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Abstract

Identifying targets present in the tumor microenvironment that contribute to immune evasion has
become an important area of research. In the current study, we identified EphB4-ephrin-B2
signaling as a regulator of both innate and adaptive components of the immune system. EphB4
belongs to receptor tyrosine kinase family that interacts with ephrin-B2 ligand at sites of cell-cell
contact resulting in bidirectional signaling. We found that EphB4-ephrin-B2 inhibition alone or in
combination with radiation (RT) reduced intratumoral regulatory T cells (Tregs), and increased
activation of both CD8+ and CD4+Foxp3- T cells compared to the control group in an orthotopic
head and neck squamous cell carcinoma (HNSCC) model. We also compared the effect of EphB4-
ephrin-B2 inhibition combined with RT to combined anti-PDL1 and RT and observed similar
tumor growth suppression, particularly at early time-points. A patient-derived xenograft model
showed reduction of tumor-associated M2 macrophages and favored polarization towards an anti-
tumoral M1 phenotype following EphB4-ephrin-B2 inhibition with RT. /n vitro, EphB4 signaling
inhibition decreased Ki67-expressing Tregs and Treg activation compared to the control group.
Overall, our study is the first to implicate the role of EphB4-ephrin-B2 in tumor immune response.
Moreover, our findings suggest that EphB4-ephrin-B2 inhibition combined with RT represents a
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potential alternative for HNSCC patients and could be particularly beneficial for patients who are
ineligible to receive or cannot tolerate anti-PDL1 therapy.
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Introduction

Numerous clinical trials are testing the benefits of immunotherapy in human cancer,
including head and neck squamous cell carcinoma (HNSCC). The objective response rate is
6-20% (1-4) and the vast majority of patients demonstrate either innate or adaptive
resistance to immunotherapy. Clinical trial study attempts at simply combining more
immune checkpoint inhibitors have also proven disappointing due to increased toxicity to
patients and lack of additional benefit (NCT02205333). In orthotopic mouse models of
HNSCC, we have recently demonstrated that tumor regrowth occurs even after combination
treatment with anti-PDL1 antibody and radiation therapy (RT) (5).

Concerted efforts to understand the factors involved in resistance to immunotherapy within
the tumor microenvironment (TME) have led to the identification of T regulatory cells
(Tregs) and tumor-associated macrophages (TAMSs) as key regulators of tumor growth and
therapeutic response. Our laboratory recently showed an increase in the Treg population
during tumor regrowth phase of anti-PDL1 antibody treatment combined with RT in
preclinical HNSCC mouse models (5). Studies have shown a correlation between high
Treg/TAM infiltrates and poor survival outcomes (6,7). Targeted depletion of Tregs or TAMs
has been reported to improve the response to chemotherapy and checkpoint inhibitors in
different tumor models (8,9). However, data from clinical trials suggest lack of efficacy
following treatment with Treg-targeted immunotherapies such as anti-CTLA-4 (10).
Therefore, there is an unmet need for alternate approaches that can both target
immunosuppressive cell populations within the TME and enhance therapeutic benefit.

EphB4 belongs to the largest family of receptor tyrosine kinases and upon interaction with
the ephrin-B2 ligand has been reported to regulate neuronal migration, bone remodeling,
angiogenesis, cancer progression, and metastasis (11). EphB4 and ephrin-B2 expression is
downregulated in vast majority of adult normal tissues, even as early as postnatal
development but its overexpression has been implicated during malignant transformation
(12-14). Thus, targeting of EphB4-ephrin-B2 represent a therapeutic strategy that has
survived the test of clinical trials. It has been shown to be safe in multiple clinical trials
(NCT01642342, NCT02717156, NCT02767921) with minimal to no toxicity (15), likely
due to low levels of expression in normal tissue. In our laboratory, we have previously
shown that EphB4-ephrin-B2 inhibition in different patient-derived xenograft (PDX)
HNSCC models enhances tumor response to RT (16) as well as to combined EGFR
inhibition and RT (17). While direct evidence that implicates EphB4-ephrin-B2 interaction
in the cancer-related immune response is lacking, multiple reports have documented that
Eph/ephrin gene family members modulate immune cell processes in inflammatory models,
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such as arteriosclerosis and wound healing (18-20). Eph-ephrin interactions have also been
reported to regulate monocyte adhesion to the blood vessel wall (18), trans-endothelial
migration (20,21), T cell activation, proliferation and apoptosis (22,23), and mobilization of
hematopoietic cells from bone marrow sinusoids (24).

In the current study, we sought to determine whether inhibition of EphB4-ephrin-B2
interaction can induce an anti-tumor immune response in HNSCC. Our data show that
EphB4 is expressed in HNSCC tumor and stromal cells. Based on these findings, and the
role of Eph/ephrins in immune processes in inflammatory models, we hypothesized that
EphB4-ephrin-B2 interaction regulates the tumor immune microenvironment by sustaining
Tregs and TAMs, thus negatively impacting the ability of CD8+ T cells to induce an anti-
tumor response. We demonstrate that targeted blockade of EphB4-ephrin-B2 signaling
results in a significant tumor growth retardation and remodeling of the immune landscape in
a HNSCC orthotopic immunocompetent model and in a PDX model. We also compared the
relative efficacy of EphB4-ephrin-B2 inhibition combined with RT (which is a mainstay for
the treatment of HNSCC) to the anti-PDL1 therapy and RT combination. We observed a
similar tumor growth inhibition response with both treatments at early time-point. In
conclusion, our study is the first report providing insight into a novel role of EphB4-ephrin-
B2 interaction in modulating the tumor immune microenvironment in HNSCC.

Cell culture and reagents

The murine Moc2 cell line was obtained from Dr. Ravindra Uppaluri (Dana-Farber Cancer
Institute, MA) and the Ly2 cell line was obtained from Dr. Nadarajah Vigneswaran
(University of Texas Health Science Center, TX). Ly2 cells were cultured in DMEM-F12
and Moc2 cells in IMDM medium. The medium was supplemented with 10% FBS and 1%
primocin and cells were cultured at 37°C in a 5% CO, incubator. All the cell lines used in
this study were within 12 passages and were tested for mycoplasma contamination. The
short tandem repeat (STR) analysis was performed as a method of authentication wherever
applicable. The soluble EphB4 extracellular domain fused to human serum albumin
(sEphB4-HSA) (16) was used to inhibit EphB4-ephrin-B2 interaction in a PDX
immunocompromised mouse model. The sEphB4-HSA protein was provided by Vasgene
Therapeutics, Inc. (Los Angeles, CA, USA). For immunocompetent mouse models, a
plasmid encoding the 15 amino acids long TNYL-RAW peptide fused with the Fc portion of
human IgG1 (TNYL-RAW-Fc, an EphB4 antagonist) was used to block EphB4-ephrin-B2
signaling (25). pcDNA3 plasmid was used as a control. The plasmids were obtained from
Dr. Elena Pasquale’s lab (Sanford Burnham Prebys Medical Discovery Institute, CA). The
PEGylated form of TNYL-RAW peptide was obtained from Anaspec (Fremont, CA) for in
vitro studies involving T cells (26).

HNSCC Patient samples

Excess, non-diagnostic 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).
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Following tumor resection, tumor tissues were analyzed by a clinical pathologist and non-
necrotic sections were used for research purposes including establishment of patient-derived
xenograft model.

In vivo models

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. The study has been approved by the Institutional Animal
Care and Use Committee (IACUC). For immunocompromised mouse model studies, female
athymic nude mice (5-6 weeks old, n=5-7 per group) were used. The HNSCC PDX tumors
CUHNO013 and CUHNO004 (F8-F16 generation) were obtained from Dr. Antonio Jimeno’s
lab (University of Colorado, Anschutz Medical Campus, Aurora, CO). Tumor implantations
were performed as described earlier (16). When tumor volumes reached approximately 50—
150 mm3, mice were randomized into four groups (1) PBS, (2) sEphB4-HSA, (3) PBS+RT,
and (4) sEphB4-HSA+RT. Mice were either injected with PBS or with a 20 mg/kg dose of
SsEphB4-HSA (three times/week) and/or subjected to RT (5 Gy/fraction x 4 fractions) as
described earlier (16).

For iron oxide imaging studies, superparamagnetic iron oxide (SP1O) nanoparticles were
generated (27). The detailed protocol for magnetic resonance (MR) imaging as reported by
Serkova et al. (27) was followed. MR imaging was performed before treatment and 96 hours
after the last dose of RT. Final images were processed with ParaVi-sion software (Bruker
Biospin).

For immunocompetent mouse model studies, 5-6 week old female BALB/c mice (n=7-8)
(Charles River Laboratories, Wilmington, MA) or C57BL/6 mice (n=7-8) (Jackson
Laboratories, Bar Harbor, ME) were used. Tumor cell inoculation was performed as
described earlier (28). Mice were randomized at day 4-5 post-tumor inoculation (tumor
volume ~ 50 mm3) to receive either pcDNA3 control plasmid or TNYL-RAW-Fc plasmid
(20 pg in ~2 ml of PBS ) vig hydrodynamic injection (24) and tumor size was measured
biweekly as described earlier (28). For combination therapy studies, mice were randomized
into IlgG+pcDNAS3 control, IgG+TNYL-RAW-Fc, anti-PDL1+TNYL-RAW-Fc, RT+IgG
+pcDNA3, RT+IgG+TNYL-RAW-Fc, RT+anti-PDL1+pcDNA3, and RT+anti-
PDL1+TNYL-RAW-Fc. 1IgG2b control (referred as 1gG; BioXcell, NH) and anti-PDL1
(BioXcell, NH) were administered on day 7-9 after tumor inoculation by intraperitoneal
method at a dose of 10 mg/kg twice a week throughout the course of experiment. RT was
administered at a single dose of 10 Gy as described earlier (28). Plasmid DNA treatment was
initiated on day 5 after tumor inoculation and administered as a single dose. Tumor tissue
was harvested at the time of sacrifice and either fixed in 10% neutral buffered formalin or
flash-frozen for further analysis.

Immune cell depletion studies

CD8 T cell depletion was performed using an anti-CD8 antibody (Clone 53-6.7, 10 mg/kg,
i.p. BioXcell, NH) and the corresponding rat 1IgG1 isotype was used as a control. The
antibodies were administered 1 week prior to tumor implantation and were continued once a
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week for 3 weeks after tumor implantation. TNYL-RAW-Fc or pcDNAS3 treatment was
performed on day 4 after tumor implantation because of the aggressive nature of tumor
models used in this study. Flow cytometry was performed to confirm systemic depletion of
CD8+ T cells by using an anti-CD8 antibody clone that do not compete with clone 53-6.7
used for depletion experiment.

Flow cytometry

Tumors and spleens were processed into single-cell suspensions for flow cytometric analysis
as described earlier (28) and 1-2x10° live cells were plated in a 96-well plate followed by
blocking with anti-CD16/32 antibody. For analysis of immune cells, cytokines, and
phospho-STAT3 marker, the following conjugated antibodies were used: AlexaFluor700-
CD45 (1:50, Clone 30-F11, cat#56-0451-82, eBioscience), BUV737-CD11b (1:100, Clone
M1/70, cat#564443, BD Biosciences), FITC-F4/80 (1:100, Clone BM8, cat#123108,
Biolegend), DyLight350-CD3 (1:100, Clone 145-2C11, Novus Biologicals), eFluor450-
CD4 (1:100, Clone RM4-5, cat#48--0042-82, eBioscience), APC-eFluor780-CD8 (1:100,
Clone 53-6.7, cat# 47-0081-82, eBioscience), PECyanine7-1FNy (1:20, Clone XMG1.2,
cat#25-7311-82, eBioscience), Ki67-BV605 (1:50, Clone 16A8, cat#652413, eBioscience),
p-STAT3-PE (1:5, clone 49; p727, cat#558557, eBioscience).

For cytokine release experiments, single cell suspensions were plated in 6-well plates in the
presence of monensin (to block cytokine release) and a cell activation cocktail with
Brefeldin to stimulate cytokine production at 37°C for 3.5-4 hours. After washes, the cells
were stained with surface marker antibodies (1:100 dilution) at room temperature for 30
min. Cells were then resuspended in 100 pl of Cytofix/Cytoperm™ solution (BD
Biosciences) for 20 min at 4°C. Following incubation, cells were washed with 1X Perm/
Wash™ solution (BD Biosciences), and stained with anti-cytokine antibodies at 4°C for 30
min. Cell pellets were resuspended in FA3 buffer and samples were run on the YETI cell
analyzer. To detect STAT3 phosphorylation (p-STAT3) and Ki67 expression in cultured T
cells by flow cytometry, single cell suspensions treated with pre-clustered control Fc, 20
ug/ml ephrin-B2-Fc, or PEGylated TNYL-RAW (4.5 pg/ml) following treatment with
stimulating dose of ephrin-B2-Fc (2.5 pg/ml) for 24-48 h were stained with immune cell
surface markers. This was followed by incubation in 1X lyse/fix buffer (BD Biosciences) at
37°C for 30 min. Pre-clustering was performed by incubating Fc proteins with higG in the
ratio of 1:3 at 4°C for 30 min in an orbital shaker. Following washing with PBS, samples
were resuspended in cold perm 111 buffer (BD Biosciences), incubated on ice for 15 min, and
stained with p-STAT3 or Ki67 antibodies for 30 min at room temperature. Various controls
such as beads only, samples stained with a single antibody, isotype controls, and
fluorescence minus-one (FMO) controls were also included. Live cells were gated using
Agqua/vi live/dead stain. Stained cells were run on the YETI Cell Analyzer at the University
of Colorado Denver Cancer Flow Cytometry Core. Data was analyzed using Kaluza analysis
software.

RNA extraction and qPCR analysis

Tregs and monocytes were harvested from Ly2 tumors using isolation Kits (Stemcell
Technologies). Monocytes were treated with IL-4 (25 ng/ml) to allow differentiation into M2
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macrophages (29,30). Total RNA was collected from Tregs and macrophages using RNeasy
mini prep kits (Qiagen). cDNA was prepared as described earlier (28). Aliquots (2 L) of a
1:2 dilution of the reverse transcription reactions were subjected to quantitative real-time
PCR with the following primers using a iQ real time-PCR detection system (BioRad).
GAPDH mRNA levels were analyzed as a housekeeping gene for normalization purposes.
Similar RNA extraction and qPCR protocol was used to detect mRNA levels of EPHB4 and
EFNB2 in Ly2 tumors in the absence and presence of 10 Gy dose of RT.

GAPDH: Forward primer: 5’CGTGGAGTCTACTGGCGTCTT3’
Reverse primer: 5’CGGAGATGATGACCCTTTTGG3’

EPHB4: Forward primers: 5’GGATCGCATTCAGCCAAAGT3’
5’GGCACCTGGTTCCACTATCT3’

Reverse primers: 5’ ACTGTCTAAGGCTGTGGCAT3’
5’CCATTTCAGATCCGCCGTTT3’

EFNB2: Forward primer: 5’ TAAAGACCAAGCAGACAGATGCAC3’

Reverse primer: 5’GTGATGATGATGACGATGAAGATG3’

Mass cytometry (CyTOF)

For mass cytometry experiments, tumors were harvested and digested as described above in
the flow cytometry section. Single cell suspensions were washed with PBS and stained with
heavy-metal tagged antibodies according to manufacturer instructions (Fluidigm, San
Francisco, CA). The following antibodies were used: CD45-Y89 (cat#3089005B), CD3e-
Sm152 (cat#3152004B), FoxP3-Gd158 (cat#3158003A), CD4-Nd145 (cat#3145002B),
CD8a-Er168 (cat#3168003B), CD11b-Nd148 (cat#3148003B), F4/80-Nd146
(cat#3146008B), CD11c-Nd142 (cat#3142003B), Ly6G-Pr141, Ly6C-Nd150, ICOS-Yb176
(cat#3176014B), and live-dead-Pt-195. Stained cells were run on the Helios Mass Cytometer
at the University of Colorado Denver Cancer Center Flow Cytometry Core. Data were
analyzed using Kaluza or FlowJo Analysis software.

Immunoblotting

For immunablotting, protein cell lysates were prepared and ran onto 10% SDS-PAGE gels
followed by transfer to PVDF membranes and western blotting. Blots were probed overnight
at 4°C with primary antibodies. Anti-p-AKT (1:1000, cat#4058), anti-AKT (1:1000,
cat#9272), anti-Bcl-XL (1:1000, cat#2764), anti-cleaved caspase-3 (1:1000, cat#9579) and
anti-p-actin antibodies (1:5000, cat#12262) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-EphB4 (clone m265) was provided by Vasgene Therapeutics Inc.
(Los Angeles, CA, USA) or purchased from R&D Systems (cat#AF446). Horseradish
peroxidase (HRP)-conjugated secondary antibodies were obtained from Sigma (St. Louis,
MO, USA). For p-EphB4 analysis, CD4+ T cells were isolated from mouse splenocytes
using EasySep CD4+ T cell isolation kit (Stemcell Technologies) and seeded in a 6-well
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plate followed by treatment with pre-clustered control Fc, ephrin-B2-Fc (20 ug/ml), or PEG-
TNYL-RAW-Fc (4.5 pug/ml) with ephrin-B2-Fc (2.5 pg/ml) at 37°C for 72 hours. Pre-
clustering was performed as described above. Lysates were collected and run on a 10%
SDS-PAGE as described above. Membranes were probed with p-EphB4 (1:1000, cat#PA5-
64792, ThermoFisher) and anti-p-actin antibodies.

Immunofluorescence staining

ELISA

Immunofluorescence (IF) staining was performed on paraffin-embedded sections fixed in
4% buffered formalin. Tumor tissue was deparaffinized, hydrated, and antigen epitope
retrieval was performed. Sections were incubated with primary antibodies overnight at 4°C.
The following antibodies were used: CD107b (1:100, cat#550292, BD Pharmingen), CD163
(1:100, cat#orb13303, Biorbyt), Gprl8 (1:100, cat#NBP2-24918SS, Novus Biologicals),
F4/80 (1:50, cat#NB600-404SS, Novus Biologicals), Foxp3 (1:1000, cat# ab20034,
Abcam), F4/80 (1:100, cat# 70076, Cell Signaling), and Pan-Keratin (1:100, cat# 4545, Cell
Signaling). Primary antibody incubation was followed by treatment with AlexaFlour-tagged
1gG secondary antibody (1:400 dilution, Life Technologies). Nuclei were counterstained
with 6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI). Images were captured
with a 20x objective using a Nikon fluorescence or Olympus confocal microscope. Analysis
was performed on 6-8 random fields for each of the experimental and control groups.

Plasma samples collected from TNYL-RAW-Fc and pcDNA3 control mice were isolated
and subjected to ELISA to measure the levels of TNYL-RAW-Fc as described earlier (24).
To detect TGF-B1 levels, plasma samples or cell culture supernatants/conditioned media
were analyzed using a TGF-p ELISA kit (R&D systems) according to the manufacturer’s
instructions.

U-plex cytokine array

Retro-orbital blood collection was performed on mice 11-18 days after hydrodynamic
injection of TNYL-RAW-Fc plasmid (immunocompetent mouse model) or 96 hours after RT
(nude mouse model). Plasma was isolated and subjected to U-plex array (Meso Scale
Diagnostics, Rockville, MD) according to the manufacturer’s instructions.

CIBERSORT, TCGA, and mRNA expression analysis

Gene expression data were obtained from the HNSCC cohort in the TCGA database
(n=530). The TCGA provides level 3 RNA-seq data which has been aligned to the reference
genome and quantified at the gene transcripts level using RNA-Seq by Expectation
Maximization (RSEM) (31). The CIBERSORT analysis was performed as described earlier
(32). Macrophage populations were categorized into M1 or M2 subtypes based on markers
analyzed in the article published by Newman et al. (32). M1 related markers include: ACHE,
ADAMDEC1, APOL3, APOL6, APOBEC3A, AQP9, ARRB1, CASP5, CCL19, CCLS5,
CCLS8, CCR7, CD40, CXCL10, CXCL11, CXCL9, TNFAIP6, TNIP3, TRPM4, CD80,
IL1B, IL12B, IL2RA and M2 markers include AIF1, ALOX15, ASGR2, CCL13, CCL14,
CCL18, CCL23, CD68, CD180, CD209, CD163, CLEC4A, CLECT7A, CLEC10A,
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MS4ABA, TLRS, IL21R, EGR2, GSTT1, HRH1, FRMD4A (32). Only cases with a p-value
< 0.05, which indicates a reliable estimation of immune cell infiltration, were used for
further survival analysis. A cutoff value for M1:M2 of 0.5 was assigned for survival analysis.
The correlation analysis between EphB4 or ephrin-B2 and TGF-f, HRH1 was performed on
the TCGA HNSCC dataset using R2 analysis platform (https://hgserverl.amc.nl/cgi-bin/r2/
main.cgi).

Irradiation was performed either using the RS-2000 irradiator (Rad Source Technologies,
GA\) at 160kVp, 10 mA or the PXi-225Cx image-guided irradiator (PXi inc, KC) at 225
kVp, 13 mA with 0.3 mm Cu filter. Mice were positioned in the prone orientation and a CT
scan was acquired. Treatment planning and radiation dose delivery were performed as
described (5). Radiation was delivered at a dose rate of 5.6 Gy/min.

Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism software. All the experiments were
performed in duplicate or triplicate and repeated 2—-3 times. Statistical analyses of
differences between two groups were performed using Student’s t-test or one-way ANOVA.
The Dunnett’s post-hoc test was used for further validation after ANOVA where multiple
experimental groups were compared to the control group. A p-value of < 0.05 was
considered significant.

In HNSCC tumors, EphB4 is present in cancer cells and highly expressed in both Tregs
and macrophages compared to ephrin-B2

To analyze the expression of EphB4 and ephrin-B2, we performed IHC staining using
sections of tumors derived from the murine Ly2 HNSCC cell line and of CUHNO13 patient-
derived xenograft (PDX) tumors. Our data show that EphB4 is expressed in both cancer cells
and stroma (Figure 1A). Further confirmation showing EphB4 expression on tumor
epithelial cells was done by performing IF staining with anti-EphB4 and pan-keratin
antibodies (Supplementary Figure 1) Our data also show ephrin-B2 expression on some
cancer cells and stroma (Figure 1A) including a.-smooth muscle actin (a-SMA)-expressing
fibroblasts (Supplementary Figure 2). We also interrogated the R2 database to analyze the
MRNA expression of EphB4 and ephrin-B2 using two different datasets that included
different immune cell populations (Figure 1B). The Wicker dataset (GSE28491) and the
Salazer dataset (GSE2125) indicated higher expression of EphB4 than ephrin-B2 in both
Tregs and macrophages isolated from human samples (Figure 1B). These findings were
further confirmed by analysis of the ImmGen database (https://www.immgen.org) (Figure
1C). Our IF data also confirmed expression of EphB4 on both F4/80-expressing
macrophages and Foxp3-expressing Tregs whereas ephrin-B2 expression was negligible
compared to EphB4 on macrophages in Ly2 tumors (Figure 1D). In addition, we performed
gPCR analysis on intratumoral Tregs and macrophages and data show slightly higher levels
of EphB4 in intratumoral Tregs compared to ephrin-B2. The EphB4 mRNA levels were
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comparatively higher than ephrin-B2 in intratumoral macrophages (Supplementary Figure
3).

Inhibition of EphB4-ephrin-B2 signaling retards tumor growth in mouse orthotopic
syngeneic HNSCC models

We previously reported that blockade of EphB4-ephrin-B2 signaling delays tumor growth
and enhances radiosensitization in HNSCC PDX models (16). To determine the role of
EphB4-ephrin-B2 interaction in supporting tumor growth in immunocompetent models, we
used two different orthotopic models of HNSCC: Ly2 (BALB/c) and Moc2 (C57BL/6). The
experimental design is presented in Figure 2A. Mice were injected with TNYL-RAW-Fc
plasmid, a derivative of the short peptide TNYL-RAW, which very selectively binds to the
ephrin-binding pocket of EphB4 and blocks the interaction of the receptor with the ephrin-
B2 ligand (26). Although dimerized through the Fc portion, TNYL-RAW-Fc remains an
EphB4 antagonist similar to the monomeric peptide. TNYL-RAW-Fc treatment significantly
inhibited the growth of both Ly2 (Figure 2B, C) and Moc2 (Figure 2D, E) tumors by 1.53
fold (p=0.03) and 1.61 fold (p=0.02) respectively compared to the pcDNA3 control group.
We also determined the circulating levels of TNYL-RAW-Fc by using an Fc-based ELISA
assay as described in the methods section. Consistent with the published literature (24), our
data show the presence of TNYL-RAW-Fc in the mouse blood 7 days after hydrodynamic
injection (p=0.02) (Supplementary Figure 4A).

Inhibition of EphB4-ephrin-B2 interaction significantly decreases Tregs and tumor-
associated macrophages and enhances activation of both conventional CD4+Foxp3- and
CD8+ T cells in HNSCC tumors

To investigate the contribution of the tumor immune microenvironment to tumor growth
retardation due to EphB4-ephrin-B2 inhibition, CyTOF analysis was conducted on Ly?2
tumors on days 14 to 18 after administration of the TNYL-RAW-Fc plasmid or pcDNA3
control plasmid. Our data show significant changes in tumor-infiltrating immune cells
following TNYL-RAW-Fc treatment (Figure 2F). In particular, CD8+ T cells in the tumors
showed a 1.2 fold increase (p=0.03) following TNYL-RAW-Fc treatment compared to
pcDNAS control (Figure 2F). The percentage of CD4+ T cells, however, remained
unchanged (Figure 2F). The Treg cells (CD4+ T cells that are also positive for the Foxp3
marker) constitute an important immunosuppressive population in the TME and were
dramatically reduced by ~3 fold (p=0.009) in the EphB4-ephrin-B2 inhibited group (Figure
2F). Importantly, the CD8+Teffector cell/Treg ratio that is an indicator of enhanced
therapeutic response, also significantly increased (p=0.02) following EphB4-ephrin-B2
inhibition (Figure 2F). Additionally, the activation status of both conventional CD4+Foxp3-
T cells and CD8+ T cells, assessed based on ICOS (Inducible T-cell COStimulator)
expression (33), showed a ~2.8 fold increase (p=0.0002; p=0.009) following EphB4-ephrin-
B2 inhibition (Figure 2F). These activated T cell populations are both known to play a key
role in inducing an anti-tumor immune response. The CyTOF data was replicated by flow
analysis as shown in Figure 5.

In addition to the changes observed in T cells, we also observed changes in the macrophage
population (F4/80+ cells, gated on CD11b+ cells; Figure 2F). There was a 1.9 fold decline
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(p=0.04) in the F4/80+ macrophages in the TNYL-RAW-Fc treated group (Figure 2F).
Specifically, we noted a 1.4 fold decline (p=0.01) in the pro-tumorigenic M2 macrophages
(Arg1+F4/80+ cells) and a 16 fold increase (p<0.0001) in M1 macrophages (F4/80+iNOS+)
following TNYL-RAW-Fc treatment (Figure 2F). No significant differences were detected in
intratumoral CD11b+Ly6C+ monocytes (Figure 2F) or CD11b+Ly6G+ neutrophils (Figure
2F). We also observed a 1.7 fold upregulation (p=0.01) in the CD11C+ dendritic cell
population following EphB4-ephrin-B2 blockade (Figure 2F).

To distinguish whether the observed decrease in Tregs and M2 TAMs in the tumors is a
direct effect of intratumoral EphB4-ephrin-B2 inhibition or is due to systemic inhibition
(which could decrease exit of these immune cells from the bone marrow, as has been
previously reported for hematopoietic stem and progenitor cells (24)), we analyzed blood
samples collected from TNYL-RAW-Fc treated and control mice by flow cytometry. Our
data demonstrate that in the Ly2 tumor model, TNYL-RAW-Fc treatment does not
significantly affect circulating immune cells, including CD45+ cells, CD4+ and CD8+ T
cells, Foxp3+ Tregs, CD45+CD11b+ myeloid cells, and F4/80+ macrophages
(Supplementary Figure 4B). To confirm the involvement of adaptive immune components,
we performed systemic depletion of CD8+ T cells in the BALB/c mouse model, which
reversed the effects of TNYL-RAW-Fc enhancing tumor growth (p=0.01) (Supplementary
Figure 5A). Depletion of CD8+ T cells was confirmed by flow analysis (p=0.03)
(Supplementary Figure 5B).

In vitro inhibition of EphB4 in T cells decreases STAT3 phosphorylation and Ki67
expressing Tregs and alters the levels of key growth-promoting molecules

To understand the mechanisms by which EphB4-ephrin-B2 interaction affects T cell
numbers and function in HNSCC tumors, we conducted /n vitro analyses of CD4+T cells
isolated from the spleens of tumor-bearing mice and treated for 72 hours with recombinant
ephrin-B2-Fc. We selected recombinant ephrin-B2-Fc protein for /n vitro studies because at
high concentrations (20 pg/ml) it has been reported to inhibit certain EphB4 downstream
signals (34). We observed lower levels of tyrosine phosphorylated EphB4 in CD4+ T cells
treated with 20 pg/ml ephrin-B2-Fc than in CD4+ T cells treated with Fc control (Figure
3A). To confirm these results, we also treated the CD4+ T cells with PEGylated form of
TNYL-RAW peptide EphB4 antagonist (26), also known to block EphB4-ephrin-B2
interaction and observed similar effect.

We examined the effect of ephrin-B2-Fc treatment on Ki67 (a surrogate marker of
proliferation) expressing Tregs using flow cytometry and observed that ephrin-B2-Fc at 20
ug/ml concentration decreased Ki67 expressing Tregs by 1.7 fold (p=0.02) compared to the
Fc control treatment (Figure 3B). The percentage of total CD4+ T cells remained unchanged
between control and ephrin-B2-Fc treated groups (Supplementary Figure 6A). To examine
molecular mediators that might be affecting T cell function downstream of EphB4-ephrin-
B2, we focused on signaling molecules known to be involved in both T cell signaling and
EphB4-ephrin-B2 signaling. Substantial evidence from studies on normal physiology and
inflammation suggests that these involve a complex array of signaling pathways, including
P13-Kinase, MEK, STAT3, Src family kinases, and p38 MAPK pathways (35-37), which
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have previously been implicated in T cell activation and proliferation (35,36,38). In addition,
reports have suggested JAK/STAT as an Eph receptor downstream pathway and we have
previously demonstrated that blockade of EphB4-ephrin-B2 signaling combined with RT
decreases p-STAT3 in HNSCC tumors (16). Therefore, we examined changes in p-STAT3 in
Tregs after ephrin-B2-Fc treatment by flow cytometry. Our data show that 20 pug/ml ephrin-
B2-Fc and the PEGylated form of TNYL-RAW similarly decreased STAT3 phosphorylation
in Tregs (Figure 3C).

Tregs also constitutively express high levels of IL-2Ra and depend on IL-2 for proliferation,
survival and proper functioning. Since we observed decreased Ki67-expressing Tregs
following a high dose of ephrin-B2-Fc, we investigated if this may be mediated by reduced
secretion of cytokines such as IL-2. Our data indeed show a decrease in the secreted levels
of IL-2 (p=0.07) (Figure 3D) as well as of TGF-B (p=0.009) (Figure 3E), a key regulator of
Treg function (39), in the conditioned media of Treg cells treated with 20 ug/ml ephrin-B2-
Fc. We also performed CIBERSORT analysis on TCGA HNSCC dataset and failed to find
any correlation between Foxp3 and EphB4 or ephrin-B2. However, TGF-, a regulator and
mediator of Treg functionality (39) showed some correlation with ephrin-B2/EphB4 in
human HNSCC TCGA database on R2 analysis platform (Supplementary figure 6B—C). In
addition, decreased levels of pro-survival markers such as p-AKT, and Bcl-XL were
observed in T cell lysates by western blotting after 24 hours treatment with the high
concentration of ephrin-B2-Fc compared to the control-Fc (Supplementary Figure 6D). The
levels of cleaved caspase-3, on the other hand, increased following treatment with 20 pg/ml
ephrin-B2-Fc compared to the control-Fc (Supplementary Figure 6D).

Disruption of EphB4-ephrin-B2 signaling combined with radiation generates a potent anti-
tumor response in immunocompetent orthotopic HNSCC models

RT remains the mainstay of cancer treatment and is used in combination with
chemotherapeutic or targeted agents for the definitive management of HNSCC patients.
However, in addition to acting as an adjuvant to immunotherapy, RT also enhances the levels
of both EphB4 and ephrin-B2 in Ly2 tumors as shown in Supplementary Figure 7A-B.
Therefore, we evaluated the efficacy of combining EphB4-ephrin-B2 inhibitor, TNYL-
RAW-Fc, with RT to suppress tumor growth by modulating the tumor immune
microenvironment and mitigating the pro-tumorigenic effects of EphB4-ephrin-B2 signaling
in the Ly2 orthotopic model. We also compared the /n vivo efficacy of combined EphB4-
ephrin-B2 inhibition and RT with that of combined immune checkpoint inhibitor anti-PDL1
and RT. The experimental design is shown in Figure 4A.

Our data show that radiation alone (RT+lgG+pcDNAS3) reduced tumor growth by 2.2 fold
(p=0.0003) compared to the IgG+pcDNA3 control group (Figure 4B-D). However, when
TNYL-RAW-Fc was used in combination with RT, the combination group resulted in a 4.4
fold reduction compared to TNYL-RAW-Fc alone (p=0.0003) (Figure 4B-D). Importantly,
when EphB4-ephrin-B2 inhibition was combined with RT, a similar anti-tumor response was
generated as anti-PDL1 combined with RT (Figure 4B-D) at day 20 post-tumor
implantation. Triple combination with anti-PDL1+RT and TNYL-RAW-Fc did not add
additional synergy (Supplementary Figure 7C—E). Monitoring tumor growth over extended
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period of time showed enhanced tumor growth suppression in the RT+IgG+TNYL
combination group compared to RT+IgG+pcDNAS3 in Ly2 tumors (Supplementary Figure
7C-E). We also evaluated the efficacy of combining TNYL-RAW-Fc inhibitor with RT in
another aggressive HNSCC tumor model, Moc2 and it showed similar tumor growth
suppression in the combination groups compared to single-agent RT alone (Supplementary
Figure 7F-I1). Treating Moc2 tumors with RT resulted in a significant 1.59 fold reduction
(p<0.0001) in tumor growth compared to the control pcDNA3 group. When TNYL-RAW-Fc
inhibitor was combined with RT, it decreased tumor growth by 1.36 fold (p<0.005). The
irradiated groups when combined with either TNYL-RAW-Fc or anti-PDL1 resulted in
similar level of tumor growth suppression compared to RT alone at day 17 and day 21 post-
tumor implantation (Supplementary Figure 7G, H). Similar to the Ly2 model, combining
TNYL-RAW-Fc inhibitor with anti-PDL1+RT failed to show any additional benefit
(Supplementary Figure 7F-I).

To understand the contribution of EphB4-ephrin-B2 inhibition to immune modulation in the
presence of RT, we analyzed Ly2 tumors harvested from the control and TNYL-RAW-Fc
groups with and without RT by flow cytometry. Our data demonstrated that in the absence of
RT, EphB4-ephrin-B2 inhibition increased CD8+ T cell population (Figure 5A) without
affecting the CD4+ T cell subset (Figure 5B). Exposing Ly2 tumors to 10 Gy dose of RT
resulted in a significant enhancement of both CD8+ T cells and CD4+ T cells at day 3 post-
RT (Figure 5A, B). EphB4-ephrin-B2 inhibition with RT did not affect these T cell
populations compared to RT alone (Figure 5A, B). We observed a 1.6 fold decline in the
Treg population with RT treatment compared to the control group at day 3 post-RT
(p=0.009) (Figure 5C). Addition of TNYL-RAW-Fc to RT resulted in a further decline (~2.7
fold total) in the tumor-infiltrating Tregs compared to both of the single agents (Figure 5C).
The CD8+ T cell to Treg ratio was also significantly increased in the combination treatment
compared to control or TNYL-RAW-Fc treatment (Figure 5D). To examine the effect of
EphB4-ephrin-B2 inhibition with RT on T-cell function, we evaluated the percentage of
activated CD8 T cells (CD8+IFN-y+) (Figure 5E) and activated conventional CD4 T cells
(CD4+Foxp3-1FN-y+) (Figure 5F). We observed an increase in the percentage of both in the
combination group (2.2-2.4 fold) compared to TNYL-RAW-Fc alone. In addition, inhibiting
EphB4-ephrin-B2 interaction with RT also resulted in a significant increase in CD4+Foxp3-
IFNy+ cells (2.2 fold) (p=0.04) compared to RT alone (Figure 5F). Increased levels of
secreted IP-10/CXCL10, a potent chemokine that attracts functional cytotoxic T cells, was
induced by TNYL-RAW-Fc or RT treatment, and further increased by the combination of
both treatments compared to RT (Figure 5G). Finally, a 1.4 and 1.8 fold decrease in
circulating TGF-B, an output of Tregs’ immunosuppressive action, was observed with the
TNYL-RAW-Fc and RT treatment, respectively, compared to the control group (Figure 5H).
Combining TNYL-RAW-Fc with RT further potentiated the decrease in TGF-p levels
(p=0.02 compared to RT) (Figure 5H).

Combined EphB4-ephrin-B2 inhibition and radiation decreases the infiltration of tumor-
associated macrophages independently of the effect on T cells

To determine whether the decrease in TAMs is a direct consequence of the changes in Tregs,
which are known to promote monocyte differentiation to macrophages, we tested the effect
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of EphB4-ephrin-B2 inhibition in nude mice, a T cell independent model. We used HNSCC
PDX tumor models known to preserve the tumor environment and mimic human cancers.
We have previously shown a significant decrease in tumor growth following EphB4-ephrin-
B2 inhibition using sEphB4-HSA in combination with radiation only or radiation and the
EGFR inhibitor cetuximab (16,17). SsEphB4-HSA is a soluble protein that inhibits the
interaction between EphB4 and ephrin-B2 by binding to ephrin-B2 (while TNYL-RAW
inhibits the interaction by binding to EphB4) (26). We measured TAM infiltration by using
T2 weighted-MRI with iron oxide (SPIO) accumulation in a HNSCC PDX tumor model. We
observed that while RT by itself considerably increases SPI1O uptake as represented by
decreased signal intensity, inhibiting EphB4-ephrin-B2 interaction with SEphB4-HSA
reversed this effect of RT (p<0.05) (Supplementary figure 8A, B).

These imaging data were further corroborated by IF staining using CUHNO13 tumors
harvested from control and experimental groups. This demonstrated that inhibition of
EphB4-ephrin B2 with sEphB4-HSA in combination with RT significantly decreases the
percentage of TAMs, as determined by the reduction in the staining for the pan-macrophage
markers CD107b+ and F4/80+ compared to either treatment alone (Figure 6A—C). We also
observed a decrease in the staining for CD163+ M2 macrophages (Figure 6A, D), and an
increase in the staining for Gpr18+ M1 macrophages (Figure 6A, E) in CUHNO013 tumors,
suggesting that EphB4-ephrin-B2 inhibition and RT shift the polarization of macrophages
from the pro-tumor M2 phenotype to the anti-tumor M1 phenotype. This is also evident in
the increased ratio of M1 to M2 markers (Gpr18:CD163), which is potentiated in the
combination group (Figure 6F). Finally, analysis of circulating cytokine/chemokine profiles
demonstrates that combining SEphB4-HSA with RT significantly decreases the levels of
macrophage colony-stimulating factor (M-CSF), a key differentiation factor that mediates
M2 polarization, compared to the single agent treatments (40) (Figure 6G). This is
accompanied by a marked increase in the levels of both GM-CSF (Figure 6H) and IFNy
(Figure 61), particularly in the combination treatment group as compared to either SEphB4-
HSA alone or RT alone. Both GM-CSF and IFN+y are known to favor M1 polarization (40).
Thus, taken together, our data indicate that combined EphB4-ephrin-B2 inhibition and RT
induce an anti-tumor immune response by affecting macrophage polarization.

A low M1/M2 ratio correlates with poor survival and disease-free survival in HNSCC

In light of our data showing that EphB4-ephrin-B2 inhibition favors a polarization towards
an M1 phenotype, we performed TCGA and CIBERSORT analysis to examine the
significance of such polarization on the survival of HNSCC patients. Our analysis revealed
for the first time that a significant correlation exists between lower M1/M2 ratio and poor
overall survival as well as disease-free survival (Supplementary figure 8C, D). The analysis
was based on a cut-off M1/M2 ratio of 0.5. When the M1/M2 ratio is < 0.5, patients have
poor overall survival rates compared to patients with M1/M2 ratio > 0.5. The median
survival for patients with M1/M2 ratio > 0.5 was 65.8 months compared to 32.8 months
(p=0.0170) for patients with M1/M2 ratio < 0.5 (Supplementary figure 8C). Furthermore,
the median time to disease progression in patient cohort with M1/M2 ratio > 0.5 was 76.2
months compared to 53.1 months (p=0.0111) for patients with < 0.5 M1/M2 ratio
(Supplementary figure 8D). When we interrogated the HNSCC datasets, we observed no
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correlation between EphB4 or ephrin-B2 expression and composite M2-related
macrophages. Some positive correlation was however evident between ephrin-B2 and M2
marker-HRH21 (Supplementary figure 8E-F).

Discussion

The advent of immunotherapy has shown promising outcomes in several disease models,
albeit the response rates have been sub-optimal (41). In addition, immune-related adverse
toxicity and development of resistance poses a major hurdle that compromises the efficacy
of immunotherapeutic agents (5,42). Thus, it is important to search for alternate therapeutic
strategies that can remodel the tumor immune microenvironment to generate a potent anti-
tumor immune response.

Multiple pieces of evidence show that EphB4-ephrin-B2 interaction regulates different
immune cell processes, including proliferation, survival, apoptosis, activation, and migration
(22,23,34,38). The reported effects vary in different studies, possibly due to different levels
of blockade of Eph receptor-ligand interaction (23,34,38). A report by Kawano ef al.,
examined the total CD3 T cell population without distinguishing between different subset of
T cells, making it challenging to appreciate the full spectrum of the biological impact of
EphB4-ephrin-B2 signaling (34). Our data are the first to show a differential effect of
EphB4-ephrin-B2 blockade on different T cell populations in a HNSCC model, with
selective targeting of Tregs.

Tregs present in the TME act as one of the major immunosuppressors, dampening the
activity of Teffector cells and immunotherapy-induced anti-tumor responses (5). The
outcome of an anti-tumor immune response depends on the balance between the activities of
intratumoral Teffector cells and immune suppressive cell populations, including Tregs. Our
data show that the decrease in Tregs observed with inhibition of EphB4-ephrin-B2
interaction in orthotopic HNSCC models is associated with increased activation of the CD8+
and CD4+Foxp3- conventional CD4 T cells known to be involved in anti-tumor immune
response. In addition, increased T cell activation is also inferred with EphB4-ephrin-B2
inhibition combined with RT, based on the increased circulating plasma levels of 1P-10/
CXCL10, which is a member of the CXC chemokine family that binds to the CXCR3
receptor on Teffector cells to enhance chemotaxis, activation, growth, and angiostatic effects
(43). In contrast, the levels of circulating TGF-p1, a master regulator of Treg function (39),
were significantly reduced by the combination of EphB4-ephrin-B2 inhibition and RT. In
addition to its effects on T cell subsets, EphB4-ephrin-B2 inhibition also increased the
dendritic cell population, which is known to be involved in antigen presentation. These data
are in agreement with a report demonstrating that Tregs cross-talk with intratumoral
dendritic cells to suppress an activated T cell response and that Treg ablation in turn results
in an effective anti-tumor response by restoring immunogenic CD11C+ dendritic cells and
activating the CD8+ T cell population (44). Our results are also concordant with what is
known for functional roles of receptor tyrosine kinases. Several studies have reported that
AXL, another tyrosine receptor kinase similar in structure and function to EphB4, has
effects on both cancer cell as well as immune cells (45,46). AXL inhibition has been shown
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to induce an anti-tumor immune response in syngeneic ovarian cancer and lung cancer
models (45).

The impact of Tregs in HNSCCs has been a controversial topic (47-50). While a positive
correlation between Tregs and prognosis has been reported in a meta-analysis in HNSCCs
(47), it is important to note that the data presented are highly heterogenous and the study
only focused on univariate analysis of the results. In a study by Mandal et a/. (48), such
prognostic significance of Tregs was lost on multivariate analysis after adjustment for other
immune cells. These results indicate that Treg levels in HNSCC co-vary with broader trends
among T cell populations, and that Treg levels in isolation may not represent the overall net
level of immune activation or suppression in the TME. Supportive of a role of Tregs in
driving resistance to treatment are also results from a cross sectional study showing that in
the setting of postoperative chemoradiation, Tregs were increased in frequency and persisted
afterwards especially in those with active disease and could be responsible for suppression
of anti-tumor immune responses and recurrence in HNSCC (50). Consistent with these
findings, Hanna et al. (49), demonstrated a correlation between an inflamed tumor subtype
in the recurrent, metastatic squamous cell carcinoma with improved survival compared with
a non-inflamed subtype characterized by low CD8+ T cells, low PD-1/TIM3 co-expression,
and higher Tregs.

The mechanisms of how Tregs suppress Teffector function and how EphB4-ephrin-B2
interaction contributes to this effect remain a subject of investigation. Our /n vitro data show
that inhibition of EphB4-ephrin-B2 function decreases Ki67+Tregs and decreases circulating
IL-2. The contribution of baseline peripheral Ki67+ Tregs in response to immunotherapy has
been recently shown to be directly, and unexpectedly, a positive correlation. In an analysis of
CheckMatel41 trial, baseline Ki67+ Treg levels were found to be lower in non-responders
whereas PD-1+Treg population was significantly reduced following nivolumab (anti-PD1
antibody) treatment in both responders and non-responders (51). While these data might
seem counterintuitive, and they only apply to baseline circulatory levels which may or may
not reflect the dynamics of the TME, they nevertheless highlight an important unmet need in
terms of understanding of Treg biology. An elegant study by Maj et al., 2017 (52), has
shown that all Tregs within the ovarian cancer TME express high Ki67. But it is the
apoptotic Tregs, induced by a highly acidic and hypoxic TME, that mediate that mediate
immunosuppression via the adenosine pathway (52). Others have argued that Tregs suppress
Teffectors by consumption of IL-2 thus forcing Teffectors to undergo lymphokine
withdrawal apoptosis (53). Our data support a decrease in Ki67+ Tregs and total numbers of
Tregs upon TNYL-RAW mediated EphB4-ephrinB2 inhibition along with a decrease in
circulating IL2 levels. We observe an increase in CD8 T cell activation status, which we
believe is due to direct removal of Treg immunosuppression. However, the exact
mechanisms of how EphB4-ephrin-B2 inhibition might be influencing Tregs
immunosuppressive activity on Teffectors remain unclear. We are employing conditional
knockouts of EphB4 and ephrin-B2 for a more in-depth understanding of the mechanisms by
which the interaction of the EphB4 receptor with its cognate ligand affects the immune
microenvironment in the TME. This along with human samples from clinical trials
employing EphB4-ephrin-B2 inhibitors in HNSCCs should improve such understanding.
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Using the R2 analysis on HNSCC datasets, we found EphB4 and ephrin-B2 levels to
correlate with TGF-B, a regulator and mediator of Treg function (39), as well as HRH1-a
mediator of M2 function (54). No specific correlation was found between either EphB4 or
ephrin-B2 and Foxp3 or composite M2 markers in our CIBERSORT TCGA analyses. These
data, however, have to be interpreted with caution. First, CD25 is not included in the
CIBERSORT analysis so the validity of defining a “Treg” population remains to be
established using this approach. Second, correlating gene expressions with immune
signatures in the TCGA analysis remains a challenge, particularly for genes richly expressed
on the stroma. This has been attributed to tumor purity (55), where the presence of non-
tumor cell populations such as immune cells, endothelial, and stromal cells in the surgical
specimens can skew the analyses of cancer gene expression profiles. It should be further
noted that such tumor purity can act as a key confounding factor when deducing correlation
between gene expression, mutational burden, gene clustering, and molecular taxonomy and
should be taken into consideration (55). We know based on our data that ephrin-B2 is
present on some cancer cells and stroma while EphB4 is present both on cancer cells and
stroma including Tregs. This calls into question the validity of such data and awaits
confirmation by flow cytometry in future clinical trials.

Whether the increase in the CD8 T cell/Treg ratio induced by TNYL-RAW-Fc is
intratumoral or systemic is an important distinction in light of the published literature
showing the role of EphB4-ephrin-B2 in regulating mobilization of hematopoietic stem and
progenitor cells from the bone marrow (24). Using genetically engineered mouse models as
well as subcutaneous ovarian and breast cancer mouse xenograft models, Kwak et af.
showed that EphB4 regulates transendothelial migration of hematopoietic stem/progenitor
cells from bone marrow sinusoids, and that EphB4-ephrin-B2 inhibition decreases both
blood and tumor infiltrating hematopoietic stem/progenitor cells and thus tumor growth (24).
In contrast, we did not observe changes in circulating lymphocytes, suggesting that the effect
is likely exerted intratumorally. During development, ephrin-B ligands were also recently
demonstrated to act on T cell homing by blocking their recruitment and retention via
chemorepulsive interactions with EphB-receptor-expressing Teffector cells in germinal
centers (56). This is not surprising in view of the previous report by Korff et al. (57),
suggesting that ephrin-B2 is expressed on the luminal surface of resting endothelial cells and
EphB receptors are present on circulating leukocytes.

The mechanisms by which EphB4-ephrin-B2 interaction alters T cell numbers and function
remain poorly understood. Suppression of T cell function has been demonstrated for Eph/
ephrin family members (22,23,35). Inhibition of CD4+ T cell proliferation has been
previously demonstrated in response to ephrin-Al signaling (22), a process that is likely
mediated by activation of Src-family kinases, AKT phosphorylation, and T cell apoptosis
blockade (35). Other signaling pathways such as MEK, STAT3, and p38 MAPK have also
been implicated in T cell activation and proliferation (35,36,38). EphB4-ephrin-B2
interaction between mesenchymal stem cells and T cells can also suppress T cell
proliferation (23). Conflicting data, however, also suggest that the Eph/ephrin system can
stimulate T cell function (58,59). These functional contradictions could be explained by the
concentration of available ligand that might result in different responses on T cells. A recent
study showed that the involvement of ephrin-B1 and ephrin-B2 in T cell proliferation is dose
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dependent (34), whereby low doses enhanced CD3-mediated murine T cell proliferation and
an opposite effect was observed at higher doses (34). Our data show that at high
concentration, ephrin-B2-Fc decreases Ki67-expressing Treg population. In addition, we
also observed a decrease in the levels of p-AKT and BCL-XL in T cells at high ephrin-B2-
Fc concentration similar to what has been previously reported (34-38).

Another immune cell population that has emerged as a main target of EphB4-ephrin-B2
inhibition are the tumor-associated macrophages (TAMs). Overexpression of EphB4 on
monocytes has also been shown to augment monocyte adhesion (21). In atherosclerosis, it
was shown that endothelial ephrin-B2 activates the EphB2 receptor on monocytes and
induces cytokine expression in monocytes (18). In this study, we show that inhibition of the
interaction between EphB4 and ephrin-B2 causes a significant reduction in TAMs. While a
decrease in intratumoral myeloid cells has been shown before with EphB4-ephrin-B2
inhibition and attributed to decreased exit of hematopoietic stem and progenitor cells from
the bone marrow (24), in our HNSCC tumor models we show a specific decrease of pro-
tumoral M2 macrophages compared to the anti-tumoral M1 macrophages. Our TCGA
analysis further shows that the M1/M2 ratio is a prognostic predictor of both disease-free
survival and overall survival in the HNSCC patient population. Our data is in concordance
with the published reports suggesting that polarization of TAMs toward a M2 phenotype,
indicated by a lower M1/M2 ratio predicts for poor response to chemoradiation and shorter
survival in locally advanced cervical cancer (60). The polarization of TAMs toward M1
phenotype upon inhibition of EphB4-ephrin-B2 is most evident when combined with RT. In
oral cavity cancers, the recolonization of tumors by M2-like macrophages post-RT has also
been shown to elicit the secretion of pro-angiogenic factors that contribute to neo-
angiogenesis, favoring tumor regrowth (61). In our HNSCC model, we show that the
combined treatment with an EphB4-ephrin-B2 inhibitor and RT decreases macrophages with
the M2 phenotype.

Radiation therapy remains the standard of care treatment in the definitive management of
patients with locally advanced HNSCCs and can act as an adjuvant for immunotherapy but
there are some undesirable effects mounted in response to RT that in turn compromises the
efficacy of immunotherapeutic agents. RT is unable to overcome the accumulation of
immunosuppressive populations such as Tregs in the later (repair) phase (5). Therefore,
finding other treatments that synergize with RT and counteract its negative effects is critical
to overcome adverse side-effects, treatment resistance, and tumor regrowth. In addition, we
observed that RT upregulates EphB4 and EFNB2 mRNA levels in murine Ly2 tumors
particularly in the late phase of tumor regrowth. Therefore, combining RT with EphB4-
EFNB2 inhibitor (TNYL-RAW-Fc) provides rationale in mitigating the undesirable pro-
tumor effects triggered as a result of EphB4-EFNB2 signaling. Our data demonstrate that
inhibiting EphB4-ephrin-B2 signaling using TNYL-RAW-Fc significantly enhances the
radiosensitivity of Ly2 tumors and suppresses tumor growth. Combining TNYL-RAW with
RT counteracts the negative influence of RT by further inhibiting Tregs and M2
macrophages and resulting in an effective anti-tumor immune response, enhanced cytotoxic
T cell function, and tumor growth suppression. It is also interesting to note that the
magnitude of tumor reduction following TNYL-RAW-Fc administration with RT is similar
to immune checkpoint inhibitor (anti-PDL1 antibody) combined with RT particularly at
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early time-points. We further investigated whether combining EphB4-ephrin-B2 inhibitor
with Anti-PDL1+RT can generate synergistic response but we failed to observe any
enhanced benefit in the triple combination group in terms of tumor growth reduction in both
Ly2 and Moc2 tumor models suggesting that alternate tumor growth promoting pathways
such as EGFR that might be involved in cross-talk with EphB4-ephrin-B2. This further
suggests that combined blockade of these two pathways might elicit a more effective anti-
tumor response. This is not surprising in view of the fact that EGFR-targeted agents have
been shown to induce tumor regression by stimulating tumor-specific immune responses
(62) and warrants further scrutiny in our tumor models. Nonetheless, our study provides
supportive evidence suggesting that EphB4-ephrin-B2 blockade with RT alters both innate
and adaptive arms of the immune system as demonstrated in both immunocompetent and
PDX HNSCC models using two different inhibitors targeting the EphB4-ephrin-B2 axis.

Overall, our study is the first report demonstrating the novel role of EphB4-ephrin-B2
interaction in remodeling the tumor immune microenvironment in HNSCC. Our findings
offer a potential alternative in the form of EphB4-ephrin-B2 targeted therapeutics that can be
tested in clinical trials in combination with RT for the treatment of HNSCC patients.
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Findings present EphB4-ephrin-B2 inhibition as an alternative to anti-PDL1 therapeutics
that can be used in combination with radiation to induce an effective anti-tumor immune

response in HNSCC patients.

Significance:
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Figure 1. EphB4 isexpressed in HNSCC tumor cells, and ispresent at elevated levelsin both
Tregs and macrophages compared to ephrin-B2.

IHC analysis was performed on Ly2 tumor sections and CUHNO13 human tumors (A) and
data show the presence of EphB4 on cancer cells and stroma while ephrin-B2 was present on
some cancer cells and on stroma. Scale bar: 100 um. Analysis of Wicker dataset and Salazer
dataset show high levels of EphB4 versus ephrin-B2 on Tregs and macrophages respectively
(B). Analysis of the ImmGen database also shows high expression of EphB4 in Tregs and
macrophages compared to ephrin-B2 (C). IF staining showing co-localization of Foxp3
(Treg marker) and F4/80 (macrophage marker) with EphB4 or ephrin-B2 in Ly2 tumors (D).
Total magnification=200x.
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Figure 2. Inhibition of EphB4-ephrin-B2 by TNYL-RAW-Fc resultsin a significant tumor
growth reduction, decreased intratumoral Tregsand TAMs, and increased T cell activation in
orthotopic HNSCC models.

The experimental design is shown in A. Blockade of EphB4-ephrin-B2 in mice
hydrodynamically injected with the TNYL-RAW-Fc plasmid (20 pg/mouse) results in a
significant decrease in tumor growth in Ly2 (B and C) and Moc2 (D and E) tumor-bearing
mice. Ly2 tumors from mice treated with either pcDNA3 or TNYL-RAW-Fc plasmids were
harvested 11 to 18 days after plasmid administration. Tumors were processed and subjected
to mass cytometry analysis. Bar diagrams show quantitative differences in tumor-infiltrating
population of immune cells labeled with the indicated markers following TNYL-RAW-Fc or
control treatment (F). All the immune cells were gated on parent immune cell CD45+
population. Data represent mean + SEM. Student’s t-test was used to calculate the
significance of the difference between the groups. *p<0.05, **p=0.001-0.01, ***p=0.0001—
0.001.
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Figure 3. Treatment with a high (inhibitory) concentration of ephrin-B2-Fc reduces Ki67-
expressing Tregs, STAT3 phosphorylation, and TGF-p1 and IL-2 levelsin Tregsin vitro.
Western blot analysis of isolated CD4+ T cells treated with 20 pg/ml ephrin-B2-Fc for 72
hours shows a decrease in EphB4 tyrosine phosphorylation as compared to the control
treatment group (2.5 ug/ml). PEGylated TNYL-RAW (EphB4 antagonist) show similar
effect (A). Flow cytometry analysis of T cells demonstrates decreased Ki67-expressing
Tregs (CD4+Foxp3+Ki67+) following a 48 hour treatment with a high dose (20 pg/ml) of
ephrin-B2-Fc or PEG-TNYL-RAW (4.5 pg/ml) (B). The concentration of 20 pg/ml ephrin-
B2-Fc has an inhibitory effect on p-STAT3 at the 24 hours time-point, similar to 4.5 pg/mi
PEG-TNYL-RAW (C). Conditioned media collected at 24 hours from Tregs treated with
control-Fc, and 20 pg/ml ephrin-B2-Fc were subjected to TGF-B1 ELISA assay or to a U-
plex mesoscale cytokine array to determine change in secreted IL-2 levels (D) and TGF-p1
levels (E). Data represent mean + SEM. The Student’s t-test or one-way ANOVA were used
to calculate the significance of differences between the groups.*p<0.05, **p=0.001-0.01.
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Figure 4. Inhibition of EphB4-ephrin-B2 interaction combined
tumor growth suppression in orthotopic model of HNSCC.
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The experimental design is shown in (A). Inhibition of EphB4-ephrin-B2 interaction through
hydrodynamic injection of the TNYL-RAW-Fc plasmid (20 pg/2 ml PBS/mouse) enhances
the sensitivity of Ly2 tumors to RT (10 Gy) (B). The dot plot shows tumor volumes on day
20 post-tumor implantation and shows significant differences between control and
experimental groups (C). Tumor volumes of individual mice within a group are represented
by spaghetti plots (D). One-way ANOVA was used to calculate the significance of the
differences between groups in figure C. Data represent mean + SEM. *p<0.05, **p=0.001-

0.01, ***p=0.0001-0.001.
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Figure5. Inhibition of EphB4-ephrin-B2 signaling combined with RT inhibits HNSCC tumor
growth by reducing Treg infiltrates and by enhancing activation of both CD4+Foxp3-
conventional CD4+Foxp3- T cellsand CD8+ T cells.

Tumors from control and experimental groups were harvested at 3 days after RT (10 Gy),
processed and subjected to flow cytometry analysis. Data represent changes in immune
infiltrates including CD8+ (A) CD4+ (B) Foxp3+ (C) cells and the CD8+ T cell/Treg ratio
(D). Flow cytometry analysis also shows an increase in the percentage of activated
CD8+IFNy+ (E) and CD4+Foxp3-IFN-y+ conventional CD4+Foxp3- T cells (F) in the
combination group compared to the control and TNYL-RAW-Fc groups. Plasma samples
were collected 3 days after RT and subjected to a U-plex mesoscale cytokine array or ELISA
assay. An increase in the circulating 1IP-10/CXCL10 levels (G) along with a reduction in
TGF-p1 (H) is evident in the combination treatment group compared to the control and
single agent cohorts. One-way ANOVA was used to calculate the significance of the
differences between the groups. Data represent mean + SEM. *p<0.05, **p=0.001-0.01,
***p=0.0001-0.001, ****p<0.0001.
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Figure 6. Targeting of EphB4-ephrin-B2 interaction combined with radiation decreasestumor-
associated M 2 macrophagesin PDX models of HNSCC.
Immunofluorescence analysis shows decreased CD107b, F4/80, CD163, and increased

Gprl8 staining in CUHNO13 tumors treated with sEphB4-HSA and RT compared to single
agents or the PBS control group (A). CD107b and F4/80 represent pan-macrophage markers,
CD163 is a specific marker for M2 macrophages and Gpr18 is a marker for M1
macrophages. Quantitative analysis for different macrophage markers is shown in (B-F).
Significant changes in the levels of inflammatory cytokines and chemokines are evident in
plasma samples /in vivo when EphB4-ephrin-B2 inhibition is combined with RT. Plasma
samples were collected 96 hours after RT from the mice implanted with CUHNO013 tumors
and treated with PBS, sEphB4-HSA, PBS and RT, or sEphB4-HSA and RT and analyzed
using a mouse cytokine array (G-I). One-way ANOVA was used to calculate the significance
of the differences between the groups. Data represent mean + SEM. *p<0.05, **p=0.001-
0.01, ***p=0.0001-0.001, ****p<0.0001. Scale bar: 100 um.
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