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Human papilloma virus (HPV) is an etiological factor of head and neck squamous
cell carcinoma (HNSCC). To investigate the role of HPV antigen in anti-tumor
immunity, we established mouse models by expressing HPV16 E6 and E7 ina SCC
tumor cell line. We obtained two HPV antigen-expressing clones (C-225 and C-
100) transplantable into C57BL/6 recipients. We found that C-225 elicited
complete eradication in C57BL/6 mice (eradicated), whereas C-100 grew
progressively (growing). We examined immune tumor microenvironment (TME)
using flow cytometry and found that eradicated or growing tumors exhibited
differential immune profiles that may influence the outcome of anti-tumor
immunity. Surprisingly, the percentage of CD8 and CD4 tumor-infiltrating
lymphocytes (TILs) was much higher in growing (C-100) than eradicated (C-
225) tumor. However, the TILs upregulated PD-1 and LAG-3 more potently and
exhibited impaired effector functions in growing tumor compared to their
counterparts in eradicated tumor. C-225 TME is highly enriched with myeloid
cells, especially polymorphonuclear (PMN) myeloid-derived suppressor cells
(MDSC), whereas the percentage of M-MDSC and tumor-associated
macrophages (TAMs) was much higher in C-100 TME, especially M2-TAMs
(CD206™). The complete eradication of C-225 depended on CD8 T cells and
elicited anti-tumor memory responses upon secondary tumor challenge. We
employed DNA sequencing to identify differences in the T cell receptor of
peripheral blood lymphocytes pre- and post-secondary tumor challenge.
Lastly, C-225 and C-100 tumor lines harbored different somatic mutations.
Overall, we uncovered differential immune TME that may underlie the
divergent outcomes of anti-tumor immunity by establishing two SCC tumor

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1405318/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1405318&domain=pdf&date_stamp=2024-07-11
mailto:wangj28@upmc.edu
https://doi.org/10.3389/fimmu.2024.1405318
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1405318
https://www.frontiersin.org/journals/immunology

Shivarudrappa et al.

10.3389/fimmu.2024.1405318

lines, both of which express HPV16 E6 and E7 antigens. Our experimental models
may provide a platform for pinpointing tumor-intrinsic versus host-intrinsic
differences in orchestrating an immunosuppressive TME in HNSCCs and for
identifying new targets that render tumor cells vulnerable to immune attack.

KEYWORDS

immunological heterogeneity, head and neck squamous cell carcinoma, individualized
anti-tumor immune responses, tumor immune microenvironment, T cell receptor

Introduction

Head and neck cancers (HNC) arise from the mucosal surfaces of
the upper aerodigestive tract, and present as one of commonest types
of cancer in the US and worldwide (1). Head and neck squamous cell
carcinomas (HNSCCs) constitute 90% of all HNC (1, 2) and exhibit a
high morbidity and mortality rate with a 5-year survival rate of ~50%
(3). HNSCCs frequently associate with mutagens (e.g., tobacco or
alcohol) or human papilloma virus (HPV) (4-6), thereby categorized
as HPV™ or HPV"™ HNSCCs. Oncogenic HPV subtypes (16 and 18)
play a key role in the etiology of a subset of HNSCC, particularly
those arising in the oropharynx (7-9). The incidence of HPV"
oropharyngeal HNSCC is rapidly rising (10). In the US, two-thirds
of HNSCC patients with oropharynx cancer have HPV™ tumors (11).
HPV" HNSCC generally has a more favorable prognosis than HPV~
HNSCC (7, 11). Nevertheless, given the rapid rising of HPV* HNSCC
cases, it is important to develop new therapeutic strategies to treat
HPV" HNSCCs more effectively. HPV infection has been strongly
associated with HNSCC development. A cohort of patients is unable
to clear the HPV infection, which may lead to disease persistence,
chronic inflammation and carcinogenesis (12). However, how HPV
leads to HNSCC development in the context of adaptive immunity
and the role of HPV antigen in mediating anti-tumor immunity
remains incompletely understood.

The outcome of anti-tumor immunity can be highly
heterogeneous with some hosts capable of eradicating their tumors
while others succumbing to tumor progression. Despite extensive
prior studies, the mechanisms underlying the heterogeneity of anti-
tumor immune responses remain elusive. A deeper understanding of
such mechanisms may have a positive impact on developing more
effective personalized cancer immunotherapy. Human HNSCC
samples exhibit a wide range of mutational burden and infiltration
of immune cells including tumor-infiltrating myeloid cells in the
tumor microenvironment (TME) (13-16). In general, HNSCC

Abbreviations: B6: C57BL/6; DEGs: Differentially Expressed Genes; FBS: Fetal
Bovine Serum; GZMB: Granzyme B; HNCs: Head and Neck Cancers; HNSCCs:
Head and Neck Squamous Cell Carcinomas; HPV: Human Papillomavirus; ICls:
Immune Checkpoint Inhibitors; mAb: Monoclonal Antibody; PD1: Programmed
Death 1; PD-L1: Programmed Death Ligand 1; RBC: Red Blood Cells; TME:
Tumor Microenvironment; TILs: Tumor Infiltrating Lymphocytes; WT:
Wild-Type.
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samples present with an immunosuppressive TME manifested with
a high level of tumor-infiltrating myeloid cells such as tumor-
associated macrophage (TAMs) and myeloid-derived suppressor
cells (MDSCs) (16). It has been established that the two subsets of
MDSCs, namely, M-MDSC (monocytic-MDSC) and PMN-MDSC
(polymorphonuclear-MDSC), may play a pivotal role in immune
suppression during tumorigenesis (17). Our prior studies also
identified the infiltration of M-MDSC and PMN-MDSC in the
TME of various mouse models of HNSCCs including KPPA tumor
and A223 tumor (18-20).

It is well-known that HNSCC patients mount heterogeneous
anti-tumor immune responses, evidenced by a highly variable level
of T cell infiltration before treatment (21, 22). However, it is very
difficult to model such heterogeneity in human patients due to
uncontrollable variables including completely different genetic
backgrounds, distinct immune systems, and vastly different
tumors. Thus, a well-controlled mouse model may facilitate the
investigation of mechanistic differences in anti-tumor immune
responses in different individuals. To establish a mouse model
that mimics HPV" HNSCCs, we introduced HPV16 E6 and E7
into a mouse squamous cell carcinoma (SCC) line and generated
two subclones, both of which express HPV16 E7 antigens (C-225
and C-100). Surprisingly, we found that C-225 and C-100 elicited
completely different outcomes when transplanted into C57BL/6
recipient mice with C-225 eradicated and C-100 progressing
aggressively. Complete eradication was dependent on CD8 T cells.
We examined immune TME using flow cytometry and found that
eradicated or growing tumors exhibited differential immune profiles
that may influence the outcome of anti-tumor immunity. Our
experimental models may provide a platform for elucidating
tumor-intrinsic vs. host-intrinsic differences in setting up an
immunosuppressive TME in HNSCCs and for discovering new
targets that render tumor cells vulnerable to immune attack.

Materials and methods
Transfection and PCR
The plasmids containing the E6/E7 cDNA (pB-actin E6 E7,

Catalog No. 13712, Addgene, USA) were transfected into the
parental (A1419) cell line using the Amaxa " 4D-Nucleofector
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Protocol for Normal Human Epidermal Keratinocytes (NHEK) (P3
Primary Cell 4D-Nucleofector " X Kit, Program DS-138). A GFP-
containing plasmid was co-transfected according to the
manufacturer’s protocol. The GFP-positive cells were sorted
using a cell sorter (Beckman Coulter MoFlo Astrios High Speed
Sorter) into 96 well plates (single cell per well) and cultured
to establish single clones of stable cell lines. To confirm the
presence of E7 cDNA, genomic DNA isolated from the
subclones was screened using PCR with the forward primer 5-
GAACCGGACAGAGCCCATTA-3’ and reverse primer 5’-
TCTGAGAACAGATGGGGCAC-3’. The resultant PCR products
were run on agarose gel and visualized using the G: Box Chemi-XX6
platform (Syngene, Frederick, MD). E7 positive clones
were identified.

MEER, C-225 and C-100 tumor cell lines were used for the
detection of E6 transcript. Total RNA was purified with Trizol
reagent (Catalog15596026, Invitrogen). For each cDNA synthesis
reaction, total template RNA (1ug) was used according to
manufacturer’s instructions using Revert Aid First Strand cDNA
Synthesis Kit (K1622, Thermo Scientific) followed by real-time
PCR. Briefly, the reaction mixture contained 4pL of diluted
c¢DNA (1:20) sample, 0.2uM Primers and 5ul of SYBR green mix.
PCRs were performed in Light Cycler 48011 (Roche, Basel,
Switzerland). The primers and PCR reaction condition were listed
in Supplementary Table 3. For quantification, percentage of E6
transcript/beta-actin was calculated based on the equation 100 x 2
(beta-actin)-Ct () 4nd presented. Negative control was also included
with each set of reactions, which contains all PCR reagents other
than cDNA.

Western blot and cell culture

Cells were harvested and lysed using a lysis buffer containing
Tris-base (50 mM, pH 7.5), EDTA (1 mM), NaCl (150 mM),
Sodium orthovanadate (2 mM), Sodium Fluoride (4 mM),
Triton-X100 (1%), SDS (0.1%), and Sodium deoxycholate
(0.5%). The lysate was incubated on ice for 30 min, and
centrifuged at 12,000 rpm at 4°C for 10 min. The supernatant
was collected, and protein concentration was quantified using a
Pierce BCA protein assay kit (Catalog No. 23228, Thermo
Scientific). The cellular protein (120ug) was loaded onto 12%
gel and separated by SDS-PAGE (Bio-Rad, Hercules, CA). The
separated proteins on SDS-PAGE were transferred onto
nitrocellulose membranes (1620112, Bio-Rad). The membranes
were blocked with 6% dried skimmed milk and subsequently
probed with specific primary antibodies (anti-HPV16 E7 or
anti-B-actin) followed by HRP-conjugated secondary antibodies
(Supplementary Table 1). Protein bands were visualized using
ECL Plus (Cytiva) on the G:Box Chemi-XX6 platform (Syngene,
Frederick, MD).

Tumor cells were cultured in DMEM medium (Gibco, Thermo
Fisher Scientific, USA) supplemented with 10% heat-inactivated
FBS (fetal bovine serum) (Biowest, USA), antibiotic-antimycotic
100x (Gibco, Thermo Fisher Scientific, USA), and HEPES
(Corning, USA) at 37°C CO, incubator (5%). Cells were
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dissociated with trypsin (0.05%) (Gibco, Thermo Fisher Scientific,
USA) and used for various experiments.

In vivo animal studies, tumor injection,
and histology

Wild-type (WT) C57BL/6 (B6) female mice were purchased
from Charles River (6-8 weeks old). CD8-KO mice were purchased
from Jackson Laboratory (JAX stock #002665) and genotyping PCR
was performed as described on the JAX website (https://
www.jax.org/Protocol?stockNumber=002665&protocolID=28916).
All mice were maintained under specific pathogen-free conditions
in the UPMC Hillman Cancer Center Animal Facility (Pittsburgh,
PA). Animal work was approved by the Institutional Animal Care
and Use Committee (IACUC) of University of Pittsburgh.

C-225 and C-100 tumor cells were cultured and trypsinized as
described above. Cells were resuspended in sterile PBS and Matrigel
(Corning, US) in a 1:1 ratio (50% PBS: 50% Matrigel). Subsequently,
2x10° tumor cells (in a final volume of 100uL) were injected
subcutaneously into the flank regions of each mouse. Tumor
growth was monitored by measuring tumor volume (TV) with
calipers and TV was calculated with the formula (lengthxwidth?)/2.
C-225 tumors were harvested on day 7 when TV reached the
maximal size, and C-100 tumors were collected on day 7 or day
30 after tumor inoculation. For histology analysis, tumors were
fixed in 10% neutral-buffered formalin and submitted to Pitt
Biospecimen Core/TARPS (University of Pittsburgh) for H&E
staining. H&E slides were scanned, and images were captured
using Keyence Digital Microscope (BZ-X810) (Magnification 20x).

Flow cytometry

Single-cell suspensions were prepared from spleens or tumors
harvested in culture medium from tumor-bearing mice as described
previously (18). Briefly, tumors were finely cut and digested using
Liberase DL (50pg/mL) (Roche, USA) for 30 mins at 37°C. The
digested tumors or processed spleens were filtered through cell
strainers, 70lm or 40pm, respectively. The red blood cells (RBC) in
the single-cell suspensions were lysed using ACK lysis buffer
(Quality Biological, USA), and neutralized with medium. Cells
were washed and centrifuged at 1500 rpm for 5 mins at 4°C. The
single-cell suspension was either stained for surface markers (see Ab
List in Supplementary Table 1) or stimulated for intracellular
cytokine staining (ICS). For ICS stimulation, the single-cell
suspension of spleens or tumors was stimulated with ionomycin
(650nM) and phorbol 12-myristate 13-acetate (PMA) (40nM) in
the presence of Brefeldin A solution (1x) (BFA) (Catalog No.
347688, BD Biosciences, San Jose, CA, USA) in DMEM culture
medium supplemented with B-mercaptoethanol (100uM) for 4 hrs
at 37°C. Cells were first stained for LIVE/DEAD Fixable Aqua Dead
Cell Stain (Invitrogen, Waltham, MA, USA) and blocked with
TruStain FcX CD16/32 (BioLegend, San Diego, CA, USA)
according to manufacturer’s instructions. Flow antibodies were
employed at the concentrations according to the manufacturer’s
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recommendations. For ICS, Cytofix/CytoPerm buffer kit (BD
Biosciences) was used to fix and permeabilize cells according to
manufacturer’s instructions. Data were acquired on BD Fortessa
and analyzed with Flow]oTM software (FLOWJO, Oregon, USA).

Cell proliferation assay

The proliferation of C-225 and C-100 tumor cells was examined
using CellTrace™ Violet Cell Proliferation Kit (Cat. No., C34557
Thermo Fischer Scientific) according to the manufacturer’s
protocol. Cells were trypsinized and washed with PBS.
Subsequently, 1x10° cells were resuspended in 5uM CellTrace
Violet in PBS, incubated in the dark at room temperature (RT)
for 20 mins, neutralized by adding culture medium, and followed by
5 mins incubation at RT in the dark. Labeled cells were washed with
medium and 4x10* cells were seeded onto the culture plates (12
well) in triplicates. Cultured cells were harvested on day 0, day 1,
day 2, and day 3, stained for live/dead cells using LIVE/DEAD "™
Fixable Green Dead Cell Stain Kit (Cat. No. L23101, Invitrogen)
and stored at 4°C in 1% paraformaldehyde until flow cytometry
analysis. All samples collected on specified days were run on BD
Fortessa on day 3 of cell culture. Data were analyzed using FlowJo
software (FLOW]JO, Oregon, USA).

Whole exome sequencing and
TCRP sequencing

The genomic DNA samples were isolated from tumor cell lines
including parental A1419, C-225 & C-100, and the DNA purity and
concentration were determined by NanoDropTM One® (Thermo
Fisher Scientific). DNA samples were submitted to Innomics for
WES. Library prep was sequenced on DNBseq platform, and the
read length was pair-end 150bp. Sequencing reads were analyzed as
described previously (19). Raw reads underwent standard
preprocessing steps: BWA alignment, sorting, marking duplicates
and base quality score recalibration by using GATK (version
4.2.2.0). Two variant-calling pipelines, GATK Mutect2 function
and BCFtools mpileup function were applied to identify tumor-
specific variants using parental A1419 as normal control and C-100
or C-225 as tumor, respectively. Unique variants per cell line were
annotated for SNPs and amino acid (protein) changes by tool
SnpEff and SnpSift (23). For the first pipeline (GATK), further
filtering was performed with FilterMutectCalls function after
annotation and only passed variants were included. For the
second pipeline (BCFtools), passed variants were defined as
tumor total count >= 10, tumor alternative count >= 4, tumor
alternative rate >= 0.1 and normal alternative rate <= 0.05. Variants
with high or moderate impact were included that may alter protein
functions or effectiveness.

PBMCs were isolated from peripheral blood samples collected
from C-225 tumor-bearing mice (n=7) on day 102 (pre-PBMC) and
day 116 (post-PBMC) after the first tumor inoculation. Each mouse
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has 2 samples sequenced including pre- and post-PBMC. In total,
14 samples were sequenced for 7 tumor-bearing mice. RBC was
lysed as described above, and genomic DNA was purified and used
for TCRP sequencing with ImmunoSEQ platform by Adaptive
Biotechnologies. ImmunoSEQ Analyzer was employed to retrieve,
process, and track the TCRP sequencing data. The data was further
analyzed using R version 4.3.0 as described previously (24). Clonal
proportion and clonotype tracking were analyzed with Immunarch
(1.0.0) in R version 4.2.0.

Results

Generation of two HPV-antigen expressing
SCC subclones that elicit opposite
outcomes when transplanted in vivo

To establish a mouse model that can mimic HPV" HNSCCs, we
transfected HPV16 E6 and E7 ¢cDNA into a SCC cell line (A1419)
that was generated previously by 4-NQO induction (20). Upon
transfection, we obtained two subclones, C-100 and C-225, which
harbor E7 and E6 antigen confirmed by PCR (Figure 1A, data not
shown), western blotting for E7 protein (Figure 1B) and real-time
PCR for E6 transcript (Supplementary Figure 1). We used mEER
cell line as a positive control, which was transformed by H-Ras and
expressed HPV16 E7 antigen (25). Next, we transplanted C-225 and
C-100 into wildtype (WT) B6 mice to test the tumor growth pattern
in vivo. C-100 tumor grew out progressively in all of the recipient
mice (Figure 1C). Surprisingly, we observed that the mice
transplanted with C-225 tumor cells developed tumors initially;
however, 100% of WT B6 recipient mice eliminated the tumor
spontaneously without any intervention (Figures 1D, G). To
confirm the initial tumor development upon C-225 injection, we
performed H&E histological assessment of tumor samples collected
at 4 or 7 days after tumor inoculation. We indeed observed the
presence of tumor cells and C-225 tumors were characterized as
moderately-to-poorly differentiated SCC (Figure 1E).

To test whether tumor eradication is mediated by adaptive
immunity, we determined if mice that eradicated C-225 tumors
develop immunological memory against C-225 tumors. We re-
challenged a cohort of mice that had previously eradicated C-225
tumors with C-225 tumor cells and found that all of them
eradicated tumors again with slightly faster kinetics (Figure 1F).
To further test whether CD8 T cells play a critical role in mediating
tumor eradication, we injected C-225 tumor cells into CD8”" mice
and found that a fraction of these mice failed to eliminate tumors
(Figures 1H, I), demonstrating that CD8 T cells were essential for
complete tumor eradication. However, we also found that a portion
of these mice were able to eliminate C-225 tumor (Figure 1H), and
these data suggest that other immune cells such as CD4 T cells can
also mediate tumor eradication. Overall, we conclude that C-225
tumor elicited complete eradication, which depends on CD8 T cells
and induces an immunological memory response that quickly
cleared a second tumor challenge.
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Characterization of CD4 and CD8 tumor- TILs in the TME. As controls, we analyzed the splenocytes collected
inﬁ[trating [ym phocytes in the immune from tumor-bearing (TB) mice with C-100 or C-225. The single-cell
TME of C-225 vs. C-100 tumors suspension of the TB spleen control, C-100 and C-225 tumors was

stained with antibodies for CD4 and CD8 and gated on the CD45"

To better understand how C-100 (growing) and C-225  population (a marker for hematopoietic cells) to differentiate
(eradicated) elicited opposite outcomes of anti-tumor immunity,  hematopoietic cells from other cell lineages (Supplementary
we performed flow cytometry analysis to characterize CD4 and CD8  Figures 2A-D). Surprisingly, we found that the percentage of CD4
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FIGURE 1

Generation of two SCC subclones eliciting opposite outcomes when transplanted in vivo. (A) Detection of E7 DNA. Representative gel image
showing PCR products of E7 amplicons in C-100, C-225, and mEER (positive control) but not in parental A1419 tumor cells (negative control). (B)
Detection of E7 protein. E7 protein expression detected by western blotting in mEER (positive control), C-100, and C-225 but not in parental A1419
tumor cells (negative control). (C, D) Tumor growth curve of C-100 (C) or C-225 (D) in WT B6 recipient mice. Tumor cells (2x10°) were inoculated
at the flank region of WT B6 mice (n=9 for C-100; n=6 for C-225). (E) H&E analysis of C-225 tumors. Tumor samples were collected on day 4 and
day 7 after tumor inoculation. Top panel: scan of the entire slides; Bottom panel: enlarged images of the selected region (black square in top panel).
Magnification: 20x. (F) Tumor growth curve of first and secondary challenge with C-225 tumor cells. WT B6 mice (n=6) that rejected the first tumor
challenged were re-challenged again on day 52 after the first tumor inoculation. (G, H) Percentage of recipient mice eradicating or succumbing to
C-225 tumors. The percentage of WT B6 (n=13) (H) or CD8-KO (n=16) (G) mice that eradicated C-225 tumors or succumbed to tumor progression.
(I) Tumor growth curve of CD8-KO recipient mice (n=8).
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FIGURE 2
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Characterization of CD4 and CD8 TILs in the TME of C-225 vs. C-100 tumors. Flow cytometry analysis was performed for spleen controls from
tumor-bearing (TB) mice or CD4 and CD8 TILs from C-225 (n=7) or C-100 (n=12) tumors for all panels. Tumor and spleen samples were collected
on day 7 or day 30 post-tumor injection, for C-225 or C-100, respectively. (A) Representative flow plots of CD4 and CD8 T cells in TB spleen (top
panel) and tumors (bottom panel). (B) Quantification of the percentage of CD4" or CD8" T cells in CD45" population of spleen controls, C-225 and
C-100 tumors. (C-H) Differential expression of immune checkpoint molecules in CD8 T cells. Splenic CD8 T cells and CD8 TILs from C-100 and C-
225 tumors were stained with anti-PD1 and anti-LAG-3 Abs. Representative flow plots are shown for CD8 vs. PD-1 (C), CD8 vs. LAG-3 (D), or PD-1
vs. LAG-3 (gated on CD8* T cells) (E). (F, G) Quantification of the percentage of CD8 T cells expressing different immune checkpoints in TB splenic
control and tumors including PD-1 or LAG-3 (F) or both PD-1 and LAG-3 (G). (H) A lower level of PD-1 expression in CD8 TILs of C-225 tumors
shown by the MFI of PD-1. Statistical significance was calculated with an unpaired t-test; **P < 0.01, ***P < 0.001, **** <0.0001.

and CD8 TILs within CD45" population was significantly higher in
C-100 than in C-225 tumors (Figures 2A, B).
To evaluate the expression level of immune checkpoint

molecules, we performed flow cytometry analysis by comparing
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TB splenic control and CD8 TILs from C-225 or C-100 tumors. We
found that TB splenic CD8 T cells expressed a minimal level of
checkpoint molecules (PD-1 or LAG-3); in contrast, CD8 TILs
upregulated PD-1 or LAG-3 (Figures 2C, D, F). Moreover, the
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percentage of PD-1" or LAG-3" CD8 TILs was significantly higher
in C-100 than in C-225 tumors (Figure 2F). We also detected CD8
TILs co-expressing PD-1 and LAG-3 in the TME, the percentage of
PD-1"LAG-3" CD8 TILs was remarkably higher in C-100 than in
C-225 tumors (Figures 2E, G). Furthermore, the MFI of PD-1
expression appeared to be much higher in the CD8 TILs of C-100
tumors than C-225 ones (Figure 2H). Taken together, our data
suggest that CD8 TILs in C-100 tumors exhibited more exhausted
phenotypes, consistent with tumor progression.

Reduced effector functions of CD4 and
CDS8 TILs in C-100 tumors

IFN-vy and TNF-a are effector cytokines commonly examined
for T cell functions, especially for their polyfunctionality.
Polyfunctional T cells are effector T cells that can produce
different cytokines, retain cytotoxic potential and may be more
effective in suppressing tumor growth (26, 27). The loss of double
producers (IFN-y"TNF-o") is an indicator of CD8 T cell
dysfunction (28). To investigate the functional changes in CD8
TILs, we performed intracellular cytokine staining to detect the
percentage of IFN-y*, TNF-o." or IFN-y"TNF-o." CD8 T cells from
TB splenic control or C-100 vs. C-225 tumors (Figures 3A-E). We
found that CD8 TILs from C-100 tumors exhibited a lower level of
effector functions compared to those from C-225 tumors, evidenced
by a lower percentage of IFN-y" or TNF-o." CD8 TILs (Figures 3A-
C). Importantly, the percentage of double producers (IFN-y"TNF-
o) was substantially lower in CD8 TILs from C-100 tumors than
those from C-225 tumors (Figures 3D, E). Most splenic CD8 T cells
are naive CD8 T cells, and naive CD8 T cells tend to produce a high
level of TNF-o upon stimulation (29). Consistently, we found that
the percentage of TNF-o" CD8 T cells was high in the TB splenic
CD8 T cells (Figures 3B, C). Granzyme B (GZMB) is another
effector molecule produced by activated CD8 T cells. We found that
the percentage of GZMB" CD8 TILs was significantly higher in C-
225 than C-100 tumors (Figures 3F, G). We concluded that the
effector functions of CD8 TILs were significantly reduced in C-100
tumors compared to C-225 ones.

Given that C-225 eradication also occurred in CD8”" mice
suggesting a contribution from immune cells other than CD8 T
cells, we examined the effector functions of CD4 T cells from TB
splenic control, C-225 or C-100 tumors. Consistent with data from
CDS8 TILs, we found that CD4 TILs in C-100 tumors also exhibited
reduced effector functions compared to their counterparts in C-225
tumors, as shown by a lower percentage of IFN-y" or TNF-0." CD4
TILs in C-100 (Figures 3H-J). More importantly, the percentage of
double producers (IFN-y"TNF-0*) in CD4 TILs was also
substantially lower in C-100 than C-225 tumors (Figures 3K, L).
Of note, we detected a higher percentage of GZMB™ CD4 TILs in C-
225 than C-100 tumors (Supplementary Figure 3A). Overall, our
results are consistent with the observation that CD8 and CD4 TILs
in C-100 tumors were more exhausted with impaired effector
functions compared to their counterparts in C-225 tumors.
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The drastic expansion of PMN-MDSCs in
the TME of C-225 tumors

Apart from T cells, we also examined the tumor-infiltrating
myeloid cells in C-225 vs. C-100 tumors. Our flow analysis showed
that the percentage of CD11b" population within CD45"
hematopoietic cells was significantly higher in C-225 than C-100
tumors (Figures 4A, B). Prior studies suggest that the two subsets of
MDSCs, M-MDSC and PMN-MDSC, play a key role in immune
suppression during tumorigenesis (17). By gating on the CD11b"
population with gating strategies established previously
(Supplementary Figure 2) (17, 30), we assessed the percentage of M-
MDSC (CD11b*Ly6G Ly6C™&") yvs. PMN-MDSC
(CD11b*Ly6G'Ly6C'") and the percentage of CD11b*Ly6C Ly6G~
population in both C-225 and C-100 tumors and in TB splenic
controls (Figure 4C). We found that the percentage of M-MDSC
population was remarkably higher in C-100 than C-225 tumors; in
contrast, the percentage of PMN-MDSC was significantly higher in C-
225 than in C-100 tumors (Figure 4D). Thus, C-225 tumors exhibit a
preferential increase of PMN-MDSC, whereas C-100 tumors are
infiltrated with more M-MDSC.

By gating on Ly6C Ly6G™~ population, we found that most of
this population was composed of TAMs (CD11b*F4/
80"Ly6C Ly6G™) (Figure 4E). The percentage of TAMs in
Ly6C Ly6G™ population did not differ significantly between C-
225 and C-100 tumors (Figure 4F); however, the percentage of
TAMs in CD11b"* population was significantly higher in C-100
than C-225 tumors (Figure 4G). TAMs can be further classified
into subsets based on surface markers such as M1-TAMs
(CD86"CD2067), which may mediate proinflammatory and anti-
tumor responses, and M2-TAMs (CD206"), which are thought to
be immunosuppressive and promote tumor growth [26, 28]. Our
results showed that, within the TAM population (CD11b"F4/80"
Ly6C Ly6G"), the percentage of CD86"CD206~, CD86"CD206" or
CD206°CD86 population was significantly higher in C-100
tumors, while TAMs in C-225 tumors did not express a high level
of CD86 or CD206 (Figures 4H, I). These data demonstrate that
TAMs in C-100 tumors exhibit phenotypes consistent

with immunosuppression.

Dynamic changes in the TILs of C-100
tumors harvested at an earlier time point

The dynamic changes in the frequency and function of TILs
make it difficult to choose the optimal time point for comparing the
growing C-100 and regressing C-225. As the tumor size increases,
the changes in the myeloid compartment may further complicate
our ability to compare these two tumors effectively. Therefore, we
initially chose to compare these two tumors by focusing on the
outcome of tumor growth, basically, with the former showing a full-
blown tumor progression (day30) and the latter being suppressed
(day7). This scenario of comparison may allow us to reveal the
differences between a completely failed anti-tumor immune
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FIGURE 3

Reduced effector functions of CD4 and CD8 TILs in C-100 tumors. Flow cytometry analysis was performed as described in Figure 2 (n=7 for C-225;
n=12 for C-100). (A-G) Effector molecule expression in CD8 T cells. Representative flow plots for the expression levels of IFN-y (A), TNF-a. (B), or
IFN-y*TNF-o* (D) in CD8 T cells. (C, E) Quantification of the percentage of CD8 T cells expressing IFN-y or TNF-o (C) or both IFN-y*TNF-o* (E) in
TB splenic control or C-100 and C225 tumors. (F, G) Expression of GZMB in CD8 T cells. Representative flow plots of CD8 T cells expressing GZMB
(F). Quantification of the percentage of CD8 T cells expressing GZMB (G) in different groups. (H-L) Effector molecule expression in CD4 T cells.
Representative flow plots for the expression levels of IFN-y (H), TNF-a (1), or IFN-y*TNF-o* (K) in CD4 T cells. (J, L) Quantification of the percentage

of CD4 T cells expressing IFN-y or TNF-a. (J) or both IFN-y*TNF-o* (L) in different groups. Statistical significance was calculated with an unpaired t-
test; *P < 0.05 **P < 0.01.

response vs. a successful one. Nevertheless, harvesting C-100 tumor ~ at day 7 post tumor injection and compared the immune
at an earlier time point may provide more insights into the signs of ~ phenotypes of these C-100 tumors (C-100-day-7) with the C-225
early exhaustion in TME. tumors harvested at day 7 (C-225-day-7) and the C-100 tumors

Therefore, we performed the experiments by inoculating C-100  harvested at day 30 (C-100-day-30). The tumor volume was similar
tumors into WT B6 mice and harvested the tumors for flow analysis ~ between C-100-day-7 and C-225-day-7 (Supplementary Figure 4).
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The drastic expansion of PMN-MDSCs in the TME of C-225 tumors. Flow cytometry analysis was performed for TB splenic control or tumor samples
from tumor-bearing mice with C-225 (h=7) or C-100 (n=4) tumors, respectively, for all panels. (A, B) Representative flow plots for CD11b*
population within CD45" population in C-225 or C-100 tumors (A). Quantification of the percentage of CD11b* population within CD45* population
(B). (C, D) Analysis of different subsets of MDSCs (gated on CD11b* population). Representative flow plots (C) for different subsets: M-MDSC
(Ly6CMI"Ly6G™), PMN-MDSC (Ly6C'°"Ly6G™), and Ly6C Ly6G™. Quantification of the percentage of M-MDSC or PMN-MDSC within CD11b*
population in indicated groups (D). (E) Representative flow plots for TAM population gated on Ly6C Ly6G™ population in panel C and displayed for
CD11b vs. F4/80. (F, G) Quantification of the percentage of TAMs (CD11b*F4/80*Ly6C Ly6G") within Ly6C Ly6G™ population (F) or within total
CD11b* population (G). (H) Representative flow plots for TAMs (CD11b*Ly6C Ly6G F4/80") expressing CD86 and/or CD206 in C-225 or C-100
tumors. (1) Quantification of the percentages of M1 (CD86"CD2067) and M2 (CD86 CD206") TAMs. Statistical significance was calculated with an

unpaired t-test; **P < 0.01, ***P < 0.001, **** <0.0001.

There was a significantly higher level of CD4 and CD8 TILs in C-
100-day-30 than either C-100-day-7 or C-225-day-7
(Supplementary Figures 5A, B). The percentage of PD-1" CD8
TILs was significantly higher in C-100-day-30 than in either C-100-
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day-7 or C-225-day-7 (Supplementary Figure 5C). In contrast, the
percentage of LAG-3" or PD-1"LAG-3" CD8 TILs was significantly
higher in both C-100-day-7 and C-100-day-30 than C-225-day-7
(Supplementary Figures 5C, D). These data suggest that LAG-3
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T cell receptor (TCR) dynamic changes upon secondary challenge of C-225 tumor cells. (A) Schematic of tumor challenge and sample collection.
WT B6 mice (n=7) that eradicated C-225 tumors were challenged with C-225 tumor on day 109 after the first tumor inoculation. Blood samples
were collected 7 days before (day 102, pre-challenge, n=7) and 7 days after rechallenging (day 116, post-challenge, n=7). (B) Greater TCR clonal
expansion in post-challenge (postl-post7) samples than pre-challenge (prel-pre7) ones. Left: individual bar graph representing the occupied
repertoire space for each sample sequenced with the proportion of each group’s TCRp clonotypes shown color-coded according to clonotype

indices such as 1:10, 11:20 or 21:50. Right: TCR clonotypes were sorted into different groups according to specific indices such as 1:10 or 11:20. The
proportion of the clonotypes in each group was averaged for 7 pre- or 7 post-challenge samples (Pre-PBMC vs. Post-PBMC). P values are listed on
top of each bar graph. Statistical difference was calculated with Wilcoxon rank sum test. (C) Clonotype tracking for the prevalent TCRB clonotypes
detected in all 7 pre- or 7 post-challenge samples. The proportion of a given TCRB clonotype within each sample is shown along the y axis while
sample ID is shown along x axis. (D) Newly emerging TCR clonotypes dominate in the top-ranked 20 clones in post-challenge samples. The top-
ranked 20 clones from 7 post-challenge samples (n=140) were separated into three groups based on their clonal frequency in pre-challenge
samples: newly emerging (clonal frequency=0), pre-existing (clonal frequency>0 but not in pre-top 20) and Pre-top20 (ranked in top 20 clones in
the corresponding pre-challenge sample). The percentage of clonotypes in each group is shown. (E) Clonotype tracking of post-challenge (post 1)

top-ranked 20 clones in corresponding pre-challenge samples (prel). (F) Clonotype tracking of pre-challenge (pre 1) top-ranked 20 clones in

corresponding post-challenge sample (post 1).

expression may serve as an early sign of CD8 TIL exhaustion in the
TME of growing tumor.

We next compared the cytokine production of IFN-y, TNFa, or
both in CD4 and CD8 TILs. For CD8 TILs, the percentage of IFN-
v", TNF-o" or IFN-y"TNF-o." CD8 TILs did not differ between C-
100-day-7 or C-225-day-7, while both groups were significantly
higher than C-100-day-30 (Supplementary Figures 6A, B). In
contrast, the percentage of GZMB' CD8 TILs was significantly
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higher in C-225-day-7 than in both C-100-day-7 and C-100-day-30
(Supplementary Figure 6C), suggesting that the lack of GZMB
expression may be an early sign of CD8 TIL exhaustion. For CD4
TILs, the percentage of IFN-y", TNF-o." or IFN-y"TNF-a" CD4
TILs was significantly higher in C-225-day-7 than in both C-100-
day-7 and C-100-day-30 (Supplementary Figures 6D, E). Similarly,
the percentage of GZMB" CD4 TILs was significantly higher in C-
225-day-7 than in both C-100-day-7 and C-100-day-30
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(Supplementary Figure 6F). These data suggest that the decline of
cytokine production in CD4 TILs at day 7 may be an early sign of T
cell exhaustion in the TME of growing tumors.

We found that the percentage of CD11b" population within
CD45" hematopoietic cells decreased from C-225-day-7 to C-100-
day-7, then to an even greater extent in C-100-day-30
(Supplementary Figure 7A). Similarly, the percentage of PMN-
MDSC within CD11b" population exhibited a gradually decreasing
pattern from C-225-day-7 to C-100-day-7, then to C-100-day-30
(Supplementary Figure 7C). However, the percentage of M-MDSC
within CD11b" population was significantly increased in both C-
100-day-7 and C-100-day-30 compared with C-225-day-7
(Supplementary Figure 7B), suggesting that the early rise of M-
MDSC at day 7 may be a sign of developing immunosuppressive
TME. Also, the percentage of TAMs within CD11b" population was
significantly higher in C-100-day-30 than either C-225-day-7 or C-
100-day-7 (Supplementary Figure 7D), indicating its correlation
with the immunosuppressive TME of a full-blown tumor. In
contrast, the percentage of TAMs within Ly6C Ly6G~ population
did not correlate with tumor growth pattern (Supplementary
Figure 7E). TAMs can be further divided into subsets based on
surface markers. Within the TAM population (CD11b"F4/
80"Ly6C Ly6G™), the percentage of CD86"CD206 ,
CD86"CD206" or CD206"CD86 population varied substantially
among three groups (Supplementary Figure 7F). Notably, the
percentage of CD86"CD206" population was increased in both C-
100-day-7 and C-100-day-30 compared to C-225-day-7
(Supplementary Figure 7F), indicating that the early rise of this
population may serve as a marker of developing
immunosuppressive TME. Taken together, this illustrates C-225-
day-7 exhibit a preferential increase of PMN-MDSC, whereas C-
100-day-7 and C-100-day-30 are enriched with M-MDSC and
distinct subsets of TAMs, whose early rise may serve as markers
of developing immunosuppressive TME.

T cell receptor dynamic changes upon
secondary tumor challenge of C-225

TCRs are generated via a somatic DNA recombination process,
termed V(D)] recombination (31, 32). TCRs of most conventional T
cells consist of an alpha (o) chain and a beta () chain, encoded by
TRA and TRB, respectively, and linked by disulfide bonds. TCRs
can be grouped into different “clonotypes” which have unique
TCRo or TCRP chains containing distinct V(D)] gene segments
and complementarity-determining region 3 (CDR3). CDR3 region
encompasses the highly divergent junction of V(D)] recombination
and plays a key role in antigen recognition. To determine the
dynamic changes in TCRs upon secondary tumor challenge, we
inoculated C-225 tumor cells into the recipients that had rejected
the first tumor challenge at 109 days after the first tumor
inoculation (Figure 5A). PBMC samples were collected 7 days
before (day 102) and after (day 116) the second tumor
inoculation (Figure 5A). CD3" T cells were purified from PBMC,
and genomic DNA was obtained and subjected to TCRP CDR3
DNA sequencing using Adaptive Biotechnologies’ immunoSEQ
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platform, which allowed us to examine more productive TCRJ
CDR3 sequences. In total, we sequenced 7 pre-challenge (prel-
pre7) and 7 post-challenge (postl-post7) samples by isolating
PBMC T cells from 7 individual mice. The total numbers of
sequenced templates and productive rearrangements were shown
for all 14 samples (Supplementary Table 2).

We found that T cells from post-challenge PBMC samples
(postl-post7) underwent clonal expansion to a much greater
degree than pre-challenge ones (Figure 5B, left). In particular, the
relative abundance of top-ranked 20 clones (1:10 and 11:20) was
remarkably higher in post-challenge samples compared to pre-
challenge ones (Figure 5B, right). Of note, we identified one
TCRP clonotype (CASSQDLGNYAEQFF) whose clonal
proportion was very high in some of the post-challenge samples
and was present in the top-ranked 20 clones from all post-challenge
samples (postl-post7). We also identified one TCRp clonotype
(CASSYWDNYAEQFF) that was present in the top-ranked 20
clones from all pre-challenge samples (prel-pre7) (Figure 5C).

To better delineate the origin of top-ranked 20 clones in post-
challenge samples, we categorized the TCR clonotypes into three
groups: newly emerging, pre-existing, and pre-top20 (Figure 5D). We
found that the majority (~55%) of the top-ranked 20 clones in post-
challenge samples were newly emerging, which means that they were
not detected in pre-challenge samples (Figure 5D). About 35% of the
top-ranked 20 clones were pre-existing, which means that they were
detected in the pre-challenge samples. Only about 10% of the top-
ranked 20 clones fell in the category of pre-top20, which means that
they were detected in the top-ranked 20 clones from pre-challenge
samples (Figure 5D). When we performed clone tracking analysis, we
found that the top-ranked 20 clones from post-challenge samples
were almost undetectable in pre-challenge samples except for very
few clones (Figure 5E; Supplementary Figure 8). In contrast, we found
that the clonal proportions of top-ranked 20 clones from pre-
challenge samples were collectively reduced in post-challenge
samples and did not show substantial differences between pre- and
post-challenge samples (Figure 5F; Supplementary Figure 8). Taken
together, we conclude that T cells in post-challenge samples
underwent substantial clonal expansion, and most of the top-
expanded clones (top-20 clones) were newly emerging or pre-
existing at a very low frequency and did not overlap with the pre-
existing top-20 clones in pre-challenge samples.

Tumor-intrinsic differences in C-100 and
C-225

To determine if C-100 and C-225 harbor different genetic
mutations, we performed WES of C-100, C-225 and parental SCC
(A1419). Using A1419 as control, we identified genetic differences
between C-100 and C-225 tumor lines in the WES data that were
independently analyzed using two different pipelines (see details in
Method). Both analyses showed that C-100 and C-225 tumors
contained tumor-specific somatic mutations when compared to
parental A1419 SCC line (Figures 6A, B). All of the identified
somatic mutations were listed in Supplementary Tables 4, 5
(analysis I, GATK pipeline) and Supplementary Tables 6, 7 (analysis
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Tumor-intrinsic differences in C-100 and C-225 tumor cells. (A) WES analysis by GATK-pipeline (left) and BCFtools mpileup-pipeline (right) revealed
different numbers of variants in C-100 or C-225 tumor cells compared to parental A1419 tumor cells. (B) Mutation types in C-100 or C-225 tumor
cells. Number of mutations identified in each category in C-100 or C-225 tumor cells using either GATK or BCFtools mpileup pipeline. (C-E) Tumor
cell proliferation assays. Tumor cells were labeled with CellTrace™ Violet and cultured for 1, 2, and 3 days. Cells harvested on specific days along
with day 0 samples were analyzed by flow cytometry. Populations with less intensity of CellTrace™ Violet staining (C-100) indicate more cell
divisions. (C) Representative histogram for the proliferation of C-100 (red) and C-225 (blue) tumor cells on indicated days. (D) Overlay of the
histogram of C-225 vs. C-100 for comparison of cell proliferation on indicated days. C-100 tumor cells exhibited less intensity (more dilution of
CellTrace™ Violet) indicating more proliferation. (E) Quantification of mean fluorescence intensity (MFI) of CellTrace™ Violet in C-225 (blue) and C-
100 (red) tumor cells on indicated days. Statistical significance was calculated by student’s t test, p value for C-225 vs. C-100 on day 0 = 0.0002, day
1<0.0001, day 2 < 0.0001, and day 3 < 0.0001.

11, BCFtools/mileup pipeline). Thus, we suggest that C-100 and C-225
tumors harbor tumor-specific genetic mutations that may contribute
to their differential TME. Next, we tested whether C-100 and C-225
tumor cells differ in their proliferative abilities. Our data showed that
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C-100 tumor cells proliferate faster than C-225 ones (Figures 6C-E),
consistent with the in vivo aggressive tumor growth of C-100
(Figure 1C). Overall, we suggest that tumor-intrinsic differences may
account for differential TME of C-100 vs. C-225 tumors in vivo.
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Discussion

We presented a model system to compare the HPV-antigen
expressing SCC lines that elicited opposite outcomes of anti-tumor
immunity, namely, tumor eradication vs. tumor progression, which
associated with differential immune profiles in the TME. We made
unexpected findings that the percentage of CD8 and CD4 TILs was
much lower in eradicated (C-225) tumor than growing one (C-100);
nevertheless, the TILs in C-225 exhibited a lower level of PD-1 and
LAG-3 expression and demonstrated more robust effector functions
than their counterparts in C-100. On one hand, C-225 eradication
depended on CD8 T cells since not all of the CD8 KO recipient mice
eradicated tumors. On the other hand, immune cells besides CD8 T
cells, such as CD4 T cells, also contributed to tumor eradication since
~40% of CD8-KO recipient mice did eradicate tumor. In line with
this idea, we observed that CD4 TILs displayed stronger effector
functions in the TME of C-225, consistent with prior studies showing
a role of CD4 T cells in anti-tumor immunity (33-36). While
frequency of CD4 T cells was associated with better prognosis in
HNSCC, the specific role of CD4 T cells in HNSCC anti-tumor
immunity remain less well-understood (15, 37, 38). Future studies are
warranted to explore the role of CD4 TILs in this model system. It is
also puzzling that only a fraction of CD8-KO mice eradicated tumors,
suggesting that differences in the immune system of the individual
host may account for the variable responses (39-42).

Notably, the TME of C-225 tumors is completely dominated by
myeloid cells, with ~90% of CD45" population being CD11b"
(Figures 4A, B). Among the CD11b" population, 80% of them
was PMN-MDSC, whereas the percentage of M-MDSC and TAMs
was much lower (~15%). In TAM population, the percentages of
both CD86" and CD206" populations were much lower in C-225
TME. Taken together, our data suggest that PMN-MDSC may not
be a major contributor to immunosuppression and may be able to
mediate anti-tumor responses under certain circumstances, at least
in our model system. This notion is contrary to the prevailing view
that PMN-MDSC is an immunosuppressive population (16, 17).
However, a recent study reports that PMN-MDSC isolated from
tumor-bearing mice treated with ceralasertib, an ATR inhibitor,
exhibited a significantly lower suppressive activity against CD8 T
cells, and the reduced suppressive activity was associated with up-
regulation of type I IFN signature in PMN-MDSC (43). Taken
together, we suggest that the function of PMN-MDSC can be
modulated by therapeutic agents that skew this population to be
permissive of anti-tumor immunity. In line with prior studies (16,
44), our data support an immunosuppressive role of TAMs,
especially so-called M2-TAMs (CD206"), during progression of
SCC tumors. M2-TAMs express a higher level of CD206 and can
carry out immunosuppressive functions by expressing arginase-1
(Arg-1), chemoattractant such as IL-10 and TGF-f3, and chemokine
CCL17 and CCL22 (45). Consistently, the TME of HNSCC largely
consists of M2-TAMs, which could reduce effector T cell function
(46). A greater percentage of TAMs in the TME associates with
lymph node metastasis and advanced stage of HNSCCs (16, 47). We
suggest that future targeting approaches should be geared toward
reducing TAMs or M-MDSC but modulating PMN-MDSC for
HNSCC immunotherapy.
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Our analysis of dynamic changes in the TILs of C-100 tumors
harvested at different time points identified a few early indicators of
immunosuppressive TME. We found that LAG-3 expression may
serve as an early sign of CD8 TIL exhaustion while a decline of
cytokine production in CD4 TILs at day 7 may indicate CD4 TIL
exhaustion. An early rise of M-MDSC and distinct subsets of TAMs
(CD86'CD206" population) at day 7 may serve as markers of
developing immunosuppressive TME. Future studies are
warranted to better characterize different subsets of immune cells
in C-100 vs. C-225 tumors at day 7 with more granular approaches.
These studies may elucidate underlying mechanisms that dictate the
outcomes of anti-tumor immunity at an early time point.

We noticed that the results of WES appear to be different
between the two pipelines employed for data analysis. The two
pipelines, GATK and BCFtools, will yield different mutation calling
and distributions because they employ different approaches to
identify and call variants (48, 49). While a systematic comparison
of the two pipelines is beyond the scope of our current study, there
are notable differences between these two pipelines: GATK
Haplotypecaller is a local reassembly of haplotypes, while
BCFtools is a positional and pileup based variant caller. These
two pipelines also use different ways to perform filtering steps which
filter out the potentially false-positive variants (48, 49).

We employed DNA sequencing to identify differences in the
TCR of peripheral blood lymphocytes pre- and post-secondary
challenge of C-225 tumor. It is not surprising that TCRs in post-
challenge samples underwent more clonal expansion; however, it is
unexpected that the top-ranked 20 clones are mainly composed of
newly emerging clones, and very few of them overlap with the top-
ranked 20 clones detected in pre-challenge samples. Our data
suggest that new TCRs are preferentially recruited to anti-tumor
memory responses (recall), instead of pre-existing top-ranked TCR
clones (primary memory). This finding is distinct from previous
studies that clearly showed consistent selection of the same TCRo/f3
clonotypes following secondary virus infection by comparing the
TCR clonotypes from primary memory vs. recall responses (50).

The role of HPV antigen in tumor eradication remains unclear.
Both C-225 and C-100 expressed a low level of E7 antigen, while
mEER expressed a high level of E7 protein and E6 transcript but failed
to induce tumor eradication. Thus, we suggest that the mere presence
of HPV antigens is not sufficient to mediate tumor eradication;
however, it remains possible that HPV antigen contributes to tumor
eradication of C-225 because C-225 expressed a higher level of E6
transcript than C-100 (Supplementary Figure 1). Lastly, C-225 and C-
100 tumor cell lines harbored different somatic mutations compared
to parental A1419, suggesting that tumor-intrinsic mechanisms may
play a role in mediating tumor eradication by orchestrating a less
immunosuppressive TME (19, 41, 51, 52). Further studies are needed
to pinpoint the tumor-intrinsic factors that influence the
differentiation or expansion of tumor-infiltrating myeloid cells,
especially for PMN-MDSC. Our experimental models may provide
a platform for identifying tumor-intrinsic vs. host-intrinsic differences
in influencing the outcome of anti-tumor immunity in HNSCCs and
for uncovering novel targets that may render tumor cells vulnerable to
immune attack mediated by various populations including CD8, CD4
and PMN-MDSCs.
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