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ABSTRACT

Effective T cell immunotherapy requires understanding antigen-specific T cell development
during tumorigenesis and immune surveillance. Here, we aimed to examine the dynamics of
antigen-specific T cells from tumor initiation through progression in a tobacco carcinogen
mimetic, 4-nitroquinoline-1-oxide (4NQO)-induced head and neck carcinogenesis model utilizing
genetically engineered K5CeERT*/ROSAOVA-GFP/p531 (KOG) mice. Our findings showed that
early ovalbumin (OVA) expression via direct lingual tamoxifen (T) did not impact cancer
development and survival, by comparing mice with tongue epithelium expressing OVA
(KOG/T/OVA") to those without OVA (KOG/T/OVA") controlled by doxycycline. This
equivalent tumor growth cannot be attributed to the loss of OV A expression. Intriguingly, although
OVA-specific T cells were initially generated in tumor-draining lymph nodes (TDLN), they
became undetectable 3 weeks after tamoxifen injection. Moreover, therapeutic anti-PD-1 was
unable to restore OV A-specific T cells in TDLN and did not yield anti-tumor activity. Remarkably,
OVA synthetic long peptide (SLP) vaccine induced OV A-specific T cells in KOG/T/OVA+ mice,
and the combination of SLP vaccine and anti-PD-1 significantly reduced tongue tumor burden and
prolonged survival. This study highlights the role of impaired endogenous antigen-specific T cell
responses in immune resistance in head and neck cancer and the potential of cancer vaccines to

improve outcomes.
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97 BACKGROUND

98  Head and neck squamous cell carcinoma (HNSCC) represents the seventh most common cancer

99  worldwide, with 890,000 new cases diagnosed and 450,000 deaths each year (1). Patients with
100  human papillomavirus (HPV)-unrelated HNSCC, mainly caused by carcinogen exposure such as
101  tobacco, continue to suffer from recurrences or metastases, resulting in poor outcomes (1). These
102 cancers develop from pre-malignant dysplastic lesions progressing to invasive cancer in the
103  mucosal lining of the head and neck. Although not an immune desert malignancy, immune
104  checkpoint inhibitors (ICIs) that have been approved as first-line therapy for unresectable recurrent
105  or metastatic HNSCC show modest response rates (2). Thus, a better understanding of head and
106  neck cancer specific immune evasion mechanisms, including those occurring in pre-malignancy is
107  urgently needed.
108
109  Dissection of anti-tumor immune responses has revealed numerous mechanisms contributing to
110  immune resistance as codified in the cancer immunoediting hypothesis (3). HNSCCs have been
111 shown to exhibit several immune evasion mechanisms some of which include 1. down regulation
112 of tumor cell stimulator of interferon genes (STING) expression (4), 2. genomic alteration of
113 antigen processing machinery (5-7) and 3. a reduced adaptive T cell response possibly due to
114  immunosuppressive cellular influence (8, 9) and/ or dendritic cell dysfunction (10). The cancer
115  immunoediting hypothesis posits that tumor recognition and elimination occur at the earliest stages
116  of tumorigenesis, but the initial dynamics between oral neoplastic cells and antigen-specific T cells
117  leading to immune evasion are poorly understood. A major limitation has been the inability to
118  model interactions that retain the carcinogenic origin of these cancers while simultaneously

119  dissecting antigen-specific responses.
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120

121  Herein, we established a model of 4-nitroquinoline-1-oxide (4NQO) carcinogen driven HNSCC
122 by administering the carcinogen to genetically engineered mice with tongue epithelium specific
123 Ovalbumin(OVA) expression and Tp53 gene deletion. Through this model, we aimed to
124  investigate how antigen expression impacts the progression from oral premalignancy to invasive
125  HNSCC, focusing on the dynamics of antigen-specific T cells dynamics.

126

127

128  MATERIALS AND METHODS

129  Sex as a biological variant

130 Our study examined male and female animals, and similar findings are reported for both sexes.
131

132 Mouse models

133 Rosa®VA-GFPO6)/Tp537  mice have been described and were obtained from Dr. David Denardo (11)
134 and K5¢<ERT*/ mice were obtained from the Jackson Laboratory. Mice were bred to obtain K5¢
135 ERTH/ Rosa®VA-GFPOG)/Tp5371 (KOG) on the C57BL/6J background. The OG cassette was bred to
136  homozygosity. All experiments used 6—10-week-old, male and female mice and experimental
137  groups were matched in age and the number of males and females. TCR-transgenic OT-1 mice
138  (C57BL/6-Tg (TcraTcrb)1100Mjb) were purchased from the Jackson Laboratory and bred in-
139  house. All mice were maintained under pathogen-free conditions, and all animal experiments were
140  approved by the institutional animal care and use committee (IACUC) at the Dana-Farber Cancer
141  Institute.

142
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143 Administration of 4NQO, doxycycline and tamoxifen

144  4NQO (Sigma Aldrich) was dissolved in DMSO at a concentration of 50 mg/mL and then diluted
145  in sterile water to a final concentration of 100pug/mL. KOG mice were exposed to 4NQO in their
146  drinking water for 8 weeks and then switched to normal drinking water. (12). 4NQO drinking
147  water was used in disposable cages and replaced weekly. In some experiments, doxycycline (625
148  mg/kg) was administered at the same time as the 4NQO drinking water. Fort he tamoxifen
149  injections, we used the injection methodology described by Carper et al(13). A total of 30ul of
150 1mM 4-OHT (4-Hydroxytamoxifen, Selleck) in corn oil was injected into the epithelium of the
151  tongue 3 times every 2 days on day 3, 5, 7 after 4NQO and doxycycline administration began.
152  Following exposure to 4NQO, mice were visually checked for tumor development and weighed at
153 least weekly.

154

155  Tissue harvest

156  The KOG mice were sacrificed for humane endpoints decided by TACUC guidelines. Harvested
157  lymph nodes (LNs) and spleen were processed into single cell suspensions using microscope slide
158  glasses. Harvested tongues and tumors were dissociated using razor blades and then incubated with
159  RPMI (Life Technologies) with collagenase Type IV (100pg/ml, Life Technologies) for 30 min at
160  37°C. Tongues were fixed in 10% formalin for 24 h. Following fixation, the long-axis of tongues
161  were sectioned along the long axis and embedded in paraffin.

162

163  Macroscopic tumor measurement

164  Tumor-bearing mice were photographed under anesthesia by retracting the tongue anteriorly and

165  capturing images of the dorsum. ImagelJ software was used to measure the area of the tongue and
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166  tumor, and the percentage of tumor area to tongue was calculated. The number of tumors per
167  tongue were also counted.

168

169  Microscopic evaluation

170  FFPE sections were stained with hematoxylin and eosin (H&E) and histopathological evaluation
171  was performed by a board certified oral pathologist (S.B.W.). The evaluating pathologist was
172 blinded to the treatment arms. The epithelial hyperplasia score was categorized into four levels (0-
173 3). Meanwhile, the histopathological scoring of the most severe lesion was stratified into six levels:
174 0 for Normal, 1 for Atypia, 2 for Mild Dysplasia, 3 for Moderate Dysplasia, 4 for Severe Dysplasia
175  or Severe Papillary Dysplasia, and 5 for Squamous Cell Carcinoma (SCC).

176

177  Establishment of organoids

178  The methods for organoid culture and the medium formulation were adapted from Karakasheva et
179  al.(14) with specific modifications for our study needs. Tongues from KOG mice were harvested,
180 and then the epithelium was isolated using scissors and a dissecting microscope. Tongue
181  epitheliums were incubated in HBSS (Thermo Fisher Scientific) with dispase (1:5, Corning),
182  Fungizone (1:500, Thermo Fisher Scientific), gentamycin (1:10000, Thermo Fisher Scientific),
183  and penicillin streptomycin (1:1000, Thermo Fisher Scientific) for 30min at 37°C in a thermomixer
184  (700-800RPM). Tissues were removed from HBSS, incubated with 0.25% trypsin EDTA (Life
185  Technologies) for 10 minutes, filtered through a strainer with soybean trypsin inhibitor (Sigma-
186  Aldrich) and centrifuged. A similar procedure was used to make tumors organoids. Single cells
187  (2000) were resuspended in 30ul Matrigel Matrix (Corning) with organoid media (1:1) and

188  droplets were plated in a pre-warmed 24 well plate (Thermo Fisher Scientific). After incubation
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189  of the droplets at 37°C for 15min, pre-warmed organoid media was added. Organoid media was
190  constituted of advanced DMEM/F12 (Thermo Fisher Scientific) with WRN conditioned media
191  (3:100 Wnt/Noggin/R-Spondin), penicillin streptomycin (1:100, Thermo Fisher Scientific),
192 HEPES (1:100, Life Technologies), Glutamax (1:100, Life Technologies), Gibco B-27
193  Supplement (2:100, Life Technologies), Gibco N-2 Supplement (1:100, Life Technologies), N-
194  Acetylcysteine (0.5M, 2:1000, Fisher Scientific), mEGF (500ug/ml, 1:20000, Life Technologies)
195

196  Flow cytometry

197  Isolated cells were stained with 1:500 Zombie Aqua (BioLegend) in PBS for 15 min at room
198  temperature (RT). For SIINFEKL-tetramer staining, washed cells were incubated with 1:1000 PE-
199  conjugated SIINFEKL tetramer (NIH tetramer core) in PBS with 0.5% FBS and 2 mM EDTA for
200 15 min at RT. For HAAHAEINEA-tetramer staining, cells were incubated with 1:100 PE-
201  conjugated HAAHAEINEA tetramer (NIH tetramer core) in PBS with 0.5% FBS and 2 mM EDTA
202 for 60 min at 37°C. Cells were then resuspended Fc block (BioLegend) for 10 min at 4°C and
203  stained with 1:200 anti-mouse antibodies (Abs) in PBS with 0.5% FBS and 2 mM EDTA for 20
204  min at 4°C. For organoid assessment, organoids were pretreated with 2.5 mM 4-OHT for 96h and
205  then with 2 pg/mL doxycycline for 48 h. For H2kb-SIINFEKL staining, cells were pretreated with
206 100 U/mL IFN-y for 24h and stained with 1:1000 H2kb-SIINFEKL Ab (BioLegend,Clone:25-
207  DI1.16). GFP-expressing cell lines were used for GFP compensation. Data were acquired on
208  Miltenyi MACSQuantX flow cytometer and analyzed using FlowJo v10.8.1 (BD) software.

209

210 ELISA
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211 T cells from KOG mouse TDLNSs (5 x 10°) were co-cultured with SIINFEKL peptide (1 ug/mL,
212 Thermo Fisher Scientific) in a 96-well plate (Thermo Fisher Scientific). For the in vitro OT-1 co-
213 culture assay, tumor cells (5x10%) were co-cultured with T cells (5x10°) from OT-1 mouse

214 splenocytes. After 24h, the supernatant was measured by IFN-y ELISA (R&D) following

215  manufacturer’s instructions.

216

217  Adoptive OT-1 cell transfer

218 CD8+ T cells from OT-1 mouse splenocytes were purified with CD8a+ isolation kit, mouse
219  (Miltenyi Biotec) and then labeled with Carboxyfluorescein Succinimidyl Ester (CFSE) using

220  CFSE Cell Division Tracker Kit (BioLegend) according to manufacturer’s instructions. OT-1

221  CDS8+ T cells (5 x 10°) were retro-orbitally injected into tumor-bearing KOG mice. LNs were
222 harvested on day 3 after transfer and the CFSE-labeled CD8+ OT-1 T cells were assessed by flow
223 cytometry. CFSE-positive cells were divided into CFSE-high (before or during proliferation) and
224 -low cells (post-activation and proliferation) and their percentages were compared.

225

226  Vaccination

227  For peptide vaccine treatment, OVA-derived synthetic long peptide (SLP, 50 pg,
228  SMLVLLPDEVSGLEQISIINFEKLTEWTS, Peptide2.0) was injected into buccal mucosa of
229  tumor-bearing KOG mice 3 times every 3 days along with 100 pg polyl:C (Invitrogen) as adjuvant.
230

231  Cell lines and inoculation

232 The mouse oral squamous cell carcinoma MOC1 was generated as previously described (15) (16)

233 (17). The mKate2-SIINFEKL plasmid was kindly provided by Dr. Clint T. Allen (National

10
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234  Institutes of Health) and SIINFEKL-expressing MOC1 (MOCIOVA) was engineered as
235  previously described (18) (10) . These cell lines were tested for mycoplasma every 6 months. All
236  cell lines were cultured with the 2:1 mixture of IMDM (Life technologies) and Ham’s-F12 nutrient
237  mixture (Thermo Fisher Scientific) with 100 U/mL penicillin streptomycin (Thermo Fisher
238  Scientific), 5% heat inactivated Fetal Bovine Serum (FBS) (Sigma Aldrich), 5 ng/mL Epidermal
239  Growth Factor (EGF) (Life Technologies), 400 ng/mL hydrocortisone (Sigma Aldrich), and 5
240  pg/ml insulin (Sigma Aldrich). 3x10° MOCI cells were inoculated into the buccal mucosa of KOG
241  mice or wildtype C57BL/6 mice.

242

243 1In vivo antibody treatment

244 Anti-PD-1 mAbD (250 pg, clone: RMP1-14, BioXCell) or isotype control (BioXCell) was injected
245  intraperitoneally into KOG mice. Anti-CD40L Ab (BioXCell, 250ug) was injected
246  intraperitoneally on day 14.

247

248  Statistical analysis

249  Statistical analyses were carried out using GraphPad Prism 9 software (GraphPad). Comparisons
250  of two independent groups were performed using Student’s #-test and multiple comparisons were
251  evaluated using ANOVA with Tukey’s multiple comparison adjustment. Kaplan—-Meier curves
252 and log rank tests were used to assess survival differences. Differences were considered
253  statistically significant at two-sided p <0.05, marked as *p <.05, **p <.01, ***p <.001, and ns =
254  not significant. All data are shown as means +SEM.

255

256

11
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257 RESULTS

258  Establishment of a HNSCC mouse model with tongue epithelium-specific OVA expression
259  and p53 deletion

260  The development of a chemically induced HNSCC model using 4NQO, a carcinogen that induces
261  tobacco-associated gene mutation signatures, poses significant challenges for tracking antigen-
262  specific T cells due to tumor heterogeneity. To address these challenges, we developed a 4NQO-
263  induced oral cancer model using genetically engineered K5 ERT*; R 0sa®VA-GFPOG); n537F (KOG)
264  mice. The OG mice, previously utilized in pancreatic and lung cancer models (11) were engineered
265  to enable tongue epithelial basal keratinocyte keratin 5 (K5)-specific expression of OVA antigen
266  and knockout of p53 upon tamoxifen injection (Figure 1A). Antigen expression is turned off with
267  doxycycline administration. By administering 4NQO to these mice, we established an HNSCC
268  mouse model that closely mimics human HNSCC with specific antigen expression, as shown in
269  Figure 1A.

270  To validate this genetic strategy, we first created organoids from the normal epithelium of K5
271 ERT* Rosa®"; p537+ mice (Figure 1B). Organoids derived from normal tongue epithelium
272 increased GFP and H2-KP°-SIINFEKL expression upon tamoxifen treatment, and expression was
273  abolished with doxycycline treatment (Figure 1C and D). Next, to confirm that this genetic
274  modification works in vivo, tamoxifen was injected into the KOG mouse tongues 3 times every 2
275  days in the presence or absence of doxycycline. One week later, the tongues were harvested and
276  single cells were analyzed by flow cytometry (Figure 1E). Results confirmed that GFP and H2-
277  KO°-SIINFEKL were also expressed by tamoxifen injection in vivo and eliminated by doxycycline
278  feeding (Figure 1F and G). Together, we established a novel genetically engineered mouse with

279  regulatable expression of tongue epithelium-specific OVA antigen .

12
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280

281  Early expression of OVA antigen did not affect 4NQO-induced HNSCC progression

282  Using the KOG mouse, we investigated how early antigen load affects carcinogen-induced
283  tumorigenesis and anti-tumor immunity (Figure 2A). Mice were treated with 4ANQO water for 8
284  weeks and then switched to normal water (Figure 2A). Lingual tamoxifen injection (T) to induce
285  OVA expression and delete Tp53 was performed 3 days after the start of 4NQO water treatment
286  (KOG/T/OVA™). A matched cohort was concurrently fed a doxycycline diet to turn off OVA
287  expression (KOG/T/OVA”). Surprisingly, the tongues of KOG/T/OVA™ formed atypia and mild
288  dysplasia at 9-15 weeks, and progressed to severe dysplasia and carcinoma at 23-30 weeks,
289  comparable to KOG/T/OVA™ mice without elimination of antigen response (Figure 2B-D). At 22
290  weeks, macroscopic tumor area and number of tumors per mouse were determined to be
291  comparable in both groups (Figure 2E, F, and S1). Similarly, overall survival rates and mouse
292 weights showed no significant differences (Figures 2G and H). These results indicated that early
293  expression of OVA antigen during tumorigenesis did not significantly affect tumor development
294 in this model.

295

296  OVA antigen is maintained on tumor cells during tumorigenesis

297  To determine whether the loss of OV A expression was responsible for the equivalent tumor growth
298 in the comparative experiment, we first assessed GFP expression in tongue epithelium of
299 KOG/T/OVA™" at 12-weeks and observed no loss of GFP fluorescence (Figure 3A). Second,
300 organoids were created from 25-week-old KOG/T/OVA*' mice and we found that these cells
301  continued to express GFP and also H2-K’-SIINFEKL (Figure 3B, C, and S2A). Third, confirming

302  that tumor cells were recognized by OVA-specific T cells, OT-1 CD8+ T cell co-culture

13
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303  supernatants were positive for IFN-y, indicating antigen specific OT-1 CD8 T cell activation
304  (Figure 3D). Finally, we then examined whether antigen was processed and presented in tumor-
305  draining lymph nodes (TDLNs). CFSE-labeled OT-1 CD8" T cells were transferred into tumor-
306 bearing KOG/T/OVA" mice (20 weeks post-4NQO) and TDLNs were harvested 3 days after
307  transfer (Figure 3E). OT-1 CD8+ T cells responded to antigen and proliferated in TDLNs (Figure
308 3F, G, and S2B). From these results, we concluded that OVA expression was maintained during
309  4NQO-induced tumor development in mice without doxycycline.

310

311  OVA-specific T cells were generated but subsequently became undetectable

312 Given that OVA antigen expression was maintained in the tongue epithelium and in tumor tissue
313 during tumor progression, we hypothesized that the underlying cause of the lack of tumor
314  regression by anti-tumor immunity was dysfunction within the T cell compartment. Thus, we
315  chronologically assessed OV A-specific T cells in TDLNs throughout the 4NQO carcinogenesis
316  protocol (Figure 4A). SIINFEKL-tetramer+ T cells were initially generated in TDLNs one week
317  after the last injection of tamoxifen but surprisingly became undetectable three weeks later and
318  remained absent through the remainder of observation and endpoint of study (Figure 4B, C, and
319  S3A). Supernatants of TDLN cultures with SIINFEKL peptide were assayed by IFN-y ELISA, and
320 OVA-reactive T cells were initially detected ex vivo but no OVA-reactive T cells were detected
321 by the 4-week timepoint (Figure 4D). OV A-specific CD4 T cells, which are not regulatory T cells,
322 were also generated early on but were not detected later (Figure S3B). OVA-specific T cells
323  remained lost even after the stimulation with a CD40 agonist, which was administered when these
324 T cells were still present. (Figure S3C). To determine whether KOG mice have immune tolerance

325 to OVA, we transplanted an OV A-expressing syngeneic mouse oral carcinoma (MOC1-OVA) into

14
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326  the buccal mucosa of KOG or wildtype C57BL/6 mice (Figure 4E). OVA-specific T cells were
327  generated in KOG mouse tumors and TDLNs but their numbers were reduced compared to
328  wildtype C57BL/6 mice (Figure 4F and G). These results suggest that KOG mice retain the cellular
329  capacity to react to OVA antigen albeit at a reduced level compared to wild type mice and that
330 tamoxifen-induced OV A-specific T cells became subsequently undetectable. Collectively, these
331  dataare consistent with impaired OV A-specific T cell response as the reason why antigen activated
332 T cell response did not reduce tumor growth.

333

334  Anti-PD-1 blockade did not restore OVA-specific T cell responses nor anti-tumor efficacy
335  We next examined the possible anti-tumor effects of anti-PD-1 blockade on 4NQO-induced KOG
336  tumors. Anti-PD-1 antibody was injected twice weekly into tumor-bearing mice with or without
337  OVA-expression (Figure 5A). Anti-PD-1 therapy did not result in tumor regression in either
338  KOG/T/OVA" or KOG/T/OV A" tumors (Figure 5B-D). Moreover, CD8+ T cells and PD-1+ CD8+
339 T cells were not increased by anti-PD-1 blockade (Figure 5SE and F). SIINFEKL-tetramer+ T cells
340  were not detected in KOG/T/OVA™ tumors, even with anti-PD-1 blockade treatment. (Figure 5G).
341  To examine whether OV A-specific T cells were initially present in an anergic state due to the PD-
342 1 checkpoint, mice were treated with anti-PD-1 blockade at an earlier timepoint, when OVA-
343 specific T cells were not detectable (Figure SH). In this setting, anti-PD-1 inhibition also did not
344  restore OVA-specific T cells (Figure 5I and J). These results suggested that KOG tumors were
345  resistant to anti-PD-1 treatment regardless of OVA expression and anti-PD-1 blockade did not
346  revive OVA-specific T cells.

347
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348  Peptide vaccine restores OVA-specific T cells and attenuates tumor growth in combination
349  with anti-PD-1

350  As impaired OVA specific T cell response was identified as a potential mechanism of immune
351  evasion by OVA-expressing tumors in KOG mice, we next aimed to definitively examine if tumor
352  control could be achieved with antigen specific T cells. Given the observed T cell response to
353 MOCI1-OVA, we tested whether OV A-specific T cells could be generated by OVA synthetic long
354  peptide (SLP) and Polyl:C vaccine. Tumor-bearing mice were vaccinated with 3 doses of an OVA
355  SLP in the buccal mucosa (Figure 6A). As shown in Figure 6B and C, this vaccine induced OV A-
356  tetramert+ T cells in both KOG/T/OVA" and KOG/T/OVA" oral draining lymph nodes. OVA
357  peptide co-culture and ELISA experiments confirmed that these T cells could recognize the OVA
358  peptide effectively (Figure 6D).

359  Finally, we evaluated the anti-tumor efficacy of the peptide vaccine combined with anti-PD-1
360  therapy (Figure 6E). Remarkably, OVA SLP peptide and polyl:C vaccine with anti-PD-1 Ab
361  significantly reduced the KOG tumor area compared to control group receiving Polyl:C plus anti-
362  PD-I therapy (Figure SF-H). Moreover, overall survival was prolonged by OV A vaccine treatment
363  (Figure 5I). Taken together, vaccination induced antigen-specific T cells in mice bearing oral
364  tumor with immune evasion mechanisms involving impaired endogenous antigen-specific T cell
365 response. This therapeutic approach resulted in tumor regression and extended survival.

366
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371  DISCUSSION

372 The carcinogen 4NQO triggers tumor genetic mutations similar to those found in human tobacco-
373 related HNSCC (19) (20). Furthermore, 4NQO-induced malignancy also showed similar immune
374  infiltration and response rate to anti-PD-1 therapy similar to those observed in human HNSCC
375  (21). The advantage of the 4NQO model lies not only in its resemblance to human HNSCC, but
376  also in its capability to observe tumorigenesis from its earliest stages. While the mutational burden
377  1is higher in invasive squamous cell carcinomas (SCCs) than hyperplasia and mild dysplasia, it is
378  crucial to note that critical mutations in genes such as p53, Notchl, and Fatl can already be
379  detected in early-stage lesions (22). Recent studies of 4NQO-induced cancers at different
380 pathological stages have also demonstrated that key immune-related genes increase from the
381  dysplasia stage (23). In this study, we generated a 4NQO-induced HNSCC mouse model with
382  genetically engineered epithelium-specific OVA expression. This unique model allows for the
383  observation of immunoediting by endogenous antigen expression during tumorigenesis while
384  maintaining HNSCC heterogeneity.

385

386  Other spontaneous cancers models have explored how antigen induction impacts tumor
387  development, emphasizing its effect on eliciting tissue-specific immune responses. For example,
388  in KPC mouse lung cancers with KRAS(G12D) activating mutation, p53 knockout and bearing
389  the OG cassette, OVA expression led to tumor shrinkage (11). In contrast, in pancreatic cancer
390  expression of this same antigen resulted in enhanced tumor growth due to ¢cDC deficiency (11).
391  Tissue-specific immune responses have been thoroughly investigated in the contexts of infectious
392 diseases and autoimmunity, and their relevance to tumor immunity has also been established.

393  These site specific responses also translate to ICI responses, as outcomes are markedly different
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394  depending on the site of metastasis (24). In preclinical syngeneic models, orthotopic
395 transplantation has been shown to have a weaker immune surveillance relative to subcutaneous
396  inoculation (25). However, in contrast to this finding, we observed that orthotopic oral inoculation
397  elicits a stronger immune response and leads to tumor reduction compared to subcutaneous
398 inoculation, again highlighting the difference in tissue-specific immune responses depending on
399  cancer type and tumor site (26). To further understand HNSCC specific responses in the
400  autochthonous setting, we engineered a HNSCC-specific preclinical model bearing the OG
401  cassette. This approach aims to elucidate the role of the anti-tumor T cell immunity in HNSCC.
402

403  We observed that antigen-specific T cells were initially generated as a result of strong antigen
404  expression from the early tumorigenesis but were consequently undetectable in peripheral tissues.
405  With this absence of an antigen-specific response, we saw no difference in tumorigenesis
406  compared to the antigen-free tumors and a similar absence of anti-PD-1 therapeutic efficacy. T
407  cell absence is classified as central thymic tolerance during T cell development with subsequent
408  peripheral loss (27). In this model, central tolerance to OV A-specific T cells may have developed
409  presumably by leaky antigen expression in thymocytes. Leaky expression has been a known
410  problem with the conventional inducible antigen engineered models because low level self-antigen
411  expression can cause thymic tolerance (28, 29) (30). The recently described NINJA (inversion
412  inducible joined neoantigen) model aims to prevent leaky neoantigen expression and tolerance (31,
413 32).

414  Since neoantigens are not expressed in normal tissues and development, the T cell repertoire
415  maintains intact to mount anti-tumor responses to mutant allele products. Thus, our OG cassette-

416  derived antigen most closely resembles tumor-associated antigens (T A As) rather than neoantigens.
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417  Neoantigens have been extensively studied for their high immunogenicity but treatments utilizing
418  personalized neoantigen-specific T cells are limited in their application across a broad patient
419  population due to the unique tumor- and patient-specific characteristics. Thus, therapies targeting
420  shared antigens, including TAAs, have been a focus of many studies (33) (34) (35). Notably, a
421  detailed analysis of recent successful TIL therapy clinical trial in stage IV melanoma patients
422  revealed that responding tumor-specific T cells targeted shared TAA-specific T cells and not
423 neoantigen-specific T cells (36). This finding highlights the significance of researching TAA-
424 specific T cells for advancing cancer treatment strategies.

425

426  In this study, central tolerance did not eliminate all OV A-specific T cells, however, upon antigen
427  expression early in tumorigenesis, antigen-specific T cells were impaired in the periphery.
428  Peripheral tolerance, as well as central tolerance, is crucial for preventing autoimmunity immune.
429  Various mechanisms, both T cell intrinsic, such as anergy and clonal deletion, and T cell extrinsic,
430  such as regulatory T cells, contribute to peripheral T cell tolerance (27, 37) (38). For instance,
431  activated antigen-specific T cells in liver metastases were eliminated by FasL" monocyte-derived
432  macrophages, leading to acquired immunotherapy resistance (39). It is well recognized that
433 checkpoint receptors, such as PD-1, play a role in promoting peripheral tolerance by causing the
434  deletion or anergy of anti-tumor T cells (40, 41). Recent studies using the NINJA model revealed
435  that PD-1 molecules result in peripheral tolerance, allowing the coexistence of antigen-expressing
436  cells and antigen-specific T cells without an ongoing response (38). Our data that anti-PD-1
437  blockade did not restore antigen-specific T cells suggests that this mechanism was not occurring
438  in our model system.

439
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440  Despite the lack of an ongoing CD8+ T cell response, the therapeutic relevance of continued
441  antigen expression in anti-PD-1 resistant tumors was highlighted by anti-tumor responses observed
442  following vaccination against OVA. We found that that antigen-specific T cells, which were
443  undetectable by tetramer and ex vivo peptide short stimulation, were induced by the vaccine,
444  leading to tumor regression. These results suggest defining target antigens independent of
445  endogenous antigen-specific T cell responses as a therapeutic strategy. Further investigation is
446  needed to explore the specific TCRs recognizing the endogenous OG cassette expression versus
447  those induced by vaccination. This study also supports the rationale for combining targeted
448  immunotherapies, like cancer vaccines, with non-specific immunotherapies, such as anti-PD-1
449  inhibitors, for immune-cold tumors due to antigen-specific T cell deletion. This approach aligns
450  with clinical evidence demonstrating the synergistic effects of combining cancer vaccines with
451  anti-PD-1 inhibitors (42), suggesting a promising approach for enhancing therapeutic efficacy
452  against these challenging tumor types including HNSCC. In conclusion, this study highlights a
453  strategy for targeting tumors that evade the immune surveillance through impaired early T cell
454  response in HNSCC.
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600  Figure 1: Establishment of KOG model

601  A. Genetic loci and strategy for KOG model.

602  B. Experimental schema for C and D. Organoids were created from K5CERT/*; R 0gaOVA-GFPOG)*
603  p537* normal tongue and co-cultured with 4-hydroxytamoxifen (4-OHT, 2.5mM 96h) and then
604  with doxycycline (2ug/ml 48h). For H2kb-SIINFEKL staining, cells were pretreated with
605  100U/mL IFN-y for 24h.

606 C and D. GFP expression (C) and SIINFEKL-H2kb expression (D) in KOG normal tongue
607  organoids treated with 4-OHT and doxycycline. Data were pre-gated on live and single cells.
608  Representative of 3 independent experiments.

609  E. Experimental schema for F and G. K5 ERT/; R0ga®%/0G; p537f mice were fed doxycycline or
610 normal food and 4-OHT was injected into the tongue epitheliums 3 times every 2 days and
611  harvested on day14.

612  F and G. GFP expression (F) and SIINFEKL-H2kb expression (G) in KOG mouse tongue treated
613  with 4-OHT and doxycycline. Data were pre-gated on live and single cells. Representative of 3
614  independent experiments.
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622  Figure 2: Early expression of OVA antigen did not affect 4NQO-induced HNSCC
623  progression

624  A. Experimental schema for B-H. KOG mice were provided with 4NQO water for 8 weeks and
625  then switched to normal water. Doxycycline or normal food was initiated concurrently with 4NQO.
626  4-OHT was injected on days 3, 5, and 7. Mice were sacrificed at specific time points or at the study
627  endpoint.

628 B. Epithelial hyperplasia scores on histopathological evaluation in KOG/T/OVA* and
629 KOG/T/OVA™ mice at 9-15 weeks and 23-30 weeks (means + SEM). The epithelial hyperplasia
630  score was categorized into four levels (0-3).

631  C. Histopathological scores in KOG/T/OVA" and KOG/T/OVA"at 9-15 weeks and 23-30 weeks
632  (means = SEM). The histopathological scoring of the most severe lesion was categorized into six
633  levels: 0 for Normal, 1 for Atypia, 2 for Mild Dysplasia, 3 for Moderate Dysplasia, 4 for Severe
634  Dysplasia or Severe Papillary Dysplasia, and 5 for Squamous Cell Carcinoma (SCC).

635  D. Representative SCC lesion of tumor-bearing tongues of KOG/T/OVA" and KOG/T/OVA™ mice
636  at 23-30 weeks.

637  E. Representative photographs of tumor-bearing tongues of KOG/T/OVA™ and KOG/T/OVA-
638  mice at 23-30 weeks.

639  F. Percentage of the macroscopic tumor area at 22 weeks (means + SEM).

640  G. The number of the macroscopic tumor lesion at 22 weeks (means + SEM).

641  H. Kaplan-Meier survival curve.

642 1. Weekly body weight.

643  *p<0.05, **p<0.01, ***p<0.001. Significance was evaluated by unpaired Student’s t-test. Kaplan—

644  Meier curves were used for survival.
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645  Figure 3: OVA expression was maintained on tumor cells during tumorigenesis

646  A. GFP expression of the tongue epithelium cells from 12-weeks KOG/T/OVA*and KOG/T/OVA-
647 mice. Data were pre-gated on live cells, single cells, and CD45-. Representative of three
648  independent experiments.

649  B. Experimental schema for C and D. Organoids were created from KOG/T/OVA™ tongue tumors
650  and evaluated by flow cytometry and the experiment of OT-1 co-culture and ELISA experiments.
651 C. GFP and SIINFEKL-H2kb expression of the tumor organoids from tumor-bearing mouse
652  tongue. For assessment of SIINFEKL-H2kb expression, organoids were pre-treated with 100U
653  IFN-y for 48h. Data were pre-gated on live and single cells. Representative of 3 independent
654  experiments.

655  D. Quantification of IFN-y production in supernatants of the cultures with tumor cells and OT-1 T
656  cells (means + SEM). Tumor organoids were dissociated into single cells and co-cultured with
657  OT-1T cells for 24 hours. The supernatants were assessed by IFN-y ELISA.

658  E. Experimental schema for F and G. CD8 T cells were purified from splenocytes of OT-1 mice
659  and labeled with CFSE. CFSE-labeled OT-1 CD8+ T cells were transferred into tumor-bearing
660 KOG mouse at 20 weeks and TDLNs were harvested 3 days after transfer.

661  F. CFSE expression in tumor draining lymph nodes (TDLNs) 3 days after OT-1 transfer. Data
662  were pre-gated on live cells, single cells, CD45+, CD3+, and CD8+ cells. CFSE-positive cells
663  were divided into CFSE-high (before or during differentiation) and -low cells (post-
664  differentiation). Representative of 2 independent experiments (n=3).

665  G. Quantification of the percentage of total of CFSE-positive, CFSE-high, and CFSE-low cells in
666  CD8+ T cells in TDLNSs. Representative of 2 independent experiments (means = SEM).

667  *p<0.05, **p<0.01, ***p<0.001. Significance was evaluated by unpaired Student’s t-test.
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668  Figure 4: OVA-specific T cells were generated but subsequently became undetectable

669  A. Experimental schema for B-D. KOG mice were treated with 4NQO, doxycycline, and 4-OHT
670  using the same protocol as in Figure 2A. Mice were sacrificed at specific time points or at the
671  study endpoint.

672  B. SIINFEKL-tetramer+ CD8+ T cells in DLNs from KOG/T/OVA™ mice 2 or 4 weeks after
673  treatment initiation. Data were pre-gated on live cells, single cells, CD45+, CD3+, and CD8+ cells.
674 LNs from doxycycline-treated mice were used as negative control of tetramer staining.
675  Representative of two independent experiments (n=3).

676  C. Quantification of the number of SIINFEKL-tetramer+ CD8+ T cells in DLNs from
677 KOG/T/OVA" mice over the time course. Mice were sacrificed at each time point and DLNs were
678  analyzed. LNs from KOG/T/OV A" were used as negative control of tetramer staining (NC).

679  D. Quantification of IFN-y production in supernatants of the cultures with lymphocytes from
680  DLNs at each time points and SIINFEKL peptide (means = SEM). DLNs were harvested at each
681  time point and isolated lymphocytes were co-cultured with SIINFEKL peptide for 24 hours. The
682  supernatants were assessed by IFN-y ELISA.

683  E. Experimental schema for F and G. 3 million MOC10OVA cells were inoculated into left buccal
684  mucosa in KOG mice or wild type C57B/6 mice on day0. TILs and TDLNs were isolated on day10
685  and SIINFEKL-tetramer+ CD8+ T cells were analyzed by flow cytometry.

686  F and G. SIINFEKL-tetramer+ CD8+ T cells per mg tumor in TILs (F) or per LN in TDLNs (G).
687  *p<0.05, **p<0.01, ***p<0.001. Significance was evaluated by unpaired Student’s t-test and
688  ANOVA with Tukey’s multiple comparison adjustment.
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691  Figure 5: aPD-1 blockade did not restore OV A-specific T cells and show no anti-tumor effect
692  A. Experimental schema for the assessment of the anti-PD-1 anti-tumor effect. Treatment with
693  4NQO, doxycycline, and 4-OHT followed as in Figure 2A. anti-PD-1 Ab were injected twice a
694  week starting at 18 weeks and tongues were harvested at 23 weeks.

695  B. Difference in macroscopic tumor area before (18 weeks) and after (23 weeks) treatment (means
696 + SEM).

697  C. The number of macroscopic tumor lesion at 23 weeks.

698  D. Photographs of KOG/T/OVA*" and KOG/T/OVA- tongues before (18 weeks) and after (23
699  weeks) anti-PD-1 therapy.

700 E, F, G. The percentage of positive cells in TDLNs from 23 weeks tumor-bearing mice treated by
701  aPD-1 blockade (means = SEM). E. CD8+ T cells in CD45+ CD3+ T cells. F. PD-1+ cells in CD8+
702 T cells. G. SIINFEKL-tetramer+ cells in CD8+ T cells.

703  H. Experimental schema for I and J. KOG mice were injected with 4-OHT on day3, 5, and 7 and
704 anti-PD-1 on day28, 30, and 32. DLNs were harvested on day35.

705 L The percentage of SIINFEKL-tetramer+ cells in CD8+ T cells (means + SEM).

706  J. Quantification of IFN-y production in supernatants of the cultures with lymphocytes from DLNs
707  and SIINFEKL peptide (means + SEM).

708  *p<0.05, **p<0.01, ***p<0.001. Significance was evaluated by unpaired Student’s t-test and
709  ANOVA with Tukey’s multiple comparison adjustment.
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713 Figure 6: Peptide vaccine restores OVA-specific T cells and attenuates tumor growth in
714  combination with anti-PD1

715  A. Experimental schema for B-D. Treatment of 4NQO, doxycycline, and 4-OHT followed the
716  protocol in Figure 2A. 50pug OVA synthetic long peptide (SLP) containing SIINFEKL along with
717 100pg of polyl:C were injected into the buccal mucosa of tumor-bearing KOG mice three times
718  every three days, starting at 20 weeks. TLDNs were harvested 7 days after last vaccine.

719  B. SIINFEKL-tetramer+ CD8+ T cells in TDLNs from tumor-bearing KOG/T/OVA" and
720  KOG/T/OVA mice . LNs from untreated KOG mice were used as negative control of tetramer
721  staining (NC). Representative of two independent experiments (n=3).

722 C. Quantification of the number of SIINFEKL-tetramer+ CD8+ T cells in TDLNs (means + SEM).
723 D. Quantification of IFN-y production in supernatants of the cultures with lymphocytes from
724  TDLNs and SIINFEKL peptide (means + SEM). Isolated lymphocytes from TDLNs were co-
725  cultured with SIINFEKL peptide for 24 hours. Representative of two independent experiments.
726  E. Experimental schema for F-1. Treatment of 4NQO, doxycycline, 4-OHT, and vaccine followed
727  protocol outlined in Figure 6A. In addition, anti-PD-1 blockade was injected intraperitoneally
728  twice a week and continued for 5 weeks. Treatment with Polyl:C injection plus aPD-1 therapy was
729  used for control groups. F. Difference in macroscopic tumor area before (18 weeks) and after (23
730  weeks) treatment (means £ SEM).G. The number of macroscopic tumor lesion at 23 weeks. H.
731  Photographs of the KOG/T/OVA™ mouse tongues treated with vaccine and anti-PD-1 blockade. 1.
732 Kaplan-Meier survival curve.

733 *p<0.05, **p<0.01, ***p<0.001. Significance was evaluated by unpaired Student’s t-test and
734  ANOVA with Tukey’s multiple comparison adjustment. Kaplan—-Meier curve was used for

735  survival.
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