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ABSTRACT

Preclinical evidence suggests that high-dose hypofractionated ionizing radiation (IR) can enhance anti-
tumor immunity and result in significant tumor control when combined with immune checkpoint
blockade (ICB). However, low-dose daily fractioned IR used for many tumor types including head and neck
squamous cell carcinoma results in lymphopenia and may be immunosuppressive. We compared immune
correlates, primary tumor and abscopal tumor control rates following the addition of PD-1 mAb to either
high-dose hypofractioned (8Gyx2) or low-dose daily fractionated (2Gyx10) IR in syngeneic models of
cancer. When compared to 2Gyx10 IR, 8Gyx2 IR preserved peripheral and tumor-infiltrating CD8* T-
lymphocyte accumulation and activation and reduced peripheral and tumor gMDSC accumulation.
Regulatory T-lymphocytes were largely unaltered. Type | and | IFN levels and expression of IFN-responsive
MHC class | and PD-L1 was enhanced in tumors treated with 8Gyx2 compared to 2Gyx10 IR. Functionally,
tumor-specific CD8" T-lymphocyte IFN responses within tumor draining lymph nodes were enhanced
following 8Gyx2 IR but suppressed following 2Gyx10 IR. When combined with PD-1 mAb, reversal of
adaptive immune resistance and subsequent enhancement of CD8+ cell dependent primary and
abscopal tumor control was observed following 8Gyx2 but not 2Gyx10 IR. These data strongly support
that compared to daily fractionated low-dose IR, high-dose hypofractionated IR preserves or enhances
anti-tumor immunity and, when combined with PD-1 mAb to reverse adaptive immune resistance,
promotes anti-tumor immunity to control primary and distant tumors. These data critically inform the
rational design of trials combining IR and ICB.
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Introduction
its widespread availability and use, IR may represent an ideal

Immune checkpoint blockade (ICB) has emerged as a promis-
ing treatment option for many cancers. However, only a small
subset of patients with recurrent/metastatic head and neck
squamous cell carcinoma (HNSCC) demonstrate durable
responses to ICB."” Given our current understanding that pro-
grammed death (PD)-based ICB primarily reverses adaptive
immune resistance only,” combining ICB with other anti-can-
cer therapies that have the potential to activate an anti-tumor
immune response could increase response rates.

Ionizing radiation (IR) is a mainstay of treatment for many
cancer types, including HNSCC.* Through many mechanisms,
IR can both enhance the diversity of tumor antigens visible to
the adaptive immune system®” and induce serum transducer
of interferon genes (STING)-dependent production of type I
interferon (IFN) signals needed for the initiation of innate, and
subsequently adaptive, anti-tumor immune responses.*’ Given

adjuvant to immunotherapy and given its ability to induce
anti-tumor immunity, be additive or synergistic with ICB
through reversal of adaptive immune resistance. However, radi-
ation administered in many daily, low-dose fractions for many
cancer types can result in significant lymphopenia and immune
suppression.' !

Several preclinical studies have demonstrated additive or
synergistic responses with combination IR and ICB,>>'*"** but
often use single high-dose or hypofractionated IR regimens
that are not translatable to cancer types such as HNSCC that
are treated with low-dose, daily fractionated IR. Here we report
head-to-head results directly comparing immune correlatives
and tumor control of daily, low-dose fractionated IR (2Gyx10)
and high-dose hypofractionated (8Gyx2) IR in syngeneic mod-
els of oral cavity carcinoma and, to establish generalizability of
our findings, colon adenocarcinoma. We demonstrated that
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8Gyx2 IR results in preservation of peripheral and tumor-infil-
trating effector immune subsets, reduction of immunosuppres-
sive cell subsets, increased expression of PD-1/L1 within the
tumor microenvironment (TME) and enhancement of tumor
tumor-specific immune responses. Treatment of these tumors
with 2Gyx10 suppressed anti-tumor immunity. Accordingly,
the addition of PD-1 mAb to 8Gyx2 but not 2Gyx10 reversed
adaptive immune resistance and resulted in CD8" cell-depen-
dent control of both primary and abscopal tumors. These
results provide necessary pre-clinical data to help guide the evi-
dence-based design of clinical trials combining IR and ICB.

Results

Daily, low-dose fractionated and high-dose
hypofractionated IR alone result in similar control
of primary tumor growth

To compare primary tumor control following daily, fraction-
ated IR or high-dose, hypofractionated IR, mice bearing estab-
lished syngeneic MOCI1 oral carcinomas or MC38-CEA colon
adenocarcinomas were treated with either 2Gyx10 or 8Gyx2
IR. In both models, these IR regimens resulted in similar
degrees of modest tumor growth control (Fig. 1A). Given clini-
cal evidence that patients receiving daily fractionated IR
develop lymphopenia'®'! and pre-clinical evidence that differ-
ent IR regimens variably alter the tumor microenviron-
ment,””'*> we hypothesized that these two IR regimens would
variably alter immune infiltration and activation within the
TME despite little difference in primary tumor growth control.
To examine this, we performed flow cytometric analysis on
tumor and splenic tissues over time at specific intervals follow-
ing the start of either IR regimen (Fig. 1B).

8Gyx2 alters the accumulation of peripheral and TME
immune cell subsets to a greater degree than 2Gyx10

Mice bearing established MOC1 or MC38-CEA tumors were
treated with 8Gyx2 or 2Gyx10 IR, and tumor and spleens
were harvested at 5, 10 and 20 days after the start of IR for
immune correlative analysis. We first evaluated the accumula-
tion of effector immune cells. 8Gyx2 IR resulted in preservation
of CD8 and CD4 TIL infiltration that decreased with either
tumor progression (control) or 2Gyx10 IR, and generally
resulted in higher expression of CD107 a and PD-1 on CD8

TIL in both models (Fig. 2A&B). Similarly, peripheral CD8 T-
lymphocyte counts were preserved following 8 Gyx2 but con-
sistently decreased following 2Gyx10 IR in MOC1 tumor-bear-
ing mice (Supplemental Fig. 1). While NK or DC infiltration
was minimally altered between the two IR regimens in both
models, mature macrophages were consistently polarized more
toward an M1 phenotype following 8Gyx2 IR compared to
2Gyx10.

We next assessed accumulation of immunosuppressive cells
in the periphery and TME. MOCI tumors have local immuno-
suppression driven primarily by gMDSC.'® Notably, 8Gyx2 but
not 2Gyx10 IR resulted in a significant reduction in both tumor
and peripheral gMDSC (Fig. 3A). gMDSC were also reduced in
MC38-CEA tumor-bearing mice, but this is of unclear signifi-
cance as mMDSC appear to be the dominant MDSC phenotype
in these mice, and mMDSC accumulation was consistently
increased following IR in both the tumor and periphery
(Fig. 3B). Accumulation of Tregs was consistently increased in
the periphery after 2Gyx10 IR in both models, but was unal-
tered in the MC38-CEA TME and only modestly increased in
the MOC1 TME after 8Gyx2 IR. Thus, cumulatively, IR with
8Gyx2 appeared to favor greater preservation of effector
immune cells with increased expression of activation markers
and checkpoints, as well as reduction in gMDSCs, compared to
IR with 2Gyx10.

8Gyx2 but not 2Gyx10 IR induces expression of IFN
and IFN-responsive genes on tumor cells within the TIE

Interferon (IFN)-responsive genes MHC class I and PD-L1 may
be altered within the TME following IR.'”'® We next hypothe-
sized that different regimens of IR, through modulation of
immune cell subsets within the TME, would alter IFN levels
and expression of these genes. Analysis of whole tumor lysates
demonstrated enhanced production of type I (IFNp) and type
II IFN (IFENy) within the TME following 8Gyx2 compared to
2Gyx10 IR (Fig. 4A). This correlated with significantly
increased expression of tumor cell MHC class I (H2-K®/D)
and PD-L1 in both models (Fig. 4B). The effector cytokine
TNFo was also expressed to a significantly greater extent in
tumors irradiated with 8Gyx2.

Immune correlative analysis of human tissues indicates
that expression of PD-L1 on infiltrating immune cells
within the TME may also predict responses to PD-based
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Figure 1. 8Gyx2 and 2Gyx10 IR alone results in similar degrees of primary tumor control. A, 5 x 10° MOC1 or 1 x 10°> MC38-CEA cells were injected subq into the legs of
WT B6 mice (n = 10 mice/group), allowed to engraft, and treated with IR starting day 10 (black arrow). Primary tumor growth was measured 2-3/week. Shown are results
from one of three independent experiments, each with similar results. B, schema for acquisition of primary tumor and spleens for immune correlative analysis.
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Figure 2. 8Gyx2 and 2Gyx10 IR variably alters effector immune infiltration and activation within the TME. Primary tumor tissues (n = 5/time point) were harvested 5, 10
and 20 days after the start of either 8Gyx2 IR (black lines), 2Gyx10 IR (grey lines) or no IR (dashed lines) and prepared single cell suspensions were analyzed via flow cyto-
metric analysis. A, Effector immune cell infiltration into MOC1 primary tumors. B, Effector immune cell infiltration into MC38-CEA primary tumors. Quantification of tumor
infiltration of immune cells presented as absolute number of cells per 1 x 10* live cells analyzed. Quantification of expression of specific markers presented as MFI. Cell
subset definitions included CD8 TIL (CD3*CD8*), CD4 TIL (CD3*CD4*FoxP37), NK (CD3™NK1.1"), DC (CD11 ¢*, CD11b™'~, PDCA*'~) and macrophages (CD11b*F4/
807CD11 ¢™). All cells were CD45.2" and 7AAD ™. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t test) compared to control tumors for each time point.

ICB." Within the TME of both models, 8Gyx2 but not
2Gyx10 consistently enhanced PD-L1 expression on both
total CD45.2%" immune cells and more specifically on
CD11b* myeloid cells (Supplemental Fig. 2). Taken
together, these data indicate that 8Gyx2 IR more efficiently
induces production of type I IFNs, effector cytokines and
IFN-responsive genes MHC class I (H2-K®/D®) and PD-L1
within the TME compared to 2Gyx10 IR.

Given the significant reduction in gMDSC infiltration into
MOC1 tumors, we measured expression of myeloid chemo-
kines within the TME of irradiated tumors. While 8Gyx2 IR
reduced gMDSC infiltration, neither IR regimen appeared to
significantly do so by altering expression of VEGF or CXCL1
within the TME of either model (Fig. 4C).

2Gyx10 but not 8Gyx2 IR suppresses tumor-specific
T-lymphocyte responses in TDLNs

While the above immune correlative data suggest that
8Gyx2 enhances local immunity to a greater degree than
2Gy10 IR, we hypothesized that different IR regimens could

directly alter tumor-specific T-lymphocyte responses. To
assess this, we sorted T-lymphocytes from the TDLN of
tumor-bearing mice following IR and assessed for cellular
tumor-specific IFNy production. Of note, based on our
mouse radiation jig design, TDLNs are included in the irra-
diation fields. Fig. 5 demonstrates IFNy production over
time following the start of IR. In both models, tumor-spe-
cific responses decreased with tumor progression (controls),
and these baseline responses were significantly suppressed
with 2Gyx10 IR. However, these T-lymphocyte responses
were either preserved or enhanced at each time point for
both models following 8Gyx2 IR. These functional data ver-
ify the immune correlative data presented above and
strongly suggest that 8Gyx2 IR enhances while 2Gyx10 sup-
presses tumor-specific T-lymphocyte responses.

PD-1 mAb plus 8Gyx2 but not 2Gyx10 significantly
enhances primary tumor control and survival

Given the above data, we hypothesized that these different
IR regimens would variably alter primary tumor growth
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Figure 3. 8Gyx2 and 2Gyx10 IR variably alters tumor and peripheral accumulation of immunosuppressive cell subsets. Primary tumor and splenic tissues (n = 5/time
point) were harvested and analyzed as in Fig. 2. A, Immunosuppressive immune cell accumulation in MOCT primary tumors and spleen. B, Immunosuppressive immune
cell accumulation in MC38-CEA primary tumors and spleen. Quantification of tumor accumulation of cells presented as absolute number of cells per 1 x 10* live cells ana-
lyzed. Quantification of splenic accumulation of cells presented as percentage of live, CD45.2" cells analyzed. Cell subset definitions included gMDSC (CD11b™F4/
80~ Ly6GMLY6C™), mMDSC (CD11b* F4/80 Ly6G™“Ly6C™) and Tregs (CD3*CD4*FoxP3tCD25™). *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t test) compared to control

tumors for each time point.

when combined with PD-1 mAb. Mice bearing established
tumors were treated with either 8Gyx2 or 2Gyx10 with
and without PD-1 mAb concurrently. Either IR regimen
modestly delayed MOCI primary tumor growth and
enhanced survival, while PD-1 mAb had little effect
(Fig. 6A). Combination 2Gyx10 IR plus PD-1 mAb did
not enhance primary tumor control or survival. Con-
versely, the addition of PD-1 mAb to 8Gyx2 IR resulted in

the rejection of 90% of MOCI1 tumors and significantly
delayed the growth of tumors that did not reject, leading
to 100% survival. Moreover, all mice that rejected MOCI1
tumors resisted challenge with MOCI1 in the opposite
flank, demonstrating the presence of an anti-tumor
immune memory response (Supplemental Fig. 3). Results
in mice bearing MC38-CEA tumors were similar (Fig. 6B).
While no tumors rejected, the addition of PD-1 mAb to
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Figure 4. 8Gyx2 and 2Gyx10 IR variably alters IFN levels and expression of IFN-responsive MHC class | and PD-L1 within the TME. A, MOC1 (top panels) or MC38-CEA (bot-
tom panels) primary tumor tissues (n = 5/time point) were harvested as in Fig. 2 and analyzed via qRT-PCR for expression of type | IFN (IFNa/p) or effector (IFNy/TNF«)
cytokines. For all PCR data, B refers to baseline (day 10, before the start of IR) tumors. C (control), 2 x 10 Gy and 8Gyx2 tumors were collected and analyzed 10 days after
the start of IR (tumor day 20). B, flow cytometric analysis of expression (MFI) of MHC class | (H2-K*/D®) or PD-L1 on CD45.2-CD31~PDGFR™ tumor cells within the TME. C,
gRT-PCR analysis for expression of myeloid chemokines (VEGF/CXCL1). *, p < 0.05; **, p < 0.01; ***, p < 0.001 (t test) compared to control tumors for each time point.
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Figure 5. 8Gyx2 IR enhances while 2Gyx10 IR suppresses draining lymph node tumor-specific T-lymphocyte responses. T-lymphocytes were sorted from tumor draining

lymph nodes 5, 10 and 20 days after the start of either 8Gyx2 IR, 2Gyx10 IR or no IR (n = 5/time point) and analyzed for tumor-specific immune responses. *, p < 0.05; **,
p < 0.01; ", p < 0.001 (t test).

8Gyx2 but not 2Gyxl0 IR resulted in significantly following 8Gyx2 IR are functionally relevant, and that
enhanced primary tumor growth control and survival. adaptive immune resistance following 8Gyx2 IR can be
These data strongly suggest that enhanced immune activa- reversed with the addition of PD-1 mAb to induce signifi-
tion and PD-1/PD-L1 expression within the TME cant primary tumor control.
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PD-1 mAb plus 8Gyx2 but not 2Gyx10 induces control of
distant tumors through systemic anti-tumor immunity

We next aimed to determine if IR plus PD-1 mAb treatment can
induce control of distant, untreated (abscopal) tumors in highly
responsive MOC1 tumor-bearing mice. Mice were engrafted with
bilateral MOC1 tumors, but only the right tumor was treated with
IR. Fig. 7A demonstrates that while systemic PD-1 or local 8Gyx2
IR alone induces modest primary and abscopal tumor control,
combination 8Gyx2 IR plus PD-1 mAb induces significant control
of both primary (treated) and abscopal (untreated) tumors. This
primary and abscopal tumor control was completely abrogated fol-
lowing CD8" cell depletion, supporting the critical role of adaptive
immunity in tumor regression.

We further investigated whether similar abscopal effects
could be achieved with combination 2Gyx10 IR plus PD-1
mADb, hypothesizing that local immunosuppression from frac-
tionated IR would impact immune responses in a distant tumor

to a lesser degree. Fig. 7B demonstrates that while 2Gyx10 IR
plus PD-1 mAb induces no control of primary tumor growth
beyond that achieved with 2Gyx10 IR alone, a modest delay in
abscopal tumor growth is observed that is completely abrogated
following CD8™ cell depletion. These data strongly validate that
combination 8Gyx2 IR plus PD-1 mAb results in systemic
CD8™" cell-dependent anti-tumor immunity that is capable of
controlling the growth of distant tumors. These data also sug-
gest that some degree of CD8" cell-dependent systemic anti-
tumor immunity does form following 2Gyx10 IR plus PD-1
mADb, but that this local IR treatment suppresses primary tumor
growth control, presumably through IR-induced suppression of
local immune cell function.

Discussion

PD-based ICB induces objective anti-tumor responses in
15-20% of patients with recurrent/metastatic cancer." Based

A 8Gyx2 B 2Gyx10
- Treated Abscopal " Treated Abscopal
1:09 ontrol 089 Control 129 cantrol 089 control
PO-1mAb | mes PD 104" mAL 34
0.8 0.6 0.6
0.8
0.6
0.4+ 0.6 0.4+
0.4
0.4+
0.2 0.2 A 0.2
0.0 T T 1 0.0 T T T 1 0.0 0.0 T T 1
0 10 20 30 40 0 10 20 30 40 0 0 10 20 30 40
0.8 control 1.24 0.89 control
IR BGyx2 y ; 2Gyx1
or 2Gyx10 0% 1.0 ik
; ’ 0.8 ’ _/'
0.4 0.6 0.4 1
L @ T/l
0.4 y
0.2 0.2- Té ’l‘
0.2 3
,/1""’-11
.0 T 1 0.0 T T T 1 0.0 T T 0.0+ T T T 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
199 control 0.8 control 127 control 089 control
PD-1mAb IR 8Gyx2 BGyx2 4,04 2Gyx10 Gyx10+
or 2Gyx10 0.6 2 P 0.6 F
R
0.4+ 0.6+ 0.4
0.4 '
0.2 0.24 1l
0.2 1 =417
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
——Control —Control ——Control
0.8+ _ 1.24 Gyx 0.8+ 2Gyx 10+
PO-1 mAb RBEE o~ SGy;2+ 104 .26 Shikegiaton
.04 yl0+ 2Gyx10+
o el 064  PD-1 mAb+ PD-1 mAb+ 064 POt mab+
p— o 5 CD8 mAb 0.8 CD8mAb : CDB mAb
F-*-_. S ] 3
2 0.4 0.6+ j:.’. 0.4+ %
g *
S 04 ¥ 0.4 == ]
e ¥ .4 I
E 0.24 * 02 ¥ ¥ 0.2 V' S
2 i 0.2 :
0.0 R 0.0+=F—T—7— 0.0 — I ———
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Days after tumor implantation
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upon our current understanding of how PD-based ICB reverses
adaptive immune resistance,’ there is great interest in combin-
ing PD-based ICB with other anti-cancer therapies that have
the capacity to induce anti-tumor immunity to enhance these
response rates. IR can have stimulatory effects on a variety of
cell types within the TME aside from induction of DNA dam-
age and cell death, and specifically has been shown to induce
IFN-dependent expression of MHC class I and PD-L1,"”!%2%%!
enhance expression of innate immune ligands,** expand diver-
sity of T-cell receptor repertoires within tumors,” and promote
c¢GAS-dependent sensing of cytoplasmic DNA and subsequent
STNG-dependent production of type I IFN.*’

Herein we demonstrate significant, CD8™ cell dependent
primary and abscopal tumor control with 8Gyx2 but not
2Gyx10 when combined with PD-1 mAb. Previous reports
have demonstrated additive or synergistic tumor control of IR
with PD- or CTLA-4-based ICB, but most have used high sin-
gle or hypofractionated doses of IR ranging from 6-20 Gy.
Deng at al. demonstrated CD8" cell-dependent enhanced
tumor control of TUBO and MC38 tumors with 12Gyx1 plus
PD-L1 mAb."”> Demaria et al. and Ruocco et al. demonstrated
similar enhanced control of primary tumors and formation of
metastases in 4T1 tumor-bearing mice with either one or two
fractions of 12 Gy plus CTLA-4 mAb.">'* Of reports that inves-
tigate different radiation regimens, Dewan et al. reported supe-
rior control of primary and abscopal tumor growth CTLA-4
mAb with 8Gyx3 IR compared to 20Gyxl or 6Gyx5."> This
same group more recently demonstrated that higher (>12-18
Gy) doses of IR induce the expression of an endonuclease
(Trex1) that degrades cytoplasmic DNA induced by irradiation,
blunting cGAS- and STING-dependent type I IFN responses.’
Our results demonstrating enhanced CD8+ cell-dependent pri-
mary and abscopal tumor control with the addition of PD-1
mADb to 8Gyx2 IR across two independent cancer models are
consistent with these studies. The addition of PD-based ICB
reverses adaptive immune resistance induced by IR-dependent
upregulation of CD8 TIL PD-1 and PD-L1 within the TME on
both tumor and other infiltrating immune cells.

By direct comparison, our results are among the first to
definitively demonstrate local immunosuppression, measured
by reduction in effector immune infiltration in the TME and
TDLN tumor-specific T-lymphocyte responses, following daily
fractionated IR (2Gyx10). The demonstration of modest but
statistically significant CD8" cell-dependent abscopal but not
primary tumor control following 2Gyx10 IR plus PD-1 mAb
further supports local immunosuppression mediated by this
IR regimen. Dovedi et al. demonstrated enhanced tumor con-
trol following the addition of PD-1 or PD-L1 mAb to CT26
colon carcinoma, 4T1 breast carcinoma and 4434 melanoma
tumor-bearing mice treated with 2Gyx5 IR along with IFN-
dependent induction of tumor cell PD-L1 expression.”' While
one explanation for why 5 consecutive days of low-dose IR
appears to positively enhance anti-tumor immunity in this
report could be variability between models, another possibility
could be length of treatment. Our results demonstrate more
profound loss of tumor-specific T-lymphocyte responses at
10 days after the start if IR (corresponding to the last day of
2Gyx10 IR) compared to 5 days after the start of IR. It is pos-
sible that stopping daily IR after 5 days would have resulted
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in less immunosuppression and more robust tumor control in
MOCI and MC38-CEA tumor-bearing mice. We also cannot
rule out that daily handling of the mice receiving daily radio-
therapy contributed in some way to the observed immunosup-
pression, but feel this is unlikely given that all mice were
handled often and similarly for tumor measurements.
Mechanistically, immunosuppression following daily fraction-
ated IR is likely due to circulation of inherently IR sensitive
T-lymphocytes through the radiation field over many consecu-
tive days.”>** Alternatively, Kuo et al. have demonstrated that
tumor secreted galectin-1, which can induce T-lymphocyte
apoptosis, is increased following irradiation."" While not mea-
sured here, possibly variable galectin-1 release following differ-
ent IR regimens in vivo could be interesting to explore.

Our findings of decreased peripheral and TME accumula-
tion of gMDSC:s following 8Gyx2 but not 2Gyx10 IR have sig-
nificant implications for the MOC1 model of HNSCC, where
local immunosuppression within the TME is primarily driven
by gMDSCs.'*** Reduction of MDSCs within the TME follow-
ing IR has been attributed to the myeloid polarizing activity
and direct cytotoxicity of TIL derived IFNy and TNFe, respec-
tively.'>*® Based upon expression of the myeloid chemokines
VEGF and CXCL1 within the TME,””*® reduced chemotaxis
does not appear to be the dominant explanation for reduced
gMDSC within the MOC1 TME. We demonstrated enhanced
local IEN levels within the TME and enhanced IFNy produc-
tion capacity in TDLN T-lymphocytes of mice treated with
8Gyx2 IR in both models, but enhanced TNF« in the TME of
treated MOCI1 tumors only. This correlation suggests that the
ability of IR to reduce MDSC levels within the TME may be
linked to TNF production. Our analysis did not differentiate
between tumor, immune or stromal cell production of
TNFa'>*. Our finding of reduced gMDSC in the periphery
(spleen) following local IR is less well described, but could have
significant implications for immunosuppression within distant
or abscopal tumors and deserves further study. Induction of
Tregs following IR is often discussed and originates from a
report by Schaue et al. demonstrating increased accumulation
of peripheral Tregs following increasing doses of IR.** Our
findings of no to minimal changes in accumulation of Tregs
within the TME of either model with either IR regimen are con-
sistent with the findings of others'>’' and suggests that the
number of infiltrating Tregs does not likely serve as a major
resistance mechanism to immune activation following IR treat-
ment in these models.

Our head-to-head comparison of hypofractionated high
dose and daily fractionated low dose IR has significant implica-
tions for the rational design of clinical trials investigating com-
bination IR and immunotherapy. The two IR regimens utilized
in this study were not biologically equivalent doses (assuming
an «/p of 10), and they were not intended to be. Our aim was
to compare standard-of-care daily fractionated IR with hypo-
fractionated, higher dose IR, similar to that used for stereotactic
body radiation therapy (SBRT). The well-established standard
of care approach to treatment of head and neck cancer with
radiotherapy consists of 35 daily fractions of low dose (1.8-2
Gy) IR, and HNSCC patients commonly demonstrate lympho-
penia following definitive IR treatment.'® There are currently at
least 7 clinical trials underway investigating the combination of
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daily, low-dose fractionated IR and ICB (either PD-1 or CTLA-
4 mAD) in patients with previously untreated, locoregionally
advanced HNSCC (clinicaltrials.gov). While these studies will
likely yield useful clinical and immune correlative information,
data such as ours may provide one explanation if these combi-
nations fail to demonstrate enhanced locoregional control or
disease-specific survival or evidence of significant anti-tumor
immune activity in immune correlative analyses.

Cumulatively, these data add to mounting evidence that dif-
ferent IR regimens can induce profoundly different effects on
anti-tumor immunity, and that in the context of using IR in
combination with immunotherapy such as ICB, single or hypo-
fractionated high dose IR better induces anti-tumor immunity.
Such evidence should be considered in the design of clinical
trials combining IR and ICB moving forward.

Materials and methods
Tumor cell culture and in vivo tumor growth

Mouse oral cancer (MOCI1) cells were obtained from R.
Uppaluri (Washington University in St. Louis) in 2014. MOC1
and MC38-CEA cells were developed and cultured as
described,”*** mycoplasma free and used for all experiments at
early passage number. Cells were harvested with TrypLE Select
(Thermo) to minimize epitope loss. All experiments were
approved by the NIDCD Animal Care and Use Committee.
Tumors were established by injecting cells subcutaneously into
wild-type C57 BL/6 mice (WT B6; Taconic) and tumor volume
was calculated as: (length®> x width)/2. For all irradiation
experiments, mice were engrafted with tumor in the right leg.
For abscopal experiments, mice were simultaneously engrafted
with tumors in the right leg and left flank. In some experiments,
mice were treated with PD-1 or CD8 mAb (BioXCell) via intra-
peritoneal injection.

Irradiation

Non-anaesthetized mice bearing tumors were secured into cus-
tom lead-shielded jigs that expose the leg alone to radiation,
and irradiated with 2Gyx10 (2 Gy 5 days on, 2 off, 5 on) or
8Gyx2 (8 Gy twice 2 days apart) using a Pentak XRAD320
X-ray irradiator (Precision X-ray, Inc.) at a dose-rate of 2.8 Gy/
min. Tumors were allowed to engraft to 0.1 cm’ (5-7 mm)
before the start of treatment.

Flow cytometric analysis

To process tissues for flow, spleens were crushed between
frosted slides and filtered (40 wM). Tumors were minced,
digested using a mouse tumor dissociation kit (Miltenyi) per
manufacturer protocol and filtered (70 M). Following CD16/
32 block (Biolegend), single cell suspensions were stained with
primary antibodies. Fluorophore-conjugated primary antibod-
ies included anti-mouse CD45.2 clone 104, CD11b clone M1/
70, Ly-6 C clone HK1.4, Ly-6G clone 1 A, CD8 clone 53-6.7,
NKI1.1 clone PK136, CD4 clone GK1.5, FoxP3 clone FJK-16 s,
CD11 c clone N418, F4/80 clone BM8, CD107 a clone 1D4B,
CD25 clone PC61.5.3, PD-1 clone 29 F.1A12, CD3 clone

145-2C11, PD-L1 clone 10 F.9 G2, PDCA clone 129¢l, and
H2-K"D clone 28-8-6. Cells were stained with antibodies for
one hour, washed, and analyzed by flow cytometry on a BD
Canto using BD FACS Diva software. All cells stained for cell
surface marker analysis were stained with 7AAD to determine
viability, and isotype controls and a “fluorescence minus one”
method were used to determine staining specificity. FoxP3™"
regulatory CD4" T-lymphocytes (Tregs) were stained using the
Mouse Regulatory T Cell Staining Kit #1 (eBioscience) per
manufacturer protocol. Post-acquisition analysis was per-
formed with FlowJo vX10.0.7r2.

qRT-PCR

Whole tumor lysates were generated using the Tissue Lyser II and
RNA was purified using the RNEasy Mini Kit (Qiagen) per the
manufacturer’s protocol. cDNA was synthesized utilizing a high
capacity cDNA reverse transcription kit with RNase inhibitor
(Applied Biosystems). A Tagman Universal PCR master mix was
used to assess the relative expression of target genes compared to
GAPDH on a Viia7 qPCR analyzer (Applied Biosystems). All
primers were purchased from Thermo Scientific.

Tumor-specific T-lymphocyte IFN production

T-lymphocytes were sorted from tumor draining lymph nodes
(TDLN) using negative magnetic separation (Pan T Cell Isola-
tion Kit II, Miltenyi). T-lymphocytes were consistently
enriched from lymph node to >90% by flow cytometry. Sorted
T-lymphocytes were added to IFNy pretreated (24 hours, 20
ng/mL) and irradiated (50 Gy) parental tumor cells at a 10:1
E:T ratio and 48 hour supernatants were assessed for IFNy con-
centration by ELISA (eBioscience) per manufacturer protocol.
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