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Abstract

Purpose: The clinical success of targeted therapies such as cetuximab and radiotherapy (RT) is
hampered by the low response rates and development of therapeutic resistance. In the current
study, we investigated the involvement of EphB4—ephrin-B2 protumorigenic signaling in
mediating resistance to EGFR inhibition and RT in head and neck cancers.

Experimental Design: We used patient-derived xenograft (PDX) models of head and neck
squamous cell carcinoma (HNSCC) and HNSCC cell lines to test our hypothesis. Tumor tissues
were subjected to PhosphoRTK array, and Western blotting to detect changes in EphB4—ephrin-B2
targets. mRNA sequencing and microarray data analysis were performed on PDX tumors and
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HNSCC cell lines, respectively, to determine differences in gene expression of molecules involved
in tumor cell growth, proliferation, and survival pathways. Effects on cell growth were determined
by MTT assay on HNSCC cells downregulated for EphB4/ephrin-B2 expression, with and without
EGFR inhibitor and radiation.

Results: Our data from locally advanced HNSCC patients treated with standard-of-care
definitive chemo-RT show elevated EphB4 and ephrin-B2 levels after failure of treatment. We
observed significant response toward cetuximab and RT following EphB4—ephrin-B2 inhibition,
resulting in improved survival in tumor-bearing mice. Tumor growth inhibition was accompanied
by a decrease in the levels of proliferation and prosurvival molecules and increased apoptosis.

Conclusions: Our findings underscore the importance of adopting rational drug combinations to
enhance therapeutic effect. Our study documenting enhanced response of HNSCC to cetuximab-
RT with EphB4—ephrin-B2 blockade has the potential to translate into the clinic to benefit this
patient population.

Introduction

Management of locally advanced head and neck cancer patients, particularly those who are
ineligible for cisplatin therapy, relies on combination treatment involving 7 weeks of
radiotherapy (RT) with cetuximab, a targeted anti-EGFR therapeutic (1). A phase 111 trial for
locoregionally advanced head and neck cancer patients showed improved overall survival
with the addition of cetuximab to RT with some toxicity (2). Only a fraction of HNSCC
patients, however, respond to cetuximab-radiation, with an estimated 5-year overall survival
of 46% compared with 36% with radiotherapy alone (2). This is partly attributed to loss of
sensitivity of tumor cells to EGFR inhibition that develops during treatment and
compromises the therapeutic outcome. Concerted research efforts have been made to
understand the complex pathways that mediate this underlying treatment resistance (3, 4).
Based on data generated in our laboratory and previous studies (5, 6), elevated expression of
the Eph-ephrin family of proteins has been hypothesized to play a regulatory role in
bypassing some of the therapeutic effects mediated by anti-EGFR therapeutics.

EphB4 belongs to the largest family of receptor tyrosine kinases that interacts with its
membrane-bound ligand, ephrin-B2, to trigger prosurvival signaling (7). Our previous data
indicate that a feedback loop exists between EphB4—ephrin-B2 and EGFR such that
blocking the interaction between EphB4—ephrin-B2 results in decreased p-EGFR and EGFR
levels in HNSCCs (5). Other reports in the literature also point toward the presence of a
functional interaction between EGFR and EphB4 (6, 8). Consistent with our findings, Park
and colleagues used a bioinformatics approach to demonstrate that EGFR and EphB4
functionally interact with each other (8). Based on this, we reasoned that EphB4—ephrin-B2
favors the protumorigenic signaling pathway by altering the sensitivity to targeted anticancer
agents and conventional therapies, including radiation. In this study, our data from locally
advanced HNSCC patients treated with standard-of-care definitive chemo-RT show high
levels of both EphB4 and ephrin-B2 after failure of chemo-RT. This suggests that
upregulation of EphB4—ephrin-B2 signaling is responsible for lack of response to
therapeutic agents. Therefore, we hypothesized that dual targeting of EphB4—ephrin-B2 will
make tumor cells more responsive to an anti-EGFR agent and improve sensitivity of HNSCC
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tumors toward RT. We tested this hypothesis /n vitro and in oral cavity patient-derived
xenograft (PDX) models. Our data show significant tumor growth delay and enhanced
radiosensitization following combined EphB4—ephrin-B2 inhibition with EGFR inhibitor,
resulting in better overall survival in PDX tumors than those treated with the EphB4—ephrin-
B2 inhibitor in the presence of cisplatin—RT. The tumor growth inhibition effect observed /n
vivo was accompanied by a decrease in the levels of growth and survival markers and
antiapoptotic proteins. An alteration in the circulating IL6 levels was also evident in the
tumors subjected to triple combination treatment. These /n7 vivo findings were substantiated
in cultured HNSCC cells. We observed significant decrease in tumor cell growth in EphB4/
ephrin-B2 knockdown cells that were treated with an EGFR inhibitor followed by radiation.
Collectively, our data suggest that EphB4—ephrin-B2 and EGFR pathway cooperate with
each other to circumvent therapeutic response, resulting in enhanced tumor growth, and
apoptotic evasion. Therefore, development and use of combinatorial approaches targeting
the Eph-ephrin family of proteins with cetuximab-RT might show promising outcomes in
this disease.

Materials and Methods

Cell lines and reagents

The human HNSCC cell line Fadu was obtained from the ATCC. MSK-921 cell line was
obtained from Dr. X.J. Wang’s lab (University of Colorado, Anschutz Medical Campus,
Aurora, CO) and EGFR-resistant human HNSCC cell line 584 was obtained from Dr.
Antonio Jimeno (University of Colorado, Anschutz Medical Campus, Aurora, CO).
MSK-921 cells were cultured in RPMI-1640 medium with 10% fetal bovine serum and
primocin (Invivogen) at 37°C and 5% CO». Fadu and 584 cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum and primocin
at 37°C and 5% CO». All the cell lines and PDX tumors used in this article were confirmed
by STR testing. SEphB4-HSA protein was provided by Vasgene Therapeutics Inc. We and
others have previously shown that SEphB4-HSA decreases phospho-EphB4 and
phosphoephrin-B2 (5, 9-11). EGFR inhibitors erlotinib and cetuximab were used in cell
lines and PDX models, respectively. For comparative effectiveness in vivo, we included the
cisplatin—RT group to represent standard-of-care therapy. Erlotinib, cetuximab, and cisplatin
were obtained from University of Colorado Hospital. Human EphB4 siRNA, ephrin-B2
SiRNA, and control siRNA were purchased from Invitrogen.

HNSCC patient samples

Excess, nondiagnostic fresh tumor tissue was collected from HNSCC patients with informed
consent at the University of Colorado Hospital in accordance with the protocol approved by
the Colorado Multiple Institutional Review Board (COMIRB # 08-0552). The HNSCC
patient tumor tissue was collected from patients (i) at the time of the first surgery before
treatment with chemo-RT and (2) at the time of the second salvage surgery after they failed
chemo-RT and recurred. In this study, we made a comparison of tissue within a group taken
at the time of initial diagnosis and then after local failure, at the time of the salvage surgical
procedure. Following tumor resection, tumor tissues were examined by a clinical
pathologist, and nonnecrotic sections were utilized for research purposes. Normal tonsil
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tissue was obtained from the histology core, Gates Center for Regenerative Medicine,
Anschutz Medical Campus, Aurora, CO. Tissue was paraffin-embedded and cut as 4 mm-
thick sections using a standard protocol.

siRNA transfection

Short-interfering RNA (siRNA) transfection was performed 7 vitro using targeted siRNAs
against EphB4 (ID: s243) and ephrin-B2 (ID: 14087). A nonspecific siRNA was used as a
negative control. HNSCC cells were transfected in serum-free, antibiotic-free growth
medium using Mirus TransIT-TKO Transfection Reagent, according to the manufacturer’s
instructions. Briefly, cells were transfected using 10 yL TransIT-TKO for a final
concentration of 50 nmol/L siRNA. Cells were incubated with the transfection complex for
approximately 16 hours, medium was replaced with fresh serum-containing and antibiotic-
containing growth medium, and cells were used for further analysis.

MTT assay

The HNSCC cells were plated at a density of 2 x 10° cells/well in a 6-well plate. SIRNA
transfection using EphB4-siRNA, ephrin-B2-siRNA, and control NS-siRNA (50 nmol/L)
was carried out using the protocol described above. Following overnight incubation, media
with siRNA complexes were replaced with complete growth medium and cells were treated
with an EGFR inhibitor, erlotinib, at 60 nmol/L dose for approximately 16 hours at 37°C.
Cells were replated at a density of 1,000 to 2,000 cells/well in a 96-well plate. Following
overnight incubation, cells were either left nonirradiated or irradiated with 4 Gy or 8 Gy
dose of RT and incubated for 96 to 120 hours. MTT reagent was added to the cells and left
at 37°C for 4 hours. Media were aspirated, and formazan MTT crystals were dissolved by
adding 100 pL of DMSO reagent. Absorbance was read at 595 nm by using a microplate
reader.

Whole-cell lysate preparation

Tumor tissues harvested from control and treatment groups were homogenized in RIPA
buffer (Millipore) containing protease inhibitor cocktail (Thermo Fisher Scientific Inc.) and
phosphatase inhibitors (Sigma) on ice for 30 minutes. Lysates were collected, and protein
concentration was determined using a standard BCA assay as described earlier (5).

Western blotting and antibodies

Protein lysates (20-30 pg) were run onto 10% to 12% SDS-PAGE gels; electrophoresis and
blocking were conducted as described (5). Blots were probed overnight at 4°C with
respective antibodies. Primary antibodies anti-p-AKT (S473), anti-AKT, anti-Bcl-XL, anti-
p-ERK (T202/Y204), anti-ERK, anti-p-STAT3, anti-STAT3, antisurvivin, and anti-p-actin
were obtained from Cell Signaling Technology. Anti-EphB4 (clone# m265) and anti- ephrin-
B2 antibodies were provided by Vasgene Therapeutics Inc.. Horseradish peroxidase (HRP)-
conjugated secondary antibodies were obtained from Sigma.
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Radiation treatment was performed in cells and mice with indicated radiation doses using a
160 KVp source RS-2000 (Rad Source Technologies, Inc.) X-ray irradiator at 25 mAmp.
The dose rate of 1.24 Gy/minute was used. The irradiator used for these experiments is
equipped with a 0.3-mm copper filter. A customized shield exposing only the flank tumors
was used to irradiate mice. For quality assurance, we used a Rad Cal model 2086 with a 0.6
cc ion chamber to map the dose every 40 days on average. We measured 5 points at the
bottom inside the X-ray irradiator compatible cage and used the reflector when we took our
measurements. A Plexiglas device was utilized to duplicate the position of the cage. The
acceptance criteria are £1% of previous reading.

In vivo studies

Female athymic nude mice (5-6 weeks old) were purchased from Envigo. All mice were
handled and euthanized in accordance with the ethics guidelines and conditions set and
overseen by the University of Colorado, Anschutz Medical Campus Animal Care and Use
Committee. HNSCC PDX tumors (F8-F12 generation) were obtained from Dr. Antonio
Jimeno’s lab (University of Colorado, Anschutz Medical Campus). For implantation, tumors
were cut into approximately 3 x 3 x 3 mm pieces. Up to 35 mice (70 tumors) were
implanted in each experiment. The right and left hind flanks were sterilized, and small
incisions were made to create a subcutaneous pocket. Tumor pieces were dipped in Matrigel
(BD Biosciences) and inserted into the subcutaneous pocket. Tumor growth was measured
using a digital caliper, and tumor volume was calculated using the formula: [(smaller
diameter)2 x (longer diameter)]/2. When tumor volumes reached approximately 100 to 150
mm?3, mice were randomized into 7 groups: (1) PBS, (2) PBS + RT, (3) SEphB4-HSA + RT,
(4) cetuximab + RT, (5) cisplatin + RT, (6) SEphB4-HSA + cetuximab + RT, and (7)
sEphB4-HSA + cisplatin + RT. The negative control group of mice was administered with
PBS intraperitoneally. Loading dose of sEphB4-HSA inhibitor (20 mg/kg; i.p.) and
cetuximab (40 mg/kg; i.p.) treatment were initiated 3 days prior to RT treatment. The
sEphB4-HSA and cetuximab were then administered concurrently with RT and as
maintenance at 20 mg/kg and 10 mg/kg dose, respectively. The maintenance dose of
SsEphB4-HSA and cetuximab was chosen based on our previous study where we have shown
that blocking the interaction between EphB4—ephrin-B2 decreases the levels of p-EGFR and
EGFR proteins. We therefore expected a synergistic response between the EGFR inhibitor
and EphB4—ephrin-B2 blocking protein. Cisplatin (1 mg/kg; i.p.) was injected 1 hour before
RT treatment. This dosing regimen was continued until tumor regrowth was evident. Mice
were irradiated 2 times per week at a dose of 5 Gy/fraction for 2 weeks. Tumors were
monitored until time of sacrifice as dictated by the animal protocol or until regrowth with a
range of 120 to 140 days. The statistical significance on tumor growth curves between
control and treatment groups was assessed by ANOVA using the GraphPad Prism 4.0
software. Comparison between 2 groups was made using a ftest. A Pvalue of <0.05 was
considered statistically significant. At the end of the experiment, tumors were collected,
flash-frozen for Western blot analysis, and formalin fixed for immunohistochemical
analysis.
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Immunohistochemistry

Immunohistochemical staining was performed on CUHNO13 tumors harvested from control
and treatment groups implanted using antiproliferating cell nuclear antigen (PCNA)
antibody (1:200 dilution, BD Biosciences). This was followed by incubation with
biotinylated goat anti-mouse 1gG secondary antibody (1:400 dilution; Life Technologies).
Tumors from 2 to 3 mice per group were analyzed. For patient specimens (/7 = 3; number of
slides analyzed per patient = 5-6), we analyzed EphB4 and ephrin-B2 levels using anti-
EphB4 (1:100 dilution, Vasgene Therapeutics Inc.) and anti-ephrin-B2 antibody (1:100
dilution, Vasgene Therapeutics Inc.). Normal human tonsil tissue was used as a negative
control. At least 6 to 7 images were captured per group using a 20 x objective on Nikon
microscope. Quantification of images was done using ImageJ software.

TUNEL staining

Paraffin-embedded tumor sections were deparaffinized, rehydrated, and subjected to TUNEL
staining using /n situ cell death detection kit (Roche). Images were captured using a Nikon
fluorescent microscope. At least 4 to 6 fields were quantified per section by ImageJ
software.

Human phospho-RTK array

A human phospho-RTK array kit was purchased from RayBiotech. Tumors were
homogenized as described above. Tumor tissue lysates were prepared and incubated with the
array as per the manufacturer’s instructions. Following the addition of chemiluminescent
detection reagents, a signal proportional to the amount of protein bound was detected.

U-plex cytokine/chemokine array

Blood samples were collected from mice via retro-orbital puncture at 96 hours after RT.
Plasma was isolated by centrifugation at 3,000 rpm, 15 minutes, 4°C and subjected to U-
plex array (Meso Scale Diagnostics) as per the manufacturer’s instructions.

RNA extraction and mRNA sequencing

For RNA extraction, PDX tumor tissues were processed and homogenized in 300 mL of
QIAZzol as described earlier (12). lllumina TruSeq RNA Sample Preparation v2 Guide was
used to construct libraries from 1 pg total RNA. The cDNA library was validated on the
Agilent 2100 Bioanalyzer DNA-1000 chip. Sequencing was performed as described
previously (12). The bioinformatics strategy outlined in the Keysar and colleagues was used
(12).

Statistical analysis

The experiments were performed in duplicate or triplicate and repeated 2 to 3 times.
Quantitative analyses were performed using the Student #test or ANOVA. A P value of
<0.05 was considered statistically significant.
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HNSCC patients who failed concurrent chemo-RT show upregulated levels of EphB4 and

ephrin-B2

We examined tumor samples biopsied from HNSCC patients (i) at the time of the first
surgery before treatment with chemo-RT and (ii) at the time of the second salvage surgery
after they failed chemo-RT and recurred. We made a comparison of tissue within a group
taken at the time of initial diagnosis and then after local failure, at the time of the salvage
surgical procedure. To correlate our gene of interest and treatment resistance, we performed
immunohistochemical analysis on these patient specimens using anti-EphB4 and anti-
ephrin-B2 antibodies. Our data show basal expression of both EphB4 and ephrin-B2 present
in tumor tissues at the time of initial diagnosis (Fig. 1). The expression was mainly confined
to the cell membrane. Normal tonsil tissue was used as negative control and did not show
significant expression of these proteins (Fig. 1). However, analysis of tissues harvested after
treatment failure indicates that levels of EphB4 and ephrin-B2 were upregulated to
approximately 20% to 25% compared with tissue analyzed at the time of initial diagnosis,
where EphB4 and ephrin-B2 levels range between 7% and 10% (Fig. 1), implicating that this
receptor-ligand pair may have a role to play in resistance to the treatment regimen.

Blockade of EphB4—ephrin-B2 receptor-ligand axis enhances response to cetuximab-RT
and improves survival in mice bearing HNSCC PDX tumors

To test our hypothesis /n vivo, we chose 2 PDX tumors—CUHNO013 and CUHNOO04. Both
the CUHNO013 and CUHNOO04 PDXs are derived from patients with heavy smoking history
(12). CUHNO13 is derived from primary site and CUHNOO4 is derived from relapsed tumor.
They have elevated expression of EphB4 (5), ephrin-B2 (11), and EGFR (Supplementary
Fig. S1) and thus represent valid models to test our hypothesis (13). Mice were also treated
with cisplatin and RT in the absence and presence of the EphB4—ephrin-B2 inhibitor,
sEphB4-HSA. The purpose of including the standard of care arm, cisplatin + RT, is to make
a direct comparison with the cetuximab + sEphB4-HSA + RT treatment arm. Our in vivo
data show that when CUHNO013 and CUHNO004 PDX tumors were treated with cetuximab
and sEphB4-HSA followed by RT treatment (5 Gy x 4 fractions), tumors grew significantly
slower compared with control and other experimental groups (Fig. 2A-D). Overall, triple
combination with cetuximab, SEphB4-HSA, and RT decreased the tumor growth by 2.6-fold
in CUHNO13 (Fig. 2A) and 3.1-fold in CUHNO04 tumors compared with the cetuximab—-RT
group on days 109 to 112 after treatment (Fig. 2B and D). Dual therapy with SEphB4-HSA-
RT, cisplatin—-RT, or cetuximab—RT resulted in regrowth after an initial responsive phase of
approximately 30, 20, and 110 days, respectively, for CUHNO13 tumors (Fig. 2A;
Supplementary Fig. S2A) and 32, 21, and 100 days for CUHNO004 tumors (Fig. 2C;
Supplementary Fig. S2B). Triple therapy with either cisplatin-sEphB4-HSA-RT or
cetuximab-sEphB4-HSA-RT yielded an average tumor control for 31 and 116 days in the
CUHNO013 mice (Fig. 2A; Supplementary Fig. S2A) and 42 and 125 days in the CUHNO004
mice, respectively (Fig. 2C; Supplementary Fig. S2B). In CUHNO013 tumor-bearing mice,
40% of the mice survived to day 140 with cetuximab-RT-sEphB4-HSA compared with 20%
with cetuximab-RT (Fig. 2E). In CUHNO004 tumors, 80% of the mice that received
cetuximab-RT-sEphB4-HSA survived at the last time point analyzed compared with 20% in
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the cetuximab—RT cohort (Fig. 2F). The median survival was not reached for the CUHNO0O4
mice treated with cetuxi-mab—RT-sEphB4-HSA and averaged 120 days for cetuximab—-RT
cohort (Fig. 2F). For combination cisplatin-based therapy, there was no improvement in
tumor control or median overall survival between cisplatin—-RT and cisplatin-sEphB4-HSA-
RT in the CUHNO013 tumors (Fig. 2E; Supplementary Fig. S2C). In CUHNO004 tumors, the
cisplatin—RT treatment suffered significant toxicity, weight loss, and premature death in the
context of retro-orbital blood collection, so definitive conclusions cannot be drawn.
However, triple therapy with cisplatin~-RT—sEphB4-HSA increased median survival to 103
days compared with 23 days with cisplatin + RT (Fig. 2F; Supplementary Fig. S2D).

To understand the treatment response of CUHN004 and CUHNO013 PDX tumors, mRNA seq
analysis was conducted on F1 PDX tumor tissue. We examined baseline levels of specific
genes that have been reported to mediate EphB4—ephrin-B2 signaling and EGFR inhibitor
resistance such as MAPK1, AKT, JAK2, STAT3, SHP1, SHP2, Bcl-XL, survivin, SOCS3,
and the angiogenic proteins VEGFA and VEGFC (5, 14-21). High levels of gene expression
of downstream targets of EphB4—ephrin-B2 signaling such as MAPKZ1, survivin, STAT3,
AKT1, AKT2, VEGFA, and VEGFC are observed in CUHNOO4 at baseline compared with
CUHNO013 PDX tumors (Fig. 2G).

Enhanced antitumor response observed in PDX tumors following combined EGFR and
EphB4-ephrin-B2 inhibitor treatment with radiation is associated with decreased tumor
proliferation and increased apoptotic cell death

We assessed the levels of PCNA in control and experimental CUHNO13 tumors to determine
the effect of treatment on tumor cell proliferation. We observed significant decrease in the
percentage of cells expressing PCNA in cetuximab-treated groups following addition of
SsEphB4-HSA with RT compared with their treatment controls (Fig. 3A and C). The
percentage of PCNA-positive cells decreased from approximately 43.78% in control to
34.99% in sEphB4-HSA + RT, and 28% in cetuximab + RT. Adding sEphB4-HSA to
cetuximab + RT reduced the percentage of PCNA-positive cells further to 23% (Fig. 3A and
C). In addition, we subjected CUHNO13 tumor sections to TUNEL staining to determine the
extent of apoptosis following addition of SEphB4-HSA to cetuximab + RT treatment. Our
data revealed that the percentage of TUNEL-positive cells increased following treatment
with SEphB4-HSA (27%), compared with the PBS group (4.4%) (Fig. 3B and D).
Combining EphB4-ephrin-B2 inhibitor with cetuximab and RT increased TUNEL staining
to approximately 44% compared with other groups, indicative of an enhanced apoptotic
effect (Fig. 3B and D).

To substantiate IHC/IF data, we also analyzed levels of key proteins known to promote
tumor growth and survival by Western blotting. Our data show a decrease in the levels of p-
ERK, ERK, and survivin in CUHNO13 tumors treated with EphB4—ephrin-B2 inhibitor and
cetuximab in the presence of RT (Fig. 3E). In CUHNOQ04 tumors, key target molecules that
were decreased upon triple combination involving cetuximab treatment include p-AKT, p-
ERK, ERK, and Bcl-XL (Fig. 3F), suggesting that the anticancer effects observed in these
cohorts are predominantly associated with coordinated inhibition of tumor growth promoting
and antiapoptotic pathways.
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To explore differences in the phosphorylation of downstream targets that could account for
the response when sEphB4-HSA is added to cetuximab-RT, tumor tissues were subjected to
phospho-array analysis. Our data show a decrease in p-FAK levels in tumors treated with
SEphB4-HSA + cetuximab + RT combination compared with the SEphB4-HSA + RT group
(Fig. 3G). Finally, to determine the effect of sEphB4-HSA to cetuximab-RT on
inflammatory cytokines, we analyzed circulating levels of 1L6 in CUHNO013 and CUHNO004
tumor-bearing mice. IL6 acts a regulator of key signaling pathways including proliferation,
survival, apoptosis, angiogenesis, and metastatic spread (22). We observed a significant
decrease in levels of IL6 particularly in CUHNO13 tumors treated with SEphB4-HSA +
cetuximab and RT compared with other groups (Fig. 3H). IL6 has been shown to trigger a
prolonged response to EGFR via the association of the IL6 receptor with EGFR (23). This
leads to EGFR-dependent rephosphorylation of STAT3, which fails to respond to the
inhibitory signal by SOCS3, resulting in prolonged EGFR activation. Consistent with IL6
data, we observed a decrease in the levels of p-STAT3 in the sEphB4-HSA + cetuximab +
RT group compared with the SEphB4-HSA + RT or cetuximab + RT (Fig. 3I). A similar
trend was not evident in CUHNO04 tumors (Fig. 31).

Dual EphB4/ephrin-B2 and EGFR inhibition with radiation results in decreased tumor
growth in HNSCC cells in vitro

To recapitulate the in vivo findings, we performed MTT assays using 3 different HNSCC
cell lines—MSK-921, Fadu, and 584. These cell lines possess high levels of both EphB4 and
ephrin-B2 and display differences in sensitivity to EGFR inhibitor (5,24,25). Therefore, they
represent ideal model systems to test the underlying hypothesis whether inhibiting EphB4-
ephrin-B2 can make these cells more responsive to EGFR inhibitor and radiation treatment.
Our data show that treatment of Fadu cells with an EGFR inhibitor, erlotinib, did not show
significant reduction in tumor cell growth. However, when EphB4 or ephrin-B2 is knocked
down in these cells, they respond better to EGFR inhibition as evident by decrease in tumor
cell growth to approximately 40% (Fig. 4A). Importantly, when Fadu cells downregulated
for EphB4/ephrin-B2 expression were exposed to erlotinib and RT, they showed pronounced
reduction in tumor growth to approximately 19% (Fig. 4A). In addition, we used another
HNSCC cell line, 584, which is known to be resistant to EGFR inhibitor (25). As expected,
treatment with erlotinib failed to show tumor cell growth reduction in584 cells (Fig. 4B).
This trend in cell growth was altered, and 584 cells became more sensitive to erlotinib when
EphB4 or ephrin-B2 were silenced using targeted siRNAs as evident by reduction in cell
growth to approximately 60% (Fig. 4B). Furthermore, treating the knockdown cells with
erlotinib also made these cells more responsive to the radiation treatment as evident by
significant reduction in tumor cell growth to approximately 35% to 40% in the irradiated
group compared with the nonirradiated controls (Fig. 4B). MSK-921 cells showed similar
response to EGFR inhibition and RT treatment following EphB4 downregulation with
decrease in cell growth to approximately 35% (Fig. 4C).

To understand the differential response, we analyzed the previously published Affymetrix
microarray data (26) on HNSCC cell lines (Fig. 4D). Our analysis revealed that most of the
genes that support tumor cell survival, growth, and proliferation were differentially
expressed in these HNSCC cells—MSK-921, Fadu, and 584. MSK-921 demonstrated least
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sensitivity to both EGFR inhibitor and radiation by itself in the MTT assay. This could be
partly associated with high expression of genes that regulate tumor growth, progression, and
apoptotic cell death such as STAT3, EGFR, Bcl-XL, and AKT2 (Fig. 4D) present in this cell
line compared with others. 584 cells, on the other hand, had comparable levels of AKT2,
VEGFA, and Bcl-XL as Fadu (Fig. 4D).

Discussion

Therapeutic resistance is a major roadblock in the field of cancer medicine that compromises
the efficacy of available treatment regimens. Understanding these resistance mechanisms
that precede clinical intervention or in some cases come into play after the course of
treatment is an area of extreme significance. EGFR has been utilized as a prime target for
numerous human malignancies, including head and neck cancer. However, clinical data
suggest that patients treated with targeted EGFR inhibitors, such as cetuximab, do not
achieve maximal benefit (2). This suggests potential involvement of redundant or
compensatory tumor survival pathways that come into action and blunt the antitumor effects
of a potent targeted therapeutic as cetuximab. In this scenario, targeting one protein alone
may not be efficacious and necessitates adopting a rationalized two-pronged approach to
maximize the therapeutic response. Based on data generated in our laboratory and previous
studies (5, 6), dysregulated levels of the Eph-ephrin family of proteins has been
hypothesized to play a regulatory role in bypassing the therapeutic effects mediated by the
anti-EGFR therapeutics and RT. We have previously demonstrated that blockade of EphB4—
ephrin-B2 interaction using SEphB4-HSA decreases tumor growth in HNSCC PDX tumors
compared with the control group (5). These tumors eventually regrew even in the presence
of continued administration of the inhibitor (5). In the current study, we tested the concept
whether combined inhibition of EphB4—ephrin-B2 and EGFR can enhance the sensitivity of
PDX tumors to RT and observed that blockade of EphB4—ephrin-B2 increased sensitivity of
HNSCC tumors to both EGFR inhibitor and radiation by inhibiting tumor cell proliferation
and by enhancing apoptotic cell death. The phenomenon of therapeutic resistance has been
observed in other cancer models. Isoyama and colleagues demonstrated that acquired
resistance to phosphatidylinositol 3-kinase (PI3K) inhibitors was mediated by the elevation
of the insulin-like growth factor 1 receptor (IGF1R) pathway in multiple cancers and that the
targeted inhibition of IGF1R reversed the acquired PI3Ki resistance phenotype (27).

In our study, we found significant reduction in tumor growth and improved survival in PDX
tumors subjected to RT following EGFR inhibition in combination with EphB4—ephrin-B2
blockade. Importantly, during monitoring these tumor-bearing mice for approximately 4.5
months, we observed differences in response to the treatment between CUHNO013 and
CUHNO004 tumors. In CUHNO013 tumors, no significant differences were observed in terms
of tumor growth delay effect between sEphB4-HSA or cisplatin intervention with RT and
triple combination involving cisplatin. However, combining cetuximab-RT with EphB4—
ephrin-B2 inhibitor showed significant antitumor response in these tumors. Importantly, a
partial durable response was evident in triple combination groups with anti-EGFR inhibitor
that was maintained for an extended period of 4.5 months. The difference in response is
attributed to the distinct molecular profile of these PDX tumors. Our mRNA seq analysis
performed on F1 PDX tumors shows a differential pattern of expression of genes involved in
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survival pathways, apoptosis, and angiogenesis. Some of these have been well established to
be downstream targets of both the EGFR and EphB4—ephrin-B2 signaling axes. Many of the
known targets for both EphB4—ephrin-B2 signaling and cetuximab, such as AKT, MAPK/
ERK, STAT3, survivin, and members of the VEGF pathway (5, 16-21, 28, 29), are highly
upregulated in CUHNOO4 tumors compared with CUHNO13 tumors. These can potentially
serve as candidate biomarkers for response to such combination therapies pending validation
in clinical trials. Upon further validation, we observed decrease in the levels of some of
these proteins, including p-AKT, p-ERK, ERK, Bcl-XL, and survivin in triple combination
groups by Western blot analysis. In addition, we noticed reduction in phospho levels of
kinases such as FAK in the cetuximab cohort combined with SEphB4-HSA and RT in
CUHNO013 tumors. FAK has been reported to act downstream of other tyrosine kinases
including EphB4 and regulate cellular adhesion, migration, proliferation, and survival in
various types of tumor models (30-32). Thus, our findings suggest that decrease in tumor
growth evident in the triple combination group is a resultant of the coordinated action on
FAK that is functioning downstream of the EphB4—ephrin-B2 and EGFR pathways.

The Eph-ephrin family of proteins, in particular, ephrin-B2, has been historically linked to
pathologic angiogenesis by engaging in a cross-talk with the components of tumor
microenvironment (TME; refs. 16, 21). The tumor microenvironment is typically enriched
with tumor-promoting cytokines that plays a key role in cancer pathogenesis. IL6 is one of
the protumorigenic cytokines that support tumor progression by influencing tumor cell
proliferation, survival, apoptosis, angiogenesis, and metastasis (22). To understand how the
triple combination approach utilized in this study affected tumor growth by modulating
profile of inflammatory cytokines, we examined levels of IL6 in plasma samples of mice
injected with sEphB4-HSA + RT by itself or in combination with cetuximab. INCUHNO013
PDX tumor-bearing mice subjected to EphB4—ephrin-B2 inhibitor in the presence of
cetuximab-RT, we observed decrease in the levels of IL6 compared with other groups. IL6
has been shown to trigger a prolonged response to EGFR via the association of the IL6
receptor with EGFR (23). This leads to EGFR-dependent rephosphorylation of STAT3,
which fails to respond to the inhibitory signal by SOCS3, resulting in prolonged EGFR
activation. Combination therapy with inhibitors of EGFR kinase activity and agents that
inhibit STAT3, such as SEphB4-HSA (5), has been suggested to have enhanced synergy.
Because we observed a differential response in PDX tumors, we believe that the response in
CUHNO13, in particular, is driven by EGFR inhibition. Noteworthy, the decrease in IL6 and
STAT3 is more substantial in CUHNO13; therefore, we hypothesize that the IL6-EGFR-
STAT3 axis is driving tumor progression in this tumor and that the synergistic effects
between sEphB4-HSA and cetuximab are targeting this axis. Our data are also in agreement
with a recent study demonstrating an association between IL6 and response to dasatinib (a
tyrosine kinase inhibitor targeting EphB4) and cetuximab in cetuximab-resistant head and
neck cancer (33). These findings are also important in light of the fact that IL6 has been
reported to act as a potential predictor of antitumor response following cetuximab-based
therapy in locally advanced head and neck cancer patients (34).

Overall, our findings underscore the importance of using rational combinations that are more
personalized in nature and design to allow maximal clinical benefit and avoid undesirable
toxicity. One would expect the HPV-negative status to have an impact on the proposed
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treatment outcome. We have in fact evaluated the efficacy of an EphB4—ephrin-B2 inhibitor,
SsEphB4-HSA, in the absence and presence of radiation in PDX tumors derived from both
HPV-negative and HPV-positive patients in a previous study (5). We observed that although
inhibition of EphB4—ephrin-B2 signaling radiosensitized both HPV-negative and HPV-
positive PDX tumors, the magnitude of difference, in the presence of radiation, was much
lower in the HPV-positive tumors (5). Perhaps much of this is driven by the fact that HPV*
tumors are exquisitely radiosensitive, and it is difficult to assess the effect of a
radiosensitizer in that setting. In a locally advanced setting, in the context of HPV status and
response to cetuximab, the data are conflicting (35-49). We are awaiting the results of
RTOG 1016 to answer this important question. For HPV-negative cancers, in numerous
studies the comparative effectiveness of cetuximab versus cisplatin remains controversial
(35-46, 48, 49). The perception is that cisplatin is superior to cetuximab, at least for high-
risk oropharyngeal cancer. For oral cavity cancers, from which tumors in this study were
derived, little to no data exist on the topic. RTOG 0920 recently closed and should help
address the question of whether the addition of cetuximab to radiation improves survival
outcomes for postoperative patients with intermediate-risk pathologic features. The PDX
tumors used in our study were derived from the primary site or relapsed tumor (oral cavity)
with aggressive tumor pathology. We show a differential response to therapy between the
two. Both seem to show better response to cetuximab-radiation than cisplatin-radiation. The
addition of sEphB4-HSA appeared to show synergistic effect with cetuximab-RT in both
tumors. Some synergy was noted with cisplatin—RT in CUHNO004, but not in CUHNO13,
suggesting different biological mechanisms. As far as EGFR mutations are concerned, they
rarely occur in HNSCCs (50, 51), results we have also confirmed in the TCGA analysis.
Unlike lung adenocarcinoma, there are no missense mutations noted in HNSCC.

Furthermore, in the context of cetuximab—RT regimen in HNSCC patients, the Bonner trial
identified a survival benefit in patients administered with cetuximab combined with
radiation (RT) over radiation alone in patients with locoregionally advanced cancer (2). This
confirmed a favorable interaction of cetuximab with RT. Conversely, RTOG-0522
(Randomized Phase Il Trial of Concurrent Accelerated Radiation and Cisplatin versus
Concurrent Accelerated Radiation, Cisplatin, and Cetuximab [C225] [Followed by Surgery
for Selected Patients] for Stage I11 and IV Head and Neck Carcinomas) did not demonstrate
a survival benefit with the addition of cetuximab to RT and cisplatin in the primary head and
neck cancer treatment setting (52). The current data published in the definitive primary
treatment setting of locally advanced HNSCCs comparing cisplatin—RT with cetuximab—-RT
have mostly yielded conflicting conclusions (35-49, 53). The only available randomized
controlled trial evidence comparing concurrent cisplatin to cetuximab in the setting of
definitive CRT is a phase Il trial that reported that there was no difference between the 2
arms in survival or disease-free progression. Additional randomized controlled trials are
ongoing (54-56). These studies, however, including the Bonner trial, are done in the context
of oropharyngeal cancer. In the context of oral cavity cancer, from which our PDX tumors
and tissue were derived, little to no comparative data exist on the benefit of adding
cetuximab as a radiosensitizer in the adjuvant setting. In the high-risk setting (extranodal
extension or positive margin), adjuvant cisplatin—RT is considered standard of care, but the
benefit of adding cisplatin to radiation in this setting is modest and is accompanied by
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incremental toxicity. Additionally, a substantial cohort of patients exists that does not
tolerate cisplatin during radiation. In the phase Il RTOG 0234 clinical trial (57), where 46%
of the patients were oral cavity cancer, it was shown that the addition of cetuximab to
postoperative chemoradiotherapy was feasible and tolerated. A survival advantage was also
observed for the docetaxel regimen suggesting that rational combinations with EGFR
inhibitors are more likely to yield synergistic effects in the setting of radiosensitization.
Based on previous reports suggestive of a functional interaction between EGFR and EphB4
(6, 8) and our data showing that blockade of the interaction between EphB4—ephrin-B2
results in decreased p-EGFR and EGFR levels in HNSCCs (5), we hypothesized a
synergistic effect between the two.

Given that cisplatin is standard-of-care therapy, we made an attempt to compare the
radiosensitization effect of combination of blockade of the EphB4—ephrinB2 interaction with
either cetuximab or cisplatin. Preclinically, we used 2 aggressive PDX models (CUHNO013
andCUHNOO04) derived from patients that had failed (locoregionally and later distantly).
Tissue for PDX implantation was taken at the time of surgical resection (primary resection
for CUHNO13, salvage resection for CUHNO004). Our data unexpectedly showed that in both
PDX models (i) cetuximab is a superior radiosensitizer than cisplatin and (ii) sEphB4-HSA
showed improved synergy with cetuximab to enhance radiosensitization than with cisplatin.
Unfortunately, we do not have a reliable and definitive biomarker that would help to decide
whether these patients should receive cetuximab or cisplatin. While definitive
chemoradiation (CRT) is the standard of care for oropharyngeal HNSCCs, we hesitate
extrapolating into that disease setting as we are likely dealing with different biology.
Multiple studies have shown that oral cavity cancers have different drivers of oncogenesis
(58-62). Our data demonstrate for the first time that patients that failed to respond to
definitive chemo-RT have upregulated levels of both EphB4 and ephrin-B2. This
information can be highly relevant in the near future to stratify the patients and adopt a
personalized therapeutic approach. In fact, the EphB4—ephrin-B2 inhibitor SEphB4-HSA is
currently being tested in clinical trials for different human cancers (NCT0164232,
NCT02799485, NCT02717156, and NCT02767921). Based on our findings, we hypothesize
that in a locally advanced setting, patients with oral cavity cancers, heavy smoking history,
and aggressive tumor biology might be more likely to benefit from the proposed treatment in
the current study. These data should hopefully inform the design of clinical trials in HPV-
negative, smoking driven, locally advanced HNSCCs. Importantly, mechanistic
understanding of how these combination therapies works is equally important and our data
shed light on the key molecular components that are altered in response to the EphB4—
ephrin-B2 inhibitor administered with anti-EGFR therapeutic and RT. We believe that the
implications of this study will be profound and far reaching in the field, which is plagued by
the lack of effective therapies to provide durable and specific response for the head and neck
cancer patient population.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Development of therapeutic resistance poses a challenging problem and limits the success
of effective cancer therapies in the clinic. Cetuximab, an EGFR-specific antibody, is
currently used with radiation for locally advanced head and neck cancer patients.
However, 5-year survival rates remain low. We postulate that dysregulated levels of Eph-
ephrin proteins play a compensatory role in bypassing the therapeutic effects mediated by
anti-EGFR therapeutics. Our data demonstrate that targeted inhibition of EphB4—ephrin-
B2 enhances sensitivity of patient-derived head and neck tumors toward cetuximab-
radiotherapy. This enhanced radiosensitization effect is coupled with improved survival
associated with decreased tumor cell proliferation and increased apoptosis. Our findings
provide an insight into how blockade of EphB4—ephrin-B2 works in concert with EGFR
inhibition to maximize therapeutic response to cetuximab-radiation treatment. The
biological and therapeutic implications of this study hold promise for clinical translation
in patients with locally advanced, EGFR-driven head and neck cancer.
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Figure 1.
EphB4 and ephrin-B2 are upregulated in HNSCC patients after failure following concurrent

chemo and RT. We examined tumor samples biopsied from HNSCC patients (i) at the time
of the first surgery before treatment with chemo-RT, and (ii) at the time of the second
salvage surgery after they had chemo-RT failure and disease recurrence. We made a
comparison of tissue within a group taken at the time of initial diagnosis and then after local
failure, at the time of the salvage surgical procedure. Both EphB4 and ephrin-B2 are
expressed in epithelial cells, stroma, and blood vessels in HNSCC patient tissue. In normal
tonsil, ephrin-B2 is predominantly present in vessels and circulating immune cells. EphB4 is
expressed at very low levels in normal epithelium. Quantitative IHC analysis shows
predominantly high levels of EphB4 and ephrin-B2 in patients after treatment failure
compared with the specimens biopsied at the time of initial diagnosis. Arrows represent
positive signal on the EphB4 and ephrin-B2-stained tumor section. Total magnification:
200x, *, P<0.05; **, P<0.005; *** P< 0.0005 are considered significant.
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Figure 2.
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Inhibition of EphB4—ephrin-B2 signaling enhances response to EGFR inhibitor (cetuximab)
and RT, resulting in significant delay in tumor growth and improved survival in HNSCC

PDX models. Mice implanted subcutaneously with PDX tumors were randomized into

different treatment cohorts. Tumor volumes are shown temporally for CUHNO13 (A) and

CUHNO004 mice (C).Tumor volumes are also compared between cetuximab + RT and
SEphB4-HSA + cetuximab + RT at day 112 (B) in CUHNO013 mice and at day 109

posttreatment (D) for CUHNO004 mice. Both tumor types showed significant decline when
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EphB4—ephrin-B2 inhibitor was added to the cetuximab + RT arm. Kaplan-Meier survival
curves show that in CUHNO13 tumors, there is a significant increase in survival ingroups
that received SEphB4-HSA + cetuximab + RT compared with sEphB4-HSA + RT or PBS +
RT. There was no significant difference in terms of local tumor growth control in CUHNO13
tumors subjected to triple combination SEphB4-HSA + cetuximab + RT compared with
cetuximab-RT (E). CUHNOO4 tumors, on the other hand, showed a significant increase in
survival in mice administered triple-combination treatment comprising cetuximab compared
with others (F). **, £<0.005; ***, £<0.0005 are considered significant. G, mMRNA
sequencing was performed on CUHNO013 and CUHNO04 tumors to compare basal levels of
gene expression. A heat map was generated using GeneE software (Broad Institute).
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Figure 3.
Antitumor response observed in the EphB4—ephrin-B2 inhibition group with cetuximab and

RT is associated with alteration in protein levels of key proliferation and survival molecules.
IHC analysis showed a significant decrease in expression of PCNA, a proliferation marker,
in CUHNO13 tumors subjected to triple combination strategy compared with other
experimental or control groups. PCNA staining (A, C) and TUNEL staining (B, D) were
performed on tumors harvested from control and experimental groups. Data show a decrease
in the percentage of PCNA-positive cells (C) and an increase in the number of TUNEL-
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positive cells in SEphB4-HSA-cetuximab-RT compared with other cohorts (D). In addition,
Western blot analysis performed on CUHNO13 (E) showed a decrease in the levels of p-
ERK, ERK, and survivin following EphB4—ephrin-B2 inhibitor treatment with cetuximab
and RT. In CUHNO04 tumors (F) p-AKT, p-ERK, ERK, and Bcl-XL were mainly affected
following triple combination treatment with cetuximab. Samples from control and
experimental groups were run together on the same gel. Phospho-RTK array was performed
on CUHNO013 tumors that were subjected to SEphB4-HSA + RT, or SEphB4-HSA +
cetuximab + RT treatments. Data indicate a decrease in the levels of p-FAK in the triple
combination treatment compared with its respective control (G). Plasma samples were
collected from PDX tumor-bearing mice at 96 hours after RT and subjected to U-plex assay.
Decrease in the levels of IL6 was prominent in CUHNO013 tumors that received sEphB4-
HSA inhibitor in combination with cetuximab-RT compared with others (H). Western blot
analysis for p-STAT3 mirrored the IL6 trend in CUHNO13 tumors and showed reduction in
the levels of p-STAT3 in sEphB4-HSA + cetuximab + RT compared with other groups (1). *,
P<0.05; ***, P<0.0005 are considered significant. Total magnification, x200.
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Combined EphB4/ephrin-B2 and EGFR inhibition results in decreased tumor cell growth in
the presence of radiation in vitro. Decreased tumor cell growth is observed in Fadu (A), 584
(B), and MSK-921 (C) cells as analyzed by MTT assay at 96—120 hours after RT in the
EphB4/ephrin-B2 silenced groups when combined with the EGFR inhibitor (60 nmol/L) and
RT. Each group had at least 6 replicates. Error bars, mean = SD or mean + SE. *, < 0.05;
** P <0.005; *** P<0.0005 are considered significant. D, Heat map generated based on
microarray data analysis showing a differential pattern of expression of genes involved in
tumor growth, proliferation, survival, and therapeutic resistance. Comparisons are made

between MSK-921, Fadu, and 584 cell lines.
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