, Palacio C,
Bosch F, Crespo M. Co-culture of primary CLL cells with
bone marrow mesenchymal cells, CD40 ligand and CpG
ODN promotes proliferation of chemoresistant CLL cells
phenotypically comparable to those proliferating in vivo.
Oncotarget. 2015; 6:7632—43.

Sutherland AP, Joller N, Michaud M, Liu SM,
Kuchroo VK, Grusby MJ. IL-21 promotes CD8+ CTL
activity via the transcription factor T-bet. J Immunol. 2013;
190:3977-3984.

Attridge K, Wang CJ, Wardzinski L, Kenefeck R,
Chamerblain JL, Manzotti C, Kopf M, Walker LS. 1L-21
inhibits T cell IL-2 production and impairs Treg homeosta-
sis. Blood. 2012; 119:4656—4664.

Lopez-Guerra M, Colomer D. NF-kappaB as a therapeutic
target in chronic lymphocytic leukemia. Expert Opin Ther
Targets. 2010; 14:275-288.

Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F,
Dighiero G, Dohner H, Hillmen P, Keating MJ,
Montserrat E, Rai K, Kipps TJ. Guidelines for the diagnosis
and treatment of chronic lymphocytic leukemia: a report
from the International Workshop on Chronic Lymphocytic
Leukemia updating the National Cancer Institute-Working
Group 1996 guidelines. Blood. 2008; 111:5446-5456.

www.impactjournals.com/oncotarget

15939

Oncotarget



