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Abstract

Purpose—Alternative strategies to EGFR blockage by mAbs is necessary in order to improve the
efficacy of therapy in patients with locally advanced or metastatic pancreatic cancer. One such
strategy includes the use of NK cells to clear cetuximab-coated tumor cells, as need for novel
therapeutic approaches to enhance the efficacy of cetuximab is evident. We show that 1L-21
enhances NK cell-mediated effector functions against cetuximab-coated pancreatic tumor cells
irrespective of KRAS mutation status.

Experimental Design—NK cells from normal donors or donors with pancreatic cancer were
used to assess ADCC, IFN-y release, and T cell chemotaxis towards human pancreatic cancer cell
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lines. The /n vivo efficacy of IL-21 in combination with cetuximab was evaluated in a
subcutaneous and intraperitoneal model of pancreatic cancer.

Results—NK cell lysis of cetuximab-coated wild-type and mutant KRAS pancreatic cancer cell
lines was significantly higher following NK cell IL-21 treatment. In response to cetuximab-coated
pancreatic tumor cells, IL-21 treated NK cells secreted significantly higher levels of IFN-y and
chemokines, increased chemotaxis of T cells, and enhanced NK cell signal transduction via
activation of ERK and STAT1. Treatment of mice bearing subcutaneous or intraperitoneal EGFR-
positive pancreatic tumor xenografts with mIL-21 and cetuximab led to significant inhibition of
tumor growth, a result further enhanced by the addition of gemcitabine.

Conclusions—These results suggest that cetuximab treatment in combination with IL-21
adjuvant therapy in patients with EGFR-positive pancreatic cancer results in significant NK cell
activation, irrespective of KRAS mutation status, and may be a potential therapeutic strategy.
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INTRODUCTION

Overexpression of the epidermal growth factor receptor (EGFR) is observed in greater than
70% of pancreatic adenocarcinomas and is associated with disease progression and poor
prognosis (1-4). Cetuximab (Erbitux ") is a monoclonal antibody that binds to the
extracellular domain of the EGFR molecule and prevents ligand binding. Cetuximab-
mediated inhibition of EGFR-mediated signal transduction in tumor cells leads to G4 arrest
and the induction of apoptosis /n vitro (5,6) and in murine xenograft models (7,8).
Cetuximab has been approved by the FDA alone or in combination with the topoisomerase
inhibitor irinotecan for the treatment of patients with irinotecan-refractory colorectal
carcinoma. This regimen led to a significant increase in progression-free survival in
colorectal cancer patients and led to complete or partial tumor shrinkage in over 20% of
patients (9,10). However, cetuximab, like other EGFR-directed therapies, has produced
objective clinical responses in only a minority of pancreatic cancer patients with EGFR-
positive tumors (11). One explanation for this could be the presence of mutations in the
KRAS oncogene, which results in constitutive activation of the MAPK pathway. This
activating mutation stimulates the MAPK pathway downstream of EGFR, resulting in
reduced cetuximab effectiveness.

NK cells are bone-marrow-derived, large granular lymphocytes that contain abundant
cytolytic granules and express numerous cellular adhesion molecules (12,13). NK cells are
unique in their constitutive expression of receptors for numerous cytokines (i.e. IL-12, -15,
-18 and -21) and an activating receptor for the Fc region of 1gG (FcyRIlla) (14-16). In
addition to their ability to mediate antibody-dependent cellular cytotoxicity (ADCC), FcR-
activated NK cells also secrete factors such as IFN-y, TNF-a and chemokines that inhibit
tumor cell proliferation, enhance antigen presentation and stimulate the chemotaxis of T
cells (17,18). NK cells constitutively express receptors for a number of cytokines including
the IL-21 receptor. IL-21 promotes the maturation of murine NK cells and increases their
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expression of activating receptors (19,20). It was hypothesized that IL-21-mediated
enhancement of NK cell FcR effector function would be a potential method of enhancing the
effectiveness of cetuximab irrespective of the KRAS mutational status of the tumor cells.

In the present study, it was shown that NK cell ADCC and cytokine release in response to
cetuximab-coated pancreatic cancer cells was significantly increased following 1L-21
treatment. This effect was present for both wild-type and mutant KRAS pancreatic cancer
cells, and the combination of IL-21 and cetuximab had robust /in vivo anti-tumor efficacy.
Notably, treatment of tumor bearing mice with gemcitabine and cetuximab in combination
led to only a modest reduction in tumor burden, but this effect was markedly enhanced by
the addition of IL-21. Further, pancreatic patient derived NK cells exhibited significantly
higher ADCC against cetuximab-coated pancreatic tumor cells following IL-21 stimulation.
These findings support a role for cytokine adjuvant therapy and cetuximab treatment in the
setting of EGFR-positive pancreatic cancer patients.

MATERIALS AND METHODS

Cell lines, NK cells and reagents

The human pancreatic adenocarcinoma cell lines AsPc1, BxPc3, MiaPaCa2 and Panc-1 were
a gift from Dr. Mark Bloomston (The Ohio State University). MDA-MB-453 (human breast
adenocarcinoma, negative control) was obtained from the American Type Culture Collection
(ATCC). The murine pancreatic cancer cell line Panc02 was a gift from Michael
Hollingsworth (University of Nebraska Medical Center). Colorectal cancer cell lines
HCT-116 MUT and HCT-116 WT were a gift from Dr. Terrence Williams (The Ohio State
University). Cell lines were grown as previously described (21). Human natural killer (NK)
cells were isolated from fresh peripheral blood leukopacks (American Red Cross, Columbus,
OH) or pancreatic cancer patients (OSU IRB Protocol 2006C0046) by 30-min incubation
with RosetteSep cocktail (Stem Cell Technologies) before Ficoll Hypaque (Sigma) density
gradient centrifugation and cultured as previously described (22). Recombinant human
interleukin-21 (rhu-I1L-21) was supplied by ZymoGenetics, Inc (Seattle, WA).

Immunoblot analysis

The expression of EGFR was verified via immunoblot analysis. Lysates were prepared from
human pancreatic cancer cell lines as previously described (23,24) and assayed for the
expression of EGFR (Santa Cruz Biotechnology, Santa Cruz, CA) or p-Actin, as a loading
control (Sigma-Aldrich, St. Louis, MO).

Flow cytometry of tumor cell lines

The expression of EGFR was evaluated by extracellular flow cytometry (21). Tumor cells
were harvested by trypsanization and incubated on ice for 30 min in flow buffer (5% FBS in
PBS) with EGFR-PE or isotype control antibodies (Santa Cruz Biotechnology). Cells were
then washed and fixed in 1% formalin. Non-specific staining by an isotype control Ab was
employed to determine the percent positive population.
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Antibody-dependent cellular cytotoxicity assays

NK cells from normal donors or donors with pancreatic cancer were treated with 1L-21 (10
ng/ml) overnight in RPMI 1640 media supplemented with 10% human AB serum media at
37°C. Eighteen hours later, cetuximab- or IgG-coated >1Cr-labeled tumor cells were

incubated with NK cells at various effector:target (E:T) ratios. Following a 4 hr incubation,
supernatants were harvested and percent lysis was calculated as previously described (25).

NK cell cytokine secretion

Tumor cells were treated with 100 pug/ml of cetuximab or IgG for 1 hr at 37°C. Purified NK
cells were then added to wells at 2x10° cells/well in RPMI supplemented with 10% human
AB serum media with or without I1L-21 for varying lengths of time. Cell-free supernatants
were harvested at the indicated time points and the cytokine and chemokine levels were
measured using commercially available ELISA kits (R&D Systems) (26).

T-cell chemotaxis

Normal T cells were activated for 48 hrs with 1 ug/ml phytohemagglutinin and for 72 hrs
with 500 pmol/L hulL-2. NK cell co-culture supernatants were placed in the lower chambers
of a 24-well flat bottom plate. Medium supplemented with 1 pg/ml monokine induced by
gamma interferon served as a positive control. Migration experiments were conducted by
placing 2x10° purified activated T cells in 100 ul of 10% HAB medium in the upper
chambers of 5 um pore size Transwell inserts (Corning Inc, Corning, NY). The plates were
incubated for 4 hrs at 37°C followed by a 10 min wsincubation at 4°C. The number of
migrated T cells was determined by trypan blue exclusion.

Intracellular flow cytometry

Intracellular levels of phospho-ERK and phospho-STAT1 within NK cells were detected
using a pPERK-FITC mAb or a pSTAT1-FITC mAb in combination with the NK cell marker
CD56 (BD Biosciences) (27). The percentage of positively staining cells was calculated for
the specified cell population.

In vitro generation of human myeloid-derived suppressor cells

Peripheral blood mononuclear cells (PBMC) were isolated directly from fresh peripheral
blood leukopacks (American Red Cross) as previously described (22). Monocytes were
isolated from PBMC by positive selection using CD14 MicroBeads (Miltenyi Biotec) and
cultured in RPMI 1640 media supplemented with 10% human AB serum and 10 ng/ml IL-6
and GM-CSF (Peprotech, Rocky Hill, NJ) to generate myeloid-derived suppressor cells
(MDSCs). Cytokines were replenished every 2-3 days.

Transfection of Panc02 cells with human EGFR, luciferase, and GFP

Human EGFR vectors were a gift from Dr. Anil Rustgi (University of Pennsylvania,
Philadelphia, PA). The empty pFb-neo vector was obtained from Stratagene (La Jolla, CA).
After plasmids were expanded in bacterial cells, they were transiently transfected into the
Phoenix-Ampho viral packaging cell line using the calcium phosphate chloroquine method
(22). Luciferase/GFP plasmid DNA vectors (ACT PBase and PB Transposon) were obtained
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from Dr. Tian Xu (Yale University, New Haven, CT). The presence of the EGFR protein was
confirmed by immunoblot analysis and extracellular flow cytometry. The presence of the
luciferase+GFP vector was confirmed by fluorescent microscopy.

Murine Tumor Model

Statistics

RESULTS

The ability or cetuximab to bind to tumor-expressed EGFR in murine models /n vivo has
been previously demonstrated (28-31). Age-matched female 01B74 nude athymic nude
mice (NCI-Frederick, MD) were injected s.c. in the right flank with 1x108 Panc02EGFR,
Panc02"e°, or Panc02 cells in 100 pl PBS or were injected i.p. with 5x10°
Panc02EGFRIUC*GFP cells in 100 pl PBS. Tumors became palpable approximately 2-3 days
later. All treatments were administered i.p. thrice weekly in 200 pl of PBS. Subcutaneous
tumor volumes were calculated 3x/week as follows: tumor volume = 0.5 x ((large diameter)
x (small diameter)?2). Quantification of intraperitoneal tumor burden was performed using
Xenogen IVIS software to quantify nonsaturated bioluminescence in regions of interest.
Treatments continued until tumors were greater than 2 cm in maximum dimension (s.c.
model) or until average radiance exceeded 1.5x10° p/s/cm?/sr via IVIS Bioluminescence
imaging (i.p. model), at which time mice were sacrificed. Mice received an i.p. injection of
an anti-asialo GM1 Ab (for depletion of NK cells) or normal rabbit serum (control) on days
-3, -1, +1, and +3 with respect to tumor inoculation and every 4 days thereafter or an i.p.
injection of a clodronate-containing liposome at 1.0 mg/kg (for depletion of monocytes) or
PBS-containing liposomes (control) on day 0 with respect to tumor inoculation, and given a
0.5 mg/kg dose every 4 days thereafter. The efficiency of depletion was >98% as confirmed
by flow cytometric analysis of tumor cells and splenocytes. All animal protocols were
approved by the Ohio State University Animal Care and Use Committee and mice were
treated in accordance with institutional guidelines for animal care.

Tumor cell lysis as measured by ADCC, IFN-y and chemokine release as measured by
ELISA, and T cell chemotaxis as measured by a transwell assay system was analyzed by
analysis of variance (ANOVA). Tumor growth data was analyzed by mixed effect models,
incorporating repeated measures for each tumor.

Human pancreatic cell lines express EGFR

The expression of EGFR protein was validated in four human pancreatic cancer cell lines via
immunoblot analysis and flow cytometry. There was expression of the EGFR protein in all
cell lines tested irrespective of KRAS mutational status (Fig. 1A). In general, the expression
of EGFR as determined by immunoblot analysis was consistent with surface expression of
EGFR as measured by flow cytometric analysis (Fig. 1B).

IL-21 enhances NK cell lytic activity against cetuximab-coated EGFR-positive pancreatic

cancer cells

It was hypothesized that the lytic activity of normal human NK cells against cetuximab-
coated pancreatic cancer cell lines would be enhanced /n vitro following the pre-treatment of
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NK cells with 1L-21, irrespective of KRAS mutation status. ADCC assays were performed
using normal donor NK cells and various EGFR-positive pancreatic cancer tumor targets.
There was a statistically significant enhancement of NK cell-mediated ADCC against
cetuximab-coated targets following IL-21 activation as compared to control conditions
(p<0.001). The lysis of wild-type KRAS (WtKRAS) BxPc3 tumor cells (Fig. 2A) was on the
same order as that of mutant KRAS (mutkKRAS) AsPcl (Fig. 2B), MiaPaCaz2 (Fig. 2C), and
Pancl (Fig. 2D) pancreatic tumor cells (p<0.001). In each instance, lysis of the tumor cells
by untreated NK cells was low even at the 50:1 E:T ratio. Stimulation of NK cells with
IL-21 or treatment of tumor cells with cetuximab led to modest gains in tumor cell killing.
However, the combination of IL-21 and cetuximab treatment led to marked levels of ADCC
as compared to controls (p<0.001). A graphical representation of this cytotoxicity data at the
50:1 E:T ratio is presented in Fig. 2E.

IL-21 enhances the NK cell response to KRAS mutant and KRAS wild-type colorectal
cancer cell lines

To further determine the efficacy of cetuximab and IL-21 in the treatment of KRAS mutant
cancers, NK cells were obtained from healthy donors and used in an ADCC assay as
described above. EGFR expression was validated in colorectal cancer cell lines HCT-116
MUT (mutKRAS) and HCT-116 WT (WtKRAS) via flow cytometry (Fig. S1A). In
experiments similar to those in Figure 2, it was determined that there was a marked increase
in ADCC when NK cells were treated with IL-21 and cetuximab in combination, as
compared to either treatment alone, irrespective of KRAS mutation status (Fig. S1B-C,
p<0.001). Notably, the overall level of cytotoxicity in the combination group was similar for
both cell lines. This result suggests that ADCC by IL-21-activated NK cells is largely
unaffected by the KRAS mutational status of these cancer cells.

NK cells from pancreatic cancer patients exhibit enhanced ADCC in the presence of IL-21

To further determine the efficacy of cetuximab and IL-21 in the setting of pancreatic cancer,
NK cells were obtained from pancreatic cancer patients prior to surgical resection and
utilized in ADCC assays as described above. Of the 17 patients included in this analysis, 9
had received neoadjuvant chemotherapy and 8 had no chemotherapy prior to surgical
resection (Fig. 3A-B). In all cases, treatment of patient NK cells with 1L-21 resulted in
greater mean percent lysis of cetuximab-coated AsPcl tumor (mutKRAS) compared to
controls (p<0.001). Patients that underwent neuroendocrine tumor resection exhibited
significant ADCC activity and served as a control (Fig. 3C).

IL-21 enhances production of IFN-y and T cell attracting chemokines by NK cells co-
cultured with cetuximab-coated EGFR-positive pancreatic cancer cells

Although the cytolytic potential of NK cells is widely appreciated, the capability of NK cells
to initiate and shape the adaptive immune response by providing an early source of IFN-y
has become evident (32). It was hypothesized that there would be elevated production of
IFN-y by NK cells in response to co-stimulation of the NK cell IL-21R and FcR. As
predicted, exposure of IL-21-activated NK cells to cetuximab-coated wtKRAS BxPc3 (Fig.
4A) and mutkKRAS AsPcl and MiaPaca2 cells (Fig. 4B) resulted in increased production of
IFN-y (p<0.001) as compared to control conditions. Dual stimulation of NK cells resulted
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in robust NK cell IFN-y production for up to 72 hrs (Fig. S2A-B, p<0.001). Cetuximab-
coated mutkKRAS AsPcl tumor cells were also a potent co-stimulus for NK cell production
of the chemokines IL-8, MIP-1a, MIP-1p, and RANTES (Fig. S3A-D, p<0.001).

NK cell supernatants from co-stimulated NK cells induce chemotaxis of activated T cells

To confirm the functional activity of NK cell-derived chemokines, supernatants from co-
cultures of tumor cells with NK cells were tested for their ability to stimulate T cell
migration. A greater percentage of T cells were recruited to supernatant factors released
from the culture of IL-21-activated NK cells with cetuximab-coated tumor cells as compared
to control conditions (Fig. 4C, p<0.001). Importantly, chemotaxis was not greatly affected
by the mutational status of KRAS.

Myeloid-derived suppressor cells inhibit NK cell ADCC and production of IFN-y

Recently, our group has shown that MDSCs induced by tumor-derived factors are elevated in
patients with gastrointestinal malignancies, inhibit T cell proliferation and effector functions,
and correlate with progressive disease (33). Therefore, autologous PBMC-derived MDSCs,
or control PBMCs, and healthy donor NK cells were cultured at a 0.5:1 ratio and added to
co-culture with AsPcl (mutkKRAS) tumor cells. Co-culture conditions included IL-21-
activated NK cells, cetuximab-coated tumor cells or the combination. When MDSCs were
added to the co-culture, IFN-y production by NK cells cultured with mutKRAS AsPcl
tumor cells was markedly inhibited as compared to control-treated NK cells (Fig. 5A).
Furthermore, MDSCs impaired 1L-21-activated NK cell ADCC activity against cetuximab-
coated mutkKRAS AsPcl tumor cells (Fig. 5B).

Co-stimulation of NK cells with Ab-coated pancreatic cancer cells and IL-21 results in
enhanced activation of ERK and STAT1

It was hypothesized that the interaction of the human NK cell FcR with cetuximab-coated
pancreatic tumor cells and the IL-21 receptor in the presence of 1L-21 would activate the
MAPK and JAK/STAT signaling pathways and result in enhanced phosphorylation of ERK
and STAT1, respectively, within NK cells. Human NK cells were co-cultured with
cetuximab-coated pancreatic cancer cells in the presence or absence of IL-21. After a 30 min
incubation period, culture supernatants were collected and cells were dual stained for CD56
and activated (phosphorylated) ERK (pERK) or activated (phosphorylated) STAT1
(pSTATL). As predicted, NK cells stimulated with antibody-coated mutKRAS AsPcl tumor
cells and IL-21 demonstrated the highest level of ERK activation with 53.5% of cells
staining positively for pERK (Fig. 6A, Fig. S4A). NK cells co-cultured with cetuximab-
coated mutkKRAS AsPcl pancreatic cancer cells or stimulated with IL-21 alone exhibited
42.8% and 36.3% staining, respectively, while only 17.9% of resting NK cells demonstrated
activation of ERK (Fig. 6A, Fig. S4A). Thus, cetuximab-coated tumor cells are a strong
stimulus that results in significant induction of the MAPK signaling pathway. Similarly, NK
cells stimulated with antibody-coated tumor cells and IL-21 demonstrated the highest level
of STAT1 activation with 44.1% of cells staining positively for pSTAT1 (Fig. 6B, Fig. S4C).
NK cells co-cultured with cetuximab-coated mutKRAS AsPcl pancreatic cancer cells or
stimulated with IL-21 alone exhibited 9.98% and 21.5% staining, respectively, while only
9.26% of resting NK cells demonstrated activation of STAT1 (Fig. 6B, Fig. S4C). Thus,

Clin Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMichael et al.

Page 8

IL-21 is a strong stimulus that results in significant induction of the JAK/STAT signaling
pathway. The percent increase in NK cells for both pERK and pSTAT1 was greater with the
combination of IL-21 and cetuximab versus either condition alone (Fig. 6, Fig. S4). Similar
results were obtained for the wtKRAS cell line BxPc3 (Fig. 4, Fig. S4B, Fig. S4D). Thus,
the combination treatment led to concurrent activation of NK cells via the MAPK and JAK/
STAT pathways that was not present in the control conditions.

IL-21 enhances the therapeutic efficacy of cetuximab in a murine model of pancreatic

cancer

A murine subcutaneous tumor model of EGFR-positive pancreatic cancer was employed in
order to determine the therapeutic efficacy of 1L-21 and cetuximab /7 vivo. The murine
pancreatic tumor cell line Panc02 was engineered to express the human EGFR protein
(PANCO02ECFR). Tumors were generated in athymic nu/nu mice by subcutaneous injection of
1x108 PANCO02EGFR tumor cells. There was no significant difference in tumor growth or
tumor histology at the microscopic level as compared to non-transformed tumors or those
expressing the empty vector (Fig. S5). Mice bearing PANC02ECGFR tumors were then treated
with PBS, IL-21 (5 pg), cetuximab (0.5 mg/kg) or 1L-21 plus cetuximab i.p. three times per
week. There was no significant difference in tumor volumes at baseline. However, by day 24
post tumor inoculation, there was a significant reduction in tumor volume in mice receiving
the combination regimen as compared to the other treatment groups (Fig. 7A, p<0.01). To
further evaluate the therapeutic efficacy of IL-21 and cetuximab /in vivo, a murine
intraperitoneal tumor model of EGFR-positive pancreatic cancer was employed. Here,
plasmid vectors encoding luciferase and GFP were transfected into the murine pancreatic
tumor cell line that was modified to express human EGFR (Panc02ECGFR/IUC+GFPY Tymor
burden was quantified by comparing average radiance in mice treated with PBS, IL-21 or
cetuximab alone, to the combination of IL-21 and cetuximab. By day 11, there was a
significant reduction in tumor burden of mice treated with IL-21 and cetuximab versus mice
treated with PBS or either agent alone (Fig. 7B-C, p<0.001). Expression of EGFR was
necessary for NK cell-mediated ADCC (Fig. S6A) and the efficacy of the combination of
IL-21 and cetuximab was dependent on the expression of human EGFR in the Panc02 cell
line (Fig. S6B).

IL-21 further enhances the therapeutic efficacy of a gemcitabine and cetuximab regimen in
a murine model of pancreatic cancer

Given that gemcitabine is widely used in the treatment of pancreatic cancer, it was
determined whether the addition of IL-21 could enhance the anti-tumor effects of cetuximab
and gemcitabine combination therapy against EGFR-positive pancreatic tumor cells.
Therapy with gemcitabine plus cetuximab resulted in modest tumor reduction by day 26,
however, the addition of IL-21 to this regimen led to a further and significant reduction in
tumor volume (Fig. 7D, p<0.007).

The anti-tumor effects of IL-21 and cetuximab are dependent on NK cells

To determine whether the therapeutic efficacy of IL-21 and cetuximab was dependent on the
presence of NK cells or monocytes, mice bearing Panc02EGFR tumors were depleted of
either NK cells (via administration of anti-asialo GM1) or monocytes (via administration of
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clodronate-containing liposomes) and then treated with PBS or with IL-21 and cetuximab
(Fig. 7E, Fig. S7). The effectiveness of combination therapy was noticeably reduced
following NK cell depletion as compared to mock-depleted mice (Fig. 7E, p<0.002). In
contrast, the efficacy of combination therapy did not appear to be greatly dependent on the
presence of the monocyte compartment (Fig. S7)

DISCUSSION

In the current study it was demonstrated that IL-21 can enhance NK cell-mediated effector
functions against cetuximab-coated pancreatic tumor cells. Stimulation of NK cells with
IL-21 elicited greater NK cell-mediated ADCC against Ab-coated pancreatic cancer cells
compared to control conditions in both healthy donors and pancreatic cancer patients. In
addition, costimulation of NK cells in this fashion induced the secretion of IFN-y and
chemokines with the ability to direct the chemotaxis of activated T cells. An increase in
levels of phosphorylated STAT1 were found in NK cells following IL-21:1L-21R
interactions, and heightened levels of phosphorylated ERK were identified following
stimulation of NK cell FcR with cetuximab-coated tumor cells. Thus, the mechanism for the
observed synergistic actions of the combination therapy likely lies in the induction of non-
overlapping pathways of cellular activation within NK cells. Co-administration of IL-21 and
cetuximab to tumor-bearing mice resulted in reduced tumor burden in both a subcutaneous
and intraperitoneal model of pancreatic adenocarcinoma. Notably, the addition of IL-21 to a
regimen of cetuximab and gemcitabine further reduced tumor burden /7 vivo, suggesting that
the addition of cytokines to standard chemotherapy-antibody regimens could have beneficial
effects. The effectiveness of combination therapy was dependent on NK cells, and minimally
affected by the depletion of monocytes. The enhancement of the NK cell response to EGFR-
expressing pancreatic tumor targets by IL-21 occurred irrespective of KRAS mutational
status. Indeed, IL-21 enhanced NK cell lytic activity against a cetuximab-coated colorectal
cancer cell line expressing wtKRAS, as well as the identical cell line transfected with
mutKRAS. These data demonstrate the ability of IL-21 to enhance NK cell activation in
response to cetuximab-coated targets, independently of the intracellular signaling pathways
that are operational within the cancer cell.

Alternative strategies are necessary in order to improve the efficacy of mAb therapy in
patients with locally advanced or metastatic EGFR-positive pancreatic cancer. One such
strategy would be to make use of the immune system to clear cetuximab-coated tumor cells.
Given the ability of the innate immune system to recognize targets coated in 1gG, our group
has suggested that the efficacy of mAb therapy could be enhanced via the administration of
immune stimulatory cytokines with the capacity to activate FcR-bearing NK cells. IL-21 is a
pleiotropic cytokine produced by activated CD4+ T cells that affects the differentiation,
maturation, and function of a number of lymphoid and myeloid cells. It has also been shown
to enhance the proliferation and cytotoxicity of NK cells and CD8+ T cells and increase
their secretion of IFN-y (34). Systemic expression of IL-21 /n vivo by plasmid-mediated
delivery revealed that IL-21 could inhibit the growth of melanoma and fibrosarcoma tumors,
and this inhibition was found to be mediated through enhanced cytolytic activity of NK cells
(35). A study comparing the activity of intraperitoneally delivered IL-2, IL-15, and IL-21
against syngeneic tumors in mice showed that IL-21 had the most potent antitumor activity
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and resulted in substantially enhanced long-term survival (36). IL-21 was found to enhance
rituximab activity in a cynomolgus monkey model of B cell depletion and in mouse B cell
lymphoma models where IL-21-activated innate immune effectors, increased the ADCC of
rituximab-coated targets, mobilized B cells into peripheral blood and worked /n vivoin
synergy with rituximab to yield significant survival benefits over either agent alone (37).
These prior results support the use of 1L-21 to enhance cetuximab therapy of pancreatic
cancers.

IL-21 has now entered phase | and Il clinical testing and promising efficacy has been
reported. In a phase | trial of subcutaneous recombinant human IL-21 in patients with
metastatic melanoma or renal cell carcinoma, 69% of patients achieved an overall response
of stable disease or better, which correlated with significant enhancement of granzyme B
expression in NK cells following administration of IL-21, with similar trends being observed
for IFN-y and perforin mRNA (38). An examination of patient blood samples from two
phase I trials of intravenous rhlL-21 in metastatic melanoma and renal cell carcinoma
confirmed increases in perforin and granzyme B mRNA in CD8+ T cells and CD56+ NK
cells, suggesting enhanced cytotoxic potential by these cell types (39). An expanded phase
I1A trial of IL-21 in 10 additional patients with stage IV malignant melanoma resulted in one
complete response and one partial response, with correlative studies showing increases in
serum soluble CD25, mRNA for IFN-v, perforin, and granzyme B in CD8+ and NK cells,
and increased frequencies of CD25+ NK and CD8+ T cells (40). A multianalyte profiling of
serum proteins in patients with advanced metastatic melanoma or renal cell carcinoma
showed increased levels of biomarkers indicative of lymphocyte activation, acute phase
response, myeloid activation and leukocyte chemotaxis/trafficking following treatment with
IL-21 (41). Thus, IL-21 appears to have profound effects on both innate and specific
immune effector cells that translates into clinical efficacy.

The use of interleukins in combination with monoclonal antibody therapy to boost immune
function against cancer cells has been the topic of a few clinical studies. An analysis of NK
cell functionality in patients with CLL in response to IL-21 stimulation showed an increase
in CD25 expression, IFN-y production, natural cytotoxicity and ADCC against rituximab-
coated targets (42). The ability of IL-21 to enhance the activity of gemcitabine/cetuximab
therapy /n vivois notable and suggests that therapeutic combinations or mAbs with
chemotherapy and immune activating agents can mediate both direct cytotoxicity and
indirect immunologic tumor cell destruction. In support of this concept our group conducted
a phase I trial of paclitaxel and trastuzumab in combination with IL-12 in patients with
HER2/neu-expressing malignancies and showed that there was increased activation of
extracellular signal-regulated kinases in peripheral blood mononuclear cells and increased
levels of IFN-y and several chemokines in patients with clinical benefit (43). Correlative
studies in a phase | trial of rhIL-21 in combination with cetuximab in patients with
metastatic colorectal cancer, where 9 of 15 patients achieved stable disease, revealed that
patient NK cells exhibited increased cytotoxicity against K562 target cells at the one week
time point as well as a significant increase in soluble CD25 (44). Overall, these clinical trials
of cytokines in combination with a mAb show that IL-21 has potential as an immune-
stimulating therapy and has the ability to enhance cytolytic activity of NK cells in
combination with mAb therapy. The ineffectiveness of standard chemotherapy and even

Clin Cancer Res. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMichael et al.

Page 11

newly developed checkpoint inhibitors provides significant impetus to develop strategies for
optimizing antibody-based therapies in the setting of pancreatic cancer.

Despite promising preclinical work, phase Il and phase 11 trials have consistently failed to
show efficacy of cetuximab treatment in advanced pancreatic cancer either alone or in
combination with cytotoxic agents (45). One of the defining features of pancreatic
adenocarcinomas is a high rate of activating mutations in the KRAS oncogene (>90%).
When constitutively activated, KRAS can activate MAPK signal transduction independent of
EGFR, thus rendering EGFR inhibitors (e.g., erlotinib or gefitinib) ineffective. Genetic
expression of mutant KRASCG12D or KRASC12V specifically in the murine pancreas proved
to be sufficient to initiate acinar-ductal metaplastic lesions and pancreatic intraepithelial
neoplastic lesions, which progressed with long latency to invasive metastatic pancreatic
adenocarcinoma (46). With the ability of oncogenic KRAS to drive/promote pancreatic
cancer cell survival, there have been considerable efforts to develop direct inhibitors of this
pathway. However, clinical attempts to directly interrupt KRAS activity have failed, and
KRAS is considered by some researchers to be undruggable (47). While strides have been
made to target molecules downstream of RAS through RAF inhibitors or MEK inhibitors, it
has become clear that activation of RAS results in the recruitment of multiple branching
signaling pathways that will be difficult to abrogate. Despite failure in targeting molecules
downstream of RAS, a recent report suggested that priming of activated T cells with a
bispecific anti-EGFR and anti-CD3 antibody could suppress MDSC differentiation and
attenuation of their suppressive activity in the tumor microenvironment, even when the
tumors express a mutant form of KRAS (48). This finding suggests that immunotherapy
could be beneficial in pancreatic cancer treatments and that immune-based therapies
targeting the EGFR may be a way to overcome KRAS mutations.

Although mutations in the KRAS oncogene can bypass the direct downstream effects of
anti-EGFR mAbs like cetuximab, the present study shows that the immune response to
cetuximab therapy can be significantly enhanced by the addition of IL-21 in the setting of
oncogenic KRAS. IL-21 markedly enhances NK cell lysis of cetuximab-coated targets /n
vitro and improves the elimination of cetuximab-coated mutKRAS cells. IL-21 is also able
to augment antigen-specific T cell responses and, at the same time, promote NK cell
survival, functioning as a link between innate immune responses and adaptive immune
responses (49). The ability of 1L-21 activated NK cells to lyse cetuximab-coated pancreatic
and colorectal tumor cells irrespective of KRAS mutation status suggests that the oncogenic
pathways driving pancreatic cancer growth do not greatly affect, in a positive or negative
fashion, the ability of NK cells to lyse those cells. In addition, the secretion of IFN-y and T
cell chemotactic factors such as IL-8, MIP-1a, MIP-1p and RANTES by NK cells that come
into contact with cetuximab-coated mutkKRAS pancreatic cell lines was markedly enhanced
in the presence of IL-21. This would indicate that the combination therapy has the ability to
attract T cells to the mutkKRAS tumor microenvironment. Considering that IL-21 activates
NK cells against mAb-coated tumor cells, an examination of negative regulators of NK cell
function is also instructive. Tumor cells induce immune suppressor cells, like MDSCs, that
can produce reactive oxygen species to influence the tumor microenvironment. We show that
MDSC:s significantly inhibit NK cell ADCC and IFN-y production in the current model.
Therefore, inhibition or depletion of MDSC function could enhance antibody therapy. These
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in vitroresults of IL-21 and cetuximab against mutKRAS cancer cells were confirmed in
two models of pancreatic cancer and results indicate that IL-21 can activate NK cells to lyse
cetuximab-coated EGFR-positive tumor cells. Yang et al. (2013) created a novel EGFR-
positive murine tumor cell line and demonstrated that cetuximab-induced tumor regression
depends on both innate and adaptive immunity components, including CD8" T cells,
MyD88, and FcyR (50). Figure 7E shows that the efficacy of the combination therapy was
almost fully dependent on NK cells, as a depletion of NK cells via the administration of anti-
asialo GM1 Ab abrogated the effects of IL-21 and cetuximab. In addition, Figure S6 shows
that monocytes had little impact on tumor growth. Due to the limitations of the present
model, we did not evaluate the role played by T cells. However, given the ability of
IL-21R/FcR dual-activated NK cells to produce chemokines with the ability to stimulate T
cell chemotaxis, we believe that T cells would likely contribute to the anti-tumor effects of
IL-21 and cetuximab in an immunocompetent host. Continued development of methods to
enhance NK cell activity in the setting of cetuximab therapy of pancreatic cancer are
warranted.

In the present manuscript it has been demonstrated that the administration of IL-21 is able to
activate FcR-bearing NK cells, and enhance their ability to recognize and eliminate
cetuximab-coated tumor cells via the induction of ADCC and the release of cytokines with
anti-tumor activity. In addition, there is evidence that NK cell elimination of Ab-coated
targets proceeds largely independent of target cell KRAS mutational status. It was
effectively demonstrated /n vitro, with healthy donor and pancreatic cancer patient NK cells,
and /n vivothat this interplay between antibody therapy and the innate immune system can
lead to improved anti-tumor effects.
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Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Although pancreatic cancers over-express the epidermal growth factor receptor (EGFR),
95% of patients have mutations in the KRAS oncogene, rendering the use of monoclonal
antibodies (mAb) against EGFR ineffective. Given the interactions between the innate
immune system and antibody therapy, our group has suggested here that the efficacy of
mADb therapy can be enhanced via the administration of immune stimulatory cytokines,
mainly interleukin-21 (IL-21), with the capacity to activate NK cells. The present study
shows that the activation of natural killer (NK) cells by IL-21 enhances NK cell mediated
effector functions against cetuximab-coated pancreatic tumor cells irrespective of KRAS
mutation status. Notably, the addition of 1L-21 to a regimen of cetuximab and
gemcitabine further reduced tumor burden /n7 vivo, suggesting that the addition of
cytokines to standard chemotherapy-antibody regimens could have beneficial effects for
patients with pancreatic cancer that have limited therapeutic options.
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Figure 1. Expression of EGFR in human pancreatic cancer cell lines
(A) Lysates were prepared from human pancreatic cancer cell lines and subjected to

immunoblot analysis with antibodies directed against EGFR. Nitrocellulose membranes
were probed for B-actin to control for loading. HeLa and MDA-MB-453 served as positive
and negative controls, respectively. (B) The percentage of cells expressing EGFR was
assessed by flow cytometry using an anti-EGFR-PE Ab. Experiments are representative of
two separate determinations.
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Figure 2. IL-21 enhances antibody-dependent cellular cytotoxicity of NK cells against pancreatic

cancer cells

Purified human NK cells were incubated overnight in medium alone or in medium
supplemented with 10 ng/ml IL-21. The lytic activity of IL-21-activated NK cells was then
assessed in a standard 4 hr chromium release assay using cetuximab-coated KRAS wild-type
(A) or KRAS mutant (B-D) pancreatic cancer cells as targets. (E) Graphical summary of
cytotoxicity data of four pancreatic cancer cell lines at the 50:1 E:T ratio. *Denotes presence
of a KRAS mutation. The percentage of lysis was calculated as previously described. Each
graph depicts the results from one representative donor £ SD. Three normal donors were
tested per cell line. The asterisk (*) denotes p<0.001 versus all conditions shown.
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Figure 3. IL-21 enhances antibody-dependent cellular cytotoxicity of pancreatic patient NK cells
against KRAS mutant pancreatic cancer cells

Purified NK cells from patients with pancreatic adenocarcinoma were incubated overnight
with medium alone or in medium supplemented with 10 ng/ml IL-21. The lytic activity of
IL-21-activated NK cells was then assessed in a standard 4 hr chromium release assay using
cetuximab-coated KRAS mutant AsPcl tumor cells. The mean percent lysis at 25:1 E: T
ratio for 9 patients who received neoadjuvant chemotherapy (A) or the 8 patients who had
not received chemotherapy prior to surgical resection (B) is shown in box plots. The box
plots represent the median and interquartile range, with | bars showing the range for each
group. (C) NK cell lysis of a patient that underwent neuroendocrine tumor resection + SD.
Experiments are representative of two separate determinations. The asterisk (*) denotes
p<0.001 versus all conditions shown.
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Figure4. Human NK cells secrete high levels of IFN-y and NK culture supernatants stimulate
themigration of T cells

The KRAS wild-type BxPc3 (A) and KRAS mutant AsPcl and MiaPaCa2 (B) cell lines
were cultured with human NK cells in an in vitro tumor co-culture assay. Control conditions
consisted of tumor cells and NK cells cultured with medium alone, 1gG alone, cetuximab
alone, 1L-21 alone or the combination of IgG and IL-21. Culture supernatants were
harvested at 48 hrs and analyzed for IFN-y by ELISA. (C) Chemotaxis of activated T cells
in response to culture supernatants derived from NK cells costimulated with cetuximab-
coated KRAS wild-type BxPc3 or KRAS mutant AsPcl tumor cells and IL-21. Culture
medium supplemented with monokine induced by gamma-interfereon (MIG) was included
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as a positive control. Each graph depicts the results from one representative donor + SD.
Three normal donors were tested per cell line. The asterisk (*) denotes p<0.001 versus all
conditions shown.
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Figure5. MDSCsinhibit NK cell IFN-y production and ADCC
Autologous PBMC-derived MDSCs or control PBMCs were co-cultured with healthy donor

NK cells at a 0.5:1 ratio. In vitro generated MDSCs were found to be suppressive to T cell
proliferation by CFSE assay (data not shown). (A) Purified 1L-21-activated NK cells were
co-cultured with cetuximab-coated KRAS mutant AsPc1 cancer cells alone or in the
presence of autologous PBMCs or MDSCs. Control conditions consisted of medium alone,
IL-21 alone, or cetuximab alone. Culture supernatants were harvested at 48 hrs and analyzed
for IFN-y by ELISA. (B) Purified human NK cells were incubated overnight in medium
alone in medium containing 10 ng/ml of IL-21. The lytic activity was tested against
cetuximab-coated KRAS mutant AsPcl cancer cells in the presence of autologous PBMCs
or MDSCs in a standard 4 hr chromium release assay. Each graph depicts the results from
one representative donor = SD. Three normal donors were tested per cell line. The asterisk
(*) denotes p<0.001 versus all conditions shown.
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Figure 6. NK cell signal transduction is enhanced by IL-21 receptor and Fc receptor engagement
by cetuximab-coated mutant KRAS AsPcl tumor cells

Purified human NK cells were stimulated with 10 ng/ml of IL-21 and co-cultured with
cetuximab-coated KRAS mutant AsPc1 pancreatic cancer cells for 30 mins. Control
conditions consisted of media alone, I1L-21-stimulated NK cells alone, or cetuximab-coated
tumor cells alone. Following incubation, cells were collected and underwent dual flow
cytometry staining using anti-CD56 and (A) anti-phospho-ERK1/2 or (B) anti-phospho-
STAT1 antibodies. Percentages reported are of dual positive populations (Q2). Each plot
depicts the results from one representative donor. Three normal donors were tested per cell

line.
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Figure 7. The combination of IL-21 and cetuximab enhancestumor regression in a mouse

xenogr aft model

(A) Nude mice were inoculated s.c. with 1x108 Panc02EGFR tumor cells. Once tumors
reached 50-100 mm3 in size, treatment began thrice weekly with i.p. injections of PBS, 5 ug
IL-21, 0.5 mg/kg cetuximab, or the combination. Tumor growth was measured by calipers
thrice weekly and tumor volumes were calculated as described in the Methods section.
Results shown are average tumor volumes of n=7 mice per group + SD. The asterisk (*)
denotes p<0.01 versus all conditions shown. (B) Nude mice were inoculated i.p. with 5x10°
Panc02ECGFR/LUC+GFP yymor cells. Treatment began on day 3 and was administered as
described above. Mice were anesthetized on days 3, 11, and 17 using isoflurane.
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Approximately 10 min post luciferin injection, mice were imaged at an exposure time of 1
sec. (C) Xenogen IVIS software was used to quantify nonsaturated bioluminescence in
regions of interest. Radiance greater than 5.5x106 p/s/cm?/sr was assumed to be indicative of
viable luciferase-labeled tumor cells while emissions below this range were considered as
background. Results shown are average radiance of n=5 mice per group = SD. The asterisk
(*) denotes p<0.001 versus all conditions shown. (D) Nude mice bearing Panc02ECGFR
tumors were treated i.p. with low dose gemcitabine (15 mg/kg) and cetuximab (0.5 mg/kg)
with or without mIL-21 (5 pg) thrice weekly. Tumor volume was calculated as described
above. Results shown are average tumor volumes of n=7 mice per group = SD. The asterisk
(*) denotes p<0.007 versus control condition shown. (E) Nude mice bearing Panc02EGFR
tumors were depleted of NK cells by an i.p. injection of anti-asialo GM1 or mock depleted
by an i.p. injection of normal rabbit serum and treated with PBS or the combination of IL-21
and cetuximab. Results shown are average tumor volumes of n=5 mice per group £ SD. The
asterisk (*) denotes p<0.002 versus control condition shown.
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