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Glioblastoma, the most common aggressive cancer, has a poor prognosis. Among
the current standard treatment strategies, radiation therapy is the most commonly
recommended. However, it is often unsuccessful at completely eliminating the cancer
from the brain. A combination of radiation with other treatment methods should
therefore be considered. It has been reported that radiotherapy in combination with
immunotherapy might show a synergistic effect; however, this still needs to be
investigated. In the current study, a “branched multipeptide and peptide adjuvants [such
as pan DR epitope (PADRE) and polyinosinic-polycytidylic acid — stabilized with polylysine
and carboxymethylcellulose — (poly-ICLC)],” namely vaccine and anti-PD1, were used as
components of immunotherapy to assist in the anti-tumor effects of radiotherapy against
glioblastomas. With regard to experimental design, immunological characterization of
GL261 cells was performed and the effects of radiation on this cell line were also
evaluated. An intracranial GL261 mouse glioma model was established, and therapeutic
effects were observed based on tumor size and survival time. The distribution of effector
immune cells in the spleen, based on cytotoxic T lymphocyte (CTL) and natural Killer
(NK) cell function, was determined. The pro-inflammatory and anti-inflammatory cytokine
production from re-stimulated splenocytes and single tumor cells were also evaluated. As
GL261 cells demonstrated both immunological characteristics and radiation sensitivity,
they were found to be promising candidates for testing this combination treatment.
Combinatorial treatment with radiation, vaccine, and anti-PD1 prolonged mouse survival
by delaying tumor growth. Although this combination treatment led to an increase
in the functional activity of both CTLs and NK cells, as evidenced by the increased
percentage of these cells in the spleen, there was a greater shift toward CTL rather
than NK cell activity. Moreover, the released cytokines from re-stimulated splenocytes
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and single tumor cells also showed a shift toward the pro-inflammatory response. This
study suggests that immunotherapy comprising a branched multipeptide plus PADRE,
poly-ICLC, and anti-PD1 could potentially enhance the anti-tumor effects of radiotherapy
in a glioblastoma mouse model.

Keywords: radiation, branched multipeptide, PADRE, poly-ICLC, anti-PD1, glioblastoma

INTRODUCTION

Glioblastoma (GBM) is the most malignant tumor of the central
nervous system and is associated with poor prognosis and
low survival. The survival rates of GBM patients have not
demonstrated notable improvements over the last few decades
(1). Therefore, a combination of several treatment methods is
essential to overcome this type of cancer. Radiation therapy (RT)
is commonly used to treat GBM; ~60% of patients with solid
tumors are administered radiation as part of their treatment (2).
RT involves the breakdown of double-stranded DNA, thereby
affecting cancer cell survival and proliferation. It also enhances
immunological aspects, such as tumor antigen presentation and
immunomodulation, by exposing tumor antigens and making
them visible to the immune surveillance machinery (3, 4).
Preclinical evidence suggests that RT can prime the immune
system to enhance the efficiency of immunotherapy and that a
combination of RT with immunotherapy is more effective than
monotherapy (5).

Developments in the field of immunotherapy have recently
provided new options for the treatment of GBM. Although
the brain is an immunologically distinct organ, the immune
microenvironment offers sufficient opportunities to promote
immune cell responses and modify the “cold” tumor status
of GBM (6). Although vaccination appears to be a promising
treatment strategy for improving the clinical outcomes of GBM
patients, no successful result has been reported in phase III
clinical trials of vaccines against GBM to date; moreover, vaccine
therapy faces many challenges. Combinations of different therapy
methods, such as various vaccination strategies, vaccinations
with immune checkpoint inhibitors, or surgical resection with
chemotherapy, radiotherapy, and immunotherapy, are potential
future directions for GBM treatment (7, 8).

To enhance the function of vaccines, immune adjuvants
have also been developed. Immune adjuvants are defined as
compounds that act to accelerate, prolong, and enhance the
antigen-specific immune response, thereby allowing the use of
smaller antigen doses and fewer immunizations (9). Among the
available peptide vaccine adjuvants, pan DR epitope (PADRE)
is a synthetic epitope-based vaccine adjuvant that is used as a
T-helper peptide that induces Th1 cell polarization. PADRE is
derived from HLA-DR epitopes and a tetanus toxin fragment.
The PADRE peptide can bind to many different types of
MHC-II alleles to boost immune responses, leading to the
enhanced anti-tumor efficacy of vaccines (10, 11). Previous
clinical trials reported that a polyinosinic-polycytidylic acid—
stabilized with polylysine and carboxymethylcellulose—(poly-
ICLC)-combined tumor antigen-specific vaccine is effective at

achieving a higher therapeutic index (12). Poly-ICLC stimulates
the Th1-polarizing dendritic cells and microglia-expressed toll-
like receptor 3 (TLR3), resulting in the anti-tumor immune
response. In addition, poly-ICLC serves as a simple and low-cost
pathogen-associated molecular pattern (PAMP) that can trigger
the immune response against solid cancers. Phase II clinical trials
have been initiated for poly-ICLC (13).

Although anti-PD1 has been approved for the treatment of
multiple cancer types, the effects of anti-PD1 monotherapy are
still uncommon and unpredictable in GBM treatment. Only a
small subset of patients have shown beneficial effects in response
to anti-PD1 monotherapy; therefore, this requires further
evaluation (14). However, the efficacy of immune checkpoint
blockade has been demonstrated in combination with RT and
a peptide-based vaccine. In particular, the combination of anti-
PD1 and localized RT was shown to result in long-term survival
in orthotopic GBM mouse models (15). Moreover, combinatorial
treatment with peptide-based vaccines and immune checkpoint
inhibitors was demonstrated to prolong the survival of tumor-
bearing mice via enhanced vaccine-induced immune responses
and tumor-infiltrating CD8" T cell counts, leading to delayed
tumor growth (16).

Therefore, in this study, we aimed to determine the role
of immunotherapy in modulating the anti-tumor effects of
RT against GBM. For immunotherapy, branched multipeptide
constructs based on the epidermal growth factor receptor 2
(ErbB2) and Wilms tumor gene 1 (WT1) peptides were used
to stimulate antigen-specific cytotoxic T lymphocytes (CTLs).
A combination of this branched multipeptide with peptide
adjuvants, such as PADRE and poly-ICLC, was considered a
component of the vaccine. We found that this vaccine, in
combination with or without anti-PD1, modulated the anti-
tumor effects of RT in a mouse GBM model.

MATERIALS AND METHODS

Animals and Cell Lines

Six- to eight- week-old female C57BL/6 mice (H2b, IAb)
were purchased from Orient Bio (Iksan, Republic of Korea).
Mice were raised under specific-pathogen-free conditions. All
animal care, experiments, and euthanasia were performed after
obtaining approval from the Chonnam National University
Animal Research Committee.

Mouse glioblastoma cell lines (GL261: H2b and IAb, Gibco-
BRL, Gaithersburg, MD, USA), and mouse lymphoma cell
lines (YAC-1, ATCC, Rockville, MD, USA), sensitive to the
cytotoxic activity of natural killer (NK) cells in mice, were used
for cell culture. GL261 cells were maintained in Dulbecco’s
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Modified Eagle’s Medium (DMEM) and YAC-1 cells were grown
in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (P/S) at 37°C in an atmosphere of
5% CO,.

Peptide Synthesis and Antibodies

All peptides were commercially synthesized by the Peptron
Company (Daejeon, Republic of Korea) with a purity
>95% as assessed by reverse phase high-performance liquid
chromatography. The branched multipeptide was synthesized
by incorporating two single peptides, mouse modified 9-mer
WT1 peptide (H2b-restricted WT1y35_243: CYTWNQMNL)
and the mouse 9-mer epidermal growth factor receptor 2
peptide (H2b-restricted ErbB2s3_7;: TYLPANASL) (predicted
binding scores from SYFPEITHI: http://www.syfpeithi.de).
Mini-polyethylene glycol (mini-PEG) spacers were used to
synthesize the corresponding branched multipeptide, which
was designated as CYTWNQMNL-miniPEG2-K (TYLPANASL-
miniPEG2) shown in Figure S1. A pan HLA-DR binding epitope
(IAb-restricted PADRE, ak-Cha-VAAWTLKAAa-Z-C) was
also synthesized (17). All peptides were dissolved in dimethyl
sulfoxide (DMSO) and diluted with phosphate buffered saline
(PBS). Mouse anti-PD1 (clone J43) was used for flow cytometry
and mouse anti-PD1 (clone RMP1-14) was used for in vivo
blockade. All antibodies were purchased from BioXcell (West
Lebanon, NH, USA).

Western Blotting

The expression of ErbB2, WT1, and programmed death ligand
1 (PDL1) in the GL261 cells before and after radiation was
confirmed by western blotting. In general, the cells were exposed
to 2, 4, or 6Gy of radiation and cultured. The cells were
harvested after the indicated time periods (0 and 24h) for
western blot analysis. The bicinchoninic acid (BCA) Protein
Assay Kit (Thermo Scientific, USA) was used to measure protein
concentration. Thereafter, SDS-PAGE was used to separate
the proteins of interest, which were then transferred to a
polyvinylidene difluoride (PVDF) membrane and soaked in a
blocking solution [5% non-fat dry milk in TBST (tris-buffered
saline, Tween 20)] for 1 h. The membrane was probed overnight
with primary antibodies against WT1 (Abcam, Cambridge,
UK), ErbB2 (Cell Signaling, Danvers, MA, USA), PDL1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and B-Actin
(Santa Cruz Biotechnology) at 4°C, and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or anti-
mouse polyclonal IgG secondary antibodies (Ab Frontier, Seoul,
Republic of Korea). Chemiluminescent detection was performed
using Immobilon Western Chemiluminescent HRP Substrate
(Millipore Corporation, Billerica, MA, USA). B-Actin was used
as an internal control. The expression of WT'1, ErbB2, and PDL1
was determined using Amersham Imager 600 (GE Healthcare,
Marlborough, MA, USA).

Clonogenic Long-Term Survival Assay
Stable GL261 cells were harvested and irradiated at different
doses (2, 4, and 6 Gy). Thereafter, GL261 cells (5 x 102 cells/well)

were reseeded in 6-well culture dishes and incubated at 37°C
in an atmosphere of 5% CO; for 14 d. The cells were fixed
in methanol for 5min and stained with toluidine blue (0.1%,
Sigma, St. Louis, MO, USA) for 15 min. Dishes were washed with
distilled water and dried at room temperature. Colony counting
was performed on the following day. Colonies containing at
least 50 cells were counted. The number of colonies in the
irradiated wells was compared to the corresponding number
in the non-irradiated wells. Plating efficiency was calculated as
plating efficiency = [number of colonies counted/number of
cells plated] x 100. Finally, the percentage survival fraction was
calculated as survival fraction = [plating efficiency of treated
sample/plating efficiency of control] x 100.

MTT Assay

The effects of radiation on the proliferation of GL261 cells was
estimated using the MTT assay. Briefly, after radiation with
2, 4, or 6Gy, the cells (2.5 x 103 cells/well) were seeded in
96-well plates and cultured with DMEM media supplemented
with 10% FBS and 1% P/S at 37°C in an atmosphere of
5% CO;. Subsequently, the cells were stained every 24h
incubation until day 5 with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma). For staining, the
plates were washed with PBS, and MTT (0.5 mg/mL) was added
to each well. The MTT solution was removed from each well
after 4h of incubation. MTT formazan was then solubilized
using isopropanol (Merck, Darmstadt, Germany), and the optical
density was read at 570 nm.

Intracranial Glioma Mouse Model and
Treatment Schedule

To establish the mouse intracranial model, we stereotactically
injected 1 x 10° GL261 cells in 5 wL PBS into the right striatum
of the mice at a rate of 1 pL/min. Injection sites were estimated
using the following coordinates: 2mm anterior, 2mm lateral
from bregma, and 4 mm deep from the cortical surface (18).
The mice was randomly allocated to the treatment arms. For
treatment, the mice was divided into the following four treatment
groups: (1) control; (2) RT only; (3) RT plus vaccine; and (4) RT
plus vaccine and anti-PD1. On day 13 after injection, the mice
were irradiated (6 Gy). Thereafter, branched multipeptide (150
pg/injection) and PADRE (50 jLg/injection) were subcutaneously
administrated on days 14 and 18. Poly-ICLC (Hiltonol, Oncovir
Inc.) (50 pg/injection) was intramuscularly injected on the
same day with peptide treatment (12, 19). The mice were also
administered intraperitoneal injections of in vivo MAb anti-
mouse PD1 (200 pg/injection) every other day (day 14, 16, and
18). Overall survival was quantified. The mice was euthanized on
day 20 after injection to assess tumor size and immunological
parameters in the spleen and tumor.

Hematoxylin and Eosin (H&E) Staining of

the Brain

Mouse brains were collected and fixed in formaldehyde.
Thereafter, brains were sectioned into 4-mm thick slices at the
injection site. Brain slices were stored in 5% paraformaldehyde,
embedded in paraffin, and sectioned into 4-pm coronal sections
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using a microtome. For tumor size confirmation, H&E staining
was performed. Briefly, hematoxylin was used to completely
cover the tissue section in 5 min. After rinsing twice with distilled
water to remove any excess stain, a bluing reagent was applied
to the tissue for 1min. Thereafter, slides were washed with
distilled water and dipped in absolute alcohol. Finally, slides
were incubated in eosin solution for 3 min, rinsed in distilled
water, and dehydrated with absolute alcohol. Slides were then
cleared and mounted using Histomount (National Diagnostics,
USA). Tumor slides were scanned using the Aperio Scan Scope
System (Aperio, Technology; Vista, CA, USA), and cross-section
areas (mm?) of different treatment groups were confirmed using
Aperio ImageScope software (Aperio). Data were summarized
using bar charts.

Isolation of Splenocytes and Single Tumor
Cells

Splenocytes and single tumor cells were isolated directly from the
spleen and tumor of non-vaccinated and vaccinated mice. For the
isolation of splenocytes, the spleen was collected and washed with
DMEM media supplemented with 10% FBS and 1% P/S. Then, a
1-mL syringe plunger was used to gently press the spleen through
a 100-um cell strainer (BD Falcon, Becton Dickinson, NJ, USA)
while continuously adding media. After filtering through a 40-
pm cell strainer (Falcon), erythrocytes were removed using
0.83% (w/v) NH4CI (Sigma) (red blood cell lysis buffer). Cells
were collected and washed with media. For the isolation of single
tumor cells, the tumor was collected and washed with DMEM
media supplemented with 10% FBS and 1% P/S. Subsequently,
the tumor was minced into 3 to 4-mm pieces using a sterile
scalpel. Tumor pieces were incubated with collagenase type IV
(0.25%; Gibco-BRL) at 37°C in an atmosphere of 5% CO; for
2h. Samples were observed and suspended at 15-min intervals.
Cells were filtered using 100- and 40-pum cell strainers (Falcon),
and single tumor cells were collected. Erythrocytes were removed
using the red blood cell lysis buffer.

Flow Cytometry

For in vitro experiments, the expression of MHC I and PDL1
on GL261 cells before and after radiation was confirmed by flow
cytometry. The cells were exposed to 2, 4, or 6 Gy radiation
and cultured for the indicated time periods for flow cytometric
analysis. Generally, the cells were stained with FITC-conjugated
H-2Kb (BD Biosciences, San Jose, CA, USA) or PE-conjugated
PDLI1 (BD Biosciences) at the 0 and 24 h time points. Data were
acquired on a BD FACS Calibur.

For the in vivo experiments, splenocytes, re-stimulated
splenocytes, and tumor single cells were stained to confirm
the immune cells. For cell surface staining, the cells (1 x
10° cells) were stained with Pacific blue-conjugated CD45,
PE-conjugated CD4 and CD8, PE-cy7-conjugated CD8, APC-
conjugated CD44, APC-cy7-conjugated CD44, FITC-conjugated
CD62L, FITC-conjugated CD69, PE-conjugated CD49b, FITC-
conjugated CD279 (PD1), or PE-conjugated CD274 (PDL1) for
30 min at 4°C. For intracellular staining, the cells (1 x 10° cells)
were stained with PE-conjugated CD4, PE-cy7-conjugated CD8,
or FITC-conjugated CD25 for 30 min at 4°C. The cells were

then washed and permeabilized with FACS™ Permeabilizing
Solution 2 (BD Biosciences) for 30 min at room temperature.
After washing twice with permeabilization buffer, the cells were
stained with Alexa Fluor-conjugated Foxp3 or FITC-conjugated
IFN-y for 30 min at 4°C. For IFN-y intracellular staining, the
Protein Transport Inhibitor containing Brefeldin A (BD Golgi
Plug™) at 1 pL/1 x 10° cell/well was added at the final 5
h of re-stimulation time. All antibodies were purchased from
BD Biosciences. All samples were processed on a BD FACs
Canto II (Becton Dickinson, Mountain View, CA, USA). Cell
debris was eliminated by forward and side-scatter gating. All
data were analyzed using FlowJo v10 software (TreeStar, San
Carlos, CA, USA). Mean fluorescence intensity (MFI) ratio was
calculated by dividing the median fluorescence intensity (MFI) of
the positive cells (stained cell population) by that of the negative
cells (unstained cell population).

Splenocyte Re-stimulation and Single

Tumor Cell Culture ex vivo
Splenocytes were re-stimulated according to the manufacturer’s
protocol. Splenocytes isolated from non-vaccinated and
vaccinated mice after the final immunization (day 20) were
cultured in 24-well plates (1 x 10° cells/well) and re-stimulated
with branched multipeptide (20 jLg/mL) and PADRE (3 pg/mL)
for 5 d in RPMI-1640 (Gibco-BRL) prepared in 10% FBS
with 1% P/S supplementation and recombinant mouse (rm)
IL-2 (20ng/mL) (R&D systems). Anti-PD1 (10 ug/mL) was
added during incubation. After re-stimulation, the supernatant
and cells were collected and used for checking immune cell
function. For IFN-vy intracellular staining, the splenocytes were
re-stimulated and IFN-y intracellular staining was performed or
IFN-v in the supernatant was estimated after 24-h incubation.
Single tumor cells from tumor were cultured in 6-well plates
(1 x 10° cells/well) for 24 h in 37°C in an atmosphere of 5% CO5,
and the supernatant was collected for pro-inflammatory and
anti-inflammatory cytokine determination by enzyme-linked
immunosorbent assay (ELISA).

IFN-y Release Enzyme-Linked

Immunospot (ELISPOT) Assay

The IFN-y secreted by re-stimulated splenocytes against target
cancer cells was examined using an IFN-y ELISPOT assay kit (BD
Biosciences). Ninety-six well PVDF membrane ELISPOT plates
(Millipore, USA) were coated with the capture-purified anti-
mouse IFN-y antibody overnight at 4°C. Then, RPMI medium
supplemented with 10% FBS was added to saturate the treated
antibody. The re-stimulated splenocytes from the immunized
mice were co-cultured with the target cells (GL261 and YAC-
1 cell line) at a 10:1 ratio. Co-cultured cells were incubated
in 10% FBS-RPMI medium for 24 h at 37°C in an atmosphere
of 5% CO,. Subsequently, the plates were incubated for 2h
with the biotinylated detection anti-mouse IFN-y antibody and
then for 1h with streptavidin-HRP. After washing, spots were
revealed using an AEC substrate reagent set (BD Bioscience) and
measured on an automatic CTL Immunospot Analyzer (Cellular
Technology Ltd., Shaker Heights, OH, USA).
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Lactate Dehydrogenase (LDH) Release
Cytotoxicity Assay

CytoTox 96 non-radioactive cytotoxicity assay (CytoTox 96,
Promega, Madison, WI, USA) was performed to analyze the
killing effects of the re-stimulated splenocyte effector cells against
target cancer cells according to the manufacturer’s instructions.
GL261 and YAC-1 cell lines (2 x 10° cells/well) were used as the
target cells. The re-stimulated splenocytes were co-cultured with
the target cells at a 10:1 ratio in Costar 96-well plates (Corning,
Inc., Corning, NY, USA) for 4h in 37°C and an atmosphere of
5% CO,. Then, supernatants were collected for determining the
LDH concentration. The mean percentage of specific lysis was
calculated as follows:

(Experimental — Effector Spontaneous — Target Spontaneous)

%Cyotoxicity =

The short-term effects of radiation on GL261 cells were
also determined. As shown in Figures 1A,B, the levels of
ErbB2, WT1 expression were enhanced after treatment with
the different radiation doses at Oh and were reduced after
24 h. However, no differences were observed, except with regard
to the expression of ErbB2. In particular, ErbB2 expression
was reduced in all radiation groups treated with 2Gy (p =
0.029), 4Gy (p = 0.032), and 6Gy (p = 0.013) compared
with that in the no-radiation control group. Additionally,
the effects of radiation on MHC I and PDL1 expression on
GL261 cells was also confirmed at 0 and 24h. The expression
of MHC I and PDL1 on GL261 cells after irradiation (2,
4, and 6Gy) is shown in Figures 1C-E; most GL261 cells

x 100

Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA was performed to measure the levels of pro-inflammatory
and anti-inflammatory cytokines released into the culture
media of re-stimulated splenocytes or single tumor cells
from non-vaccinated and vaccinated mice using the OptEIA
ELISA set (BD Bioscience) following the manufacturer’s
instructions. Culture media from re-stimulated splenocytes
isolated from vaccinated mice were analyzed for changes
in the levels of the pro-inflammatory (IL-12p70 and IFN-
y) and anti-inflammatory (IL-10) cytokines, whereas the
culture media of single tumor cells were analyzed for changes
in the levels of the pro-inflammatory (IFN-y) and anti-
inflammatory [transforming growth factor-beta (TGF-p) and
IL-10] cytokines.

Statistical Analysis

All statistical analyses were performed using SPSS 20.0 for
Windows (SPSS Inc., Chicago, IL, USA). One-way analysis of
variance (ANOVA) was performed for analyses across multiple
groups. The log-rank test was performed on survival data, and
p < 0.05 was considered statistically significant. The results are
represented as the means £ SD.

RESULTS

Immunological Characteristics and Effects
of Radiation on the GL261 Cell Line

To determine whether the tumor-associated antigens that were
used for the synthesis of the branched multipeptide were indeed
present on GL261 cells, we estimated the expression of the two
tumor-associated antigens (ErbB2 and WT1) on GL261 cells.
Our data indicated that GL261 cells have strong expression of
both ErbB2 and WTI, and it is thus feasible to construct a
branched multipeptide based on these antigens. Moreover, the
high expression of MHC I and PDL1 on GL261 cells was also
verified to confirm the efficiency of the treatment. Overall, GL261
cells showed immunological characteristics for immunotherapy.

(Target Maximum — Target Spontaneous)

showed strong surface expression of MHC I and PDLI with
no differences before and after radiation at 0 and 24 h, which
paralleled the total PDLI protein expression on GL261 cells.
These results showed that the effects of radiation on GL261
cells after a short-term 24-h period only altered the expression
of ErbB-2.

To investigate the long-term effects of radiation, we evaluated
the viability and proliferation of GL261 cells after radiation with
different doses (2, 4, and 6 Gy). The percentage survival fraction
of GL261 cells after radiation was determined based on the
results of the clonogenic assay. As shown in Figure 1F, GL261
cells showed reduced survival upon irradiation. Particularly,
the survival fraction of GL261 cells was reduced to 58.17%
with 2Gy (p < 0.001), 92.37% with 4Gy (p < 0.001), and
98.69% with 6 Gy (p < 0.001), compared with that of the no-
radiation control. Moreover, the survival fraction of GL261
cells exposed to 4 and 6 Gy was also reduced compared with
that of 2Gy (34.2 and 40.5%, respectively, both p < 0.001).
The effects of radiation on GL261 cell proliferation were also
estimated. As shown in Figure 1G, irradiated GL261 cells
showed a delayed proliferation as evidenced by the lower
OD values in the MTT assay compared with that in the no-
radiation control from day 3 after treatment. In particular,
GL261 cells treated with 4 and 6 Gy radiation showed delayed
proliferation compared with the no-radiation GL261 cells (p =
0.037 and p = 0.047, respectively) at day 3. Similarly, GL261
cells treated with 4 and 6 Gy radiation showed more delayed
proliferation than the no-radiation GL261 cells (p = 0.000
and p = 0.000, respectively) on day 4. On day 5, GL261
cells treated with 2, 4, and 6 Gy radiation showed delayed
proliferation compared with the no-radiation GL261 cells (p
= 0.000, p = 0.000, and p = 0.000, respectively). Moreover,
GL261 cells treated with 4Gy radiation also had delayed
proliferation compared with the 2 Gy-treated GL261 cells (p =
0.001), and GL261 cells treated with 6 Gy radiation had delayed
proliferation compared with the 2 and 4 Gy-treated GL261
cells (p = 0.000 and p = 0.007, respectively). Overall, radiation
affected the long-term survival and proliferation of GL261 cells
in vitro.
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FIGURE 1 | Immunological characterization of the GL261 cell line, and the effects of radiation. The expression of two tumor-associated antigens (ErbB2 and WT1) on
GL261 cells and the short-term effects of radiation on the expression of these proteins were confirmed by western blot analysis (A). Fold changes in protein signals
are summarized by bar charts (B). The expression of MHC | on GL261 cells and the short-term effects of radiation on this expression were also confirmed by flow
cytometry (C). The surface expression and total protein expression of PDL1 on GL261 was estimated by flow cytometry and western blot (D,E). Moreover, the effects
of radiation (2, 4, and 6 Gy) on the viability and proliferation of GL261 cells were also clarified by clonogenic assay and MTT assay (F,G). Data is summarized by bar
charts as the mean =+ standard deviation (SD). All data are represented as the mean of two independent experiments. B-Actin was used as an internal control, and the
figure is composed of multiple gel images. Full-length blots are presented in Figure S2. GL261, mouse glioblastoma cell line; H-2Kb, MHC class | expression in mice.
*p < 0.05; *p < 0.01; and **p < 0.001; n.s., no significant difference.
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Therapeutic Effects of Radiation Combined
With Vaccine and Anti-PD1 on the GBM

Mouse Model

The treatment schedule described in Figure 2A was followed.
First, the radiation dose was screened in the mouse GBM model,
and the optimal dose was selected for the subsequent in vivo
experiments. On day 13, after transplantation, the mice were
irradiated at different doses (4, 5, and 6 Gy). Thereafter, the
mice were euthanized on day 20 to determine the tumor size;
additionally, the tumor was also subjected to H&E staining.
Tumor cross-sections at different radiation doses (4, 5, and
6 Gy) were studied (Figure 2B). In the 4 Gy-treated mice, no
significant difference was noted in the cross-sectioned areas of the
tumor compared to the control. However, the 5 and 6 Gy-treated
mice showed smaller cross-sectioned areas than the no-radiation
control (p = 0.001 and p = 0.000, respectively). Furthermore, 5
and 6 Gy-treated mice exhibited lower tumor sizes than the 4 Gy-
treated mice (p = 0.014 and p = 0.000, respectively). Between
5 and 6 Gy-treated mice, the latter showed a greater effect on
tumor proliferation that resulted in delayed tumor growth (p
= 0.022). Radiation with 6 Gy on day 13 was chosen for the
subsequent experiments.

After treatment with radiation plus vaccine and anti-PD1,
the size of the brain tumor on day 20 and survival were
investigated in the different treatment groups. The size of the
brain tumor at the injection site before and after treatment
was confirmed by H&E staining (Figure 2C). The tumor size
before treatment was confirmed on day 13. On day 20, the
tumor size was also compared between the control and treatment
groups. A significant difference was noted in the cross-sectioned
areas between the treatment groups and the control group. In
particular, the control group showed larger cross-sectioned areas
than in RT (p = 0.000), RT plus vaccine (p = 0.000), and
RT plus vaccine and anti-PD1 (p = 0.000) groups. Although
there was no significant difference between RT and RT plus
vaccine or RT plus vaccine and RT plus vaccine and anti-PD1,
RT plus vaccine and anti-PD1 showed smaller cross-sectioned
areas than the RT group (p = 0.043). These data correspond
with the results of mouse survival (Figure 2D). Mice exhibited
prolonged survival following radiation treatment. In particular,
RT enhanced survival from ~25.8 4 2.2 days in the control
to 31.5 £ 5.7 days in the RT group (p = 0.003), 38.3 + 6.2
days in the RT plus vaccine (p < 0.001), and 40 % 6.5 days in
the RT plus vaccine and anti-PD1 group (p < 0.001). Although
the RT plus vaccine and anti-PD1 group showed no significant
difference from the RT plus vaccine group, the former exhibited
prolonger survival than the RT only group (p = 0.022). Therefore,
RT combined vaccine and anti-PD1 showed a prolonged mouse
survival according to delay in tumor growth in GBM model.

The Expression of PD1 on T Lymphocytes
and That of PDL1 on Single Tumor Cells
After Treatment

The expression of the PD1 receptor on CD8' and CD4™ T cells

in the splenocytes and single tumor cells was confirmed by flow
cytometry. The percentages of CD8TPD17 cells and CD4TPD1+

cells in the splenocytes are shown in Figures 3A,B; RT only
enhanced the expression of PD1 on CD8" T cells, whereas RT
plus vaccine enhanced the expression of PD1 on both CD8" and
CD4™ T cells. Notably, the percentage of CD8TPD1+ T cells was
higher in the RT group (4.8%; p = 0.005) and in the RT plus
vaccine group (5.7%; p = 0.003) than in the control group. The
percentage of CD4TPD1™ T cells in the RT plus vaccine group
was higher (by 6.08%) than that in the control group (p = 0.038).
Moreover, the percentages of tumor-infiltrating CD8TPD1* T
cells on the single tumor cells were also confirmed. Although
the RT plus vaccine group showed a slightly lower percentage of
tumor-infiltrating CD8+tPD1* T cells than the control or RT only
group, there was no difference between the RT plus vaccine group
compared to RT only group or control group with regard to the
single tumor cells (Figures 3C,D).

The expression of PDL1 on the single tumor cells was also
estimated. As shown in Figures 3E,F, there was no significant
difference between the control, RT only, and RT plus vaccine
group. However, the addition of anti-PD1 to the RT plus vaccine
group led greater PDL1 expression in the single tumor cells than
in the control group (p = 0.049). Therefore, anti-PD1 may lead
to an increase in the expression of PDL1 in the tumor.

The Distribution of Immune Cells in the

Splenocytes and Single Tumor Cells
In the splenocytes, both activated CD8" and CD4™ T cells were
enhanced in response to the combination treatment. Although
the number of CD8TCD44™ T cells was not significantly different
between the control and treatment groups, CD8+CD44bgh T
cells were increased in the RT plus vaccine and anti-PD1 group
(Figures 4A-C). In particular, the RT plus vaccine and anti-PD1
group exhibited a higher percentage of CD8"CD44"8" T cells
compared with that in the control (5.2%, p = 0.025) and the RT
only group (4.37%, p = 0.043). Similarly, CD4*CD44" T cells
showed a reduction in response to the RT plus vaccine or RT
plus vaccine and anti-PD1 treatments, whereas CD4TCD44Msh
T cells showed an increase in response to these treatments
(Figures 4D-F). In particular, RT plus vaccine reduced the
percentage of CD4TCD44™ T cells compared with that in the
control (4.85%, p = 0.012) and the RT only group (5.65%, p
= 0.007). Moreover, RT plus vaccine and anti-PD1 reduced
CD47CD44™ T cells compared with that in the control (8.35%,
p = 0.002), the RT only (9.15%, p = 0.001), and the RT plus
vaccine group (3.5%, p = 0.034). However, RT plus vaccine
enhanced CD4*CD44"¢" T cells compared with that in the
control group (2.1%, p = 0.011) and the RT only group (1.63%,
p = 0.017). In addition, RT plus vaccine and anti-PD1 enhanced
CD4"CD44M¢" T cells compared with that in the control group
(2.98%, p = 0.003) and the RT only group (2.52%, p = 0.004).
Moreover, RT plus vaccine or RT plus vaccine and anti-
PDI also enhanced the effector memory T cell counts in the
splenocytes (Figures 4G,H). In particular, the RT plus vaccine
group has a higher percentages of CD44M8"CD62L~ T cells
than the control group (2.17%; p = 0.021), whereas the RT
plus vaccine and anti-PD1 group had a higher percentage of
CD44"8"CD62L~ T cells than the control group (3.66%; p =
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0.003) and the RT only group (2.52%; p = 0.013). Similarly,
the percentages of activated NK cells (CD49b™CD69™) in the
splenocytes also showed an increase in the RT plus vaccine
or RT plus vaccine and anti-PD1 groups (Figures 4L]). In
particular, the RT plus vaccine group had higher percentages
of CD697CD49b™ NK cells compared with that in the control
(3.02%; p = 0.018) and the RT only group (2.72%; p = 0.026).
Moreover, RT plus vaccine and anti-PD1 group had higher
percentages of CD69TCD49b* NK cell levels than the control
(2.89%; p = 0.021) and the RT only group (2.6%; p = 0.03).

The treatment groups showed increased percentages of
not only activated T cells and NK cells but also regulatory
T cells (Tregs) in the splenocytes. The addition of anti-
PD1 to the RT plus vaccine group resulted in an increased
percentage of CD41tCD25"Foxp3™ Tregs (Figures4K,L).
Notably, RT plus vaccine and anti-PD1 treatment lead to higher
CD4"CD25"Foxp3™t Treg cell counts than the control group
(7.32%; p = 0.02) and the RT only group (6.26%; p = 0.033).

The percentages of tumor-infiltrating CD8TCD44% T
cells were also confirmed by flow cytometry. As shown in
Figures 4M,N, there was a small amount of tumor-infiltrating
CD457CD3" cells were detected and no significant difference
between the tumor-infiltrating CD8"CD44%" cells gated from
CD457CD3™ cells in all the treatment groups compared with the
control group. Moreover, tumor-infiltrating CD4TCD44* cells

gated from CD45TCD3™ cells were not detected in our study
(data not shown).

Pro-inflammatory and Anti-inflammatory
Cytokine Production From Re-stimulated

Splenocytes

For pro-inflammatory cytokines, IL-12p70 and IFN-y were
investigated. There was an increase in the IL-12p70 levels in
response to the treatments; however, there was no significant
difference between the treatments, except for the RT plus vaccine
and anti-PD1 group (Figure5A). In particular, the RT plus
vaccine and anti-PD1 group showed a significant difference in
the IL-12p70 levels compared with the control group (p = 0.044).
With regard to IFN-y, only the RT group showed no significant
difference compared with the control; the RT plus vaccine or
RT plus vaccine and anti-PD1 groups showed increase compared
with the control and RT group (Figure 5B). In particular, RT plus
vaccine group exhibited higher IFN-y levels than the control (p
< 0.001) and RT groups (p < 0.001), whereas the RT plus vaccine
and anti-PD1 group showed the highest levels compared with the
control (p < 0.001), RT (p < 0.001), and RT plus vaccine groups
(p < 0.001). The anti-inflammatory cytokine IL-10 levels were
enhanced in response to treatment (Figure 5C). Although RT
alone showed no significant difference compared with the control
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group in terms of IL-10 levels, the RT plus vaccine or RT plus
vaccine and anti-PD1 groups showed higher IL-10 levels than the
control and RT groups. In particular, the RT plus vaccine group
showed higher IL-10 levels than the control (p < 0.001) and RT
only groups (p < 0.001). Moreover, the RT plus vaccine and anti-
PD1 group had higher IL-10 production than the control (p <
0.001) and RT only groups (p < 0.001).

The expression of IFN-y on CD8' and CD4*" T cells was
also clarified. As shown in Figures 5D-F, the percentages of
CD8TIFN-y™ cells were higher in the RT plus vaccine or RT
plus vaccine and anti-PD1 groups than in the control and RT
only groups. Particularly, RT plus vaccine enhanced compared
with the control group (4.39%, p = 0.004) and the RT only
group (3.34%, p = 0.012). Similarly, RT plus vaccine and anti-
PD1 increased compared the control group (4.6%, p = 0.004)
and the RT only group (3.55%, p = 0.009). There was no
difference between the RT only and control or RT plus vaccine
and RT plus vaccine and anti-PD1 groups. In contrast, although
there was a slightly higher percentage of CD4+tIFN-y* cells
in the RT plus vaccine with or without anti-PD1 groups than
in the RT only or control groups, there was no significant
difference between all the treatment groups was found. The
IEN-y released in the supernatant after blocking for IFN-y
intracellular staining was also examined; IFN-y in supernatant
showed low levels, and no significant differences between the
treatment groups were detected after blocking before intracellular
staining (Figure §3). Our data showed that the RT plus vaccine
and anti-PD1 group exhibited the pro-inflammatory cytokine
IFN-y mainly secreted by CD8" cells in the re-stimulated
splenocytes, which play an important role in stimulating the
immune response.

CTL and NK Cell Function of the

Re-stimulated Splenocytes

The CTL- and NK cell-mediated immune responses of the re-
stimulated splenocytes from non-vaccinated and vaccinated mice
were elucidated. IFN-vy secretion by the re-stimulated splenocytes
after co-culture with target cancer cells was investigated for the
anti-tumor effect of combination treatment in a murine GBM
model. Re-stimulated splenocytes from non-treated and treated
mice were prepared for IFN-y ELISPOT assays. GL261 and YAC-
1 cells were used as target cancer cells for investigating the CTL
and NK cell activity, respectively. As shown in Figures 6A,B,
mice treated with RT only showed an enhanced level of IFN-
y-secreting splenocytes against GL261 target cells whereas the
RT plus vaccine- or RT plus vaccine and anti-PDI-treated
mice showed an increase in the IFN-y-secreting splenocytes
against both GL261 and YAC-1 target cells. In particular, the
RT plus vaccine group showed a higher level of IFN-y-secreting
splenocytes against GL261 and YAC-1 cells than the control
(p < 0.001 and p = 0.003, respectively). Moreover, the RT
plus vaccine and anti-PD1 group showed a higher level of
IFN-y-secreting splenocytes against GL261 and YAC-1 target
cells than the control, RT only, and RT plus vaccine (all p <
0.001). However, there was no significant difference between the

RT only and the RT plus vaccine groups with regard to the
IFN-y-secreting splenocytes.

The specific lysis of the re-stimulated splenocytes against
target cancer cells was also confirmed. As shown in Figures 6C,D,
RT plus vaccine and anti-PD1 enhanced the specific lysis of the
re-stimulated splenocytes against both GL261 and YAC-1 cells.
Particularly, with GL261 target cells, the RT plus vaccine and
anti-PD1 group showed higher specific lysis than the control
group (29%, p = 0.001), the RT only group (18.28%, p = 0.013),
and the RT plus vaccine group (16.31%, p = 0.023). Similarly,
with YAC-1 target cells, the RT plus vaccine and anti-PD1 group
showed higher specific lysis than the control group (15.68%, p
= 0.003), the RT only group (9.84%, p = 0.038), and the RT
plus vaccine group (11.2%, p = 0.021). There was no significant
difference in the percentages of specific lysis between the RT
only or RT plus vaccine groups compared with the control group
against GL261 and YAC-1 cells.

Although there was a higher number of IFN-y-secreting
splenocytes in the RT only, RT plus vaccine, or RT plus vaccine
and anti-PD1 groups than in the control group, only the RT
plus vaccine and anti-PD1 group showed highest percentages
of specific lysis against GL261 and YAC-1 target cells than
the control group. Moreover, these data showed an enhanced
function in both CTL and NK cell activity. However, CTL activity
in the re-stimulated splenocytes showed a greater shift than
NK activity (Figures S4A,B). In particular, with IFN-y-secreting
splenocytes, the CTL activity was higher than the NK activity in
the RT group (p = 0.029), RT plus vaccine group (p = 0.000), and
RT plus vaccine and anti-PD1 group (p = 0.002). Similarly, the
percentage of specific lysis of re-stimulated splenocytes against
GL261 cells was also higher than that against YAC-1 cells in the
RT plus vaccine and anti-PD1 group (p = 0.003).

Pro-inflammatory and Anti-inflammatory

Cytokines From the Single Tumor Cells
IL-10 and TFG-P have been identified as key factors that mediate
inhibitory action, whereas IFN-y has been shown to be a pro-
inflammatory cytokine in tumors. Culture media from single
tumor cells during 24-h incubation were used to estimate the
levels of the cytokines IFN-y, IL-10, and TFG-B. As shown in
Figure 7A, although single tumor cells present low levels of IFN-
v, these levels were higher in all the treatment groups than in the
control. In particular, the RT only group had higher levels than
the control (p < 0.001). Moreover, the RT plus vaccine group had
higher IFN-y levels than the control (p < 0.001) and RT only (p
=0.002) groups. Although RT plus vaccine and anti-PD1 showed
higher IFN-y levels than the control (p < 0.001) and RT plus
vaccine (p < 0.001) groups, there was no difference between the
RT plus vaccine and RT plus vaccine and anti-PD1 groups.
While TGEF-f levels showed no difference between all
treatment groups and the control, IL-10 showed different
cytokine levels according to the various treatments administered.
In particular, although TGF-p was increased in the RT plus
vaccine and anti-PD1 group, there was no significant difference
between the RT plus vaccine and anti-PD1 group compared with
other groups (Figure 7B). In Figure 7C, whereas the IL-10 level
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was higher in the RT only group than in the control group (p <
0.001); the RT plus vaccine group showed lower levels of IL-10
than the control (p < 0.001) and RT only (p < 0.001) groups.
Moreover, adding anti-PD1 to the RT plus vaccine group led
to the recovery of the IL-10 levels in the single tumor cells.
However, this IL-10 level was lower than that observed with RT
only (p < 0.001). Therefore, combination treatment with RT
along with the vaccine and anti-PD1 showed potential to produce
pro-inflammatory response in the tumor.

DISCUSSION

ErbB2 and WT1 are not only tumor associated antigens for
immunological targeting (20, 21) but also biomarkers of cancer
cell proliferation and survival, especially GBM (22-25). In
this study, a branched multipeptide was synthesized on the
basis of the high expression of tumor-associated antigens on
GL261 cells. Moreover, RT also showed short- and long-term
effects on the GL261 cell line in vitro. In particular, radiation
affects GL261 cells by reducing ErbB2 expression after a short
(24h) period as evidenced by the decrease in the long-term
survival and proliferation of GL261 cells in vitro. These data
showed that GL261 cells have both immunological characteristics
and radiosensitive activity. Moreover, radiation also resulted in
delayed tumor growth in the mouse model. This was expected,

since the main therapeutic function is from radiation during early
treatment stages. After a 24-h period, radiation starts to cause
a delay in tumor proliferation and tumor cell death, resulting
in the release of tumor-associated antigens for further immune
response stimulation. The combination of RT with vaccines may
bring about optimal results to further enhance the immune
response in later treatment stages, when cancer cells recover and
function normally.

The effectiveness of immune checkpoint blockade is
hypothesized to require the expression of PDL1 on tumor cells
and PD1 on peritumoral CTLs (26). In the present study, the
expression of PD1 on T cell populations from splenocytes and
single tumor cells and that of PDL1 on glioblastoma target cells
and single tumor cells were confirmed to verify the efficiency of
anti-PD1 treatment. Previous studies showed that the presence
of the cytokine IFN-y leads to enhanced PDLI expression on
tumors as a mechanism by which cancer cells protect themselves
from T cell-mediated destruction (27-29). In the present study,
anti-PD1 combined with RT plus vaccine also enhanced the
levels of IFN-y, which led to enhanced PDL1 expression in
single tumor cells. Although our data showed enhanced IFN-y
levels in single tumor cells, this level was quite low; we are
yet to clarify the source of the IFN-y released by the tumor-
infiltrating immune cells. The percentages of tumor-infiltrating
CD45%7CD3™ cells as well as tumor-infiltrating CD8TCD44" T
cells gated from CD45TCD3™ cells were quite low in this study.
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FIGURE 7 | Pro-inflammatory and anti-inflammatory cytokine production in the culture media of single tumor cells was confirmed using ELISA. Pro-inflammatory
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There was no difference in the percentages of tumor-infiltrating
CD8TCD44™ T cells observed between the different treatment
groups, and no tumor-infiltrating CD4*CD44" T cells gated
from CD45TCD3™ cells were detected in our study (data not
shown). The distribution of lymphoid lineage cells in lymph
nodes and myeloid lineage cells was not clarified in this study.
Therefore, these immune cells should be investigated in greater
detail in future studies.

While PD1 blockade enhanced the cytotoxic efficacy of CD8™
CTLs, it also enhanced the proliferation and immunosuppressive
activity of Tregs in humans and mice (30, 31). Similarly, in
our study, the addition of anti-PD1 into the RT plus vaccine
group also led to an increase in both the activated effector cells
(CD8™ T cells, CD4™ T cells, NK cells, and memory T cells) and
suppressor immune cells (Tregs) in the splenocytes. Although
the percentages of Tregs were also enhanced by the addition
of anti-PD1 in the RT plus vaccine group, RT plus vaccine
and anti-PD1 therapy still showed a shift to effector immune
cell function. In particular, the RT plus vaccine and anti-PD1
group showed the highest CTL and NK cell-mediated tumor cell-
targeting immune response following prolonged mouse survival
compared with the other treatment groups. In contrast, dendritic

cells were responsible for the uptake of tumor-associated antigens
from the treated peptide vaccine or dying tumor cells induced
by radiation. This led to DC maturation, which stimulated
both the innate and adaptive immune systems. Mature DCs
not only activate CTLs to target tumors but are also capable
of activating NK cells by enhancing their cytotoxicity, IFN-y
production, and the crosstalk of NK cells; DCs also play an
important role in the induction of the tumor-specific immune
response against cancer (32, 33). Although our data showed an
increase in both CTL and NK cell function targeting tumor cells,
our results mainly support a shift in CTL activity rather than
NK activity.

Cytokines play an important role in mediating and regulating
the immune response. Examining both pro-inflammatory and
anti-inflammatory cytokine levels is important while verifying
cancer treatment effects (34, 35). In our data, although there
were high levels of pro-inflammatory cytokines in the re-
stimulated splenocytes (IL-12p70 and IFN-y) and single tumor
cells (IFN-y), the levels of anti-inflammatory cytokines (IL-10)
in the re-stimulated splenocytes and single tumor cells were also
increased. We found that the IFN-y released in the re-stimulated
splenocytes mainly originated from CD8™ T cells. Particularly,
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the increase in IL-10 paralleled the increased percentage of
Tregs in the re-stimulated splenocytes. Both TGF-8 and IL-
10 cytokines are known to be suppressive cytokines mainly
released by Tregs, which may directly suppress effector T cells
in the tumor microenvironment (36). While no difference in
TGF-B was observed between all the treatment groups, IL-
10 showed an increased level in single tumor cells. Similar
patterns may occur in single tumor cells, whereby enhanced IL-
10 increases the percentage of Tregs. However, Tregs in single
tumor cells were not examined in our study. This supports
the notion that enhanced Tregs may be related to enhanced
IL-10, which subsequently resulted in no significant difference
between RT plus vaccine and RT plus vaccine and anti-PD1.
However, more experiments should be conducted to clarify
this issue.

It is well-known that GBM has an unfavorable prognosis,
mainly owing to its high propensity for tumor recurrence: more
than 90% of patients show recurrence at the original tumor
location and 5% develop multiple lesions after treatment (37).
Enhanced effector memory T cell with RT plus vaccine and
anti-PD1 have the potential to prevent GBM recurrence after
treatment. RT plus vaccine and anti-PD1 is preferable in GBM
treatment. However, the results of our study did not fully
elucidate the exact manner in which this combination affected
glioblastoma recurrence.

CONCLUSION

In this study, a branched multipeptide and adjuvants, such as
PADRE and poly-ICLC, were used as components of a vaccine.
Our study suggests that immunotherapy using this vaccine
combined with anti-PD1 could be helpful for improving RT
effects in a GBM mouse model.
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Purpose: Metastatic nasopharyngeal carcinoma (mMNPC) remains incurable. This
prospective study aimed to investigate whether adding cetuximab to cisplatin-based
induction therapy could improve efficacy and survival for chemotherapy-naive
mNPC patients.

Patients and Methods: Eligible chemotherapy-naive mNPC patients were enrolled,
including those initially diagnosed with mNPC (IM) and those with first-relapse metastases
after radiotherapy (RM). Patients all received induction chemotherapy (IC) including
docetaxel and cisplatin plus cetuximab. Those who obtained objective remission after
IC would continue to receive radiotherapy concurrent with cetuximab and cisplatin,
and further capecitabine as maintenance. Contemporaneous patients who received
conventional therapy served as controls.

Results: Forty-three patients were enrolled, including 17 IM and 26 RM patients.
Thirty-nine (90.7%) patients had WHO Il subtype. The overall response and complete
response (CR) rates were, respectively, 79.1 and 34.9% after induction therapy
and 76.7 and 46.5% after chemoradiotherapy. The 5-year overall survival (OS)
and progression-free survival (PFS) rates reached 34.9 and 30%, respectively.
Subgroup analysis showed that compared with RM patients, IM patients had a
higher 5-year OS (58.8 vs. 19.2%) and PFS (52.9 vs. 19.2%). The IM group had
a higher CR rate of induction treatment than the RM group (52.9 vs. 23.1%). No
treatment-related death was observed. Twelve patients (27.9%) remained alive with
disease-free survival times from 60+ to 135+ months. Control patients showed a
substantially lower survival rate (5-year OS, 10.9%) and few long-term survivors.
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Zhang et al.

Cetuximab-Containing Multimodality Therapy in mNPC

Conclusions: This regimen resulted in significantly improved efficacy and survival, which
indicates a potentially curative role for chemotherapy-naive mNPC, especially in newly
diagnosed patients. A phase lll clinical trial (NCT02633176) is ongoing for confirmation.

Keywords: survival, chemotherapy, metastatic nasopharyngeal carcinoma, cetuximab, induction therapy

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is epidemic in southern
China and Southeast Asia (1). Additionally, ~25-30% of NPC
patients exhibit metastatic disease (2), and 15% of all NPC
patients present with distant metastases at primary diagnosis
(3). The outcomes of patients with metastatic NPC (mNPC) are
heterogeneous, and long-term survival is possible in very few
patients (4). On the basis of high-level evidence, patients with
recurrent or primary mNPC generally have very poor survival,
with a median overall survival of 11.5-15 months reported 10
years ago (5, 6) and a median survival of 29.1 months reported in
2016 (7). Generally, mNPC is recognized as an incurable disease,
as few patients survive beyond 5 years.

Platinum-containing doublet regimens or concurrent
chemoradiotherapy (CCRT) alone or induction chemotherapy
followed by chemoradiotherapy continue to be regarded as
standard first-line treatments for patients with recurrent or
metastatic NPC. Gemcitabine, capecitabine, paclitaxel, and
docetaxel have also been combined with cisplatin and yield
similar survival (8, 9). However, no randomized trials have
defined the optimum regimens.

Cetuximab is an IgGl monoclonal antibody that inhibits
ligand binding to the epidermal growth factor receptor (EGFR)
(10). EGFR expression is reported in more than 85% of
undifferentiated NPCs and is associated with a poor clinical
outcome (11). Radiotherapy and platinum-based chemotherapy
plus cetuximab have enhanced activity against head and neck
cancer, with improved overall survival (OS) (12, 13). Although
distinct differences exist between NPC and other head and neck
cancers, despite originating from a similar cell or tissue lineage,
we speculated that adding an EGFR inhibitor to platinum-
based chemotherapy and CCRT could be beneficial for mNPC.
Moreover, a phase 2 study of cetuximab in combination with a
cytotoxic agent showed clinical activity and an acceptable safety
profile in heavily pretreated patients with mNPC (14).

A meta-analysis of 11 randomized trials showed that longer
first-line chemotherapy is associated with longer OS (15).
However, prolongation of docetaxel or cisplatin exposure until
disease progression is unrealistic because of cumulative toxic
effects. Therefore, switching to a more tolerable chemotherapy,
such as capecitabine, as a maintenance regimen might be a more
effective treatment strategy.

We therefore conducted this single-center, prospective study
of an epidermal growth factor receptor antibody (cetuximab)-
containing induction therapy and chemoradiotherapy regimen
to investigate whether it would significantly improve survival
outcomes while maintaining tolerability in mNPC patients

without prior systemic therapy and would alter the therapeutic
modality from conventional palliative to curative treatment.

METHODS
Study Design and Patients

We performed an investigator-initiated, open-label, single arm,
single center, phase 2 trial at Sun Yat-sen University Cancer
Center, Guangzhou, China. Eligible participants were 18 to
65 years of age and had histologically confirmed mNPC,
including initial diagnosed NPC with metastases (IM) and
first-relapse metastases after curative radiotherapy without
neoadjuvant or adjuvant chemotherapy (RM). Pretreatment
staging and metastases were confirmed via positron emission
tomography/computerized tomography scans (PET/CT). Eligible
patients had a type II or III histological subtype according to
the WHO classification. Other eligibility criteria were as follows:
patients had not received any previous systemic chemotherapy
for recurrent or metastatic disease; had an Eastern Cooperative
Oncology Group (ECOG) performance status of 0 or 1;
had not received previous treatment with any investigational
drug, surgery, irradiation or other anticancer therapies within
the prior 4 weeks; had no known brain metastases; had
adequate organ function as defined by adequate bone marrow
function (hemoglobin>90 g/L, WBC count>3 X 10°/L, platelet
count>100 x 10°/L), renal function (serum creatinine<140
pwmol/L or calculated creatinine clearance>40 mL/min), and
liver function (ALT or AST<3x the upper limit of normal,
bilirubin<2x the upper limit of normal); had no uncontrolled
cardiac or other disease with life expectancy of 3 months or
more; provided written informed consent; and was amenable for
regular follow-up. The study protocol was approved by the ethics
committee of Sun Yat-sen University Cancer Center.

Procedures

The induction chemotherapy regimen was repeated every 3
weeks and comprised the following: intravenous docetaxel 75
mg/m? day 1; cisplatin at 25 mg/m? on days 1, 2, and 3; and
cetuximab at 250 mg/m? on days 0, 7, and 14 with an initial
dose of 400 mg/m?. This induction regimen was followed by
CCRT consisting of intensity-modulated radiotherapy (IMRT)
plus concomitant cetuximab (250 mg/m?/week for 6 cycles) and
cisplatin (75 mg/m?/3 weeks for 2 cycles). IMRT was given at 68—
70 Gy over 30 daily fractions over 6 weeks to the planning target
volume of the existing primary tumor in IM patients, or 64-
66 Gy in RM patients with previous radiotherapy, with additional
radiotherapy of 62-66 Gy over 30 fractions to metastatic regional
neck nodes if indicated. After CCRT, capecitabine was continued
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as maintenance therapy (cycles were repeated every 21 days with
1,000 mg/m? twice daily, days 1 through 14).

Patients received this induction therapy regimen for a
maximum of six cycles or until disease progression, death,
intolerable toxicities, or patient request to stop. Furthermore,
only patients who obtained complete or partial responses
(CR or PR) after induction therapy could receive CCRT. For
patients with locoregional metastatic bone lesions, additional
radiotherapy with 30-40 Gy in 10-20 fractions to these sites of
lesions was performed. Patients with other residual metastatic
foci in lung, liver, and non-cervical lymph nodes after induction
therapy that was amenable to local therapy were offered
surgery or radiofrequency ablation before CCRT. For patients
who exhibited a CR after CCRT, maintenance therapy was
continued for up to 3 years or until unacceptable toxicity, disease
progression, or death.

Treatment-emergent adverse events (AEs) were assessed with
the Common Terminology Criteria for Adverse Events version

TABLE 1 | Demographic and clinical characteristics.

Characteristics NO. (%)
NO. 43
Gender

Female 7 (16.9)

Male 36 (83.7)
Age, years*

Median 43

Range 23-63
ECOG performance status

0 14 (32.6)

1 29 (67.4)
Histology

WHO type 2 4 (9.9

WHO type 3 39 (90.7)
EBV-DNA status

Positive* 32 (74.4)

Negative 11 (25.6)
Number of metastatic organs

1 27 (62.8)

2 8(18.6)

>3 8(18.6)
Sites of disease at registration

Distant lymph node 7 (16.3)

Bone 32 (74.4)

Liver 14 (32.6)

Lung 11 (25.6)

Others 6 (14.0)
Prior radiotherapy

Yes 26 (60.5)

No 17 (39.5)

Data are presented as a number (percentage) unless otherwise indicated. *Positive: EBV-
DNA copies >10° copies/mL.

3.0 and were noted separately for the induction, CCRT, and
maintenance treatment. The indications for cetuximab dose
adjustment or interruption were described previously (14). The
chemotherapy was continued independent of any temporary
interruption of cetuximab. Cetuximab was not withheld for
chemotherapy-related toxicities, unless the patient developed
a concomitant illness that, in the opinion of the investigator,
mandated interruption of therapy.

Tumor response was assessed by CT imaging according to
RECIST version 1.1 by the independent image committee every
two cycles during induction therapy and every 3 weeks during
CCRT. CR and PR were defined, respectively, as 100% or at
least 30% decrease in the sum of the longest diameters of target
lesions compared with baseline. Follow-up was performed at the
outpatient clinic every 1-3 months for the first year, every 3
months for the second year, every 6 months for the third to fifth
years, and annually thereafter.

Outcomes
The primary objective was to determine progression-free survival
(PES), which was defined as the time from treatment initiation

TABLE 2 | Antitumor efficacy.

Variable IM (n =17) RM (n = 26) Overall
(n =43)

Response after induction

chemotherapy, n (%)

Complete response 9 (52.9) 6 (23.1) 15(34.9)

Partial response 7(41.2) 12 (46.2) 19 (44.2)

Stable disease 0(0) 6 (23.1) 6 (14.0)

Progressive disease 1(6.9) 2(7.7) 3(7.0

Overall response, % [95% 94.1 69.2 79.1

Cl) [82.9-100] [61.5-87] [66.9-91.2]

Disease control 94.1 92.3 93 [85.4-100]

[82.9-100] [82.1-100]

Response after

chemoradiotherapy,

n (%)

Complete response 12 (70.6) 8(30.8) 20 (46.5)

Partial response 4 (23.5) 9 (34.6) 13(30.2)

Stable disease 0(0) 6 (23.1) 6 (14.0)

Progressive disease 1(6.9 3(11.5) 4(9.3)

Overall survival

Median, months [95% ClI] Unreached* 20.3 32.9
[13.3-37.6] [18.2-47.5]

2-year rate, % 88.2 42.3 60.5

5-year rate, % 58.8 19.2 34.9

Progression-free survival

Median, months [95% ClI] Unreached* 125 18.3
[7.9-17.1] [10.6-26.0]

2-year rate, % 58.8 30.8 41.9

5-year rate, % 52.9 19.2 30.0

*Indicates that the IM subgroup significantly differed from RM subgroup; Cl,
confidence interval.

Frontiers in Oncology | www.frontiersin.org

24

June 2020 | Volume 10 | Article 1011


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Zhang et al.

Cetuximab-Containing Multimodality Therapy in mNPC

to disease progression or death from any cause, whichever came
first. Secondary endpoints included the proportion of patients
who had a confirmed overall response (OR) (defined as CR or
PR lasting at least 4 weeks according to the RECIST 1.1), OS
(defined as the time from treatment initiation to the date of death
or last follow-up), and AEs. Patients were considered long-term
survivors if they were disease-free for a period of more than
60 months without any treatment except maintenance treatment
after a CR.

Statistical Analyses

The asymptotic distribution, provided in Lachin [(16), p. 409-
411] was used to calculate the sample size for this single arm trial.
The justification for the sample size is explained below. The two-
sides Type I error rate was set at 5%, and the type II error rate set
at 20%, giving 80% power. The accrual period was set at 1 year,
and the total study period was set at 2 years. The OS rate at 1
year, based upon a previous study (17), is as high as 60% among

patients treated with platinum-based therapy. Among patients
receiving the novel regimen, the 1-year OS rate was expected to
increase to 80%. This difference of 20% equates to a hazard ratio
of 0.44. The sample size calculation, given the above information,
estimates that 12 events were needed. Finally, it was estimated
that 25 patients were required to achieve this number of events
allowing for a 10% loss to follow-up/non-adherence rate.

PFS and OS were estimated using the Kaplan-Meier method.
Hazard ratios were calculated by the use of the Cox proportional-
hazards model. The response rate and its 95% CI (using the
method of Pearson and Clopper) were calculated. We performed
subgroup analyses among subgroups between mNPC patients
with IM and RM for OS and PFS and response rate. We
performed post-hoc subgroup analyses for OS and PFS, focusing
on CR after induction therapy. We calculated the median follow-
up time as the median of all enrolled patients, irrespective of
whether the patients had died (18). Descriptive statistics were
used for safety evaluations. All statistical testing was two-sided
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FIGURE 1 | Kaplan-Meier estimates of the overall OS (A) and PFS (B) in patients treated with the novel regimen.
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at the nominal 5% significance level. All analyses were performed
with SPSS 13.0.

RESULTS

Between July 2006 and December 2014, we enrolled 43 patients,
17 (39.5%) with initial diagnosis of NPC with metastases (IM)
and 26 (60.5%) with first-relapse metastases (RM). All patients
had evidence of EGFR-positive NPC. Table 1 summarizes the
baseline characteristics of all 43 enrolled patients.

After the completion of induction chemotherapy, median
cycles given to patients were 5 cycles (IQR 4-6). The OR rate was
79.1%, and 15 of 43 patients (34.9%) had a CR at all disease sites.
Cetuximab was interrupted in 5 patients (11.6%) due to grade
3 acneiform skin rash. Six (13.9%) required a dose reduction of
cisplatin or docetaxel during induction therapy due to serious
myelosuppressive toxicity. Thirty-four patients obtained a CR
or PR after induction chemotherapy, including 16 IM patients
and 18 RM patients, and went on to receive CCRT; the OR
and CR rates after CCRT were 76.7 and 46.5%, respectively
(Table 2). Due to drug-related toxicity or patient refusal, only 15
patients received capecitabine as maintenance following CR after
CCRT, among which 5 patients had disease progression during
this period.

The cutoft date for survival analysis was July 30, 2018. The
median follow-up time for survival was 89 months (range, 32—
135). During follow-up, 31 patients had disease progression
and finally died. After documented SD or PD during treatment
or follow-up period, patients received second-line or third-line
chemotherapy or palliative radiotherapy or did not receive any
antitumor therapy. The median OS was 32.9 months (95% CI,
18.2-47.5). Kaplan-Meier estimated OS rates at 6 months, 1, 2,
3, and 5 years were 100, 86, 60.5, 46.4, and 34.9% respectively
(Figure 1A). The median PFS was 18.3 months (95% CI, 10.6-26
months). The PFS at 6 months, 1, 2, 3, and 5 years was 86, 67.4,

41.9, 34.9, and 30% respectively (Figure 1B). Contemporaneous
patients in the same hospital received conventional regimen
showed poorer survival: for OS, median OS, 21 mo, 95%
CIL, 17.8-24.0, HR = 2.1, 95% CI, 1.3-3.3; for PFS, median
PFS, 8 mo, 95% CI, 6.4-9.6 mo, HR = 3.3, 95% CI, 2.1-5.3
(Supplement Figure 1). The baseline data of the two groups were
comparable which were showed in the Supplement Table 1.

With regard to the cutoft date, there were 15 long-term
survivors who were disease-free for more than 60 months
without treatment after obtaining a CR during the novel
treatment. Among these 15 patients, 12 patients were still alive
with no evidence of disease after treatment with a disease-free
survival time from 60+ to 135+ months, as shown in Table 3 and
Figure 2; two patients died of disease progression while in CR at
64 and 72 months after treatment; and one patient died of acute
leukemia at 64 months after treatment.

AEs are shown in Table 4. During induction therapy, the
most common AEs > grade 3 were leucopenia (39.5%), acne-like
rash (11.6%), febrile neutropenia (14%), and thrombocytopenia
(9.3%). Frequent grade 3/4 toxicities exceeded 10% of patients
during CCRT, including oral mucositis (39.1%), dermatitis (in-
field) (26.1%), leukopenia (17.4%), acne-like rash (13%), and
thrombocytopenia (13%). Severe (i.e., grade 3/4) toxicities during
maintenance treatment were rare, including hand-foot skin
reactions in one patient and hyperbilirubinemia in one patient,
and these 2 patients discontinued treatment because of the toxic
effects. No patients died during treatment or within 30 days of
completion of CCRT. Except for some acne-like rash in patients
with the novel regimen but not in patients with conventional
regimens, the novel regimen did not result in increased AEs
according to the toxicities grade classification.

The median OS was unreached (95% CI undefined; eight
events) in patients with IM and was 20.3 months (95% CI, 13.8-
26.8; 23 events) in patients with RM (HR, 3.4; 95% CI, 1.6-6.6, p
= 0.0013; Figure 3A). In patients with IM, the median PFS was
more than 44 months (eight events; [51.5% of deaths were in 44

TABLE 3 | Characters and survival outcome of long-term disease-free survivors.

Patient Gender Age Group Metastatic sites EBV status Response of Disease-free survival
introduction time (months)
treatment

1 Male 63 M Bone Negative CR 102

2 Female 48 M Bone, liver, lung Positive CR 120

3 Female 43 M Lung Negative CR 61

4 Female 63 M Bone, distant lymph node, pelvic Positive CR 70

5 Female 46 M Bone Negative CR 69

6 Male 46 M Bone Positive CR 67

7 Male 43 M Bone Negative CR 60

8 Male 45 M Bone Negative PR 74

9 Male 23 RM Bone, lung Positive CR 128

10 Male 36 RM Bone, lung, pleura Negative CR 101

ih Male 43 RM Lung Negative CR 97

12 Male 40 M Liver, lung Negative CR 135
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Before

FIGURE 2 | PET/CT images for a long-term disease-free patient before and after the novel regimen. The female patient, 48 years of age, with an initial diagnosis of
nasopharyngeal carcinoma with bone and liver metastases, EBV+, survived without disease for more than 120 months. (A) The systemic lesions, (B) the primary
nasopharyngeal tumors, (C) the bone metastases, and (D) the liver metastases disappeared or decreased after treatment compared with before treatment.

Before

After

mo]) vs. 12.5 months (95% CI, 11.2-17.0; 23 events) in patients
with RM (HR, 2.7, 95% CI, 1.3-5.2; p = 0.009; Figure 3B).
Post-hoc analysis showed that the IM group had a higher CR
rate (9/17, 52.9%; 95% CI, 29.2-76.7%) compared with 23.1%
(6/26; 95% CI, 6.9-39.3%) in RM patients (p = 0.045). Indeed,
the 15 patients with a CR had a significant longer OS than these
patients without a CR after induction chemotherapy (median
OS, undefined vs. 20.3 months [95% CI, 15-25.6], p < 0.001),
with a better OS at 2 years (93.3 vs. 42.9%) and 5 years (82.2
vs. 7.1%) and a lower risk of death (HR, 8.3, 95% CI, 3.5-
14.5, p < 0.000; Figure 4A). Correspondingly, these patients also
exhibited a better PFS (median PFS, undefined vs. 14.1 months

[95% CI 11.8-16.4], HR 7.1, 95% CI, 2.7-10.9, p < 0.0001) and
a higher 2-year PFS (80 vs. 21.4%) and 5-year PFS (80 vs. 7.1%)
(Figure 4B).

DISCUSSION

Despite advances in radiotherapy and effective systemic agents
during the past decade, the long-term survival of patients
with mNPC remains poor. The standard first-line treatment of
platinum-containing doublet regimens for mNPC is essentially
palliative therapy. This new therapeutic strategy in our study
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TABLE 4 | Adverse events during different periods of treatment in the study group.

Induction (N = 43) CCRT (N = 34) Maintenance (N = 15)
Toxicity Any grade Grade > 3 Any grade Grade > 3 Any grade Grade > 3
Leukopenia 31 (72.1) 17 (39.5) 16 (47.1) 6(17.6) 1(6.0) 0
Acne-like rash 19 (44.2) 5(11.6) 10 (29.4) 4(11.8) 2(13.9) 0
Dermatitis (in-field) 0 0 20 (58.8) 8(23.5) 0 0
Nausea 18 (41.9) 0 6(17.6) 3(8.8) 2(13.3) 0
Vomiting 6 (14.0) 0 3(8.8) 2(5.9) 1(6.0) 0
Oral mucositis 8(18.6) 0 22 (64.7) 13(38.2) 2(18.3) 0
Febrile neutropenia 6 (14.0) 6 (14.0) 4(11.8) 3(8.8) 0 0
Hyperbilirubinemia 3(7.0) 0 2(5.9) 0 2(13.3) 1(6.0)
Infusion reaction 3(7.0) 0 0 0 0 0
Infection 2(4.7) 0 6(17.6) 2(5.9) 0 0
Diarrhea 4(9.9) 0 3(8.8) 0 1(6.0) 0
Premature heartbeat 1(.3) 0 1(2.9) 0 0 0
Alopecia 10 (23.3) 0 5(14.7) 1(2.9 0 0
Thrombocytopenia 5(11.6) 4(9.3) 6(17.6) 4(11.8) 0 0
Transaminitis 2(4.7) 0 4(11.8) 0 1(6.0) 0
Anemia 3(7.0) 1(2.3) 6(17.6) 3(8.9) 0 0
Hypokalemia 24.7) 0 2 (5.9 1(2.9 1(6.0) 0
Peripheral neuropathy 0 0 17 (60.0) 1(2.9) 1(6.0) 0
Hand-foot skin reaction 0 0 0 0 4 (26.7) 1(6.0)
Dysphagia 0 0 12 (35.3%) 7 (20.6)

yielded significantly long durations of OS and PFS (5-year
OS, 33.2%; 5-year PFS, 29%). Moreover, further subgroup
analyses suggested that patients who were not pretreated
with radiotherapy achieved better outcomes than radiotherapy-
pretreated patients. The 5-year OS and PFS were 54.4 and 51.5%
in initially diagnosed mNPC patients, respectively. This finding
may be associated with the history of radiotherapy. Previous
ionizing radiation may increase chemotherapy resistance, as
confirmed in prostate cancer and chronic myeloid leukemia
(19, 20). A low survival rate in the contemporaneous controls
was observed in our center (5-year OS, 10.9%; 5-year PES, 0%),
which was in accordance with previous reports. The favorable
outcome of the novel regimen indicates the possible opportunity
to completely cure chemotherapy-naive mNPC, especially in
patients with IM.

A long survival time is particularly prominent for patients
who achieve a CR or PR of metastatic lesions after systemic
chemotherapy (21). One study analyzed these different treatment
combinations (induction, concurrent, and maintenance
chemotherapy) and found that only induction-based
chemotherapy was associated with significantly improved
survival (22). In our study, the OR and CR rates after induction
chemotherapy were 79.1 and 34.9%, respectively. Furthermore,
94% of patients with IMs achieved objective remission, and more
than half of them exhibited CR after induction chemotherapy.
Induction therapy consisting of cetuximab plus cisplatin and
docetaxel in the regimen conferred a significant improvement in
the response rate, especially the CR rate, vs. historic controls (OR
rate, 60-74%; CR rate, 3-7%) (9) and contemporaneous controls

(OR rate, 47%; CR rate, 3%) in our center. These results imply
that adding cetuximab to induction chemotherapy improved
chemotherapy outcomes. In fact, anti-EGFR monoclonal
antibody therapy can improve the effect of chemotherapy
or reverse resistance to the chemotherapy agent. Cetuximab
was shown in a previous study to circumvent irinotecan
resistance in irinotecan-refractory colorectal cancer (23). In
metastatic/recurrent head and neck squamous-cell carcinoma
(HNSCC) or squamous-cell lung cancer, the addition of these
molecular-targeted agents, such as cetuximab, nimotuzumab,
panitumumab, necitumumab, to platinum-based chemotherapy
also improves the response rate and survival (13, 24-27). Chan
et al. found a dose-dependent additive enhanced antitumor
activity when cetuximab was combined with cisplatin or taxanes
in NPC cell lines (28) and then confirmed its clinical activity in
combination with carboplatin in heavily pretreated patients with
mNPC (14).

Several studies have shown that radiotherapy to the primary
tumor site combined with active systematic therapy can improve
the survival of patients with stage IVc NPC (29, 30). Anti-
EGFR-targeted agents have been demonstrated to improve the
effect of chemoradiotherapy or to reverse radiotherapy resistance
(12, 31, 32). The multicenter ENCORE study (33) and a
phase 2 study (31) in Hong Kong Prince of Wales Hospital
both showed prolonged 2-year PES beyond 85% compared
with historic data in patients with locoregional advanced NPC
who received cetuximab-added chemoradiotherapy. During our
study, among 34 patients who attained an objective response
after induction therapy and continued to receive CCRT, 33
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FIGURE 3 | Kaplan-Meier estimates of OS (A) and PFS (B) among patients initially diagnosed with mNPC (IM) or NPC patients with first-relapse metastases after
radiotherapy (RM).

achieved further remission, and one case exhibited PD. Another  our study patients also underwent local therapy of metastatic
anti-EGFR humanized antibody, nimotuzumab, also provided  disease whenever possible. Therefore, not only systemic therapy
survival benefit when used concurrently with chemoradiotherapy  but also local therapy may improve the overall survival. However,
in HNSCC (34, 35). Nevertheless, the addition of panitumumab  itrequired a further study to confirm the function oflocal therapy
to CCRT did not confer any benefit in HNSCC (36). The for residual metastatic foci after induction therapy.

role of these EGFR antagonists in mNPC needs to be assessed In the present study we selected capecitabine but not
in the future. The investigations in the studies above have  cetuximab as maintenance therapy based on the following
demonstrated the safety and tolerability of cetuximab in patients ~ reasons: first, at present, fluorouracil or capecitabine plus
with locoregionally advanced or recurrent and/or metastatic  cisplatin is one of the widely used regimens in patients
NPC. However, our study is the first to explore the addition  with recurrent or metastatic NPC. Moreover, single-agent
of cetuximab to two processes of one regimen, i.e., induction  capecitabine as a maintenance treatment has already shown
and chemoradiation. There were few grade 3 skin reactions and  a favorable safety profile in other metastatic cancers (37, 38).
no treatment-related mortalities or discontinuations of therapy ~ Second, based on our clinical trial initiated by investigator
reported during the entire treatment period. Importantly, in  rather than a company-sponsored study, it is difficult for
the last years local therapy of oligometastatic disease shows  most patients to afford the high cost of cetuximab for a long
improvement of overall survival in several types of cancer. In  maintenance therapy. Last, capecitabine is more convenient for
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oral administration, which does not require weekly intravenous
injection like cetuximab. However, our data showed that one-
third of patients had PD during the oral administration of
capecitabine as maintenance treatment, suggesting the need for
further exploration of the role of this strategy. In addition,
anti-PD-1 antibodies (39, 40) have shown promising antitumor
activity (OR rate>20%) for multiply pretreated mNPC, which
may be considered as another choice for maintenance therapy.
Our regimen was derived from this above evidence and
showed good outcomes. Metastatic NPC appears to be incurable
from the current literature. Few studies have reported the 5-year
OS for mNPC, while patients with mNPC at initial diagnosis
obtained a 54.4% 5-year OS rate in our study. Although few long-
term survivors after various aggressive treatments were presented
in a retrospective study (4), currently, no prospective study has
reported a definite regimen that could result in a considerable
long-term survival rate for mNPC. In our study, 15 patients
(34.9%) who achieved long-term survival (>60 months), among

whom, 12 were still alive with no evidence of disease at the 60
to 135-month follow-ups. Our data suggest a potential curative
role for chemotherapy-naive mNPC when the novel regimen is
applied. To the best of our knowledge, this study is the first
report of a series of long-term survivors with mNPC. Although
this study was a non-randomized and single-armed phase II
study trial, we have to realize that the novel study regime at the
time of 2006 is a very bold, new and high-intensity scheme with
the attempt to achieve an expected long survival. Considering
this limitation, we have currently initiated a randomized multi-
center phase 3 trial (NCT02633176) in 2015 to further investigate
this topic.
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Chemoradiation, either alone or in combination with surgery or induction chemotherapy,
is the current standard of care for most locally advanced solid tumors. Though
chemoradiation is usually performed at the maximum tolerated doses of both
chemotherapy and radiation, current cure rates are not satisfactory for many tumor
entities, since tumor heterogeneity and plasticity result in chemo- and radioresistance.
Advances in the understanding of tumor biology, a rapidly growing number of molecular
targeting agents and novel technologies enabling the in-depth characterization of
individual tumors, have fuelled the hope of entering an era of precision oncology, where
each tumor will be treated according to its individual characteristics and weaknesses.
At present though, molecular targeting approaches in combination with radiotherapy
or chemoradiation have not yet proven to be beneficial over standard chemoradiation
treatment in the clinical setting. A promising approach to improve efficacy is the combined
usage of two targeting agents in order to inhibit backup pathways or achieve a more
complete pathway inhibition. Here we review preclinical attempts to utilize such dual
targeting strategies for future tumor radiosensitization.

Keywords: radiotherapy, radioresistance, radiosensitization, combined molecular targeting, dual inhibition

INTRODUCTION

Chemoradiation is a current standard of care for the curative treatment of most locally advanced
solid malignancies. Both modalities are generally administered at the maximum-tolerated doses to
achieve best possible cure rates, which for many entities such as lung, brain, colorectal, bladder, or
human Papillomavirus (HPV)-negative head and neck cancer, are still far from satisfactory. Due to
the intense treatment regimes a considerable fraction of patients suffer from severe acute as well
as late and partly irreversible side effects that can seriously impact quality of life. For example in
head and neck squamous cell carcinoma (HNSCC) the addition of platin-based chemotherapy to
radiotherapy increases 5-year overall survival by about 10% (1, 2) at the cost of increases in the rate
of severe adverse events, such as grade 3 mucositis, anemia and nephro- and ototoxicity, which can
result in lifetime renal insufficiency and hearing loss (3).
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Hintelmann et al. Radiosensitization Through Combined Molecular Targeting

Combining radiotherapy with molecular targeting agents may Another important concern is therapy resistance due to
offer an alternative to chemoradiation with potentially less severe ~ backup pathways or incomplete inhibition. In such cases,
side effects, provided the tumor cells are more dependent on the ~ combined molecular targeting approaches may be an effective
specific target than normal tissue. To be effective, the targeting  way to increase efficacy. Combined targeting often follows three
agent needs to be directly toxic for the tumor and/or has to  main strategies: (1) blocking of potential alternative pathways, (2)
induce a meaningful radiosensitization. Despite a plethora of  dual targeting of the same pathway to achieve a more complete
promising preclinical data, the results achieved in the clinic are  inhibition or (3) targeting of two distinct pathways whose
so far exceedingly disappointing. The only currently approved  dual inhibition will result in synthetic lethality or synergistic
molecular targeting agent for the combination with radiotherapy  radiosensitization (12).
is the anti-epidermal growth factor receptor (EGFR)-antibody Here we review preclinical attempts to utilize such dual
cetuximab in HNSCC. The combination was approved on the targeting strategies for future tumor radiosensitization.
basis of the IMC 9815 phase III clinical trial, which demonstrated
superiority over radiation alone in a range similar to the additon ~ METHODS
of cisplatin to radiotherapy (4). However, after a considerable
number of subsequent publications it has to be seriously called A PubMed search based on the key words “agent*, radiosensiti*,
into question whether the addition of cetuximab to radiotherapy  radiotherapy, molecular targeted therapy, combined molecular
is a viable alternative for cisplatin (5-7) and cetuximab also failed  targeting” was conducted and the results were screened for use
to enhance survival when added to chemoradiation (8). Recently,  of combined molecular targeting for radiosensitization in the
cetuximab-radiation was directly shown to be inferior to  preclinical setting. In addition, because titles and abstracts do
cisplatin-based chemoradiation in HPV-positive oropharyngeal  not follow any regular pattern, references from identified articles
cancer in two prospective phase III trials (9, 10) although this  were further screened for suitable publications and PubMed
entity had shown the greatest benefit from cetuximab in the IMC ~ was additionally screened for publications from the last/senior
9815 trial (11). authors of identified articles (Figure 1).

A general limitation for the effective use of molecular targeted Publications dealing with immunotherapy, e.g., using immune
agents is the current lack of biomarkers that could predict a  checkpoint inhibitors were not included, since they do not
possible oncogenic addiction to a given druggable target or a  represent radiosensitization in the narrow sense. Publications
possible role of the target in radiation resistance. Also in the  of combined usage of molecular targeting and chemotherapy
case of cetuximab in HNSCC, no predictive biomarker has been  to achieve radiosensitization were also not included. Further, it
established. In order to fully exploit the potential of precision  was not always possible to discriminate between the intentional
medicine, such biomarkers are mandatory to select the best  combined inhibition of two defined molecular targets and the less
agents for a given tumor. Sequencing individual tumors for  well-defined usage of somewhat unspecific agents with two or
druggable driver mutations is one way forward. However, to what ~ more targets. The latter were considered when reflecting the basic
extent the targeting of such potential oncogenic driver proteins  idea of the combined targeting approaches for radiosensitization,
will also result in an enhanced sensitivity toward radiotherapy is  i.e., the intended selection of two targets whose inhibition should
currently unknown. achieve at least additive or even synergistic effects.

multiple initial pubmed searches using
combinations of keywords

1

| manual inspections of results |

|

inclusion of suitable publications
(signal transduction - 49
DNA damage response - 13
cell adhesion molecules - 7
heat shock response - 5
others - 4)

manual screening of references pubmed searches for last/senior
of included publications authors of included publications

FIGURE 1 | Screening process for preclinical publications utilizing combined molecular targeting approaches for tumor radiosensitization.
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Regarding clinical trials with published results, we performed
a PubMed search with the respective targeting agents found in
preclinical studies plus the terms “radiation” or “radiotherapy.”
Since the focus of this review is on preclinical approaches, we only
present a selection of the most important clinical trials.

RESULTS

The vast majority of publications reporting experimental dual
targeting approaches in combination with ionizing radiation
fall into four categories: (1) growth factor receptor signaling,
(2) DNA damage response and cell cycle checkpoints, (3) cell
adhesion molecules, and (4) the heat shock response. From these
categories targeting growth factor receptor signaling currently
represents the by far most extensively studied dual targeting
approach. In some of the identified papers inhibitors belonging
to two of these categories were combined. These papers will only
be presented in one section. Studies using a single substance with
dual specificity were considered when its use was based on a
rational selection of targets whose inhibition should achieve at
least an additive or a synergistic effect.

Targeting Growth Factor Receptor
Signaling

The most frequently used approach of radiosensitization
through dual molecular targeting is the inhibition of growth
factor receptor tyrosine kinases and their related signaling
pathways. Growth factor receptor signaling can contribute
to radioresistance, because it stimulates proliferation, inhibits
apoptosis and has been described to increase the repair of
radiation-induced DNA-damage, which makes it an attractive
molecular target for radiosensitization (13, 14). Combined
targeting approaches were further fuelled by the approval of
the anti-EGFR monoclonal antibody (mAb) cetuximab in the
curative treatment of HNSCC and by the desire to increase
efficacy and repress by-pass signaling and resistance, which pose a
potential risk to all signaling inhibition approaches (15). Figure 2
provides an overview of the inhibited signaling pathways and
proteins described in this section.

The HER Family
The HER sub-family of receptor tyrosine kinases (RTK) includes
the members EGFR (also termed HER1 or ErbB1), Her2 (ErbB2),

—> activation
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FIGURE 2 | Targeting of signal transduction pathways. Depicted are the inhibitors utilized for combined molecular targeting approaches for tumor radiosensitization
and their respective target proteins. Reported inhibitor combinations for radiosensitization are described in the text and are listed in Table 1. RTK, receptor tyrosine
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HER3 (ErbB3), and HER4 (ErbB4). These transmembrane
receptors are located at the cell surface, harbor an intrinsic
protein kinase domain and regulate proliferation, migration,
cell fate determination and apoptosis via diverse downstream
signaling pathways such as MAPK and AKT signaling (16).
EGEFR is expressed in normal epithelial cells of the skin, hair
follicles or the gastro intestinal tract, but it is also detected in
many tumor entities. Furthermore, EGFR gene amplifications or
mutations are found in e.g., HNSCC, lung cancer or glioblastoma
(GBM), driving carcinogenesis and tumor progression (17,
18). Consequently, targeting EGFR with mAbs or tyrosine
kinase inhibitors (TKI) has been established in cancer therapy
in e.g. NSCLC, colorectal cancer, head and neck cancer, or
pancreatic cancer but therapy resistance occurs frequently and
compromises outcome (19). Usually, ligand-binding leads to
ErbB receptor homodimerization but can also result in the
formation of heterodimers consisting of different sub-family
members. Due to these interactions and possible functional
redundancies co-targeting of different sub-family members has
been investigated in several pre-clinical studies.

HER/HER targeting

Combined inhibition of different members of the HER
sub-family indeed showed promising results in terms of
radiosensitization. For example in first studies Fukutome
et al. combined the EGFR inhibitor gefitinib (TKI) and

the anti-HER2 antibody trastuzumab. Both inhibitors
induced radiosensitization on their own and their
combination resulted in a synergistic sensitization in

vulvar squamous cell carcinoma cells expressing EGFR and
HER?2 (20).

Also EGFR/HER-2 inhibition by the dual inhibitor lapatinib
resulted in enhanced radiosensitivity in cancer cells of various
entities, such as bladder cancer, peripheral nerve sheath tumors,
pancreatic or breast cancer. This sensitization was shown to
be partly dependent on the expression of the specific targets
(HER2, EGFR) and to be inhibited through the constitutive
activation of downstream signaling factors, such as Ras & Raf
mutations (21-27).

To inhibit EGFR and HER3 Huang et al. used the dual
inhibitor MEHD7945A. They demonstrated that MEHD7945A
inhibits growth in cetuximab (EGFR mAb) and erlotinib (EGFR
TKI) resistant cells with a significant PI3K and MAPK pathway
inhibition. In a xenograft model, MEHD7945A reduced the
growth of tumors resistant to mono-EGFR-targeting, and, in
contrast to cetuximab, the combination with radiation resulted
in a more pronounced growth inhibition than either modality
alone. EGFR and HER3 are both activated upon radiation and
the blockade of one receptor may be compensated by the
other. Treatment with MEHD7945A but not with cetuximab
reduced survival signaling and DNA repair (28). The same
group could substantiate the evidence for a radiosensitizing
effect of MEHD7945A using human lung and head and
neck cancer cells as well as xenografts further supporting the
clinical implementation of this EGFR/HER3 combined targeting
approach (29).

HER/IGF-1R targeting

In addition to the formation of heterodimers within the HER-
family there is also a cross talk between EGFR and other receptor
tyrosine kinases such as the insulin like growth factor 1 receptor
(IGF-1R), which is also involved in tumor development and
progression (30). In this context Matsumoto et al. compared
individual and dual targeting of EGFR and IGF-1R in an
HNSCC xenograft model using the mAbs ganitumab (anti-
IGF-1R) and panitumumab (anti-EGFR). They observed the
strongest growth arrest and significantly fewer recurrences
upon combined inhibition plus radiation (31). Wang et al.
also showed a radiosensitizing effect of combined inhibition of
EGFR through erlotinib and the IGF-1R inhibitor AG1024 in
prostate cancer cells, suggesting a suppression of homologous
recombination repair as a possible underlying mechanism
(32). Using two breast cancer cell lines with similarly high
expression of IGF-1R but differential expression of EGFR, Li
et al. observed radiosensitization through IGF-1R-inhibition
(AG1024) in both strains. The EGFR inhibitor AG1478, however,
only radiosensitized the cell line with high EGFR-expression both
alone and when added to IGF-1R-inhibition. Radiosensitization
through combined targeting was further validated in a xenograft
model (33).

HER/downstream targeting

The HER receptors transduce their signals through several
downstream pathways including the Ras-Raf-MAPK, the PI3K-
Akt and the JAK/STAT pathway (19, 34). Alterations within
these pathways might affect the efficacy of HER inhibition as
demonstrated by the importance of the Ras mutation status in
colorectal cancer where patients carrying such mutations do not
benefit from cetuximab treatment (35, 36). Therefore, another
strategy to increase efficacy is to combine the inhibition of the
receptors and relevant downstream targets.

In this context Bonner et al. assessed the effect of combined
treatment of head and neck cancer cells with cetuximab and the
JAK inhibitor JAK1i. STAT3 is a downstream protein activated by
JAK (among others) protecting cells from apoptosis. The authors
observed enhanced anti-proliferative and apoptotic effects upon
dual inhibition plus radiation. Dual inhibition was accompanied
by a more complete inhibition of STAT3-phosphorylation and,
in contrast to single inhibition, resulted in radiosensitization in
colony formation assays (37).

Eke et al. identified the activation of c-Jun N-terminal kinase
2 (JNK2) via the scaffold protein JNK-interacting protein 4
(JIP-4) as a possible signaling bypass after EGFR targeting. The
authors knocked down JIP4 or JNK2 via siRNA and used the
JNK2 inhibitor SP600125 in addition to cetuximab treatment and
achieved enhanced tumor cell radiosensitization in an additive
manner as compared to single inhibition (38).

Activation of the PI3K/Akt/mTOR pathway was demonstrated
by Zhuang et al. in lung adenocarcinoma cells as another
resistance mechanism against EGFR targeting. They could
demonstrate that mTOR inhibition with everolimus enhanced
radiation sensitivity when added to erlotinib in vitro and in a
xenograft model (39).
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HER/VEGF(R) targeting

The family of vascular endothelial growth factors (VEGFs)
and their specific receptors (VEGFRs) are frequently targeted
in cancer therapy, e.g., in lung, breast, kidney, ovarian and
cervix cancer. A fundamental difference in this therapeutic
strategy is that, although the inhibition of tumor cell signaling
is also of relevance, the main target of VEGF(R)-inhibition
is tumor angiogenesis. VEGFs and VEGFRs are critical
factors in the formation and maintenance of new vasculature
in both normal tissues and solid tumors (40, 41). Their
inhibition can indeed follow two contrary intentions: (1) a
complete inhibition resulting in depletion of tumor nutrient
and oxygen supply, or (2) a partial inhibition that results in
normalization of tumor vasculature, enhances oxygenation
and decreases hypoxia-based radiation resistance. Some
rationales have been described for combining VEGF and
EGFR inhibition. Amongst others, EGFR is also involved in
angiogenesis and it has been described that EGFR inhibitor
resistance may be associated with VEGF up-regulation and
angiogenesis (42, 43).

In this context Bozec et al. demonstrated promising results
using the VEGFR inhibitor cediranib (AZD2171) (targeting
VEGFR1/2/3) concurrent with the EGFR inhibitor gefitinib
and radiotherapy in a VEGF secreting HNSCC xenograft
model. Combined treatment plus radiation clearly inhibited
tumor growth more effectively than dual or single inhibition
or radiotherapy alone. Dual inhibition was associated with
decreased vessel density and dual inhibition plus irradiation
showed the highest decrease in proliferation as assessed by Ki67
staining (44). The group could confirm the radiosensitizing
effects in further studies when treating the same VEGF-secreting
HNSCC model as orthotopic xenografts using alternative,
but functionally equivalent agents, namely the anti-VEGF
monoclonal antibody bevacizumab combined with the EGFR
TKI erlotinib or using the combination of the VEGFR TKI
sunitinib and the EGFR mAb cetuximab (45, 46). Due to
an observed tumor re-growth associated with AKT/mTOR
signaling activation, they further investigated the triple-targeting
approach of cetuximab, bevacizumab, and the mTOR inhibitor
temsirolimus in combination with irradiation. Adding the third
inhibitor they indeed achieved the most sustained growth
inhibition (47). In previous studies the same group had combined
ZD6126, an antivascular tubulin-binding agent, with the EGFR
TKI inhibitor gefitinib and irradiation. In contrast to the results
described above, and although the combined targeting was
moderately more effective than single targeting, the addition of
radiation to dual targeting did not result in a further reduction of
tumor growth (48).

Radiosensitiziation could also be induced in a lung cancer
model by vandetanib, an inhibitor of VEGFR2 and EGFR but
also of RET and other receptors. In human lung adenocarcinoma
vandetanib treatment added to radiotherapy resulted in a dose
enhancement ratio of 1.32 and markedly inhibited sublethal
damage repair as assessed by a split dose recovery assay. In
vivo the combination with irradiation showed enhanced tumor
growth inhibition as compared to single treatment (49). Oehler
et al. tested the effect of AEE788, an inhibitor of EGFR, HER2

and VEGFR, plus irradiation in a spontaneously growing murine
mammary carcinoma model and in tumor allografts derived
from murine mammary carcinoma cells. AEE788 alone as well
as in combination with radiation improved tumor oxygenation
in both models and the combined treatment resulted in an
at least additive tumor response. Using specific inhibitors,
the improvement of oxygenation could be assigned to the
EGFR/HER?2 inhibition (50).

In U87 GBM cell lines with or without ectopic EGFR
expression vandetanib as well as cediranib failed to induce
radiosensitization in clonogenic assays indicating no effect
on DNA repair. In the respective xenograft models only the
combination of vandetanib plus irradiation reduced tumor
growth more strongly than irradiation alone, and only in the
EGEFR expressing substrain. In line with reduced tumor growth
in this model system, vandetanib but not cediranib suppressed
the expression levels of pAkt, survivin, and Ki67 as well as VEGF
secretion (51).

The PISK-AKT-mTOR Pathway

The stimulation of various growth factor receptors leads to the
activation of the PI3K-AKT-mTOR signaling pathway, which
can cause resistance to apoptosis and radiation. Elevated activity
of the PI3K-AKT-mTOR pathway is observed in a broad
range of tumor entities and associated with poor outcome,
which makes this pathway a promising target for inhibitory
strategies (52-55).

mTORC1/mTORC2
Inhibition of the PI3K-AKT-mTOR pathway is usually achieved
by mTOR inhibitors, such as rapamycin or everolimus. However,
these inhibitors block the mTOR Complexl (mTORC1), which
often results in the up-regulation of the mTOR Complex 2.
Therefore, combined inhibition of mTOR Complex 1 and 2
has been studied using dual inhibitors. Sapanisertib is an
ATP-competitive mMTORC1 and mTORC2 inhibitor. Miyahara
et al. demonstrated an enhanced inhibition of proliferation and
induction of apoptosis when combining the dual inhibitor and
radiation in diffuse intrinsic pontine glioma cells (56). Liu et al.
also showed a radiosensitizing effect of sapanisertib in breast
cancer cells, which was associated with G2/M cell-cycle arrest and
an inhibition of DNA double-strand break (DSB) repair (57).
Hayman et al. compared the radiosensitization through the
mTORCI1-inhibitor rapamycin and the dual mMTORC1/mTORC2
inhibitor PP242 in breast cancer cell lines and only observed
a radiosensitizing effect using the dual inhibitor. As a normal
tissue cell control, lung fibroblasts were not radiosensitized
through PP242 treatment. In vivo PP242 alone had no
impact on tumor growth but enhanced the radiation-induced
growth reduction (58). The same group also tested an
alternative mTORC1/mTORC2 inhibitor, AZD2014, which
induced radiosensitization in glioblastoma stem-like cells in vitro
and in vivo. A delay in the dispersal of radiation-induced yYH2AX
foci suggests that this effect involves the inhibition of DNA
repair (59).
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PI3K/mTOR targeting

In addition to dual targeting of mTORCI and mTORC2 the
combination of inhibitors targeting different players of the PI3K-
AKT-mTOR pathway are under highly intensive investigation. In
this context Yu et al. examined the effect of the dual PI3K/mTOR
inhibitor dactolisib (NVP-BEZ235) in patient-derived and in
radioresistant oral squamous cell carcinoma cells in vitro and
in an in vivo tumor model. They observed radiosensitization in
vitro, associated with G1 phase arrest by the downregulation of
cyclin D1/CDK4 complex as a consequence of the PI3K/mTOR
signaling inhibition. Tumor shrinkage was more pronounced
upon the combination of dactolisib and radiation as compared
to radiation alone (60). Dactolisib was further shown to reduce
the activity of the central DNA repair factors DNA-PKcs and
ATM and, as a consequence, to efficiently block the repair of
IR-induced DSBs. Consequently, an effective radiosensitization
could be demonstrated in glioblastoma cells in vitro and in vivo
(61, 62).

Aberrant activation of the PI3K/AKT/mTOR pathway by Ras
mutations is an important factor in Ras-driven tumorigenesis
(63). Using dactolisib, Konstantinidou et al. could demonstrate
a more effective radiosensitization of K-ras mutant NSCLC cells
as compared to the single inhibition of PI3K (LY294002) or
mTOR (rapamycin). In vivo dactolisib alone had little effect on
tumor growth but profoundly enhanced the effect of irradiation
(64). Substantiating this data, Chen et al. also targeted PI3K
and mTOR with dactolisib using K-ras mutant and wild type
colorectal cancer cells. Dactolisib had a radiosensitizing effect
in both cases. They further demonstrated the same effect in a
xenograft tumor model and suggested inefficient DNA repair,
possibly due to impaired activation of ATM and DNAPKcs
upon dactolisib treatment (65). In glioblastoma cell lines the
radiosensitizing effect of dactolisib was shown to be dependent
on the scheduling of drug and radiation. A 24 h preincubation
period and wash out of the drug right before irradiation and
seeding failed to sensitize the cells, while the addition of the drug
shortly (1h) before radiation with subsequent incubation for
24 h before seeding was highly effective. In line with the colony
formation data, only the latter schedule showed reduced levels of
P-AKT and P-mTOR without and 30 min after irradiation (66).
Potiron et al. used dactolisib in vitro and in vivo in prostate
cancer cell lines under normoxic and hypoxic conditions. They
found a radiosensitizing effect in all cases and observed a
reduction in DSB repair associated with an enhanced G2 cell
cycle arrest (67). Comparable results in prostate cancer cell lines
were reported in two further studies, supporting the theory
of an impaired DNA repair capacity (68, 69). Schotz et al.
observed radiosensitization in HNSCC cell lines, regardless of
HPV-status. A DNA-repair defect was more apparent in the
G1 than G2 phase and reporter gene assays pointed toward
inhibition of non-homologous endjoining (NHE]), but not
homologous recombination (HR) (70). Chang et al. also tested
an alternative dual PI3K/mTOR inhibitor, PI-103, which caused
radiosensitization comparable to dactolisib. They suggested a
novel mechanism of radiosensitization based on a reduced
expression of NHE] (Ku70/80), as well as HR (BRCA1/2, Rad51)
factors upon PI3K/mTOR inhibition and radiation (69). Along

the same line Jang et al. reported a severely reduced BRCA1
expression upon PI-103 treatment and a radiosensitzation
that could be further augmented by PARP-inhibition through
olaparib. PI-103 failed to induce radiosensitization after a
preceeding siRNA-mediated knockdown of BRCA1 suggesting
that BRCA1/HR is the most relevant target in this regard (71).
PI-103 was also shown to radiosensitize colon cancer cells with
activated AKT through inhibition of DSB repair (72).

Leiker et al. analyzed a third ATP-competitive dual PI3K-
mTOR inhibitor, PF-05212384. Using HNSCC cells they
demonstrated delayed yH2AX foci resolution and a significant
radiosensitization in vivo and in vitro. Since the effect was
more pronounced in tumor cells compared to normal fibroblasts
the results indicate some degree of tumor specificity (73). A
differential response in two HNSCC cell lines toward the PI3K-
mTOR inhibitor, PF-04691502 was described by Tonlaar et al.
While one strain was sensitized, the other failed to respond, in
line with an increased constitutive activity of PI3K, AKT, and
mTOR and an inability to inhibit key phosphorylation events
upon treatment (74).

Following a concept of PI3K/mTOR inhibition different
from the ones described above, Fokas et al. used dactolisib
as an alternative to VEGFR-inhibition in order to induce
vascular normalization and improved oxygen supply. In vivo
they observed a reduction in tumor hypoxia and an increase
in perfusion. Using different schedules of drug treatment
and irradiation that did or did not provide adequate time
for vascular remodeling, they observed differences in tumor
growth delay and concluded that dactolisib is capable of both,
radiosensitization through vasculature normalization and in a
direct manner (75). The same group further characterized this
direct effect in a panel of different tumor and endothelial
cells using dactolisib and another dual PI3K/mTOR inhibitor,
NVP-BGT226. They observed PI3K pathway inhibition and
enhanced residual YH2AX foci and G2-arrest after irradiation.
Human endothelial and dermal microvascular cells were also
sensitized, which suggests possible effects on tumor vasculature
but may also indicate sensitization of normal tissue cells, which
urges caution, when progressing to clinical trials (76).

AKT/mTOR

Another possibility for highly effective targeting of the PI3K-
AKT-mTOR pathway is the combined inhibition of AKT and
mTOR. Upon treatment with the mTOR-inhibitor rapamycin,
Holler et al. observed an activation of Akt in cell lines that
showed no or little radiosensitization. Since this activation was
not present in responsive cells, they combined rapamycin with
the Akt-inhibitor MK2206 and observed radiosensitization and
an enhanced number of residual DSBs (77).

Combined inhibition of the PI3K/AKT/mTOR and
Ras/Raf/Mek/MAPK pathways

Since there is crosstalk between the PI3K/AKT/mTOR pathway
and the Ras/Raf/MAPK pathway with compensatory potential,
dual targeting of these two pathways is also an option. Williams
et al. investigated the inhibition of both pathways in K-ras
mutated pancreatic cancer cells and xenografts. While sole MEK
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inhibition by PD0325901 already resulted in radiosensitization
and apoptosis, both effects were further enhanced by a dose
of the Akt-inhibitor API-2 that was not effective on its own.
Dual inhibition plus radiation also showed the most pronounced
growth inhibition in a corresponding xenograft model (78).
Toulany et al. demonstrated radiosensitization in K-ras mutated
NSCLC cells upon PI-103 treatment but prolonged inhibition
resulted in K-ras/Raf/MAPK-dependent Akt activation and loss
of radiosensitization. Combining PI3K/mTOR inhibition with
the MEK inhibitor PD98059 prevented the reactivation of K-
ras/Raf/MAPK-dependent Akt signaling upon long-term PI-
103 incubation and resulted in inhibition of DSB repair and
radiosensitization (79). Using the MEK inhibitor AZD6244,
Kuger et al. investigated whether additional inhibition of
the MAPK pathway further enhances the radiosensitization
induced by dactolisib treatment. They consistently found a
radiosensitizing effect through PI3K/mTOR inhibition in lung
and glioblastoma cancer cells that, however, was not increased
through additional MEK inhibiton (80). Lastly, Blas et al.
combined the PI3K family inhibitor buparlisib with the MEK1/2
inhibitor binimetinib in HNSCC cells. In vitro, both inhibitors
showed a dose dependent inhibition of proliferation/viability
without additional effects upon combination. None of the
inhibitors, nor the combination induced radiosensitization,
partly even induced radioprotection in UT-SCC-15 cells. In
vivo, combining both inhibitors did not show any benefit in
combination with irradiation and in UT-SCC-15 cells even
diminished the growth delay compared to radiotherapy with
either agent alone (81).

TABLE 1 | Combined targeting of growth factor receptor signaling.

Targets Inhibitor(s) Entity References
EGFR/HER2 Gefitinib***** Vulvar (20)
Trastuzumab™ *** squamous cell
carcinoma
EGFR/HER2 Lapatinib***** Breast cancer (21, 22, 24)
Breast cancer (25)
(HER2+)
K- pancreatic (23)
cancer (K-ras
wi)
NF2 associated (26)
peripheral nerve
sheath tumor
Bladder cancer 27)
EGFR/HER3 MEHD7945A* NSCLC, (28, 29)
HNSCC
EGFR/IGF-1R Panitumumab***** HNSCC (31)
Ganitumab*
Erlotinib**,*** Prostate cancer (32)
AG1024 &P
AG1478%P Breast cancer (33)
AG1024 P
EGFR/JAK/ Cetuximab™**** HNSCC (37)
STAT-3 JAKTj &P
EGFR/UNK2/ Cetuximab***** HNSCC/NSCC (38)
JIP-4 SP600125 &P
(Continued)

TABLE 1 | Continued

Targets Inhibitor(s) Entity References
EGFR/mTOR Erlotinib***** NSCLC? (39)
Everolimus*™***
EGFR/VEGFR Gefitinib*™*** HNSCC (48)
ZD6126* 5us)
Gefitini*™*** HNSCC (44)
AZD2171 (Cediranib)*
Erlotinib**** HNSCC (45)
Bevacizumab™ ***
Cetuximal™*** HNSCC (46)
Sunitinib*****
Cetuximal™*** HNSCC 47)
Bevacizumab** ***
Temsirolimus™***
Vandetanib** ** NSCLC (49)
Vandetanib***** GBM (51)
EGFR/VEGFR/ AEE788*(dis0) Mammary (50)
HER2 carcinoma
(murine)
mTOR1C/mTOR2C Sapanisertib* Pontine Glioma (56)
Breast Cancer (57)
PP242%*P Breast Cancer (58)
AZD2014 Glioblastoma (59)
(Vistusertib)*
PIBK/mTOR Dactolisib* Oral SCC (60)
[(ATM/DNAPKcs)]
HNSCC (70)
Glioblastoma (61, 62, 66)
NSCLC (64)
Colorectal (65)
cancer
Prostate cancer (67, 68)
Fibrosarcoma, (75)
HNSCC
Dactolisib* HNSCC, (76)
NVP- bladder cancer,
BGT226 (dis) endothelial cells
Dactolisib* Prostate cancer (69)
PI-103 &°
PIBK/mTOR PI-103%® Colon cancer (72)
PF- HNSCC (73)
05212384 (Gedatolisib)*
PF- HNSCC (74)
04691502+ (dis0)
PIBK/mMTOR/PARP  PI-103%F TNBC (71)
Olaparib*****
mTOR/Akt Rapamycin**** NSCLC, breast (77)
MK2206* cancer
MEK/Akt PD0325901* Pancreatic (78)
API- cancer (K-ras
2 (=Triciribine)* mut.)
PIBK/mMTOR/MEK  PI-103%*F K-ras mut. (79)
PD98059 &P NSCLC
Dactolisib* Lung cancer, (80)
AZD6244 Glioblastoma
(Selumentinib)****
PIBK/MEK Buparlisio** HNSCC (81)

Binimetinib** ***

*Tested in clinical trials.

**Tested in clinical trials in combination with radiotherapy.
***Approved (any clinical setting).

exp, experimental; disc, discontinued; sus, suspended.
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FIGURE 3 | Targeting approaches other than signal transduction pathways. Depicted are the inhibitors utilized for combined molecular targeting of the DNA damage
response, integrin signaling, the heat shock response or apoptosis for tumor radiosensitization and the respective target proteins. Reported inhibitor combinations are
described in the text and are listed in Tables 2, 3, 4. ECM, extracellular matrix; ER, endoplasmatic reticulum.

Apart from the inhibition of signal transduction pathways
a number of other strategies have been developed for tumor
radiosensitization through combined molecular targeting. These
include the targeting of the DNA damage response, cell adhesion
molecules, the heat shock response or apoptosis, as detailed below
and outlined in Figure 3.

Targeting the DNA Damage Response

Ionizing radiation causes DNA lesions, such as base damages,
single-strand breaks, and double-strand breaks with the latter
being largely responsible for cell inactivation (82). Therefore,
the most obvious approach for radiosensitization is the direct
targeting of the DNA damage response (DDR) and DSB repair.
An integral part of the DDR are the damage induced cell
cycle checkpoints in the GI1, S or G2 phase, which allow
additional time for DNA repair before the critical passage
through mitosis where mis- or unrepaired DSBs can result in
cell death due to failure in chromosome segregation (83). One of
the most frequent transforming events in human cancerogenesis
is the inactivation of p53. p53 mutations, the overactivation of
the MDM2-controlled regulatory pathway or p53 degradation
through viral oncoproteins represent the underlying mechanisms
(84, 85). As p53 is essential for G1 checkpoint activation its
deficiency renders affected tumor cells more dependent on S/G2

cell cycle checkpoint activation (83). Upon DNA damage these
checkpoints are activated through checkpoint kinase 1 (Chk1),
which is further involved in DNA repair through HR and
has an impact on the stabilization of stalled replication forks
and other responses to genotoxic stress during the S-phase
(86). Upon activation through phosphorylation it inactivates
members of the Cdc25 phosphatase family which leads to the
inactivation of the cyclin-dependent kinases (CDKs) 1/2 and
arrests cells in the G2 phase in response to DNA damage (87).
Another kinase necessary for S and G2 checkpoint activation
as well as for normal cell cycle progression is Weel. As the
direct counterpart of CDC25 phosphatases it constitutively
inactivates CDK1/2 through phosphorylation and is also involved
in homologous recombination (88, 89). Targeting the S- and
G2-checkpoints through the inhibition of Chkl and partly
of Weel has been a frequently used approach for preclinical
radio- or chemosensitization and was recently combined with
PARP-inhibitors. The rationale is that the inhibition of PARP
causes additional DNA damage especially in the S- and G2-phase
through the inhibition of single-strand break (SSB) repair and
PARP trapping on damaged DNA and through the subsequent
collision of single strand lesions with replication forks (90—
92). PARP-inhibition further impairs the alternative end-joining
pathway which is also preferentially active in S- and G2 (93).
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These mechanisms additionally enhance the dependence on
the S- and G2-checkpoints and the well described synthetic
lethality of PARP-inhibition and HR deficiency (94) may further
increase radiosensitization.

Chk1/Weet

Focusing on cell-cycle checkpoint inhibition, Busch et al.
tested the combined targeting of Chkl (LY2603618) and
Weel (adavosertib; AZD1775) in HPV-positive HNSCC cells
because they had observed an activation of Chkl upon
Weel inhibition that may in part counteract the effects of
sole Weel targeting. Analyzing proliferation, inhibition of G2
arrest and radiosensitization, they found dual targeting to be
effective at profoundly reduced concentrations as compared to
single agent usage. Additionally, they observed only minimal
radiosensitization in p53 proficient normal human fibroblasts,
thus demonstrating tumor specificity (95).

PARP1/Chk1

Vance et al. combined the inhibition of PARP1 through olaparib
and Chkl through AZD7762 in p53 mutant pancreatic cancer
cells and observed an additive radiosensitization. The authors
observed G2 checkpoint abrogation, inhibition of HR and
a persistent yH2AX signal after combined inhibition of the
two targets. There was no significant radiosensitization in G1-
checkpoint-proficient intestinal epithelial cells, backing up the
hypothesis that tumor cells harboring aberrations in p53 or
other DNA damage response pathways are more selectively
sensitized (96). In line with these data, Giister et al. demonstrated
radiosensitization of p53 deficient HPV-positive HNSCC cells
through olaparib and the Chkl-inhibitor PF-0047736, with
the extent of sensitization being highest upon combined
inhibition (97).

PARP/Weel

Karnak et al. investigated the radiosensitizing effect of the
combined inhibition of PARP1 and Weel through olaparib and
adavosertib in pancreatic cancer cells. This dual-targeted
approach is highly similar to combined PARP/Chkl-
inhibition and was also associated with G2 checkpoint
abrogation, inhibition of HR and persistent DNA damage.
In vitro the combination of both inhibitors caused enhanced
radiosensitization as compared to single inhibition. In vivo,
there was no radiosensitization with olaparib alone and a
moderate effect of adavosertib. Combined targeting, however,
demonstrated highly significant radiosensitization (98). The
same group further assessed this dual-targeting approach in
hepatocellular carcinoma cells and K-ras mutant NSCLC cells,
also showing an increased radiosensitization in vitro and in
vivo compared to either agent alone. The authors suggested that
trapping of PARP to chromatin by olaparib as well as replication
stress induced through this inhibitor combination contribute
to radiosensitization (99, 100). Molkentine et al. compared
PARP-inhibition through niraparib plus either Weel-inhibition
through adavosertib or Chk1-inhibition through MK-8776 in an
HPV-positive and an HPV-negative cell line. While both ways
of S/G2-checkpoint-inhibition enhanced the radiosensitization

through sole PARP-inhibition, the addition of Chkl-inhibition
was more effective in the HPV-positive and of Weel-inhibition
in the HPV-negative strain. Whether these differences are
generally valid for the two subentities remains to be shown in
future studies (101).

PARP/ATR

Carruthers et al. had reported that glioblastoma stem-like
cells are characterized by intrinsic replication stress, which
activates the DDR and leads to radiation resistance. Ataxia
telangiectasia and Rad3-related protein (ATR) is a key DDR
kinase acting directly upstream of Chkl. Through Chkl
activation but also partly independent from Chkl, ATR
is critically involved in replication processes, such as the
stabilization of stalled replication forks, and in DSB repair
pathways (102, 103). Targeting the replication stress response
by a combination of olaparib and the ATR inhibitor VE821
resulted in cytotoxicity and synergistic radiosensitization,
completely abolishing radioresistance (104). These data confirm
results from a previous report by the same group, where
the same combination resulted in greater radiosensitization
than ATM inhibition in primary glioblastoma cell cultures.
Radiosensitization was higher when the cells were cultured under
conditions enriching the fraction of stem-like cells as compared
to conditions favoring their depletion and a more differentiated
state (105).

PARP/Rad51

Olaparib was further combined with the Rad51 inhibitor B02
and X- as well as proton-irradiation with the intention to
induce HR deficiency that would synergize with PARP inhibition.
Lung and pancreatic cancer cell lines were radiosensitized by
the inhibitors, with the strongest effect for dual inhibition,
similarly for both types of irradiation. Radiosensitization was
found to be dependent on the proliferation rate, as serum
deprivation reduced the effectiveness of dual targeting and in
slowly proliferating PANCI cells the combination was even less
effective than sole PARP-inhibition (106).

Chk1/2/EGFR

The addition of the Chk1/2 inhibitor prexasertib to cetuximab
and irradiation was investigated by Zeng et al. in HPV-positive
and HPV-negative HNSCC cell lines. Prexasertib caused an
accumulation of cells in the S-phase, the triple combination partly
resulted in decreased proliferation and increased apoptosis as
compared to single or double treatment (107).

ATR/DNA-PK

DNA-dependent protein kinase, catalytic subunit (DNA-PKcs)
is well known as an essential component of the classical
NHE] pathway but is further associated with genomic stability,
hypoxia, inflammatory responses, metabolism and regulation of
transcription (108, 109). Hafsi et al. used combined ATR and
DNA-PKcs inhibition (AZD6738, KU0060648) to radiosensitize
HNSCC cells and observed an at least additive effect. A key
element in this approach is that ATR inhibition interferes with
cell cycle arrest and HR, whereas DNA-PKcs inhibition inhibits
NHE]. This combination therefore leaves few options for the cells
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to repair the radiation-induced damage in any cell cycle phase
and curbs the development of resistance mechanisms. It may,
however, come at the cost of tumor specificity (110).

Targeting Cell Adhesion Molecules

Cell matrix interaction by integrins was shown to be a modulator
of tumor progression, invasion, metastasis and response to
therapy. pl-integrin, a member of the integrin family of cell
adhesion molecules is significantly involved in tumor survival
and proliferation and is associated with radio- or chemotherapy
resistance (111). B1-integrin overexpression was shown in many
tumor entities and its molecular targeting was found to be an
effective means of radiosensitization. Integrins recruit signaling
molecules to their cytoplasmic domain, mainly focal adhesion
kinase (FAK) but also components of the EGFR signaling
pathway, such as Erk and Akt (112). FAK is involved in
proliferation, cell motility and radiation response and was found
to be overexpressed or hyperphosphorylated in e.g., liver, head,
and neck or breast cancer cells.

B1 Integrin or FAK/EGFR

Eke et al. investigated the effect of concurrent B1 integrin
and EGEFR targeting using the monoclonal inhibitory antibodies
AIIB2 and cetuximab, respectively in head and neck cancer
cells. They observed enhanced cytotoxicity and radiosensitization
upon combined inhibition in 8 out of 10 cell lines and, in line

TABLE 2 | Dual targeting of DNA damage response factors.

with that, enhanced survival in a xenograft model of a responder
cell line (113). FAK was shown to mediate the effects of Bl
integrin targeting in line with previous reports of the same group
that had shown dual inhibition of EGFR (cetuximab, siRNA)
and FAK (TAE226, siRNA) to achieve a stronger radiosensitizing
effect in HNSCCs than either inhibitor alone (114). Zscheppang
et al. further investigated single and dual Pl-integrin/EGFR
targeting using AIIB2 & cetuximab in sphere-forming HNSCC
cells based on the concept that tumor initiating cells are enriched
in spheres. Sphere-forming cells were found to be resistant to this
targeting approach and future work is warranted to understand
the mechanisms and relevance of this finding (115). In another
report, the same dual B1-integrin/EGFR inhibition approach, as
well as KRAS or BRAF depletion and 5-FU-treatment failed to
modulate the radiosensitivity of colorectal carcinoma cells (116).
Recently, a screen for predictive biomarkers for the dual B1-
integrin/EGFR targeting approach showed different mutational
profiles of responding and non-responding cells and suggested
some proteins as potential resistance factors. Using an RNAi
screen and pharmacological inhibition (ML334, everolimus)
Kelch like ECH associated protein 1 (KEAP1) and mTOR
were identified as druggable targets for radiosensitization in
combination with B1-integrin/EGFR targeting (117).

p1-Integrin/c-Abl

C-Abl is a tyrosine kinase found to be hyperphosphorylated upon
B1-integrin inhibition. Therefore, dual f1-integrin (AIIB2) and
c-Abl (imatinib) targeting was tested in a panel of tumor cell lines
from various entities, where a cell line dependent cytotoxicity

Targets Inhibitor(s) Entity References  and enhancement or induction of radiosensitivity was observed
Chiki Weed LY2603618 HNSCC (HPV-+) (95) as c.ompar.e.d t9 single treatment in a subgroup of the .panel.
(Rabusertib) *isc) Radiosensitization was accompanied by altered expression of
Adavosertib** DSB repair proteins KU70 and NBS1 and was associated with
PARP1/ Chk Olaparip***** Pancreatic cancer (96) reduced DSB repair (118).
AZD7762 (diso) (053 mut)
Olaparib** *** HNSCC (HPV-+) 97)
PF-0047736" (@)
HNSCC (101)
. ' TABLE 3 | Combined targeting approaches involving cell adhesion molecules.
PARP1/Wee1 Olaparib**** Pancreatic cancer (98)
Adavosertio™ Targets Inh