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ABSTRACT

Head and neck squamous cell carcinomas (HNSCC) are well suited for cancer vaccination strategies. In
addition to tumor-associated antigens (TAAs) and endogenous retrovirus (ERV) encoded proteins, HNSCCs
have a relatively high tumor mutational burden encoding potential neoepitopes. Peptide vaccine candi-
dates are prioritized by predicted high-affinity to major histocompatibility complex (MHC) class | with
MHC-II affinity largely not being considered. Herein, we extend previous studies to evaluate therapeutic
vaccination in the mouse oral cancer (MOC) 22 model. Two distinct MOC22 derived SLPs were tested —
a TSA-oriented mutant intercellular adhesion molecule 1 (mICAM1) and p15E, an ERV encoded antigen. In
silico prediction revealed mICAM1 SLP bore strong MHC-I and MHC-II epitopes sharing a mutant residue
with vaccination significantly increasing both antigen-specific IFN-y producing CD4* and CD8" T cells. By
contrast, p15E SLP had a predicted high-affinity MHC-I epitope but lacked an MHC-II epitope and
vaccination induced antigen-specific CD8"* but not CD4" T cell responses. Therapeutic mICAM1 vaccina-
tion attenuated tumor growth effectively with mICAM1-specific T cells displaying durable IFN-y produc-
tion compared with p15E SLP. Furthermore, mICAM1 SLPs carrying weakened MHC-II binding epitopes
were unable to control tumor growth. These data underscore the potential value of therapeutic targeting
of HNSCC epitopes and highlight the importance of studying distinct antigen classes in this setting.
Moreover, they raise the possibility that, at least in part, CD4™ T cell help is critical for cancer vaccination in
this preclinical HNSCC model and suggest in silico prediction approaches prioritize overlapping MHC-I and
MHC-II epitopes to generate potent cancer vaccines.
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Introduction the tumor site in the endogenous and checkpoint inhibitor
treatment setting.” Further understanding of the interplay of
MHC-I and II neoepitopes and CD4" T cells in the cancer
vaccination setting is required.

Head and neck squamous cell carcinoma (HNSCC) is the
predominant cancer type in the head and neck region.”* Two
phase IIT studies (Checkmate 141 and Keynote 048) led to
approval of anti-PD-1 in recurrent and/or metastatic HNSCC
treatment, underscoring the efficacy of immunotherapy.”'’
However, only 15-20% of patients benefit from these treat-
ments, emphasizing the need for new immunotherapeutic
methods. In addition, HNSCCs do not harbor identified fre-
quent oncogenic driver mutations'' and exhibit a relatively
high tumor mutational burden'*'® and immune infiltration,'*
highlighting this tumor type as perhaps better suited for cancer
vaccination therapy than oncogene targeting strategies.
Previously, we developed mouse oral cancer (MOC) cell lines
with similar characteristics to human HNSCC."” One of these,
MOC22, showed high immunogenicity and represents
a suitable model for evaluating HNSCC vaccine therapy

The ultimate purpose of cancer vaccination, encompassing
peptide, DNA, or RNA formats, is to improve clinical out-
comes by enhancing adaptive immunity, including antigen-
specific CD4"/ CD8" T cells." This antigenic stimulation is
a crucial part of the cancer immunity cycle that eventually
contributes to T cell trafficking and differentiation of antigen-
specific T cells.”” Sources of antigens include tumor-specific
antigens (TSAs) and tumor-associated antigens (TAAs)
including overexpressed proteins and endogenous retrovirus
(ERV) encoded proteins. As CD8" T cells are the major
immune cell population that eradicate cancer cells, many stu-
dies have focused on the predicted affinity for major histocom-
patibility complex (MHC) class I to select candidate antigens
for vaccine treatment.* Intriguingly, clinically responsive cases
often display an increase of activated antigen-specific CD4"
T cells,* which is consistent with induction of CD4" T cell-
specific responses as a critical component of cellular immunity
against cancer.” Schreiber and colleagues showed a non-
overlapping role for an integrated MHC-I and II response at
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strategies. Using an immunogenomic approach,'® we pre-
viously selected TSAs as candidate neoepitopes and identified
mutant intercellular adhesion molecule 1 (mICAM1)-derived
MHC-I epitope reactivity in MOC22 tumor-infiltrating lym-
phocytes (TILs). Notably, a synthetic long peptide (SLP) with
mICAM1 neoepitope conferred anti-cancer immunity in the
preventive setting,'® underscoring the efficacy of neoantigen
cancer vaccination treatment for HNSCC.

SLPs containing MHC-I epitopes are an established vaccine
format that can be efficiently processed by dendritic cells (DCs)
and stimulate CD4*/CD8" T cells.'”'® In this study, to extend
our previous findings, we completed an analysis of two distinct
MOC22-derived SLPs. The mICAM1 SLP had predicted high-
affinity MHC-I and MHC-II epitopes. By contrast, the p15E
SLP, derived from a p15E ERV transcript and often immuno-
dominant in C57BL/6 derived tumors,'**° only had predicted
high-affinity MHC-I binding. Notably, although both SLPs
demonstrated preventive anti-cancer efficacy, only the
mICAM1 SLP showed a significant MOC22 tumor control
activity in the therapeutic vaccine setting. Depletion assays
using anti-CD40L antibody with mICAM1 SLP vaccination
setting significantly attenuated anti-cancer effects, consistent
with a crucial role of CD4" T cells in therapeutic cancer
vaccination. Furthermore, altered mICAM1 SLPs with pre-
dicted reduced MHC-II binding showed impaired tumor era-
dication capacity following therapeutic vaccination. These data
in the MOC22 HNSCC model highlight considerations in
vaccine candidate selection, the essential role of antigen-
specific CD4" T cell help for therapeutic cancer vaccination
and define a strategy of selecting overlapping MHC-I and II
neoepitopes for cancer vaccines.

Materials and methods
Cell culture and mice

MOC22 was generated and cultured as described'®*" with
MOC medium composed of IMDM modified (HyClone
#SH30228.02), Ham’s F10-F12 nutrient mixture (HyClone
#SH30026.01) with 5% heat-inactivated FBS (Sigma #F2442),
100 U/ml penicillin-streptomycin (Lonza #17-603E), 5 ng/ml
EGF (Millipore #E5160), 400 ng/ml hydrocortisone (Sigma
#HO0135), and 5 pg/ml insulin (Sigma #10516). Cell lines were
tested for mycoplasma every 6 months. Female wild-type
C57BL/6 mice (Taconic Biosciences, 6-8 weeks age) were
housed in pathogen-free animal facility. All animal studies
were conducted in compliance with regulations of the institu-
tional animal care and use committee (IACUC) of Dana-
Farber Cancer Institute.

Cancer cell inoculation and tumor size examination

MOC22 cells were cultured with 150 cm? flasks with MOC
medium. When harvesting, flasks were washed 2 times with
10 mL of PBS with 1 mM EDTA, then treated with 4 mL of
1 x 0.25% EDTA Trypsin (Gibco #25200-056) for 6-8 minutes
at 37°C. After quickly neutralizing with 20 mL of MOC
medium, MOC22 cells were harvested and washed 2 times
with PBS, then resuspended in 100 pl PBS with Basement

membrane extract (Thermo #343200501, 30% final) and were
inoculated into mice flanks subcutaneously (150 ul/ flank in
final). Mice flanks were shaved at least 3 d before the cell
inoculation to prevent inflammation. 1 x 10° cells/flank were
inoculated for prophylactic vaccination study according to
the previous report.'® More cells (5 x 10° cells/flank) were
inoculated for therapeutic vaccination to more easily distin-
guish the effect of each vaccination. Inoculated cell numbers
are shown in associated figure legends. All cells were at least
85% viable for in vivo experiments. Tumor volumes were
determined 2-3 times per week using this formula:
V = Length x Width x Height x n/6.>> The human endpoint
was set at 1000 mm”.

Peptide synthesis and vaccination

Peptides (Peptide 2.0) were dissolved in DMSO at 10 mM and
stored at —20°C. For vaccination, 50 pg of each SLP and 100 ug
of poly(I:C) (Invivogen #vac-pic) were mixed with 100 pl of
sterile 0.9% NaCl physiological saline and injected subcuta-
neously at the tail base. Vaccine injection regions were shaved
at least 3 d before the cell inoculation to prevent inflammation.
The mICAM1 (TVYNFSAL (wild type ICAM1: TVYNFSAP))
and p15E (KSPWFTTL) MHC-I epitope peptides were used for
ELISA and CD8" ELISPOT analysis. The original mICAM1
SLP (DQILETQRTLTVYNFSALVLTLSQLEVS), altered-1
mICAM1 SLP (DQILETQRTLTVYNEFSALVFFLSQLEVS),
altered-2 mICAM1 SLP (DQILETQRTLTVYNF
SALVDDLSQLEVS) SLP and p15E SLP
(GLENKSPWFTTLISTIMGPLIILLLILL) were used for CD4"
ELISPOT analysis and vaccination. Underlined sequences
represent altered amino acids.

Tissue harvesting

MOC22 tumor processing: Flesh-harvested tumors were
minced with razors and added to digestion buffer (D-PBS
(Gibco #14190-136) with 100 U/ml penicillin-streptomycin,
100 x NEAA (LONZA #13-114E), 20 mM of HEPES (Gibco
#15630-080), 100 x Glutamax (Gibco #35050-061) and
0.05 mM of 2-Mercaptoethanol (Sigma #M3148). Then, 1 mg
of Liberase TL (Roche, #05401020001) was added, and the
mixture incubated for 10 minutes at 37°C. Afterward, 2 mL
of washing buffer (digestion buffer with 5% of FBS) was added
to neutralize, and tumors were thoroughly minced and passed
through 70 um of filter. Single-cell suspensions were analyzed
using flow cytometry. Splenocyte processing: to obtain single-
cell suspensions of fresh splenocytes, C57BL/6 mouse spleens
were gently disaggregated with microscope glass slides in 3 mL
of RPMI1640 (Gibco #11875-093). After centrifugation at
500 x g, 5 min 4°C, supernatant was removed. Then, 3 mL of
red blood cell lysis buffer (Sigma #R7757) was added, and cells
incubated for 3 min at RT. 15 mL of MOC medium was added
to neutralize. After splenocytes were passed through 40 um
mesh filters and resuspended with 20 mL of 1 mM EDTA PBS,
they were counted and used for experiments. Draining lymph
nodes (DLNs) processing: For harvesting DLNs, mice inguinal
lymph nodes were disaggregated with microscope glass slides
in 3 mL of RPMI1640 and passed through 40 um mesh filters.



After spinning down and counting, cells were used for each
study.

Tumor-infiltrating lymphocyte (TIL) culture

Freshly harvested tumor tissues were cut into 1-2mm
pieces and individually placed into single wells of a 24-
well dish in 1 mL of mouse T cell medium (RPMI1640,
10% FBS, 20 mM HEPES, 1 mM sodium pyruvate (Sigma
#8636), 0.05 mM 2-mercaptoethanol, 2 mM L-glutamine
(Gibco #25030-081), 100 ug/ml streptomycin, 100 U/ml
penicillin and 100 IU/mL of human IL-2 (Roche TECIN
#Ro 23-6019)). After 48 h of culture, TILs were harvested
by passing through a 40 um filter, and dead cell removal
was performed (Miltenyi #130-090-101). TILs were used for
ELISPOT and flow cytometry experiments.

Mouse IFN-y enzyme-linked immunospot (ELISPOT) assays

ELISPOT was performed using mouse IFN-y single-color
ELISPOT kit (CTL). Fresh splenocytes, untouched CD8"/
CD4" cells from splenocytes or cultured TILs were incubated
at 37 degrees with 1 uM of each peptide for 24 h. When
cancer cells were used as targets, MOC22 was stimulated
with 1000 U/mL of recombinant mouse IFN-y (Peprotech
#315-05) for 48 h prior to use. PMA (Santa Cruz biotech-
nology #SC-3576, final concentration 2 ug/mL) and ionomy-
cin (Santa Cruz biotechnology #SC-3592, final concentration
0.1 pug/mL) were used for positive control. Untouched CD4"/
CD8" T cells were isolated using CD4"/ CD8" T cell isola-
tion kits (Miltenyi #130-104-454, #130-104-075) with MS
columns (Miltenyi #130-042-201) according to manufacturer
instructions. Cell numbers used in each experiment are
shown in associated figures, and naive splenocytes from
wild-type (WT) C57BL/6 female mice were used as antigen-
presenting cells (APCs). The number of ELISPOT positive
spots were counted using an Immunospot analyzer (CTL).

Mouse IFN-y enzyme-linked immunosorbent (ELISA)
assays

ELISA assays were performed with mouse IFN-y quantikine
ELISA kit (Bio-Techne #MIF00) according to manufacturer’s
instructions. Freshly harvested mouse splenocytes (1 x 10°
cells/well in 96 well plate) were mixed with 65 uL of T cell
medium (without IL-2) added with 1 uM of mICAMI
(TVYNEFSAL) or p15E (KSPWFTTL) MHC-I epitope peptides.
When cancer cells were used as targets, IFN-y stimulated
MOC22 cells (1 x 10> cells/well in 96 well plate) were used.
PMA (2 pg/mL) and ionomycin (0.1 pug/mL) were used for
positive control. After 24-h culture at 37°C, cells were centri-
fuged in 2,000 x g for 5 min at 4°C and 50 ul of supernatant was
used for ELISA assay. ELISA results were read at 450 nm and
570 nm using i-control 1.10 software and TECAN infinite
M200 PRO. Using a standard curve, the IFN-y concentration
of samples were calculated. Technical duplicates were per-
formed for each sample and averaged for analysis.
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MHC-II epitope prediction

Peptide affinities for MHC-II were predicted with
NetMHCII2.3 software.”> Briefly, mICAMI1 and p15E SLPs
sequences were submitted to NetMHCII2.3, and affinity levels
between 15 mer candidates from each SLP and H-2-IAb were
analyzed. Epitopes of %Rank <2 defined strong binding candi-
dates, and 2 < %Rank <10 defined weak binding candidates.

Monoclonal antibody-based depletion assays

For CD8"/CD4" depletion, monoclonal antibodies control rat
IgG2A (250 ug, BioXCell Clone#2A3), anti-CD4 antibody (250
ug, BioXCELL Clone#GK1.5), or anti-CD8 antibody (250 ug,
BioXCell Clone#YTS169.4)) were injected intraperitoneally on
days -1, 6, 13, 20, 27 in the mICAM1 vaccinated setting. For
CDA40L blocking in vivo, control rat IgG2A (250 ug) or anti-
CD40L antibody (250 ug, BioXCELL Clone#MR-1) was intra-
peritoneally injected on days —1, 6, 13 in the mICAMI ther-
apeutic vaccine setting and analyzed. Each treatment schedule
is shown in associated figures.

Flow cytometry analysis

Single-cell suspension was generated (1 x 10° cells in PBS (100
ul)) from MOC22 tumors, spleens or DLNs of mice. Then, cells
were first stained with Zombie aqua (Biolegend #423102, 1:500,
15 min at room temperature (RT) in PBS). After washing with
1 mL of PBS, cells were resuspended in FACS buffer (0.5% FBS
and 1 mM of EDTA (Invitrogen #AM9260G) in PBS).
Treatment with Fc-block (BD Pharmingen #553142, 1:100,
15 min at 4°C) was performed, then appropriate cell surface
fluorophore-conjugated anti-mouse antibodies (CD45.2; clone
104, CDl11c; clone N418, CD80; clone 16-10A1, CD86; clone
GL-1, CD3e; clone 17A2, CD8a; clone 53-6.7, CD4; RM4-5,
CD137; 17B5) were added at 1:200, incubated for 20 min at
4°C. Washing with 1 mL of FACS buffer was performed, and
cells were analyzed by flow cytometry (Miltenyi MACSQuantX).
FlowJo v10.6.2 (BD) software was used to analyze.

Tetramer staining

MHC-I specific mICAM1 (from the NIH Tetramer Core
Facility) and pl15E (MBL #TS-M507-1) tetramers were used
to detect antigen-specific CD8" TILs. After staining with
Zombie Aqua, cultured TILs were treated with Fc-block, then
tetramers (mICAM1I, 1:100 and p15E, 3:100) were added for
30 min at 4°C. Subsequent fluorophore-conjugated anti-mouse
antibodies staining (CD45.2; clone 104, CD8; clone KT15) was
performed at 1:200 and analyzed. Compensation was per-
formed using beads (Invitrogen #01-2222-42 for CD45.2/
CD8, and Invitrogen #A10346 for Zombie Aqua).

Statistical analysis

Before analysis, the Shapiro-Wilk normality test was performed.
For samples with normal distributions, parametric tests (student
t-test, one-way ANOVA) were performed. When the test of
normality was rejected, non-parametric tests (Mann-Whitney
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U-test and Kruskal-Wallis test) were performed. The statistical
method and sample numbers are shown in associated figure
legends. A box-and-whisker plot was used to show distribution
median and lower and upper quartiles. For survival analyses, log-
rank (Mantel-Cox) test was performed. Statistical analyses were
carried out using GraphPad Prism 8 software (GraphPad) with
*p < .05, ¥*p < .01, **p < .001, ***p < .0001 and ns = not
significant.

Results

mICAM1 SLP can activate both antigen-specific CD4* and
CD8" T cells

We previously defined mICAM1 as a novel H2-K" restricted
neoantigen and successfully used a mICAM1 SLP in preventive
vaccination against MOC22.'® To extend these studies on the
mICAM1 SLP and assess additional MOC22 vaccine targets, we
compared endogenous T cell responses against two different
antigens in progressively growing MOC22 tumors. We used
a TSA-derived mICAM1 MHC-I epitope (TVYNFSAL) and
a TAA-derived pl15E MHC-I epitope (KSPWFTTL). Both pep-
tides showed strong predicted affinity to MHC-I
(mICAM1 = 245 nM and pl5E = 1048 nM in
NetMHCA4.0).>*** ELISPOT and MHC-I tetramer staining of
MOC22 TILs validated the existence of antigen-specific CD8"
T cells to both antigens (Figure 1(a) and (b), Supplementary
Figure Sla). Notably, more pl5E-specific IFN-y producing
CD8" T cells were infiltrated in MOC22 relative to mICAM1-
specific CD8" T cells, suggesting the potential immunodomi-
nance of p15E-specific CD8" T cells in MOC22 TILs (Figure 1(a)
and (b)).

Next, to analyze the effect of MHC-II epitopes for anti-tumor
response, we generated 28-mer mICAMI1 and pl5E SLPs
(Figure 1(c)). We used the same mICAM1 SLP sequence as in
our previous report.'® Predicted affinity levels for MHC-II
H-2-IAb showed mICAMI1 SLP to have four strong and two
weak MHC-II predicted neoepitope candidates incorporating
the mutated residue, while p15E SLP had two weak MHC-II
candidates (Figure 1(c)).

Differential loading and presentation of these two antigens on
Class I may impact anti-tumor immune responses. To assess the
presentation of mICAMI and p15E epitopes on MOC22 tumor
cells, we first generated antigen-specific T cells by separately
vaccinating WT mice with each SLP with poly(I:C) adjuvant.
Splenocytes from these mice were then used as a source for
antigen-specific T cells. IFN-y production following mixed cul-
turing of MOC22 with splenocytes from either mICAMI or
p15E vaccinated mice was measured using ELISPOT assays
and ELISAs (Figure 1(d)). IFN-y secretion was similar for the
two peptide vaccines (Figure 1(d) and €). These data confirm the
presence of cell surface mICAM1- and p15E-Class I complexes
and suggest that the expression levels may be comparable.

Antigen-specific CD8" T cells activation is sufficient for
preventive vaccination efficacy against MOC22

To examine the immunogenicity of these SLPs, subcutaneous
vaccination was performed in WT mice with a prophylactic

vaccine protocol (vaccinated on days —7 and -5) (Figure 2(a)).
IFN-y ELISA assay (day 0) showed the increase of IFN-y after
each SLP vaccination (Supplementary Figure 2(a)). IFN-y
ELISPOT assay demonstrated a significant increase of IFN-y
producing antigen-specific CD8" T cells in both vaccinated
groups (Figure 2(b) and Supplementary Figure S2b), showing
that both mICAM1 and p15E SLPs are immunogenic. Notably,
mICAM]1 SLP significantly induced IFN-y producing antigen-
specific CD4" T cells (Figure 2(c) and Supplementary Figure
S2¢), confirming that mICAM1 SLP activated both CD8" and
CD4" T cells while p15E SLP activated CD8" T cells only. To
examine the impact of each SLP vaccine on dendritic cells
(DCs), we examined conventional type 1 dendritic cells
(cDCls) and co-stimulatory factors (CD80 and CD86) after
prophylactic vaccination. Notably, the mICAM1 SLP vaccine
induced a significant increase of cDCls in DLNs (Figure 2(d)
and Supplementary Figure S2d), suggesting the efficient pro-
motion of antigen-presentation via ¢DCls. The CD80 and
CD86 co-stimulatory factors in ¢cDCls were not statistically
significantly increased in the mICAM1 SLP vaccinated condi-
tion (Figure 2(e)). Next, MOC22 cells were inoculated on day 0
to analyze the efficacy of mICAM1 and p15E SLP prophylactic
vaccination (Figure 2(a)). The mICAM1 SLP vaccinated group
significantly suppressed MOC22 tumor formation, and 7/10
tumors were completely rejected (figure 2(f)) with significantly
prolonged survival (Figure 2(g)), which was consistent with
previous findings.'® Notably, the p15E SLP also showed sig-
nificant suppression of tumor growth and prolonged survival
(figure 2(f) and (g)), but only 2/10 tumors were completely
rejected (Figure 2(g)). In addition, re-challenge experiments of
MOC22 in the mice with completely rejected tumors were
performed. All of 7/7 mice of mICAMI vaccinated mice and
2/2 mice of p15E SLP vaccinated mice completely rejected
MOC22 tumor re-challenge (data not shown), indicating the
formation of an immune memory response in mice that initi-
ally rejected MOC22. These data suggest that activating either
p15E or mICAMI antigen-specific CD8" T cells is sufficient to
suppress MOC22 tumor growth in the prophylactic vaccine
setting.

Therapeutic mICAM1 but not p15E vaccination of MOC22
bearing mice activates antigen-specific CD4*/CD8* T cells
and prolongs survival

Next, we extended our analysis to therapeutic vaccination in
established MOC22 tumor-bearing mice (Figure 3(a)). ELISA
(day 12) confirmed both SLPs promoted IFN-y secretion from
antigen-specific T cells (Figure 3(b)). As expected, mICAM1
SLP significantly activated CD4" and CD8" T cells in IFN-y
ELISPOT assay performed on day 12 (Figure 3(c) and (d)). By
contrast, pI5E SLP therapeutic vaccination was unable to
induce CD4" T cell activation in tumor-bearing mice
(Figure 3(d)), while CD8" T cell activation was observed
(Figure 3(c)). Notably, in the therapeutic vaccine setting,
mICAMI SLP displayed significant tumor growth control rela-
tive to p15E SLP (Figure 3(e)). Three of 10 tumors were com-
pletely rejected with mICAM1 vaccination, while none of 10
tumors were rejected with p15E vaccine or poly(I:C) control
group, respectively (Figure 3(e)). In addition, the mICAM1
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vaccinated group significantly prolonged overall survival (figure
3()), highlighting the efficacy of mICAM1 SLP vaccination. We
hypothesized that these results are related to a supportive role of
the mICAM1 Class II epitope and CD4" T cell help being
critical to reject MOC22 in the therapeutic vaccination setting.

Y

N

Figure 1. The mICAM1 and p15E SLPs show comparable reactivity against MOC22 tumor. (a) IFN-y ELISPOT data for 5 x 10* MOC22 CD8* TiLs (day 14) cultured with
mICAM1 (TVYNFSAL) or p15E (KSPWFTTL) short peptides. N = 3 for each. Quantification shows the number of positive spots in each group. Unstimulated MOC22 TILs
were used for the negative control (NC,) and PMA/ionomycin stimulated MOC22 TILs were used for the positive control (PC). Mann-Whitney U test was performed to
analyze. (b) Representative flow cytometry plots of mICAM1 and p15E MHC-I tetramer staining against MOC22 TILs (day 14). The gated areas show percentage of
tetramer-positive cells in CD45*CD8" TILs. FMO: fluorescence minus one. (c) MHC-II specific epitope prediction for mICAM1 and p15E SLPs. Predictions were performed
using NetMHCII 2.3 software. Pos: position, SB: strong binding candidate, WB: weak binding candidate. Underlined sequences represent predicted MHC-I epitopes. (d)
Schematic of vaccine schedule. Each vaccine was performed on days —7, —5, and splenocytes were harvested on day 0. IFN-y stimulated (100 U/mL, 48 h) 1 x 10> MOC22
were mixed with (e) 5 x 10° (ELISPOT) or (f) 1 x 10° (ELISA) splenocytes per well from vaccinated WT mice and cultured for 24 h. VAC: vaccination. (E) IFN-y ELISPOT data
(n =5 mice for each group). Quantification shows the number of positive spots in each group. one-way ANOVA was performed for multiple analyses. (F) IFN-y ELISA
assay data (n = 5 mice for each group). Kruskal-Wallis test was performed for multiple analyses.

Therapeutic mICAM1 SLP vaccination suppresses tumor
growth with sustained CD8* T cell IFN-y production

To connect the activation of antigen-specific CD4" T cells
in the MOC22 anti-tumor mICAMI1 vaccine response, we
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Figure 2. The mICAM1 and p15E SLPs both show preventive anti-cancer effects against MOC22. (a) Schematic of prophylactic vaccination schedule. Each vaccine was
performed on days —7, =5, and 1 x 10° of MOC22 cells were inoculated on day 0. VAC: vaccination, DLNs: draining lymph nodes. (b-c) IFN-y ELISPOT analysis of (b)
purified 3 x 10° CD8" and (c) purified 5 x 10° CD4" T cells per well from vaccinated WT splenocytes (n = 5 mice for each group). Quantification shows the number of
spots in each group. Kruskal-Wallis test was performed for analyses. Short peptides (mICAM1:TVYNFSAL or p15E:KSPWFTTL) were used for stimulating (B) CD8* T cells,
SLPs (mICAM1:DQILETQRTLTVYNFSALVLTLSQLEVS or p15E: GLFNKSPWFTTLISTIMGPLIILLLILL) were used for stimulating (C) CD4* T cells. The underlined sequences
represent MHC-I epitopes of SLPs. (d) Flow cytometry analysis for CD457CD11c¢*CD8a* ¢DC1s in draining lymph nodes (DLNs) (n = 5 mice for each group). One-way
ANOVA test was performed to analyze. (e) Mean fluorescent intensity (MFI) of CD80 and CD86 of cDC1s in DLNs from vaccinated mice (n = 5 mice for each group).
Kruskal-Wallis tests were used for multiple analyses. (f) Tumor volumes in prophylactic poly(l:C) (control) and mICAM1 or p15E SLPs vaccinated groups (n = 10 tumors
for each group). Data was analyzed with one-way ANOVA. CR: complete response. (g) Kaplan-Meier survival analysis of each prophylactic vaccinated group (n = 5 mice

per group).

next evaluated the MOC22 tumor microenvironment
(TME) wusing the therapeutic vaccination protocol
(Figure 4(a)). Both DCs and CD86 expression on DCs in
MOC22 tumors were significantly increased in the
mICAM1 SLP vaccinated group on day 12 (Figure 4(b)
and (c), Supplementary Figure S3a). We did not see

a significant increase of CD8" T cells or the T cell activa-
tion marker 4-1BB in the mICAM1 vaccinated condition
(Supplementary Figure S3b and d). Notably, tetramer
staining indicated the existence of antigen-specific T cells
for both pl15E and mICAMI1 in MOC22 TILs in later
stages of tumor growth (day 35). Mutant ICAM1 tetramer-
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Figure 3. The mICAM1 SLP vaccination showed more significant therapeutic vaccination impact on MOC22 tumors than p15E SLP vaccine. (a) Schematic of therapeutic
vaccination protocol. Each vaccine was performed on days 3,5,7,9, and 5 x 10% of MOC22 were inoculated on day 0. VAC: vaccination. (b) IFN-y ELISA assay for
splenocytes harvested on day 12 using therapeutic vaccine protocol stimulated with mICAM1 (TVYNFSAL) and p15E (KSPWFTTL) short peptides for 24 h before analysis
(n = 5 mice per group). Kruskal-Wallis tests were performed. (c-d) IFN-y ELISPOT assays for purified (c) 3 x 10° CD8" or (d) 5 x 10° CD4" T cells per well from splenocytes
of vaccinated MOC22 tumor-bearing mice. T cells were stimulated with each peptide (for CD8* T cells; mICAM1:TVYNFSAL or p15E:KSPWFTTL, for CD4™ T cells; mICAM1:
DQILETQRTLTVYNFSALVLTLSQLEVS or p15E: GLFNKSPWFTTLISTIMGPLIILLLILL). The Underlined sequences represent MHC-I epitopes in SLPs. N = 10 mice per group were
used in two independent experiments. Quantification shows the ELISPOT positive numbers of each group. Kruskal-Wallis tests were performed for multiple analyses. (e)
Tumor volumes in poly(l:C) (control) and mICAM1 or p15E SLPs vaccinated mice (n = 10 tumors for each group). Data were analyzed with one-way ANOVA. CR: complete
response. (f) Kaplan—Meier survival analysis of each therapeutic vaccinated group (n = 7 mice per group).

positive cells averaged 26.9% of MOC22 CD8" TILs and
p15E tetramer-positive cells averaged 12.59% of MOC22
CD8" TILs (Figure 4(d)). However, mI[CAM1-specific TILs
exhibited sustained IFN-y production while pl15E-specific
TILs did not (Figure 4(e)). In addition, mICAMI tetra-
mer-positive CD8" TILs were durably maintained on day
35, while p15E tetramer-positive CD8" TILs were signifi-
cantly decreased (Figure 4(d)). Although there are several
explanations for why the pl5E SLP was not as active
therapeutically, these data indicate that mICAM1-specific
T cells in mICAM1 SLP vaccinated mice have a long-
lasting anti-cancer effect in MOC22 tumor that likely
contributes to tumor control.

CD8"* and CD4" T cells synergistically contribute to
immunotherapy efficacy in MOC22

To examine the contribution of CD4" T cells for anti-tumor
immunity in the therapeutic vaccine setting, monoclonal anti-
body-based depletion was performed concurrently with
mICAMI vaccination (Figure 5(a)). Depleting CD4™ T cells
with vaccination restored tumor growth, but these data were
not significant (Figure 5(b)). Notably, depletion of both CD4"
and CD8" T cells showed accelerated tumor growth (Figure 5
(b)), suggesting CD4" and CD8" T cells work synergistically in
mICAM]1 vaccinated mice.

As a more robust phenotype with CD4" depletion was not
seen, we reasoned that depletion of regulatory T cells (Tregs) in
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Figure 4. The mICAM1 SLP vaccination showed robust anti-cancer efficacy through prolonged IFN-y production. (a) Schematic of therapeutic vaccination. MOC22
Tumors were analyzed on day 12 and 35. VAC: vaccination. (b) Flow cytometry analysis for CD45*CD11c¢*DCs in MOC22 tumors on day 12 (n = 10 tumors for each group).
One-way ANOVA test was performed for analysis. (c) Mean fluorescent intensity (MFI) for CD80/ CD86 of DCs in MOC22 tumors on day 12 (n = 10 tumors for each group).
One-way ANOVA tests were performed for analysis. (d) The mICAM1 and p15E MHC-I tetramer-positive rate in vaccinated CD45*CD8* MOC22 TILs on day 12 (n = 6 for
each group) and day 35 (n =5 for each group) from therapeutic vaccinated mice and representative flow cytometry plots. Data were analyzed with Mann-Whitney
U test. (e) ELISPOT assay of MOC22 TILs from therapeutic vaccinated mice on day 35. TILs were collected from 5 mice for each group, then divided into 5 x 10* each well

(n = 4 for each group) and stimulated with mICAM1 (TVYNFSAL) and p15E (KSPWFTTL) short peptides.



addition to helper T cells might have been a limitation. To
further investigate this CD4" cellular contribution, we next
examined whether blocking CD40L signaling along with the
mICAM1 SLP vaccine would highlight the impact of CD4"
T cells (especially type 1 helper T cells) (Figure 5(c)).>?°
Strikingly, CD40L depletion significantly recovered MOC22
tumor volume in the mICAMI1 vaccinated condition, under-
scoring the critical role of CD4" T cells (Figure 5(d)). TIL
harvested from tumors in these individual conditions showed
significantly decreased ELISPOT activity only in the mICAM1
SLP vaccinated with CD40L blocking condition (Figure 5(e)).
These data confirm CD4" T cell importance for mICAM SLP
therapeutic vaccination.

MOC22 inoculation
5x 109/ flank
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The mICAM1-specific MHC-II epitope is indispensable for
anti-cancer immunity in MOC22

Finally, to dissect the contribution of the Class II epitope in
mICAM1 SLP, we mutated the predicted MHC-II motif in
mICAM1 SLP with an altered mICAMI1 SLP sequence and
importantly preserved the MHC-I motif (Figure 6(b)). The
altered mICAM1 SLPs (Alt-1 mICAMI1 SLP and Alt-2
mICAMI1 SLP) lost predicted MHC-II strong binding epitopes
(Figure 6(b)). We then analyzed CD4"/ CD8" T cell responses
after vaccination of each SLP in wild-type mice (Figure 6(a)).
Notably, antigen-specific CD4" T cell responses were signifi-
cantly disrupted in Alt-1 or Alt-2 mICAMI1 SLPs while
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Figure 5. CD4* and CD8™ T cells are both required for therapeutic MOC22 control. (a) A schematic illustration of CD4 or CD8 depletion in mICAM1 SLP vaccinated mice.
Depletion antibodies were injected on days —1,6,13,20,27 and vaccines were performed on days 3,5,7,9. 5 X 10° of MOC22 were inoculated on day 0. VAC: vaccination.
(b) Average MOC22 tumor volumes in IgG plus poly(l:C), IgG plus mICAM1, anti-CD4 plus mICAM1, anti-CD8 plus mICAM1 and anti-CD4/CD8 plus mICAM1 conditions
(n = 10 tumors per group). Data were analyzed with one-way ANOVA. (c) A schematic illustration of CD40L depletion in mICAM1 SLP vaccinated mice. Depletion
antibodies were injected on days —1,6,13 and vaccines were performed on days 3,5,7,9. 5 x 10° of MOC22 were inoculated on day 0. VAC: vaccination. (d) Average
MOC22 tumor volumes in IgG plus poly(l:C), IgG plus mICAM1, anti-CD40L plus poly(l:C), anti-CD40L plus mICAM1 (n = 10 tumors per group). Data were analyzed with
one-way ANOVA. CR: complete response. (e) ELISPOT assay of day 35 MOC22 TILs from IgG plus poly(l:C), anti-CD40L plus poly(l:C), IgG plus mICAM1, anti-CD40L plus
mICAM1 treated mice. TILs were collected from 5 mice for each group, then divided into 5 x 10* each well. TILs were stimulated with mICAM1 (TVYNFSAL) peptide.
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antigen-specific CD8" responses were preserved (Figure 6(c)
and 6(d)). The MHC-II epitope disruption failed to attenuate
tumor progression in therapeutic vaccinations of Alt-1 or Alt-2
mICAM!1 SLPs, highlighting the critical importance of antigen-
specific CD4" T cells to induce robust anti-cancer immunity
(Figure 6(e) and (f)). The DC infiltration and CD86 co-
stimulatory factor expression in MOC22 tumors were impaired
in the Alt-2 mICAM1 SLP vaccinated group compared to Org
mICAM1 vaccinated group (Figure 6(g) and 6(h)).
Furthermore, long-lasting IFN-y production capacity was dis-
rupted in Alt-1 or Alt-2 mICAM1 SLPs vaccinated TILs on day
35 (Figure 6(i)), consistent with a role for mICAMI1 antigen-
specific CD4™ T cells in supporting an efficacious, more dur-
able anti-cancer CD8" T cell response.

Discussion

The robustness of personalized cancer vaccination therapy is
greatly influenced by antigen selection.””*® Use of SLPs that
includes predicted high-affinity MHC-I epitopes is an estab-
lished format for cancer vaccination.'® In addition to TSAs
from somatically mutated proteins, TAAs from over-expressed
proteins or from ERVs constitute additional targets. As the
MOC22 model contained both a defined mICAMI neoantigen
and an ERV pl5E derived antigen, we aimed to define vaccine
responses to both these types of antigens. In addition, we were
able to examine the integration of CD4" T cell help in therapeu-
tic vaccination of the MOC22 HNSCC model. Several recent
studies have highlighted the essential function of antigen-
specific CD4" T cells to support priming, memory T cell forma-
tion, and maintenance of cytotoxic CD8" T cells.”® We evalu-
ated the mICAMI and p15E high-affinity MHC-I antigens and
found that they were immunogenic and conferred prophylactic
tumor control on MOC22, highlighting the central role of anti-
gen-specific CD8" T cells for cancer vaccination. Notably,
mICAM1 SLP vaccine more efficaciously repressed MOC22
tumor growth than p15E SLP in prophylactic and therapeutic
settings. In contrast to the p15E SLP, mICAMI1 SLP contained
predicted strong MHC-II epitopes and was able to increase IFN-
y producing mICAM1-specific CD4"™ T cells in vivo, which
supported mICAMI1-specific CD8" T cells to exhibit durable
IFN-y production in MOC22 tumors. These results are consis-
tent with the stabilizing influence of CD4" T cell help in func-
tional enhancement of the mICAMI1 antigen-specific CD8"
T cells. These findings are also consistent with recent findings
regarding the critical role of CD4" T cell help in therapeutic
cancer immunity.®'®**** Considering that conventional type 1
dendritic cells (cDCl1s) process SLPs and present epitopes to
activate both CD8" and CD4" T cells,™*' vaccine platforms that
encode both MHC-I and MHC-II epitopes represent an ideal
method to induce durable anti-cancer immunity via effective
activation of both cell types. In particular, our findings empha-
size the integration of predicted high-affinity and mutant-
derived MHC-I and MHC-II epitopes within the same SLP as
an efficient method to induce potent cellular immunity.
However, as in silico prediction of MHC-II strong epitope
candidates is more complex than MHC-I prediction because of
the open structure of MHC-II binding groove,®*® improved
methods to predict MHC-II epitopes are needed.”

There are two major limitations of this study. First,
mICAM1 and pl5E are different kinds of antigens, which
may provoke different anti-tumor effects. We clearly showed
mICAM1 SLP to have strong MHC-I and II epitopes while
p15E SLP has only strong MHC-I epitopes. ELISPOT and
ELISA with mICAMI- and pl5E-antigen specific T cells
mixed with MOC22 showed that both these antigen specific
T cells produced similar IFN-y levels, suggesting antigen
expression/presentation of these two antigens on MOC22 are
comparable. Limitations include that we are not currently able
to phenotype antigen-specific cells for these two targets directly
in tumors. In addition, the lack of therapeutic efficacy of the
p15E SLP may be related to the different antigen source. As the
p15E antigen is a TAA antigen, it may be subject to central or
peripheral tolerance.”” However, therapeutic responses to p15E
were seen with B16 melanoma where CD40 ligand pretreated,
pl5E-pulsed DCs inhibited established lung metastases.”*
A recent clinical trial where an RNA vaccine incorporating
four distinct TAA combined with heterologous MHC-II epi-
topes induced robust and durable anti-cancer immunity in
melanoma patients.”> These data suggest the presence of
MHC-II epitopes may overcome central/peripheral tolerance.
The MOC22 model may allow testing of approaches to increase
p15E TAA-specific responses.

To further strengthen the importance of mICAMI anti-
gen-specific CD4" T cells, we performed CD4" T cell deple-
tion and partially restores tumor growth but these data were
not significant. One likely explanation for these results is
that our approach simultaneously depleted CD4" helper and
regulatory T cells (Tregs). To directly address the CD4"
T cell and DC interaction, we performed additional experi-
ments with a monoclonal antibody blocking CD40L in
mICAM1 therapeutic vaccinated condition.””® Strikingly,
CD40L blockade significantly recovered MOC22 tumor
volume, and significantly decreased mICAMI1-specific IFN-
y producing T cells in the MOC22 tumor. These data under-
score the critical function of CD4" T cells (mainly type 1
helper T cells) to augment mICAM-1 specific responses. In
addition, we synthesized the altered mICAMI1 SLPs with
reduced predicted MHC-II binding to directly elucidate the
importance of mICAM1 antigen-specific CD4" T cells. The
altered mICAMI SLPs lost the capacity to suppress MOC22
tumor growth, confirming the crucial function of antigen-
specific CD4" T cells, especially for durable anti-cancer
immunity.

The second limitation of our study is that although
mICAM1 SLP plus poly(I:C) adjuvant could largely protect
against MOC22 tumor formation in the prophylactic setting,
only 3/10 tumors were rejected in the therapeutic setting.
These results demonstrated that an optimized SLP with over-
lapping MHC-I and MHC-II neoantigens plus poly(I:C) was
still insufficient to completely eradicate tumors. Note, we did
not combine our vaccines with anti-PD1 blockade as MOC22 is
rejected with checkpoint blockade alone.'® Evaluating other
methods, including vaccination using multiple overlapping
MHC-I and MHC-II neoepitopes SLPs, selecting different
adjuvants, or combination therapies such as checkpoint inhi-
bitors to augment vaccine effects will be important for translat-
ing preclinical findings to clinical implementation.*®%***>¢7
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Figure 6. The mICAM1 specific MHC-II epitopes are indispensable for anti-cancer immunity in MOC22. (a) A schematic schedule of vaccination protocol for WT mice.
VAC: vaccination. Org: original, Alt: altered. (b) Altered mICAM1 SLPs sequence and predicted affinity level with MHC-II using NetMHCII 2.3 software. Amino acids in red
were altered. The underlined sequence represents MHC- epitope. (c-d) ELISPOT quantification showing the number of IFN-y positive spots of mICAM1-specific CD4*/
CD8* T cells from splenocytes of each vaccinated mouse (n = 10 mice for each group from two independent experiments). One-way ANOVA was used for analysis. (c)
Purified 5 x 10° CD4™ T cells per well were stimulated with Org mICAM1 SLP (DQILETQRTLTVYNFSALVLTLSQLEVS). (d) Purified 3 x 10° CD8* T cells per well were
stimulated with mICAM1 short peptide (TVYNFSAL). (e) Schematic of therapeutic vaccination schedule with Org mICAM1, Alt-1 mICAM1, and Alt-2 mICAM1 SLPs. 5 x 108
of MOC22 were injected on day 0. VAC: vaccination. (f) Average tumor volumes in poly(l:C) control, Org mICAM1, Alt-1 mICAM1, and Alt-2 mICAM1 SLPs vaccinated
MOC22 tumor-bearing mice, respectively (n = 8 tumors poly(l:C), n = 10 tumors in other groups). Tumor volumes were analyzed with one-way ANOVA. (g) The number
of CD45*CD11¢* DCs in MOC22 tumors on day 12 (n = 8 tumors for each group). (h) The mean fluorescent intensity (MFI) of CD80/CD86 in DCs in MOC22 tumors on day
12 (n = 8 tumors for each group). (i) Representative ELISPOT image of MOC22 TILs from vaccinated mice on day 35 and quantitation (Triplicate assay from mixed TILs in 5
mice for each group). TILs were stimulated with mICAM1 (TVYNFSAL) peptide. One-way ANOVA was performed to analyze.
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This MOC22 model may be used to dissect the role of
tumor-specific versus heterologous MHC-II epitopes and
CD4" T cell help. CD4" type 1 helper T cells (Thls) produce
cytokines such as IFN-y, IL-2, and IL-21,>%° all of which
support cytotoxic CD8" T cells. In support of enhanced T cell
anti-tumor activity via heterologous CD4" T cell stimulation,
one study showed that a heterogenous CD4 neoantigen RNA
vaccine reinforced activation of radiation-induced gp70 TAA-
specific CD8" T cells,*” and an independent study demon-
strated tetanus toxin-derived wuniversal helper epitope
improved  therapeutic responses against MHC-I
neoepitopes.”® Together, these results raise the important
point that heterologous MHC-II epitopes can activate CD4"
T cell help to complement tumor antigen-specific CD8" T cell
responses. Thus, evaluating whether endogenous overlapping
or heterologous MHC-II epitopes are similar or different in
their contribution to cancer vaccination will be important.

In conclusion, we extended our previous findings on
MOC22 SLP vaccination by identifying that MHC-I and
MHC-II overlapping neoepitopes induce robust anti-cancer
impact in the MOC22 cancer vaccination model. These data
highlight that prioritizing overlapping MHC-I and MHC-II
epitopes in therapeutic cancer vaccines may represent an
important approach.
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HNSCC head and neck squamous cell carcinoma
MHC major histocompatibility complex

SLP synthetic long peptide
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TSA tumor-specific antigen

TAA tumor-associated antigen

mICAM1 mutant intercellular adhesion molecule 1
ERV endogenous retrovirus

Poly(l:C) polyinosinic:polycytidylic acid

TIL tumor-infiltrating lymphocyte
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APC antigen-presenting cell

DC dendritic cell

<DC1 conventional type 1 dendritic cell
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