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Abstract

Purpose—Surgical resection of primary tumor with regional lymphadenectomy remains the
treatment of choice for patients with advanced human papillomavirus-negative head and neck
squamous cell carcinoma. However, even when pathologic disease-free margins can be achieved,
locoregional and/or distant disease relapse remains high. Perioperative immunotherapy may
improve outcomes, but mechanistic data supporting the use of neoadjuvant or adjuvant treatment
clinically is sparse.

Experimental design—Two syngeneic models of oral cavity carcinoma with defined T cell
antigens were treated with PD-1 mAb before or after surgical resection of primary tumors, and
antigen-specific T cell responses were explored with functional and 7 vivo challenge assays.

Results—We demonstrated that functional immunodominance developed among T cells
targeting multiple independent tumor antigens. T cells specific for subdominant antigens
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expressed greater levels of PD-1. Neoadjuvant, but not adjuvant, PD-1 immune checkpoint
blockade broke immunodominance and induced T cell responses to dominant and subdominant
antigens. Using tumors lacking the immunodominant antigen as a model of antigen escape,
neoadjuvant PD-1 immune checkpoint blockade induced effector T cell immunity against tumor
cells lacking immunodominant but retaining subdominant antigen. When combined with complete
surgical excision, neoadjuvant PD-1 immune checkpoint blockade led to formation of
immunologic memory capable of preventing engraftment of tumors lacking the immunodominant
but retaining subdominant antigen.

Conclusions—Together, these results implicate PD-1 expression by T cells in the mechanism of
functional immunodominance among independent T cell clones within a progressing tumor, and
support the use of neoadjuvant PD-1 immune checkpoint blockade in patients with surgically
resectable carcinomas.

Introduction

Surgical resection is a highly effective means of treating both early and advanced stage
cancers, but half of all patients with advanced, human papillomavirus-negative head and
neck squamous cell carcinoma will develop locoregional and/or distant relapse of disease
following margin-negative resection(1). Once recurrence or distant metastasis occurs,
prognosis is poor, even with the use of systemic immunotherapy such as programmed death
receptor 1 (PD-1) immune checkpoint blockade(2,3). The rational use of neoadjuvant or
adjuvant treatments to increase cure rates may carry the greatest chance of preventing
disease relapse and improving survival.

Surgical resection of malignant disease removes a significant source of host
immunosuppression and may reinvigorate dysfunctional tumor antigen-specific T cell
responses that developed during carcinogenesis and cancer progression(4—6). However, the
development of a polyclonal T cell response against multiple independent tumor antigens
within a progressing tumor may nevertheless fail for multiple reasons. One such reason is
suppression of T cell immunity targeting subdominant antigens by the presence of an
immunodominant antigen(7-10). This has significant ramifications since immunoediting
may lead to the loss of strong T cell antigens and the outgrowth of tumor cells expressing
only subdominant antigens(11-13). Inducing polyclonal T cell responses against multiple
antigens prior to surgical resection may enhance post-operative anti-tumor immunity and
protect against recurrence of disease that has been immunoedited and lacks
immunodominant antigens.

Exhausted CD8+ tumor infiltrating lymphocytes (TIL) that harbor T cell receptors (TCRs)
specific for human leukocyte antigen (HLA)-restricted tumor antigens express PD-1(14,15).
PD-1 immune checkpoint blockade rescues the function of tumor antigen-specific T cells
that are suppressed by PD-1 expression(16). Recent data has demonstrated greater PD-1
expression on peripheral T cells specific for subdominant antigens in a model of polyclonal
responses to multiple defined epitopes within a single model antigen(17). In this model
system, PD-1 immune checkpoint blockade favored activation of PD-1+ T cells specific for
subdominant epitopes. Whether the same findings would be true within the
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microenvironment of progressing cancers harboring multiple independent tumor antigens
was unclear.

We sought to understand the role of PD-1 immune checkpoint blockade in the setting of
progressing tumors harboring multiple independent T cell antigens. Using two syngeneic
models of carcinogen-induced, human papillomavirus-negative oral cavity carcinomas, we
established functional immunodominance patterns among independent T cell clones using
tetramer staining and functional assays. Variable expression of PD-1 on different T cell
clones appeared to contribute to functional immunodominance as PD-1 immune checkpoint
blockade resulted in the activation of subdominant T cells and restored their ability to exert
effector function against tumor cells lacking immunodominant antigen. We further
demonstrated that neoadjuvant PD-1 immune checkpoint blockade combined with complete
surgical excision induced effector immunity and durable immunologic memory. Mice were
subsequently protected from engraftment of antigen loss variant tumors lacking
immunodominant antigen. These results were not observed when PD-1 immune checkpoint
blockade was administered in the adjuvant setting. Taken together, these results provide
mechanistic insights into the development of functional immunodominance among T cell
clones targeting independent antigens and support the use of neoadjuvant PD-1 immune
checkpoint blockade in patients with surgically resectable malignancy.

Cells Culture

Original stocks of genomically characterized(18) parental mouse oral cancer 1 (pMOC1),
MOC2, and MOC22 cells were maintained in culture as described(19). MOC1,,, cells were
generated by stable transduction of a pPBABE backbone expression construct encoding for
full-length ovalbumin via puromycin selection into pMOCL as described(20). All cell lines
were serially verified to be free of mycoplasma and other murine associated pathogens on a
monthly basis and used at low (<30) passage number.

In Vivo Experiments

All in vivo experiments were performed in wild-type (WT) C57BL/6 (B6) mice under an
Animal Care and Use Committee approved protocol. Tumors were stablished by
subcutaneous injection of tumor cells (5x108) in Matrigel (30% by volume). All surgical
resections were performed by the senior author (CTA) on anesthetized mice under sterile
conditions. Primary tumors but not tumor draining lymph nodes were surgically excised at
the time of tumor resection. Surgical wounds were closed with standard techniques using
absorbable suture. Mice were administered meloxicam for analgesia after surgery for three
days and monitored closely for changes in health in the post-operative setting. For all tumor
cell challenge experiments, tumor cells (5x106) in Matrigel were injected subcutaneously in
the contralateral flank. Mice were assessed for tumor growth three times weekly and tumor
volume was calculated as: (length? x width)/2. PD-1 mAb (RMP1-14, /nVivoPlus) or
isotype control (2A3) were purchased from BioXCell and administered via intraperitoneal
(IP) injection at 200 pg/injection in a total volume of 200 pL. Tumor-bearing mice were
treated with neoadjuvant (days 7 and 10), adjuvant (days 17 and 20) or combination PD-1
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mADb. In some experiments, mice were euthanized and tumor draining lymph nodes and
spleens were harvested for analysis 40 days after the initial primary tumor resection.

RNA was purified using the RNEasy Mini Kit (Qiagen). cDNA was synthesized utilizing a
high capacity cDNA reverse transcription kit (Applied Biosystems). Relative expression of
target genes compared to GAPDH was assessed on a Viia7 gPCR analyzer (Applied
Biosystems). Custom primers to quantify p15E expression were synthesized by Integrated
DNA Technologies: 5’-ATG GAA CCC GTC TCA CTA ACT CTG G and 3’-TCA CAG
GGC CTG CAC TAC CGA AAT C.

Tumor infiltrating lymphocyte (TIL) culture

Tumors were harvested 14 days after implantation (tumor volume ~100 mm?3), divided into 1
mm fragments, and cultured in RPMI 1640-based media supplemented with recombinant
murine 1L-2 (100 units/mL). After 7 days of culture, TIL were harvested and enriched for
CD3+ lymphocytes via negative magnetic selection (Mouse Pan T-cell Isolation Kit II,
Miltenyi) on an AutoMACS Pro Separator (Miltenyi).

Flow cytometry

TIL were suspended in a 1% BSA solution and F, receptor blockade was performed with
CD16 mAb (Biolegend). Cells were first stained with tetramer for 20 min at 37°C, then
stained with CD8 (clone KT15, MBL), CD44 (IM7), PD-1 (RPM1-14), Tim-3 (B8.2C12),
CTLA-4 (UC10-4B9) and VISTA (MH5A) mAbs from Biolegend and LAG-3 (C9B7W)
from eBioscience on ice for 45 min. OVA,57_s4:H-2KP and p15Egga_g11:H-2KP tetramers
were purchased from MBL. The mMICAM3gg_315:H-2KP tetramer reagents were produced in
the IML of CHIIPS at Washington University in St. Louis. Briefly, recombinant H-2KP and
B2-microglobulin were produced in BL21-CodonPlus (DE3)-RIPL Escherichia coli
(Agilent) and purified from inclusion bodies by size-exclusion FPLC as previously
described(21). A UV-mediated exchange technique was used to generate peptide-specific
monomers which were multimerized by streptavidin-conjugated PE as previously
described(22). In other experiments, splenocytes were processed into single cell suspensions
and subjected to RBC lysis. Whole splenocyte populations were exposed to peptides (1
pg/mL) corresponding to MHC class | restricted epitopes from p15E (p15Egp4_611,
KSPWFTTL, MBL), ovalbumin (OVA257_2g4, SIINFEKL, InVivoGen) and mutant ICAM-1
(mICAM3gg-315, TVYNFSAL, synthesized by Peptide 2.0) and rmIL-2 (100 U/mL) for 24
hours. Tetramer staining was performed with the addition of CD62L mAb (clone MEL-14,
Biolegend). Antibodies for myeloid cell staining included CD45.2 (clone 104), CD11b
(M1/70), F4/80 (BM8), Ly6C (HK1.4), Ly6G (1A8) and PD-L1 (MIH3) from Biolegend.
FoxP3+ regulatory T cell staining was performed using the Mouse Regulatory T Cell
Staining Kit #3 from eBioscience per manufacturer protocol. Non-viable cells were excluded
with sytox blue (viable cells, Thermos) or zombie NIR (fixed cells, Biolegend) staining.
Isotype control antibodies and fluorescence-minus-one approaches were used to ensure
staining specificity. All analyses were performed on a BD Fortessa analyzer running
FACSDiva software and interpreted using FlowJo (vX10.0.7r2).
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IFNy production assays

Irradiated (20 Gy) WT B6 mouse splenocytes were pulsed with peptides (1 pg/mL)
corresponding to MHC class | restricted epitopes for p15E, ovalbumin and mICAM and
used as antigen presenting cells (APC). VSV-Ns5_59 (RGYVYQGL) peptide was used as a
control peptide. TIL and APC were co-cultured at a 1:2 effector: APC ratio for 24 hours. The
number of IFNy-producing TIL was determined by ELISpot (R&D Systems) or the
magnitude of IFN+y production was determined by ELISA (R&D Systems) using
manufacturer protocols. Spot counts for ELISpot assays were measured on an Immunospot
ELISpot plate reader (Cellular Technology). In some experiments, T cells were isolated from
tumor draining lymph nodes (TDLNSs) via negative magnetic selection, and T cell antigen-
specific responses were measured by IFNy ELISA of 24-hour co-culture supernatants.

Impedance analysis

Statistics

Results

Real-time assessment of alteration in cell viability upon exposure to cultured TIL or cultured
cytotoxic T-lymphocytes (CTL) was measured via impedance analysis as described(23).
Briefly, tumor cells (1x10%well) were plated and allowed to adhere and gain impedance
overnight. Following the addition of cultured TIL, a murine CTL line specific for
p15Eg0a_s11 (KSPWFTTL) presented on H-2KP (kind gift from Duane Hamilton, NCI, NIH)
or OT-1 CTL generated as described(23), alterations in impedance were assessed using the
XCELLigence Real-Time Cell Analysis (RTCA) platform per manufacturer
recommendations. Triton X-100 (0.2%) was used as a positive control for complete cell
lysis. Percent loss of cell index was calculated as: 1 - (experimental cell index/control cell
index) for a given timepoint. Mean values without standard deviation from at least two
independent experiments are shown on impedance plots for clarity, with an adjacent box and
whisker plot demonstrating mean +/- standard deviation at the 12 hour time point.

Tests of significance between pairs of data are reported as p-values, derived using a student’s
t-test with a two-tailed distribution and calculated at 95% confidence. Comparison of
multiple sets of data was achieved with analysis of variance (ANOVA) with Tukey’s
multiple comparisons. Differences in rates of tumor engraftment or survival between groups
was determined by Log-Rank (Mantel-Cox) analysis. All error bars indicate standard
deviation. Statistical significance was set to p<0.05. All analysis was performed using
GraphPad Prism v7.

pMOC1 oral carcinoma cells harbor an H-2KP-restricted T cell antigen from the env protein
of the endogenous retrovirus MuLV (p15Egps-611)(24,25). To establish a second known T
cell antigen, pMOC1 cells were stably transfected with full length ovalbumin (OVA) to
generate MOC1g,,. Expression of pZ5Fin pMOC1 and MOC1,,, cells was similar (Figure
1A). To verify that epitopes derived from p15E and OVA function as T cell antigens,
pMOC1 and MOC1,,, cells were co-cultured with CTL specific for p15Egps_g11:H-2KP or
OVA57_264:H-2KP. p15E-specific CTL killed pMOC1 and MOC1,y, cells to a similar
degree, and OVA-specific CTL killed MOC1,,, cells but not pMOC1 cells (Supplementary
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Figure S1). To quantify the number of antigen-specific TIL within MOC1,,, and pMOC1
tumors, tetramer staining of cultured TIL was performed (Figure 1B, validation of p15E
tetramer specificity in Supplementary Figure S2 ). MOC1,,,, tumors harbored similar
numbers of TIL specific for OVA and p15E. pMOC1 tumors harbored TIL specific for p15E
only. TIL functional status was examined by antigen-specific IFN-y production with
ELISpot. Although similar numbers of OVA- and p15E-specific TIL were present within
MOC1,,, tumors, a greater number of OVA-specific TIL produced higher levels of IFNy
compared to p15E-specific TIL (Figure 1C). Further, despite similar numbers of p15E-
specific TIL present within MOC1,,, and pMOCL1 tumors, a greater number of p15E-
specific TIL (p<0.01) within pMOCL1 tumors produced IFNvy to a greater degree (p<0.01)
compared to p15E-specific TIL within MOC1,,, tumors (Figure 1D). These data suggested
that p15E-specific TIL present within MOC1,,, tumors are dysfunctional compared to
p15E-specific TIL within pMOC1 tumors. Thus, the presence of OVA within MOC1 tumors
appeared to suppress the function of p15E-specific TIL.

To test the functional consequences of dysfunctional p15E-specific TIL in MOCl,,, tumors,
co-culture experiments were performed to determine the cytolytic activity of MOC1,,, TIL
against pMOCL1 tumor cells given similar levels of p15E expression and presentation.
Although MOC1,,, TIL effectively killed MOC1,,, cells, they were less effective in killing
pMOC1 cells (Figure 1E) demonstrating suppressed effector function. pMOC1 TIL
controlled the growth of MOC1,,, and pMOC1 cells to a similar degree. To determine if the
presence of dysfunctional p15E-specific effector TIL within MOC1,,, tumors affected
immunologic memory after complete tumor resection, /n vivo resection-rechallenge
experiments were performed. Forty days after resection of MOC1,,, tumors, mice were
rechallenged with either MOC1,,, or pMOC1 cells. Mice developed protective memory that
prevented engraftment of new MOC1,,, tumors upon challenge, but readily engrafted
pMOC1 tumors despite p15E expression (Figure 1F). Mice challenged with pMOCL1 cells
after excision of day 14 pMOC1 tumors failed to engraft tumors (Figure 1G), suggesting that
pMOC1 cells (lacking OVA) harbored one or more antigens capable of inducing
immunologic memory. Thus, mice bearing MOC1,,, tumors developed TIL with defective
p15E-specific effector function failed to develop immunologic memory sufficient to reject
challenge with pMOC1 tumor cells expressing p15E to a similar degree.

To explore possible mechanisms of reduced p15E-specific TIL function, cultured TIL
cultured from MOC1,,, tumors were phenotypically characterized by flow cytometry. At
baseline, a greater percentage of p15E-specific TIL expressed greater levels (median
fluorescent intensity) of PD-1 and Tim-3 than OVA-specific TIL but did not differ in the
expression of CTLA-4, LAG-3 or VISTA (Figure 2A and Supplemental Figure 3A).
Tetramer staining of TIL was performed after treatment /n vivo with PD-1 mAb or isotype
control. PD-1 mAb treatment of mice bearing MOC1,,, tumors significantly expanded the
number of TIL specific for both OVA and p15E (Figure 2B). By ELISpot assay, PD-1 mAb
treatment enhanced the IFN-y production capacity of both OVA- and p15E-specific TIL
(Figure 2C), suggesting that expanded, tetramer-positive, antigen-specific TIL were more
functional. Co-culture of MOCl1,,, TIL with pMOC1 tumor cells revealed that TIL cultured
from PD-1 mAb treated mice demonstrated greater ability to kill pMOCL1 tumor cells
compared to TIL cultured from mice treated with isotype control (Figure 2D). When
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analyzed by flow cytometry of fresh tumor digests, PD-1 mAb treatment of mice bearing
MOC1,,, tumors did not alter the infiltration of neutrophilic myeloid cells or FoxP3+
regulatory CD4+ T cells (Tregs) within the tumor microenvironment (Supplementary Figure
S4A). These data suggested that /7 vivo PD-1 mAb treatment of mice bearing MOClgy,
tumors enhanced the effector function of TIL targeting both OVA and p15E. PD-1 mAb
treatment additionally rendered p15E-specific TIL, previously dysfunctional within tumors
co-expressing OVA, functional and capable of exerting effector functions against p15E-
expressing pMOCL cells.

To determine the effects of /n vivo PD-1 mAb treatment on the development of immunologic
memory after complete tumor resection, further resection-rechallenge experiments were
performed. Mice bearing MOC1,,, tumors received two doses of heoadjuvant and adjuvant
PD-1 mAb, alone or in combination, and were assessed for the ability to engraft pMOC1
tumors 40 days after tumor resection. Neoadjuvant PD-1 mAb administered before resection
of tumor, alone or in combination with adjuvant PD-1 mADb, led to significantly reduced
rates of pMOC1 tumor engraftment compared to control or adjuvant PD-1 mAb treatment
alone (Figure 3A). These data suggested 1) that neoadjuvant PD-1 mAb before complete
tumor resection is necessary and sufficient to induce immunologic memory capable of
resisting tumor engraftment with tumor cells that lack OVA; and 2) that adjuvant PD-1 mAb
given after complete tumor resection is incapable of producing the same results. To explore
immune correlatives within secondary lymphoid organs after these treatments, T cells from
tumor-draining lymph nodes (TDLNSs) were assayed for antigen-specific IFN-y production
40 days after tumor resection. Upon exposure to antigenic peptides, IFNy production was
significantly greater in T cells sorted from TDLN of mice treated with neoadjuvant or
combination PD-1 mAb compared to control or adjuvant treatment alone (Figure 3B).
Peripheral antigen-specific T cells were assayed for quantity and memory phenotype. T cells
in spleens of mice treated with neoadjuvant or combination PD-1 mAb harbored a
significantly greater frequency of tetramer positive effector memory CD44+CD62L-CD8+ T
cells compared to control or adjuvant treatment alone. Thus, neoadjuvant but not adjuvant
PD-1 mAb treatment of mice bearing MOC1,,, tumors resulted in the formation of
immunologic memory that prevented engraftment of pMOC1 tumors lacking the OVA
antigen.

The presence of OVA-specific CD8+ T cells in the naturally induced T cell repertoire of
MOC1,,, tumors appeared to inhibit the function of p15E-specific TIL. This was reversed
with neoadjuvant but not adjuvant PD-1 mAb treatment. To ensure that these findings were
not an artifact of an engineered OVA-expressing cancer model, we asked whether
neoadjuvant PD-1 immune checkpoint blockade resulted in the same outcomes in a model
with multiple naturally occurring antigens.

MOC22 oral carcinoma cells express an H-2KP-restricted neoantigen derived from a mutated
ICAM1 allele (mICAM3gg_315)(26). PCR analysis revealed that MOC22 cells expressed
p15E to a greater degree than pMOCL cells (Figure 4A) and that p15E-secific CTL killed
MOC22 cells to a greater degree than pMOC1 cells (Supplementary Figure S5). MOC22
tumors harbored TIL specific for both the mICAM neoantigen and p15E, whereas pMOC1
tumors lacked TIL specific for mICAM (Figure 4B). Assessing IFN-y production of MOC22
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TIL upon exposure to antigenic peptides revealed that a greater number of mICAM-specific
TIL produced IFN-y compared to p15E-specific TIL despite there being a greater quantity of
p15E-specific TIL present. Further, although MOC22 tumors have a significantly greater
number of p15E-specific TIL by tetramer staining, these MOC22 TIL are less functional in
both number (p<0.01) of IFN-y producing cells and degree (0<0.01) of IFN+y produced
compared to p15E-specific TIL within pMOC1 tumors (Figures 4C and 4D). These data
suggested that p15E-specific TIL present within MOC22 tumors are present but
dysfunctional.

Co-culture experiments were performed to determine if MOC22 TIL could kill pMOC1
tumor cells. Although MOC22 TIL effectively killed MOC22 cells, they were less effective
in killing pMOCI1 cells (Figure 4E). pMOCL1 TIL controlled the growth of MOC22 cells to a
greater degree than pMOCL1 cells. /nn vivo resection-challenge experiments revealed that after
complete resection of MOC22 tumors, mice developed protective immunologic memory that
prevented engraftment of new MOC22 tumors but readily engrafted pMOC1 tumors (Figure
4F).

At baseline, a greater percentage of p15E-specific TIL expressed PD-1 and Tim-3 to a
greater degree (median fluorescent intensity) than mICAM-specific TIL but demonstrated
similar or decreased expression of CTLA-4, LAG-3 or VISTA (Figure 5A and Supplemental
Figure 3B). Tetramer staining of TIL revealed that PD-1 mAb treatment of mice bearing
MOC22 tumors significantly expanded the number of TIL specific for both mICAM and
p15E (Figure 5B). The number of functional mICAM- and p15E-specific TIL as determined
by ELISpot increased as well (Fig. 5C). By ELISpot assay, PD-1 mAb treatment enhanced
the function of both mICAM- and p15E-specific TIL (Figure 5C). PD-1 mAb treatment of
mice bearing MOC22 tumors did not alter the infiltration of neutrophilic myeloid cells or
Tregs within the tumor microenvironment (Supplementary Figure S3B). These data
suggested that /77 vivo PD-1 mAb treatment of mice bearing MOC22 tumors enhanced both
mICAM and p15E TIL effector function and rendered suppressed p15E-specific TIL to ones
capable of killing pMOC1 cells.

Additional resection-rechallenge experiments were performed to explore how PD-1 mAb
treatment altered the formation of immunologic memory in the MOC22-pMOC1 model
system. Neoadjuvant PD-1 mAb administered before resection of MOC22 tumors, alone or
in combination with adjuvant PD-1 mAb, led to significantly reduced rates of pMOC1 tumor
engraftment upon challenge compared to control or adjuvant PD-1 mAb treatment alone
(Figure 6A). Upon exposure to antigenic peptides, TDLN T cell IFN+y production was
significantly greater in T cells sorted from TDLN of mice treated with neoadjuvant or
combination PD-1 mAb compared to control or adjuvant treatment alone (Figure 6B). T
cells in spleens of mice treated with neoadjuvant or combination PD-1 mAb harbored a
significantly greater frequency of tetramer positive CD44+CD62L- CD8+ T cells, indicative
of an effector memory phenotype, compared to control or adjuvant treatment alone. Thus,
neoadjuvant but not adjuvant PD-1 mAb treatment of mice bearing MOC22 tumors resulted
in the formation of immunologic memory that prevented engraftment of pMOC1 tumors
lacking the mICAM neoantigen but expressing the shared p15E antigen.
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Discussion

The adaptive immune system faces multiple challenges within a progressing tumor. The
presence of multiple independent T cell antigens leads to a hierarchy of responses where the
presence of a dominant antigen or T cell clone often suppresses the function of other T cell
clones specific for subdominant antigens(8,10,11). Here we established two model systems
with multiple independent T cell antigens and established antigen dominance by exploring
clonal expansion and antigen-specific function of TIL. In these specific models, the presence
of T cell clones targeting either OVA or mICAM functionally suppressed T cells targeting
p15E, establishing p15E as the subdominant antigen. This suppression of p15E-specific T
cells appeared to be mediated at least in part by increased PD-1 expression. Therapeutic
blockade of PD-1 enhanced the effector function of both dominant and subdominant T cell
clones, rendering cultured TIL capable of killing antigen-loss variant tumor cells lacking the
dominant antigen. This suggests that neoadjuvant PD-1 immune checkpoint blockade prior
to removal of tumor relieves suppression of a polyclonal T cell response, reverses
immunodominance, and allows immune activation within immunoedited tumors that no
longer harbor cells expressing dominant antigens. Although most mice bearing progressing
MOC22 tumors are cured with PD-1 mAb monotherapy(26), only 20-30% of mice bearing
progressing MOC1,,,, tumors display significant tumor growth inhibition or tumor
rejection(23). This is similar to the 15-20% of patients with recurrent/metastatic head and
neck cancer that respond to PD-1 immune checkpoint blockade (2,3). The ability of PD-1
mADb treatment to reverse functional T cell immunodominance in MOC1,,, tumors and for
immunologic memory against multiple antigens to develop after surgery suggests that
moving PD-1 immune checkpoint blockade into the neoadjuvant setting has the potential to
benefit many patients with head and neck cancer.

Here, we offer evidence that functional immunodominance may be established in part by
differential PD-1 expression among T cell clones. Although T cell clones targeting
subdominant antigens also expressed greater levels of the immune checkpoint Tim-3, PD-1
mADb treatment was sufficient to recover their function. The precise mechanism(s) that
confer increased PD-1 expression on T cell clones targeting subdominant antigens remain
unclear. The “priority of first response’ theory suggests that the first T cell clone to engage
the antigen:MHC complex for which it’s TCR is specific will clonally expand more than
other T cell clones(8). Rather than demonstrating differential clonal expansion of T cell
clones, we demonstrated that functional suppression of T cell clones targeting subdominant
antigen involves PD-1 expression, making the “priority of first response’ theory unlikely in
these specific models. TCR ligation drives PD-1 expression on antigen-experienced T cells
through NFAT signaling(27). In both models, T cell clones specific for the endogenous
murine retroviral antigen p15E were functionally suppressed via increased PD-1 expression.
An alternative explanation is that increased TCR avidity of p15E-specific T cells may be
driving increased PD-1 expression(28,29). Some studies have demonstrated low avidity of
TCRs targeting the p15E antigen, but used IFN production as a readout of T cell function
and did not explore PD-1 expression as a possible mechanism of decreased IFN
responsiveness(30,31). Of note, the presence of T cell clones targeting endogenous retroviral
antigen predicts positive responses to PD-1 immune checkpoint blockade(32), suggesting
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that blocking PD-1 signaling in T cells targeting retroviral antigens may be of biologic
significance. Whether differential TCR avidity between T cell clones drives PD-1 expression
and contributes to functional T cell dominance requires further study.

Liu et al. demonstrated that neoadjuvant depletion of Tregs and CD137 ligation induced
greater immunologic control of metastases and improved survival compared to adjuvant
treatment in pre-clinical models of metastatic breast carcinoma(33). Similar results could not
be achieved with neoadjuvant chemotherapy, consistent with data demonstrating no survival
advantage with neoadjuvant chemotherapy before surgical resection of head and neck cancer
(34). Unlike neoadjuvant chemotherapy, neoadjuvant immunotherapy uses the tumor itself as
an in-situ vaccine(35), possibly with increased cross-presentation of antigen and priming of
new T cell clones. Liu et al. have also demonstrated enhanced survival of mice bearing
metastatic breast carcinoma with neoadjuvant PD-1 mAb plus CD137 mAb(36). Here, we
demonstrated that neoadjuvant PD-1 blockade alone was able to enhance the effector
function of antigen-specific T cells independent of alterations in Treg tumor infiltration.
FDA-approved PD-1 immune checkpoint blockade is widely available and currently more
clinically relevant that other neoadjuvant immunotherapy approaches such as Treg depletion.
Mechanistically, PD-1 signaling on T cells leads to downregulation of cell surface TCR
function and/or expression(37). PD-1 blockade may lead to restored cell surface TCR
function and/or expression on TIL, necessitating the presence of antigen:MHC complexes
for TCR ligation and T cell activation. This is supported by multiple lines of evidence
including the requirement for CD28 co-stimulatory molecule expression on T cells for
rescue of function following PD-1 blockade(38) and the failure to develop protective
immunity when other forms of immunotherapy are applied after complete tumor resection
and removal of antigen(39). Thus, acute enhancement of effector T cell responses after PD-1
blockade may require the presence of tumor antigen for a period of time. This concept also
requires further experimental study.

A separate line of investigation that impacts the timing of immune checkpoint blockade with
extirpative surgery is the role of the tumor draining lymph nodes. Fransen et al.
demonstrated that surgical removal of tumor draining but not contralateral lymph nodes
abrogated T cell responses and tumor growth inhibition following PD-1 blockade(40). This
suggests that PD-1 mAb treatment should be administered with tumor draining nodal basins
intact. This has particular significance in the management of head and neck cancer where
cervical nodal basins are often removed at the time of primary tumor resection due to
regional metastasis of tumor(1), and further supports the use of PD-1 immune checkpoint
blockade in the neoadjuvant setting.

In addition to enhancing polyclonal effector T cell responses against multiple antigens,
neoadjuvant PD-1 blockade combined with complete surgical resection of tumor also
resulted in the formation of effective immunologic memory to multiple antigens. This
memory response did not form when adjuvant PD-1 mAb treatment was administered
following complete resection of tumor despite the presence of antigen-specific T cell clones
peripherally. This suggested that PD-1 blockade in the presence of tumor antigen
(neoadjuvant) is required to enhance polyclonal effector function, and that removal of
antigen (surgical excision) enables effective contraction of effector T cells into memory T
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cells. This precisely mirrors events that occur with an acute viral infection, where effector to
memory T cell contraction occurs following immune-mediated clearance of viral
antigen(41). Chronic persistence of antigen throughout different phases of T cell responses,
as occurs in the presence of persistent tumor, is highly immunosuppressive(42). Additional
sources of immunosuppression arise from the tumor microenvironment, and removal of large
volume malignant disease may enhance effector responses enhance against smaller deposits
of residual disease(43).

Formation of durable antigen-specific immunologic memory may protect against
development of a new or recurrent malignancy with shared antigens(44-46). However, a
limitation of the models used in this study is that complete surgical excision does not model
the clinical dilemma of minimal residual disease after incomplete surgical excision or the
presence of metastasis at the time of surgery. Given the very high recurrence rate of head
and neck cancer, it is hypothesized that many patients harbor minimal residual disease or
subclinical metastatic disease after a pathologically margin-negative resection(1,47).
Whether enhancement of effector T cell responses sufficient to eliminate minimal residual or
micro-metastatic disease occurs with neoadjuvant PD-1 blockade requires further study, and
the development of head and neck cancer models that harbor T cell antigens but also
spontaneously metastasize to allow study of this clinical scenario is ongoing. Another
limitation of this work is our inability to conclude whether the same results of long-lasting
protective anti-tumor immunity would occur in the setting of induction PD-1 immune
checkpoint blockade followed by curative concurrent chemoradiation treatment. An
additional limitation of our work is a lack of phenotypic characterization of TIL following 7
days of culture in these models. Emerging data demonstrates that the differentiation status of
TIL may influence effector function(48). Assessment of day 7 TIL in these models with
techniques such as single cell RNA sequencing could provide insight into how PD-1 mAb
treatment influences T cell differentiation of cultured TIL.

Neoadjuvant or adjuvant treatments may enhance the curative potential of surgical resection
of malignancy, especially in late-stage tumors where locoregional or distant failure rates are
high. Indeed, early reports on the use of single agent neoadjuvant PD-1 immune checkpoint
blockade in patients with melanoma and lung cancer have demonstrated promising results
with high rates of clinical-to-pathologic downstaging and even complete regression of tumor
in subsets of patients(49,50). Mechanistic pre-clinical data supporting the use of
immunotherapy in combination with surgery is critical as any potential patient benefit needs
to outweigh the risk of immune-related adverse events. This is especially true in the
neoadjuvant setting where an adverse event could delay surgery. Here, we demonstrated that
neoadjuvant PD-1 blockade monotherapy reversed functional immunodominance and
induced polyclonal T cell responses to enhance effector immunity against tumor cells both
harboring and lacking dominant antigens. Additionally, neoadjuvant, but not adjuvant, PD-1
blockade allowed for the formation of effective immunologic memory that protected mice
from engraftment of tumors lacking dominant antigens. Given that progressing tumors are
subject to immunoediting and that antigen loss variants represent a major obstacle to
effective T cell-based immunotherapy, these results strongly support the use of PD-1
immune checkpoint blockade in the neoadjuvant setting.
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Translational relevance

Preliminary results from perioperative immune checkpoint blockade are promising, but
mechanistic data supporting neoadjuvant versus adjuvant treatment is needed. Using
syngeneic models of carcinoma with defined antigenicity, we found that neoadjuvant
programmed death receptor-1 (PD-1) immune checkpoint blockade led to reversal of
functional immunodominance among T cell clones targeting independent antigens, and
allowed the formation immunological memory capable of rejecting tumor cell challenge
after surgical resection of tumors. These results were not observed with adjuvant immune
checkpoint blockade. These results support the use of neoadjuvant immune checkpoint
blockade administered before resection of malignancy, and will guide the development of
clinical trials employing up front immunotherapy in combination with surgery in patients
with resectable carcinomas.
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Figure 1 —. Functional TIL targeting p15E failed to develop in the presence of OVA
A, qPCR was used to measure pI5E gene expression in MOC1g,,, and pMOC1 cells. p15E

expression in MOC?2 cells was used as a reference and set to 1.
B, TIL were cultured from day 14 MOC1,,, or pMOCL1 tumors. After 7 days in culture, TIL
were assessed for tetramer positivity by flow cytometry. Representative dot plots are shown
on the left. Quantity of tetramer positive TIL is shown on the right (7= "5 independent

tumors each model).

C and D, TIL cultured from MOC1,,,, tumors (C) or pMOC1 tumors (D) were assessed for
IFNy production upon exposure to control (VSV-Ns,_s59) or antigenic peptides (OVA257_264
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and p15Eggs_g11)- Number of IFN-y producing cells was quantified by ELISpot (left, with
representative photomicrographs of wells) and cumulative production of IFNy was
quantified by ELISA (right) (n=5 independent tumors each model).

E, TIL cultured from day 14 MOC1,,, or pMOC1 tumors were co-cultured with MOC1,,,
or pMOCI1 target cells and loss of target cell viability was assessed in real-time by
impedance analysis. Representative impedance plots are shown on the left. Quantification of
loss of target cell index 12 hours after initiation of co-culture (vertical dashed line) is shown
on the right (TIL pooled from 5 independent tumors each model).

F, MOC1,,, tumors were established in WT B6 mice and completely resected at day 14.
Forty days after resection, mice were challenged with either MOC1,,,, or pMOC1 cells and
followed for tumor engraftment. Cumulative data from three independent experiments.
Significance determined by Mantel-Cox analysis.

G, pMOC1 tumors were established in WT B6 mice and completely resected at day 14.
Forty days after resection, mice were challenged with pMOCL1 cells and followed for tumor
engraftment. Cumulative data from two independent experiments.

Unless stated otherwise, all data shown is representative data from one of at least two
independent experiments.

** p<0.01; *** p<0.001, student’s t-test; n/s, non-significant.
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Figure 2 —. PD-1 mAb restored the function of TIL targeting p15E in MOC1,5 tumors
A, MOC1gy, TIL specific for OVA:H-2KP or p15E:H-2KP were assessed for PD-1

expression by flow cytometry. Representative histogram of PD-1 staining is shown on the
left, with qualification of PD-1 expression on all tetramer positive cells (median fluorescent
intensity) as well as the percentage of positive cells (dashed grey line) shown on the right (»
=5 independent tumors).

B, WT B6 mice bearing MOC1,,,, tumors were treated with PD-1 mAb or isotype control
(days 7 and 10). TIL were cultured from day 14 tumors, and after 7 days of culture, TIL
were assessed for tetramer positivity by flow cytometry. Representative dot plots are shown
on the left. Quantity of tetramer positive TIL is shown on the right (=5 independent
tumors each condition).

C, TIL cultured from day 14 MOC1,,,, tumors treated with PD-1 mAb or isotype control
were assessed for IFN-y production upon exposure to antigenic peptides by ELISpot.
Representative photomicrographs of ELISpot wells are shown on the left, with quantification
of spot counts on the right (7= 5 independent tumors each condition).

D, TIL cultured from day 14 MOC1,,, tumors treated with PD-1 mAb or isotype control
were co-cultured with pMOCL target cells and loss of target cell viability was assessed by
impedance analysis. Representative impedance plot is shown on the left. Quantification of
loss of target cell index 12 hours after initiation of co-culture (vertical dashed line) is shown
on the right (TIL pooled from 5 independent tumors each condition).

All data shown is representative data from one of at least two independent experiments.

*, p<0.05; **, p<0.01; ***, p<0.001, student’s t-test
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Figure 3 —. Mice rejected engraftment with tumor cells lacking OVA following neoadjuvant PD-1

mAb
A, MOCl1,,, tumors were established in WT B6 mice and completely resected at day 14.

Tumor-bearing mice were given neoadjuvant (days 7 and 10), adjuvant (days 17 and 20) or

combination PD-1 mAb. 40 days after resection, untreated mice were challenged with

MOC1,y, or pMOCL1 cells as controls, and treated mice were challenged with pMOCL cells
and followed for engraftment. Tumor engraftment rates are shown on the left, and survival to

150 days after challenge is shown as a Kaplan-Meier curve on the right. Cumulative data
from two independent experiments.

B and C, MOC1,,, tumor-bearing mice were treated neoadjuvant, adjuvant or combination

PD-1 mAb as in A. B, 40 days after resection, T cells were sorted form tumor draining

lymph nodes (TDLN) and assessed for IFNy production upon exposure to antigenic peptides

by ELISA. C, 40 days after resection, splenic T cells were assessed for tetramer and
memory marker positivity by flow cytometry (7= 5 independent tumors each condition).
Unless stated otherwise, all data shown is representative data from one of at least two
independent experiments.

*, p<0.05; ** p<0.01; ***, p< 0.001, student’s t-test
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Figure 4 — Functional TIL targeting p15E failed to develop in the presence of mMICAM
A, gPCR was used to measure pZ5F gene expression in MOC22 and pMOCL cells.

B, TIL were cultured from day 14 MOC22 or pMOC1 tumors. After 7 days in culture, TIL
were assessed for tetramer positivity by flow cytometry. Representative dot plots are shown
on the left. Quantity of tetramer positive TIL is shown on the right (7= "5 independent

tumors each model).

C and D, TIL cultured from MOC22 tumors (C) or pMOC1 tumors (D) were assessed for
IFN-y production upon exposure to control (VSV-Ns,_5g) or antigenic peptides
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(mICAM30g.315 and p15Eggs_g11). Number of IFN+y producing cells was quantified by
ELISpot (left, with representative photomicrographs of wells) and cumulative production of
IFNy was quantified by ELISA (right) (#7=5 independent tumors each model).

E, TIL cultured from day 14 MOC22 or pMOCL1 tumors were co-cultured with MOC22 or
pMOC1 target cells and loss of target cell viability was assessed in real-time by impedance
analysis. Representative impedance plots are shown on the left. Quantification of loss of
target cell index 12 hours after initiation of co-culture (vertical dashed line) is shown on the
right (TIL pooled from 5 independent tumors each model).

F, MOC22 tumors were established in WT B6 mice and completely resected at day 14. 40
days after resection, mice were challenged with either MOC22 or pMOC1 cells and
followed for tumor engraftment. Cumulative data from two independent experiments.
Significance determined by Mantel-Cox analysis.

Unless stated otherwise, all data shown is representative data from one of at least two
independent experiments.

*, p<0.05; ** p<0.01; ***, p<0.001; student’s t-test
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Figure 5 —. PD-1 mAb restored the function of TIL targeting p15E in MOC22 tumors
A, MOC22 TIL specific for OVA:H-2KP or p15E:H-2KP were assessed for PD-1 expression

by flow cytometry. Representative histogram of PD-1 staining is shown on the left, with
qualification of PD-1 expression on all tetramer positive cells (median fluorescent intensity)
as well as the percentage of positive cells (dashed grey line) shown on the right.

B, WT B6 mice bearing MOC22 tumors were treated with PD-1 mAb or isotype control
(days 7 and 10). TIL were cultured from day 14 tumors, and after 7 days of culture, TIL
were assessed for tetramer positivity by flow cytometry. Representative dot plots are shown
on the left. Quantity of tetramer positive TIL is shown on the right (7= "5 independent
tumors each condition).

C, TIL cultured from day 14 MOC22 tumors treated with PD-1 mAb or isotype control were
assessed for IFN-y production upon exposure to antigenic peptides by ELISpot.
Representative photomicrographs are shown on the left, with quantification of spot counts
on the right (TIL pooled from 5 independent tumors each condition).

D, TIL cultured from day 14 MOC22 tumors treated with PD-1 mAb or isotype control were
co-cultured with pMOC1 target cells and loss of target cell viability was assessed by
impedance analysis. Representative impedance plot is shown on the left. Quantification of
loss of target cell index 12 hours after initiation of co-culture (vertical dashed line) is shown
on the right (TIL pooled from 5 independent tumors each condition).

All data shown is representative data from one of at least two independent experiments.

*, p<0.05; ** p<0.01; *** p<0.001
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Figure 6 — Mice rejected engraftment with tumor cells lacking mICAM following neoadjuvant
PD-1 mAb

A, MOC22 tumors were established in WT B6 mice and completely resected at day 14.
Tumor-bearing mice were given neoadjuvant (days 7 and 10), adjuvant (days 17 and 20) or
combination PD-1 mAb. 40 days after resection, untreated mice were challenged with
MOC22 or pMOCL cells as controls, and treated mice were challenged with pMOC1 cells
and followed for engraftment. Tumor engraftment rates are shown on the left, and survival to
150 days after challenge is shown as a Kaplan-Meier curve on the right. Cumulative data
from two independent experiments.

B and C, MOC22 tumor-bearing mice were treated neoadjuvant, adjuvant or combination
PD-1 mAb as in A. B, 40 days after resection, T cells were sorted form tumor draining
lymph nodes (TDLN) and assessed for IFNy production upon exposure to antigenic peptides
by ELISA. C, 40 days after resection, splenic T cells were assessed for tetramer and
memory marker positivity by flow cytometry (7= 5 independent tumors each condition).
Unless stated otherwise, all data shown is representative data from one of at least two
independent experiments.

*, p<0.05; ** p<0.01; *** p<0.001
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