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Abstract 58 

Squamous cell carcinomas (SCC) are often preceded by potentially malignant precursor 59 

lesions, most of which remain benign. The terminal exhaustion phenotypes of effector T-cells 60 

and the accumulation of myeloid-derived suppressor cells (MDSC) have been thoroughly 61 

characterized in established SCC. However, it is unclear what precancerous lesions harbor a 62 

bona fide high risk for malignant transformation and how precancerous epithelial dysplasia 63 

drives the immune system to the point of no return. Here we show that expression of SRY-box 64 

transcription factor 2 (SOX2) in precancerous lesions imparts an irreversible risk that recruits 65 

suppressive myeloid cells by promoting the release of CCL2. We developed a unique 66 

genetically engineered mouse model (GEMM) to recapitulate the malignant transformation of 67 

epithelial dysplasia to SCC in the oral mucosa with high histologic and phenotypic fidelity. Using 68 

a combination of longitudinal human specimens and the Sox2-GEMM, we found that the 69 

myeloid cells in precancerous epithelial dysplasia exhibit a distinctive dichotomous profile 70 

featuring high levels of IL-1α-SLC2A1 and low levels of type-I interferon (IFN-I) signatures, 71 

which occurs before SCC emerges histologically. Brief priming of myeloid cells with IL-1α 72 

desensitizes them to IFN-I agonists and makes myeloid-derived suppressor cells (MDSC) even 73 

more suppressive of T-cell activation. Mechanistically, IL-1 activation represses the expression 74 

of DHHC3/7 enzymes, which are responsible for the palmitoylation of stimulator of interferon 75 
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genes (STING). Early blockade of IL1 signaling using pharmacologic and genetic approaches 76 

similarly reduces MDSC and SLC2A1high myeloid cells, suppresses epithelial dysplasia 77 

transformation, and extends survival. This work establishes a previously unrecognized SOX2-78 

CCL2-IL1 pathway that leads to irreversible immune escape when precancerous epithelial 79 

lesions transform.  80 
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Main 81 

Extensive characterization of the microenvironment of established cancers has revealed 82 

complex compensatory immune suppressive mechanisms, such as the engagement of multiple 83 

immune checkpoint receptor pathways, massive recruitment of myeloid-derived suppressor cells 84 

(MDSC), and the expansion of regulatory T-cells and suppressive B-cell subsets. Thus, 85 

targeting a single pathway of immune suppression at late stages is often insufficient. Human 86 

papillomavirus (HPV)- Head and Neck Squamous Cell Carcinoma (HNSCC) is such an 87 

example, which shows a modest response rate to immune checkpoint inhibitors (ICI) despite 88 

high tumor mutational burden 1, 2. HPV- HNSCC is preceded by pre-cancerous lesions, coined 89 

as oral epithelial dysplasia (OED). However, it remains unclear how intra-lesional immune 90 

infiltrate reaches a point of no return to terminal exhaustion during malignant transformation. 91 

OED is among the most common mucosal lesions, affecting ~6% of the global population, with 92 

an estimated 12% transformation rate. Despite vigilant monitoring, a subset of OED transforms 93 

into HNSCC. Surgical excision cannot reverse field cancerization. The identification of the 94 

earliest events leading to immune tolerance at the transformation site offers promise to develop 95 

better immunoprevention strategies for high-risk lesions. 96 

Whole exome sequencing of squamous cell carcinomas of the lung, esophagus, skin, 97 

and head and neck has revealed that the amplification of the 3q26.3 locus is a common hotspot 98 
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driver event. Two genes at this locus, SOX2 and PIK3CA, are amplified in about 20% of 99 

HNSCC3. Patients with Fanconi anemia suffer from an extremely early onset of HNSCC with 100 

some cases seen in patients in the first to second decades of their lives, which provides an 101 

opportunity to identify high risk events for epithelial malignant transformation. The HNSCC 102 

cases associated with Fanconi anemia have much fewer point mutations but harbor SOX2 103 

amplification in 78% of the cases4, further highlighting the important role of this driver event. 104 

Previously, we found that SOX2-expressing tumors excluded cytotoxic T-lymphocytes (CTL) 105 

from the tumor microenvironment (TME) in an implantable syngeneic mouse model5. However, 106 

how SOX2 amplification in transforming epithelial cells establishes peripheral immune tolerance 107 

is largely unknown.  108 

Here we developed a genetically engineered mouse model (GEMM) mimicking SOX2 109 

amplification in the oral epithelium and utilized matched longitudinal human specimens to 110 

identify early high-risk features, which potentiate the irreversible malignant transformation of 111 

OED. We have revealed unique early immunometabolic markers arising in the pre-cancerous 112 

lesions prior to the appearance of HNSCC histology. SOX2 promotes CCL2 to expand intra-113 

lesional myeloid cells exhibiting high expression levels of IL-1 signatures, glycolysis signatures, 114 

and low expression levels of type-I interferon (IFN-I) signatures. As a mechanism, IL-1α priming 115 

desensitizes myeloid cells to cytoplasmic DNA-induced IFN-I activation by inhibiting the 116 
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palmitoylation of the adaptor protein, Stimulator of interferon genes (STING). Early blockade of 117 

IL1 signaling through genetic or pharmacologic approaches delays the onset of SOX2-driven 118 

epithelial malignant transformation. 119 

Oral epithelial cell expression of Sox2 drives HNSCC initiation. 120 

To longitudinally monitor precancer transformation, we crossed K5-CreER with Rosa26-121 

Sox2-Enhanced Green Fluorescence Protein (EGFP) and topically painted the oral mucosa with 122 

tamoxifen to produce the Sox2-GEMM, in which oral epithelial cells expressed Sox2-EGFP 123 

(Figure 1A). We generated heterozygous and homozygous compound strains and noted a dose-124 

dependent expression of Sox2 in the oral epithelium (Figure 1B). Human HNSCC contains 125 

diagnostic features, including high-grade cytologic features, the transition between normal and 126 

dysplastic epithelium, the presence of invasive tumor islands, the formation of keratin pearls, 127 

and the establishment of stroma and immune-cell infiltration (Figure 1C and 1D). However, the 128 

implantation-based models cannot recapitulate all key histologic features. For example, human 129 

patient-derived xenograft (PDX) retains many high-grade cytologic features and abundant 130 

keratin. However, these implantable tumors often grow like an epidermoid cyst in vivo with 131 

keratin being the most abundant content of the cyst-like structures (Figure 1E and 1F). More 132 

importantly, PDX cannot model tumor-immune interactions. Multiple syngeneic HNSCC models 133 

have been established, which provide valuable tools to study the TME. However, due to the 134 
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nature of these models, they cannot recapitulate the early epithelial transformation phase of the 135 

disease. Histologic examinations revealed spindle-cell or squamous-like high-grade tumor cells, 136 

with little stromal complexity and architectural resemblance to human HNSCC (Figure 1G and 137 

1H).   138 

We treated the Sox2-GEMM or K5-CreER control mice with a carcinogen, DMBA, or 139 

PBS. Buccal mucosa and tongue were subjected to histologic examination. We found that Sox2 140 

expression was a potent driver of HNSCC. The homozygous compound strain developed 141 

HNSCC with or without additional DMBA painting. The histologic features of Sox2-GEMM show 142 

high-fidelity recapitulation of human HNSCC (Figure 1I to 1L). Importantly, longitudinal 143 

monitoring of the Sox2-GEMM revealed an early transitional phase where oral epithelium 144 

exhibited dysplastic features that were highly similar to human OED, such as architectural 145 

disturbance, cell crowding, nuclear hyperchromasia, and increased mitotic counts above the 146 

basal layer (Figure 1M and 1N).  147 

Sox2-GEMM shows key immunophenotypic features of initiating HNSCC. 148 

The K5-CreER+;Sox2+/- strain without DMBA showed about 60-80% HNSCC penetrance 149 

160 days post-induction, and the K5-CreER+;Sox2+/+ strain showed 100% spontaneous 150 

penetrance about four to six weeks post-induction (Figure 2A). The majority of the lesions arose 151 
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in the buccal mucosa. We did not observe cancers arising in the tongue without DMBA 152 

treatment. About 60% of the K5-CreER+;Sox2+/+ mice developed tongue cancer when co-treated 153 

with DMBA. OED was seen primarily in the buccal mucosa or tongue of the K5-CreER+;Sox2+/- 154 

mice (Figure 2A). While the majority of the HNSCC in K5-CreER+;Sox2+/+ mice were 155 

microscopic due to their rapid onset, some tumors were seen grossly (Figure 2B). We 156 

engineered an endomicroscope for direct laser confocal imaging and revealed EGFP-157 

expressing Sox2+ transformed oral epithelial cells in live animals (Figure 2C). Then, we 158 

harvested buccal mucosa from K5-CreER+;Sox2+/+ mice and K5-CreER control mice five weeks 159 

after tamoxifen was painted in the oral mucosa. We stained the paraffin-embedded oral mucosa 160 

with immunohistochemical markers and found that the invasive squamous cell carcinoma 161 

islands showed diffuse strong nuclear staining of Sox2, as expected. These tumors showed a 162 

high Ki-67 index, with the staining patterns of p63 and p53 similar to those of human HNSCC 163 

(Figure 2D). 164 

Hypoxia is a key feature of HNSCC, which shows a median partial pressure of oxygen 165 

(pO2) of 9 mmHg, in contrast with a pO2 of 40-60 mmHg in the paired normal tissue6. To assess 166 

whether the Sox2-GEMM recapitulates this characteristic metabolic alteration, we first dissected 167 

buccal mucosa from homozygous Sox2-GEMM and K5-CreER control mice five weeks post-168 

tamoxifen oral painting. We found that the expression levels of Hif1a and Slc2a1 were 169 
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significantly increased in transformed buccal mucosa (Figure 2E and S1A). Slc2a1 encodes a 170 

glucose transporter to support the high glycolysis demand in cancer cells and myeloid cells 171 

while T-cells express high levels of Slc2a3, another glucose transporter, in the TME7. A meta-172 

analysis of 37 studies involving 3,272 HNSCC patients showed that the expression levels of 173 

SLC2A1 were inversely correlated with overall survival, disease-free survival, and recurrence-174 

free survival8. We stained normal mucosa, transforming OED two weeks post-induction and 175 

HNSCC five weeks post-induction with a Slc2a1-specific antibody. In normal mucosa, the 176 

Slc2a1 stain was either negative or showed a weak cytoplasmic staining pattern. However, in 177 

transforming OED, Slc2a1 assumed a conspicuous membranous staining pattern in the lesional 178 

areas, with a clear demarcation from the adjacent and relatively normal epithelium, which lacked 179 

the membrane staining pattern. HNSCC showed a diffuse, strong membranous staining pattern 180 

(Figure 2E). Notably, the infiltrating lymphocytes were largely negative for Slc2a1 in both OED 181 

and HNSCC (Figure 2E). This finding is consistent with a TCGA analysis, in which we found that 182 

HNSCC expressed significantly higher levels of SLC2A1 than control mucosa (Figure 2F).  183 

To explore the functional impact of high SLC2A1 expression in HNSCC on the tumor 184 

immune infiltrate, we deconvolved the immune landscape of 520 TCGA HNSCC patients, using 185 

a robust tool, FARDEEP9, 10. We found that the expression levels of SLC2A1 were significantly 186 

inversely correlated with the frequencies of CD8+ CTL (=-0.16, ***p=0.00021), memory T-cells 187 
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(=-0.13, **p=0.0029), follicular helper T-cells (=-0.098, *p=0.026),  T-cells (=-0.28, 188 

****p<0.0001), and M1-like macrophages (=-0.30, ****p<0.0001). The expression levels of 189 

SLC2A1 were moderately positively correlated with the frequency of regulatory T-cells (Treg) 190 

(=0.088, *p=0.046) (Figure 2G). Then, we separated the HPV- and HPV+ HNSCC and 191 

performed immune deconvolution. We found that the overall impact of high SLC2A1 expression 192 

in the tumor immune microenvironment is similar between HPV- and HPV+ HNSCC, with HPV- 193 

tumors showing a more prominent correlation. We found that high levels of SLC2A1 were 194 

inversely correlated with CD8+ CTL (=-0.13, **p=0.0091),  T-cells (=-0.24, ****p<0.0001), 195 

and M1-like macrophages (=-0.31, ****p<0.0001) in HPV- tumors (Figure S2A-S2C). 196 

SOX2-driven OED transformation remodels immune infiltrates in longitudinal human 197 

specimens. 198 

 To verify the TCGA analysis, we procured longitudinal specimens from patients with 199 

SOX2+ OED that had progressed into invasive HNSCC after excision of the pre-cancerous 200 

lesion. In normal oral mucosa, SOX2 stains sporadic cells at the basal layer with notable 201 

spacing. In this group of specimens, SOX2 staining was noted above the basal epithelial layer in 202 

the OED specimens. Upon malignant transformation, SOX2 showed a diffuse and strong 203 

nuclear staining pattern (Figure 3A). We performed multispectral immunofluorescence full-slide 204 
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staining using a lymphoid cell panel and a myeloid cell panel. We selected 6-13 fields of interest 205 

per slide based on the presence of dysplasia, tumors, or dense immune infiltrates. We 206 

examined the lymphoid cell markers, including CD8, CD4, GATA3, PD1, CXCR3, and TBET as 207 

well as myeloid cell markers CD33, CD68, CD11c, HLR-DR, and PD-L1 (Figure 3B). We found 208 

that SOX2-driven transformation significantly reduced TBET+CD8+ T-cells and CXCR3+CD8+ T-209 

cells (Figure 3C and 3D), two effector subsets that express high levels of IFN-11, 12, 13, 14. The 210 

transformation also resulted in a significant expansion of PD-L1+CD33+ myeloid cells (Figure 211 

3E). Similarly, matched SOX2+ HNSCC contained significantly increased levels of PD-L1+CD68+ 212 

macrophages/monocytes and PD-L1+CD11c+ dendritic cells (Figure S3A and S3B). We also 213 

noted that there were more HLA-DR+ myeloid cells in SOX2+ HNSCC than matched OED 214 

(Figure S3C-3E).  215 

SOX2-driven OED transformation remodels the lesional immune landscape as a function 216 

of time. 217 

 To better characterize the longitudinal lesional immune landscape as a function of time 218 

during malignant transformation, we induced the homozygous Sox2-GEMM with tamoxifen 219 

painting on the oral mucosa for five consecutive days. We then collected live CD45+ immune 220 

cells from bilateral buccal mucosa two weeks post-tamoxifen painting, during the OED stage, 221 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 10, 2024. ; https://doi.org/10.1101/2024.12.06.626475doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.626475
http://creativecommons.org/licenses/by-nd/4.0/


15 
 

and four weeks post-induction when HNSCC showed 100% penetrance for histology-verified 222 

HNSCC development. Flow cytometric analysis revealed a significant reduction in both the 223 

overall CD4+ and CD8+ T-cells in cancer compared to mucosa-resident immune cells from K5-224 

CreER control (Figure 4A and 4B). Previous studies using human HNSCC specimens show that 225 

PD-1low T-cells showed stronger effector function in the TME and correlated with better 226 

outcomes15. Thus, we evaluated effector T-cells based on their expression levels of immune 227 

checkpoint receptors. We found that both CD4+PD-1low and CD8+PD-1low subsets were 228 

decreased upon oral mucosal malignant transformation (Figure 4C and 4D). Notably, the levels 229 

of CD4+Tim3low and CD8+Tim3low effectors were significantly excluded from Sox2-driven HNSCC 230 

compared to the normal oral mucosa (Figure 4E and 4F). OED assumed an intermediary 231 

phenotype for these markers. 232 

The flow cytometric immune profiling showed a T-cell exclusion phenotype in 233 

established HNSCC, also seen in clinical specimens, lending further support to the rigor of this 234 

model. However, it was still unclear how the TME evolved into this terminal stage given the 235 

somewhat intermediary T-cell phenotype in OED. Thus, we sought to increase our immune 236 

phenotyping resolution by using single-cell (sc)RNA-Seq. After rigorous filtering, we obtained 237 

8,960 high-quality transcriptomes during oral mucosa malignant transformation. We previously 238 

showed that including a panel of lineage marker genes in addition to the most differentially 239 
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expressed genes in immune single-cell data sets stabilized immune subset segregation and 240 

improved the rigor of annotation16, 17. We employed a similar method to render divergent 241 

immune lineages. In addition, we performed Single-cell Analysis Via Expression Recovery 242 

(SAVER) imputation to improve immune signature gene expression profiling.  Epithelial 243 

expression of Sox2 drove a massive expansion of inflammatory cells, which clustered mostly in 244 

the left side of the UMAP (-10 to 5 UMAP X-axis region) (Figure 4G). We identified 27 clusters 245 

with distinct gene expression patterns. This overall examination revealed that most of the 246 

inflammatory cells that emerged in the OED and HNSCC stage were suppressive myeloid cells, 247 

such as MDSC (clusters 1, 2, 3, 4, 5, 6, 7, 8, 11, 12, 14, 22, and 23) and Ptgs2+ myeloid cells 248 

(clusters 16 and 26) (Figure 4H and 4I). Overall, Sox2-driven epithelial malignant transformation 249 

entailed a massive expansion of myeloid cells alongside a concurrent loss in lymphocytes 250 

(Figure 4J). Notably, most T-cells identified across time points of HNSCC evolution were from 251 

the healthy control oral mucosa group (Figure 4J and 4K). A closer assessment showed that 252 

nearly all MDSC were only identifiable in the OED and HNSCC stage (clusters 1, 2, 3, 4, 5, 6, 7, 253 

8, 11, 12, 14, 22, and 23) (Figure 4J and 4K). In contrast, normal control oral mucosa 254 

contributed the majority of Batf3+ cDC1 conventional dendritic cells type 1 (cDC1, cluster 21), 255 

Tbet+ T-cells (clusters 10 and 27), NK cells (cluster 20), and γδ T-cells (cluster 24) (Figure 4K).  256 
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The above analysis allows us to compare similar immune subsets across time points. 257 

However, certain functional states may arise de novo during the transformation process and are 258 

not identifiable in normal mucosa. To identify unique immune functional states emerging at the 259 

early transformation stage of the oral mucosa, we next individually analyzed the immune 260 

subsets at the three stages of the disease spectrum. Normal oral mucosa contained balanced 261 

CD8+ T-cells (cluster 17), NK cells (cluster 3), NKT cells (cluster 14), γδ T-cells (clusters 6 and 262 

10), Treg (cluster 1), Lag3+ T-cells (cluster 16), Th2 cells (clusters 4 and 8), and Th17 cells 263 

(cluster 5). The myeloid cells contained subsets expressing high levels of Tnf (clusters 13), 264 

Batf3 (cluster 12), and small subsets expressing Tgfb1 (clusters 7 and 9). The overall 265 

architecture of oral mucosa-resident immune cells had a high degree of heterogeneity with 266 

balances and checks (Figure 5A). After we induced oral epithelial expression of Sox2, the lesion 267 

started to progress to the OED stage. At this time point, no invasive HNSCC histology was 268 

identified. However, the immune landscape underwent dramatic shifts with an apparent loss of 269 

population heterogeneity. NK cells, NKT cells, and γδ T-cells were the first to disappear at this 270 

very early stage of disease progression. In contrast, an expansive group of Tcr-Ly6c-Ly6g+ 271 

MDSC emerged with a subset of them expressing high levels of PD-L1 (clusters 1, 3, 5, 7, and 272 

10) and the other subset being largely PD-L1- (clusters 2 and 4) (Figure 5B). As OED 273 

progressed into invasive HNSCC, CD8+ T-cells were largely lost at this time, in agreement with 274 
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our flow cytometric findings and those seen in clinical specimens. Treg and Th17 cells persisted 275 

in these advanced lesions. The most striking change was that myeloid cells expanded 276 

substantially with progressively complex immune suppressive features. Clusters 1, 2, and 3 277 

expressed high levels of Nos2, which sustains MDSC fate and function18, 19. Clusters 4, 6, and 9 278 

were MDSC subsets that expressed high levels of PD-L1 and Il10. Clusters 5, 7, 8, and 11 form 279 

another subset of Ly6g+ MDSC that expressed high levels of Il1b and variable levels of Ptgs2, 280 

PD-L1, and Lgals9. Clusters 10, 12, and 13 were myeloid cells distinguished by high expression 281 

levels of Tgfb1 (Figure 5C). Overall, at this stage of the disease, the myeloid cells had evolved 282 

into subsets with compensatory immune suppressive features. Some cells were PD-L1+ and 283 

many were PD-L1- but featured other suppressive features. 284 

Myeloid cells in initiating Sox2-driven HNSCC assumed unique IL1highIFNlow signatures. 285 

 Because the most dramatic immune subset changes in Sox2-driven HNSCC were 286 

centered around myeloid cells, we separated the myeloid cells and performed the potential of 287 

heat diffusion for affinity-based transition embedding (PHATE) analysis, which offers a powerful 288 

visualization tool to identify cellular functional differentiation trajectories20. Resident myeloid 289 

cells in healthy oral mucosa were primarily present in the lower left and upper right quadrants of 290 

the PHATE map. As soon as Sox2 was activated, myeloid cells started to expand in the local 291 
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environment. Such expansion was likely a combination of in situ proliferation, shown in cell 292 

clusters continuous with those from healthy oral mucosa, and de novo recruitment, which was 293 

illustrated in clearly separated clusters on the PHATE maps (Figure 5D). We compared the 294 

gene expression patterns between the myeloid cells from transforming lesions at the two-week 295 

and four-week time points and those from normal oral mucosa. We found that the myeloid cells 296 

in transforming lesions assumed a distinct signature with high levels of Il1a, Il1b, Il1rap, Slc2a1, 297 

and Hif1a, but low levels of IFN-I signatures such as Stat1, Isg15, and Major Histocompatibility 298 

Complex (MHC) class II (Figure 5E-5H, S4A-S4C, and Table S1). The myeloid cells from 299 

transforming lesions expressed high levels of Tnf, Nos2, Il10, and Pd-l1 (Figure 5I-5L). Then, 300 

we performed gene set enrichment analysis (GSEA) between normal mucosa-resident and 301 

intra-lesional myeloid cells and found that the most significantly altered pathways included 302 

defense response, cell death, response to stress, amide metabolism, cell migration, cytokine 303 

production, and innate immune response (Figure S4D). We also characterized the most 304 

significantly altered signaling pathways, which included mitogen-activated protein kinases 305 

(MAPK), Il6 signaling, Tnf signaling, small GTPase signaling, NK-κB signaling, glycolysis 306 

pathway, TLR signaling, pyruvate metabolism, and response to IFN-I (Figure S4E).  307 

IL1α priming desensitized myeloid cell response to IFN-I agonists. 308 
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 To understand how Sox2 in tumor cells drove the massive expansion of lesion-infiltrating 309 

myeloid cells, we first employed an implantable HNSCC model. We found that Sox2-expressing 310 

tumors grew more aggressively, consistent with our previous findings (Figure 6A). Sox2-311 

expressing HNSCC contained significantly fewer CD8+ T-cells and CD8α+ cDC1 in the TME 312 

(Figure 6B and 6C). In contrast, Sox2+ HNSCC contained significantly elevated levels of MDSC 313 

(Figure 6D). To determine how Sox2+ HNSCC created this more suppressive MDSC-rich TME, 314 

we performed RNA-Seq analysis of empty vector control and Sox2-expressing tumor cells. 315 

Among the most significantly changed genes were Il1a, Csf2, and Ccl2 (Figure S5A, Table S2). 316 

Because CCL2 is a principal chemotactic agent for myeloid cell recruitment, we validated 317 

findings in four murine HNSCC cell lines, including MOC1, MOC2-E6/E7, NOOC1, and NOOC2. 318 

Sox2 expression consistently upregulated the production of Ccl2 (Figure 6E-H). Then, we 319 

further verified findings in human HNSCC cell lines UMSCC22A and UMSCC108 and confirmed 320 

the SOX2-CCL2 axis (Figure 6I-J). Thus, SOX2 amplification in transforming epithelial cells 321 

promotes a potent chemotactic signal, CCL2, to promote the recruitment of myeloid cells 322 

featuring a high IL1, high glycolysis, and low IFN transcriptional program. 323 

Since we identified a distinct IL1α highIFNlow signature for the lesional myeloid cells during 324 

the malignant transformation of epithelium, we sought to investigate whether IL1α signaling was 325 

either a correlational or causative factor impacting myeloid cell plasticity in IFN response. We 326 
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pulsed bone-marrow-derived macrophages (BMDM) with a low dose of Il1α (10 ng/mL) for 16 327 

hours and then washed the cells with PBS. The BMDM were rested for four days before we 328 

challenged them with STING agonists ISD and cGAMP. We found that the brief Il1α priming 329 

desensitized BMDM response to STING agonists, with significantly lower expression levels of 330 

IFN-I signature genes and protein levels of IFN-β in the supernatant (Figure 6K-N). The 331 

activation of STING requires its palmitoylation, the addition of fatty acid residues to free cysteine 332 

domains, which facilitates ER-to-Golgi translocation and recruitment of effector molecules21. We 333 

found that IL1α priming reduced the expression of both Dhhc3 and Dhhc7, which encode the 334 

palmitoyltransferases responsible for the palmitoylation of STING (Figure 6O-P). Then, we 335 

employed click chemistry to assess whether Il1 priming in THP-1 cells reduced total 336 

palmitoylated STING. Exchanging palmitoylated fatty acid residues on STING with acyl-PEG 337 

followed by immunoblotting revealed that IL1α priming inhibited the palmitoylation of STING 338 

(Figure 6Q). To directly assess the functional impact of IL1α priming on the MDSCs, we 339 

cocultured Il1-primed MDSCs with CFSE-labeled CD8+ T cells for four days at different ratios. 340 

The CFSE+CD8+ T-cells were quantified by flow cytometry (Figure S5B and S5C). Compared 341 

with unprimed MDSCs, Il1-primed BMDCs inhibited the proliferation of T-cells more potently 342 

(Figure 6R).  Collectively, we identified a mechanistic link between early IL1 exposure and 343 

suppressive myeloid cell differentiation during epithelial malignant transformation. 344 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 10, 2024. ; https://doi.org/10.1101/2024.12.06.626475doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.626475
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

Blockade of early IL-1 signaling delays the onset of Sox2-driven HNSCC. 345 

To assess the pathological relevance of IL1 signaling in epithelial transformation, we first 346 

treated induced K5-CreER;Sox2+/+ mice with 200 g anti-Il1r1 intraperitoneal (i.p.) injections. 347 

These injections were given concurrently with tamoxifen application on days 0 and 3 and were 348 

followed by additional injections after induction on days 6 and 9. Il1r1 blockade significantly 349 

extended the survival of these mice (Figure 7A). In agreement, anti-Il1r1 resulted in a notable 350 

decrease in PD-L1+ MDSCs within the progressing buccal lesions (Figure 7B).  Then, we 351 

crossed the K5-CreER;Sox2+/+ GEMM with Il1r1-/- mice to generate the K5-CreER;Sox2+/+;Il1r1-/- 352 

compound strain. Consistent with the pharmacological approach in antagonizing the IL1 353 

pathway, deletion of Il1r1 from the K5-CreER;Sox2+/+ strain significantly improved overall 354 

survival, nearly doubling median survival (Figure 7C). Because of the rapid tumor onset in this 355 

model, most buccal cancers were microscopic, we compared the areas where invasive tumor 356 

islands were identified and found that K5-CreER;Sox2+/+;Il1r1-/- mice showed significantly 357 

reduced areas of tumor than K5-CreER;Sox2+/+;Il1r1+/+ littermate controls (Figure 7D). We 358 

extracted lesion-infiltrating immune cells and performed flow cytometry. We found that deletion 359 

of Il1r1 significantly reduced the infiltrating Glut1+CD206+CD11b+ myeloid cells (Figure 7E). To 360 

profile the TME, we harvested buccal mucosa from both groups and performed RNA-Seq. The 361 

most significantly upregulated pathways in the K5-CreER;Sox2+/+;Il1r1-/-  group compared with 362 
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the littermate control K5-CreER;Sox2+/+;Il1r1+/+ mice were IFN- response, allograft rejection, 363 

and IFN- response, suggestive of enhanced Th1 immunity (Figure 7F).  364 

Discussion: 365 

HNSCC has a modest, usually below 15%, response rate to ICI. Once HNSCC is 366 

established, effector T-cells assume terminal exhaustion phenotypes. Even targeting multiple T-367 

cell subsets with a combination of anti-PD-1 and anti-CTLA4 did not show a clinical benefit over 368 

a single agent alone22. Thus, the identification of high-risk pre-cancerous lesions and a better 369 

understanding of the early-stage immune alteration hold key promise to reducing HNSCC 370 

burden.  371 

Implantable HNSCC models do not recapitulate many histologic features essential to 372 

render the diagnosis of squamous cell carcinoma. More importantly, the establishment of 373 

implantable models does not undergo a precancerous phase, which makes it less helpful to 374 

understand the early epithelial-immune interactions during malignant transformation. This study 375 

integrates both longitudinal human specimens and a unique GEMM to show that SOX2high OED 376 

bears a heightened risk for progressing into hypoimmunogenic oral cancers. We characterized a 377 

signaling axis that starts with SOX2-induced CCL2 expression in transforming epithelial cells, 378 

which recruits myeloid cells with significantly increased IL-1α and glycolysis signals and 379 
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dampened IFN-I signatures. Notably, the remodeling of the myeloid cell compartment occurs 380 

before the emergence of the histology of invasive HNSCC, making it a fate-committing early 381 

event. 382 

Previous studies have highlighted the roles of IL-1α in tumor progression in breast 383 

cancer23, liver cancer24, gastric cancer25, and lung cancer26. IL-1α can promote the proliferation 384 

and survival of HNSCC cells in an NF-κB- and AP-1-dependent fashion and downregulate CD80 385 

costimulatory molecule27, 28. An analysis of 154 HNSCC patients found that IL-1α strongly 386 

correlates with distant metastasis29. Tumor-derived IL-1α can stimulate the expression of an 387 

alarmin family member, thymic stromal lymphopoietin, which promotes tumor cell survival23. 388 

However, how IL-1α modulates the anti-tumor immune response in precancerous lesions was 389 

unclear. This study identified a link underpinning myeloid cell desensitization to IFN-I agonists. 390 

We found that IL-1α priming potently inhibits the palmitoylation of STING, leading to the 391 

desensitization to IFN-I agonists and a more suppressive phenotype in a subset of myeloid 392 

cells. Using pharmacological and genetic approaches, we found that early blockade of IL1 393 

signaling reduces the infiltration of subsets of highly suppressive myeloid cell subsets and 394 

delays the onset of Sox2-driven HNSCC. Many STING-inducing strategies, such as irradiation, 395 

inhibition of DNA damage repair, and delivery of STING agonists, are being evaluated in clinical 396 

trials to sensitize cancers to ICI. Our results suggest that myeloid cells that experienced IL-1α in 397 
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the TME are insensitive to STING stimulation. IL-1α-expressing myeloid cells are a dominant 398 

population during early epithelial transformation. Future studies are needed to explore strategies 399 

to resensitize these IL-1α-experienced myeloid cells to innate immune agonists. 400 

Overall, we integrated longitudinal human specimens and mouse models to show that 401 

high SOX2 expression in epithelial cells is a high-risk event, engendering a SOX2-CCL2 402 

pathway between transforming epithelial cells and myeloid cells, the latter of which exhibits a 403 

distinct IL1highGlycolysishighIFN-Ilow signature. As a mechanism, we found that IL-1α priming 404 

epigenetically reduces the expression of DHHC to inhibit the palmitoylation of STING, 405 

expanding MDSC. The WHO histologic grading carries little prognostic value for OED30, 31. 406 

Surgical resection cannot reverse field cancerization in a key subset of OED that progresses 407 

despite vigilant monitoring. Our findings help identify a subset of OED with true high risks and 408 

reveal potential early intervention points to improve HNSCC prevention.   409 
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Methods: 410 

Animal Studies 411 

 All animal handling and procedures were conducted in compliance with protocols approved by 412 

the Institutional Animal Care and Use Committee (IACUC) at the M.D. Anderson Cancer Center 413 

(00002478-RN00) and the University of Michigan (PRO00010232).  Female ROSA26-CAG-414 

Sox2-GFP mice were generously provided by Dr. Jianwen Que at Columbia University and 415 

crossed to male K5-CreER mice (RRID:IMSR_JAX:018394), which were purchased from the 416 

Jackson Laboratory. Il1r1-/- mice were purchased from the Jackson Laboratory 417 

(RRID:IMSR_JAX:003245) and crossed to K5CreER;Sox2+/+ mice to generate K5-418 

CreER;Sox2+/+;Il1r1-/- mice. All mice were group housed under specific pathogen-free conditions. 419 

To induce Sox2-mediated oral cancer, tamoxifen was applied topically to the oral mucosa for 420 

five consecutive days at a concentration of 40 mg/mL (T5648, Sigma-Aldrich). Each mouse was 421 

given 1 mg of tamoxifen dissolved in 25 μL of corn oil (C8267, Sigma-Aldrich) and applied while 422 

mice were anesthetized in an isoflurane induction chamber. In a subset of mice, we topically 423 

applied 5 mg/mL (25 μg dissolved in 20 μL of ethanol) DMBA three times within the same week 424 

when topical tamoxifen was applied. Both tamoxifen and DMBA were kept as stock solutions in 425 

a freezer and freshly prepared at the start of the treatment. To ensure that tamoxifen was 426 
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completely dissolved in corn oil, 40 mg/mL solutions were incubated in a shaker at 37°C for two 427 

days.   428 

Cell culture 429 

The HNSCC cell lines UMSCC108 and UMSCC22A were grown in DMEM (10-013-CV, 430 

Corning) with 10% fetal bovine serum (FBS) (Gibco, Life Technologies) and 100 U/mL penicillin-431 

streptomycin (15-140-122, Gibco). THP-1 cells were cultured in RPMI 1640 (MT10040CV, 432 

Corning) containing 10% heat-inactivated FBS and the same concentration of penicillin-433 

streptomycin. The MOC1, MOC2-E6/E7, NOOC1, and NOOC2 lines were maintained in a 434 

mixture of 60% IMDM (SH30228.01, HyClone) and 30% F12 nutrient mix (11764-054, Gibco) 435 

with 5% FBS, supplemented with 4 μg/mL puromycin, 5 μg/mL insulin, 40 ng/mL 436 

hydrocortisone, 5 ng/mL EGF, and 100 U/mL penicillin-streptomycin. 437 

Histology and Immunohistochemistry 438 

Buccal mucosal tissue was harvested from mice, fixed using 4% paraformaldehyde overnight, 439 

and then transferred into 70% ethanol prior to paraffin embedding. Antigen unmasking was 440 

achieved by placing slides in citrate retrieval buffer (HK08120K, Biogenex) that was heated to a 441 

rolling boil for 10 minutes and then placed at room temperature for an additional 15 minutes 442 

before transferring slides to distilled water for a brief wash. Two subsequent washes in PBS-T 443 

were performed prior to placing slides in 3% hydrogen peroxide to quench endogenous 444 
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peroxidase. After two PBS-T washes, tissue sections were incubated with 5% goat serum in 445 

PBS-T for one hour and then incubated at 4°C overnight with the following antibodies: SOX2 446 

(23064, Cell Signaling Technology), Ki67 (ab16667, Abcam), p63 (39692S, Cell Signaling 447 

Technology), p53 (ab1431, Abcam), and SLC2A1/GLUT1 (20701, BiCell Scientific). After three 448 

washes in PBS-T, slides were incubated with an HRP-conjugated anti-rabbit secondary 449 

antibody (ab97051, Abcam) for 30 minutes at room temperature. We used an ABC kit (Cat. PK-450 

4001, Vector Laboratories) for the detection of avidin-biotinylated HRP complexes. 451 

Counterstaining was performed using hematoxylin (NC9520196, Fisher Scientific), with the 452 

slides being immersed in the stain for 6 minutes. Slides were washed for 5 minutes in water and 453 

then dehydrated using ethanol at increasing concentrations and then xylene. Permount (SP15-454 

100, Fisher Chemical) was used to mount the coverslip to the slides and then left to dry 455 

overnight. Slides were imaged and analyzed using ImageJ.  456 

Multispectral Imaging and Analysis 457 

The lymphoid panel included the following markers: CD4 Opal 650 (1:50), CXCR3 Opal 540 458 

(1:200), PD1 Opal 620 (1:200), CD8 Opal 690 (1:200), Tbet Opal 570 (1:50), Gata3 Opal 520 459 

(1:100), and DAPI. The myeloid panel included the following markers: CD33 Opal 540, PDL1 460 

Opal 620, CD11c Opal 650 (1:50), HLADR Opal 520 (1:250), CD68 Opal 690 (1:500), 461 

Cytokeratin Opal 570 (1:250), and DAPI. Images were taken using Akoya Biosciences’ (Akoya) 462 
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Vectra Polaris scanner and regions of interest (ROI) were selected by a trained oral pathologist 463 

using Akoya Phenochart software. Spectral unmixing and image analysis were performed using 464 

Akoya InForm software, which was employed to develop and train algorithms for tissue 465 

segmentation, cellular segmentation, and phenotyping of tissue slides, enabling the 466 

classification of cell phenotypes for all markers of interest. Tissue segmentation was achieved 467 

by distinguishing tumor from stroma using cytokeratin staining, as well as identifying other 468 

regions such as glass. For cell segmentation and phenotyping, the ROI image data was 469 

converted into objects by identifying single cells based on their nuclear stain (DAPI), 470 

cytoplasmic, and membrane markers.  Annotated files were imported into Rstudio v4.2.1. 471 

Akoyas’ R package phenoptrReports, an open-source tool that enables the consolidation of cell 472 

segmentation files generated in inForm. These consolidated data files contained slide 473 

summaries, cell counts and percentages, cell densities, mean expressions, H-scores, and 474 

nearest neighbor results. These datasets were further interpreted by first collapsing the metric of 475 

interest across multiple ROIs by the sample ID and then conducted a two-sample Wilcoxon test 476 

for every marker of interest. Mean expression level was compared between clinical stage (oral 477 

epithelial dysplasia vs head and neck cancer) for each patient. The test results are significant if 478 

the p-value is smaller than 0.05.   479 

  480 
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Gene expression qPCR and ELISA 481 

RNA isolation for qPCR was achieved using the QIAshredder (79654, Qiagen) and RNeasy 482 

Plus Mini Kit (74134, Qiagen). RNA concentration was measured by using a Nanodrop 483 

Spectrophotometer (Thermo Fisher Scientific). Reverse transcription of RNA into cDNA was 484 

achieved using a High-Capacity cDNA Reverse Transcription Kit and RNAse inhibitor (4368814 485 

and N8080119, Applied Biosystems). The primers used for gene amplification were obtained 486 

from Integrated DNA Technologies, with the following specifications for each gene: Sox2 F 5'- 487 

CCCACCTACAGCATGTCCTACTC, R 5'- TGGAGTGGGAGGAAGAGGTAAC; Slc2a1 F5'- 488 

AGCCCTGCTACAGTGTAT,R 5'- AGGTCTCGGGTCACATC; Cxcl10 F 5'- 489 

AATGAGGGCCATAGGGAAGC, R 5'- AGCCATCCACTGGGTAAAGG; Isg15 F 5'- 490 

TGGAAAGGGTAAGACCGTCCT,R 5'- GGTGTCCGTGACTAACTCCAT; Ifnb1 F 5'- 491 

CCAGCTCCAAGAAAGGACGA,R 5'- CGCCCTGTAGGTGAGGTTGAT; Dhhc3 F 5'-492 

TTACCTAGATGACGTGGGGC,R 5'- AAACGATGACAAAGCCCAGT; Dhhc7 F 5'- 493 

GGTTGGTTCCAGCACACTCT,R 5'-  AGAGGAAGAGGATGCCATTG; Il1a F 5'- 494 

GCACCTTACACCTACCAGAGT,R 5'-AAACTTCTGCCTGACGAGCTT; Hprt1 F 5′-495 

GATTAGCGATGATGAACCAGGTT, R 5′-CCTCCCATCTCCTTCATCACA;  Ccl2 F 5′-496 

CACTCACCTGCTGCTACTCA, R 5′-GCTTGGTGACAAAAACTACAGC; CCL2 F 5′-497 
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TCTCGCCTCCAGCATGAAAG, R 5′-GGCATTGATTGCATCTGGCT;Hif1a F 5′- 498 

ACAAGTCACCACAGGACAG, R 5′-AGGGAGAAAATCAAGTCG 499 

Flow Cytometry 500 

Mice were euthanized, and then buccal mucosal tissue was isolated by first pinning the mouse 501 

to a platform and then using scissors to make a midline cut in the bottom lip. Through this cut, 502 

scissors were used to separate the skin and underlying muscle around the neck. The 503 

mandibular bone was separated by making a cut between the mandibular incisors using 504 

scissors. The mandibular incisors were pinned back to expose the entire oral cavity. A razor 505 

blade was used to separate the cheek skin from the buccal mucosal tissue. A cut along the 506 

maxillary teeth and the mandibular teeth was done to free the buccal mucosal tissue, which was 507 

then placed in 3 mL of incomplete RPMI media with L-glutamine. In a tissue culture hood, the 508 

tissue was macerated into small pieces using razor blades and then incubated with 5 mL of 509 

0.25% Trypsin in a 37°C incubator for 5 minutes. To quench trypsinization of the tissue, 10 mL 510 

of complete RMPI (RPMI media with L-glutamine containing 20% heat-inactivated FBS and 1% 511 

penicillin/streptomycin). The RPMI media and the tissue were transferred into a 70 μm strainer 512 

and then mashed against the strainer using a syringe plunger. The flow through was collected 513 

and then centrifuged, where red blood cells were lysed using 5 mL of ACK lysis buffer for 5 514 

minutes at room temperature. The lysis was stopped by adding 20 mL of sterile PBS buffer, and 515 
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then the cell suspension was centrifuged. Cells were washed in sterile PBS and then seeded in 516 

a 96-U bottom plate at a density of approximately one million cells per well. The plate was 517 

centrifuged, and the pelletized cells were resuspended in 100 µL of Zombie Aqua viability dye 518 

(423101, BioLegend), at a 1:1000 dilution in sterile PBS, and incubated in the dark at room 519 

temperature for 30 minutes. Cells were washed in PBS once and then again in ice-cold FACS 520 

buffer (PBS with 2% FBS, 0.1% NaN3, and 1 mM of EDTA). To prevent non-specific binding, the 521 

cells were incubated with an Fc blocker (anti-CD16/32) (clone 93, BioLegend) for 10 minutes on 522 

ice and in the dark. The cells were then stained using the following antibodies: anti-TCRβ (clone 523 

H57-597, BioLegend), anti-CD4 (clone RM4-5, BioLegend), anti-PD-1 (clone 29F1A12, 524 

BioLegend), anti-Tim-3 (clone RMT3-23, BioLegend), anti-TCRγ/δ (clone GL3, BioLegend), anti-525 

CD3 (clone 17A2, BioLegend), anti-CD11b (clone M1/70, BioLegend), anti-CD206 (clone C068-526 

C2, BioLegend), anti-CD45 (clone 30-F11, BioLegend), anti-CD8 (clone 53-6.7, BioLegend), 527 

anti-CD11c (clone N418, BioLegend), anti-Gr1 (Ly6g/c) (clone RB6-8C5, BioLegend), anti-Glut1 528 

(clone EPR3915, Abcam). Surface staining was performed for 30 minutes while maintaining the 529 

samples on ice and protected from light. Cells were incubated with continuous agitation on a 530 

shaker and intermittently mixed via pipetting during all incubation periods to ensure uniform 531 

staining.  532 

Single-cell Immune Profiling 533 
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Tamoxifen was topically applied onto the oral mucosa of K5-CreER;Sox2+/+ and K5-CreER mice 534 

as previously described. Buccal mucosal tissue from all groups was harvested at the same time, 535 

and a cell suspension was extracted as previously described. Immune cells were purified using 536 

FACS sorting for CD45+ live cells. Considering the size of the buccal mucosa and the fact that 537 

one side of the mucosa was utilized to confirm OED/HNSCC diagnosis via histological 538 

evaluation, we pooled samples from 6-8 mice per group to obtain a sufficient number of immune 539 

cells for single-cell analysis. The cells were submitted in 1X PBS with 0.08% BSA for 10X 540 

Genomics 3’-single-cell processing and RNA-Seq at a depth of at least 50,000 reads per cell. 541 

To alleviate the dropout effect, we performed imputations using the R package SAVER. We 542 

then removed low-quality cells using the following metrics: the number of unique features is less 543 

than 200 or greater than 15,000 and the reads from mitochondria genes are greater than 25%. 544 

After filtering, we obtained a total of 8,603 high-quality cells, which were integrated using 545 

Seurat. To group cells into different clusters, we employed the Shared Nearest Neighbor 546 

method using the top 30 principal components (PCs) from the integrated data with a resolution 547 

value of 1.  Clusters were annotated using the R package SingleR and manual review of the 548 

expression of immune marker genes and those that drove the clustering of cells. To estimate 549 

the cell development trajectory, we implemented the R package phateR with the following 550 

parameters: the number of k nearest neighbors was 5, the decay value was 40, and t was 10.  551 
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 552 

Bone marrow-derived macrophages (BMDMs) isolation and differentiation  553 

 To investigate the impact of IL-1α priming on myeloid cell responsiveness to STING agonists, 554 

BMDMs were generated by harvesting bone marrow from the long bones of the hind limbs of 555 

male and female C57BL/6J mice aged 6-8 weeks. Briefly, mice were euthanized and both 556 

femurs and tibiae were harvested using sterilized scissors and forceps before being placed in 557 

ice-cold PBS.  In a biosafety cabinet, connective tissue and muscle were removed, and the 558 

marrow cavity was exposed by cutting off both ends of the bone. Bone marrow was flushed out 559 

using a prefilled syringe containing ice-cold sterile PBS and a 27 G ½ needle (305109, BD). The 560 

flow through was filtered through a 70-μm cell strainer to achieve a single-cell suspension. Cells 561 

were centrifuged and then 2 mL of ACK lysis buffer was added for two minutes at room 562 

temperature to lyse red blood cells. Sterile PBS was added to neutralize the ACK lysis buffer 563 

followed by centrifugation. The cell pellet was resuspended in 5 mL of BMDM differentiation 564 

media (RMPI-1640 with L-glutamine containing 20% heat inactivated FBS, 30% L-929 cell 565 

supernatant, and 1% penicillin/streptomycin). The cell suspension was split into four 100 mm 566 

tissue culture-treated petri dishes each containing a final volume of 10 mL. Three days post cell 567 

seeding, 10 mL of differentiation media was added.  568 
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Myeloid derived suppressor cells (MDSCs) isolation and differentiation  569 

MDSCs were generated by first harvesting long bones and subsequently collecting bone 570 

marrow, as previously described. The downstream processing of the cell suspension followed a 571 

previously published protocol. In brief, once a single cell suspension was obtained from the 572 

bone marrow, 3 million cells were seeded into a 100 mm petri dish containing a final volume of 573 

10 mL of differentiation media (RPMI-1640 with L-glutamine containing 10% heat-inactivated 574 

FBS, 10% L929 cell supernatant, 1% penicillin/streptomycin, and 50 µM of β-mercaptoethanol). 575 

The cells were cultured at 37°C in a humidified incubator with 5-7% CO2 for three days. On the 576 

third day, granulocytic and monocytic cells appeared as the main population by FACS analysis 577 

and were considered licensed-MDSCs, which require incubation with 100 U/mL IFN-γ and 0.1 578 

µg/mL LPS for 16 hours to become activated-MDSCs. 579 

MDSC T-cell Suppression Assay  580 

To assess the impact of IL-1α priming on the suppressive function of MDSCs on CD8+ T cell 581 

proliferation, MDSCs were cultured, following previously described methods, with CFSE-stained 582 

CD8+ T cells. The dilution of CFSE was then used to determine the level of proliferation. In brief, 583 

spleens were harvested from 6-8 week-old male and female C57BL/6J mice and disrupted by 584 

pressing them against a 70 µm cell strainer. The resulting single-cell suspension was 585 
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centrifuged and resuspended for further processing using the EasySep Mouse CD8+ T Cell 586 

Isolation Kit. The enriched cell suspension was then thoroughly resuspended in 1 mL of RPMI-587 

1640 with L-glutamine and 10% heat-inactivated FBS, achieving a final cell concentration 588 

ranging from 0.5 × 10^6 to 10^7 cells/mL. To label the CD8+ T cells with CFSE dye, the cell 589 

suspension was transferred to a fresh, non-wetted tube. To prevent premature mixing with the 590 

CFSE solution, the tube was laid horizontally while the CFSE dye was being prepared. One vial 591 

of CFSE dye (Invitrogen, C34554) was resuspended in 18 µL of DMSO. Next, 1.1 µL of the 592 

stock solution was added to a 110 µL droplet of PBS, which was then placed on the side of the 593 

tube. The tube was quickly inverted and vortexed to obtain a uniform solution, and then 594 

incubated at room temperature for five minutes while being protected from light. The cells were 595 

washed in PBS containing 5% heat-inactivated FBS. 596 

Acyl-PEG Exchange (APE) Assay 597 

To measure protein palmitoylation, an APE assay protocol was adapted from a previous study32. 598 

THP-1 monocytes were primed with 10 ng/mL of recombinant mouse IL-1α (I5396, Sigma-599 

Aldrich) for 16 hours. The cells were washed in sterile PBS and subsequently cultured in a 600 

complete RMPI medium for four days without any additional IL-1α exposure. Following this 601 

incubation period, the cells were stimulated with a STING agonist, 10μg/mL of 2’3’-cGAMP (tlrl-602 

nacga23-1, InvivoGen). The 2’3’-cGAMP was introduced into the culture medium for a duration 603 
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of 30 minutes, along with human albumin as a carrier. The cells were then collected by 604 

centrifugation and then washed two times in sterile PBS before adding 150 μL of chilled lysis 605 

buffer which included the following: 50 mM triethanolamine, 4% SDS, 1× protease inhibitor 606 

cocktail (11836170001, Roche), 1500 U/mL benzonase (E1014, Sigma), and 5mM PMSF 607 

(P7626, Sigma). To inhibit the activity of the benzonase, 5 mM EDTA was added, and protein 608 

concentration was measured using a BCA protein assay (Cat. 23225, Thermo Scientific). 609 

Disulfide bonds were cleaved by treating samples with 200 mM TCEP for 30 minutes at room 610 

temperature. Then, exposed cysteine residues were capped by incubating the samples with 25 611 

mM of NEM for 2 hours at room temperature. A methanol-chloroform-distilled water precipitation 612 

was repeated three times to isolate a protein pellet. The protein pellet was resuspended in TEA 613 

buffer supplemented with 4% SDS and 4 mM EDTA, then split into two aliquots to establish 614 

hydroxylamine (NH2OH) treatment conditions. One aliquot was treated with NH2OH and 615 

incubated for one hour at room temperature with constant rotation to facilitate the cleavage of 616 

thioester bonds between cysteine residues and fatty acids. The second aliquot, which did not 617 

receive NH2OH treatment, acted as the negative control and was incubated under identical 618 

conditions. To remove NH2OH, a methanol-chloroform precipitation step was performed on both 619 

the treated and control samples. The protein pellet was resuspended in TEA buffer containing 620 

4% SDS and 4mM EDTA. The addition of a 5 kDa mass tag to the previously coupled cysteine 621 
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residues was accomplished by incubating the protein solution with 1 mM mPEG-Mal for two 622 

hours at room temperature and under constant rotation. A final methanol-chloroform-distilled 623 

water precipitation was performed. Samples were resuspended in 1× Laemmli buffer, boiled at 624 

95°C for 5 minutes, and then separated by SDS/PAGE and analyzed by immunoblotting. 625 

Lysates were loaded into a 4-20% tris-glycine, 1.0 mm polyacrylamide gel (XP04200BOX, 626 

Invitrogen). Proteins from lysates were blotted using the following antibody: Sting antibody 627 

(13647S, RRID: AB_2732796, Cell Signaling Technology).   628 

Quantification and statistical analysis 629 

To compare statistical differences between two independent groups, a two-tailed Student’s t-test 630 

was used. For comparisons made between more than two groups, a two-way ANOVA followed 631 

by Šidák's multiple comparisons test was utilized. For tumor volume comparisons, a generalized 632 

estimating equation was performed. For all Figures, a statistical significance was indicated 633 

according to the following scale:*p < 0.05; **p< 0.01; ***p< 0.001; and ****p< 0.0001. Data in the 634 

graphs are expressed as mean ± SEM.  635 
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Study Approval 636 

All animal procedures were performed in accordance with the protocol approved by the IACUC 637 

at the M.D. Anderson Cancer Center (00002478-RN00) and the University of Michigan 638 

(PRO00010232). The use of human specimens was approved by the M.D. Anderson Cancer 639 

Center Institutional Review Board (2024-0364) and the University of Michigan IRB 640 

(HUM00042189 and HUM00113038).   641 
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Figure Legends:  774 

 775 
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Figure 1. Sox2-GEMM recapitulates the stromal complexity and architectural features of 776 

human SOX2+ oral cancers. (A) Schematic depicting the generation of KRT5-777 

CreER;Rosa26(Sox2) mice. (B) qPCR analysis for Sox2 expression in buccal mucosa tissue 778 

harvested on day 7 post topical tamoxifen administration (n=3). (C-D) H&E staining of human 779 

Head and Neck Cancer (HNC) lesions. (E-F) H&E staining of human patient-derived xenograft 780 

(PDX) lesions. (G) H&E staining of HPV16 E6/E7 mEER subcutaneously implanted tumors in 781 

C57BL6/J mouse. (H) H&E staining of MOC2-EV subcutaneously implanted tumor in a 782 

C57BL6/J mouse. (I) H&E staining of extensive cancer in the buccal mucosa of Sox2-GEMM 783 

(K5-CreER;Sox2+/+) mouse treated with the carcinogen 7,12-Dimethylbenz[a]anthracene 784 

(DMBA) and tamoxifen (250 mg/kg) via intraperitoneal injection (i.p.), at day 36 post 785 

administration of tamoxifen. (J) H&E staining of cancer in the buccal mucosa of a Sox2-GEMM 786 

mouse treated with DMBA and tamoxifen (75mg/kg) (i.p.), at day 26 post administration of 787 

tamoxifen. (K-L) H&E staining of cancer in the buccal mucosa of Sox2-GEMM mice treated 788 

topically with only tamoxifen (40 mg/mL). (M) H&E staining of human oral epithelial dysplasia 789 

lesion. (N) H&E staining of oral epithelial dysplasia in the buccal mucosa of a Sox2-GEMM 790 

mouse treated orally with topical administration of tamoxifen (40 mg/mL).  791 
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Figure 2. Sox2 drives squamous cell carcinomas development in the oral cavity. (A) After 793 

topical tamoxifen induction, the occurrence rates of OED and HNSCC in K5-CreER;Sox2+/+, K5-794 

CreER;Sox2+/- or K5-CreER control mice treated with or without 7,12-795 

Dimethylbenz[a]anthracene (DMBA) carcinogen are shown. Ten K5-CreER;Sox2+/+ mice were 796 

treated with DMBA (n=5) or vehicle only (n=5). Sixteen K5-CreER;Sox2+/- mice were treated with 797 

DMBA (n=8) or vehicle only (n=8). Ten K5-CreER control mice were treated with DMBA (n=5) or 798 

vehicle only (n=5). Mice were euthanized about 4 weeks post-tamoxifen treatment. Tongue and 799 

buccal mucosa were harvested and subjected to histologic examination by two pathologists. (B) 800 

A representative Sox2-driven HNSCC on the buccal mucosa is shown. (C) Four weeks post 801 

topical tamoxifen induction, buccal mucosa from K5-CreER;Sox2+/+ mice was harvested and 802 

cleared using the PEGASOS method. Representative confocal imaging examination shows 803 

Sox2+GFP+ tumor growth. (D) Buccal mucosa of tamoxifen-induced K5-CreER;Sox2+/+ and 804 

littermate control mice were harvested 4 weeks post-induction and subjected to IHC staining of 805 

the indicated markers.(E)  Increased Slc2a1  expression was observed in buccal mucosa of 806 

control (n=5) or Sox2+/+ mice (n=5) that have been treated with tamoxifen. Mice were 807 

euthanized ~3 weeks post tamoxifen treatment and RNA was isolated from buccal mucosa for 808 

qPCR and IHC. (F) SLC2A1 expression levels in 520 human Head and Neck Squamous Cell 809 

Carcinoma (HNSCC) tumor tissues obtained from TCGA. (G) FARDEEP deconvolution tool was 810 
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used to categorize immune cell subsets. High SLC2A1 expression was found to be inversely 811 

correlated with frequencies of CD8+ cytotoxic T lymphocytes. Memory T cells, follicular helper T 812 

cells, and M1-like macrophages. Conversely, SLC2A1 expression was moderately positively 813 

correlated with the frequency of regulator T-cells (Treg).  814 
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Figure 3. SOX2+ OED to HNSCC lesions exhibit a hypoimmunogenic tumor 816 

microenvironment. (A) H&E and immunohistochemical staining of paired SOX2+ oral epithelial 817 

dysplasia (OED) and head and neck squamous cell carcinoma (HNSCC) tissue specimen. (B) 818 

Representative multispectral immunofluorescence images (MSI) images of tumor infiltrating 819 

lymphoid and myeloid cells in paired SOX2+ OED/HNSCC patient specimen. Lymphoid panel 820 

MSI stains included the following: anti-CD8 (cyan), anti-CD4 (magenta), anti-Tbet (red), anti-821 

PD1 (purple), anti-CXCR3 (orange), anti-GATA3 (yellow), and DAPI (blue). Myeloid panel m-IF 822 

stains included the following: anti-CD68 (green), anti-CD11c (magenta), anti-HLADR (yellow), 823 

anti-CD33 (orange), anti-cytokeratin (CK, red), anti-PDL1 (purple), and DAPI (blue).  (C-E) MSI 824 

images were taken using the Akoya Biosciences’ Vectra Polaris scanner and regions of interest 825 

were selected using Akoya Phenochart software. We conducted tissue segmentation, cell 826 

segmentation, and cell phenotyping using Akoya inForm analysis software. Further data 827 

analysis was performed by first consolidating the data in Akoya phenoptrReports package in 828 

Rstudio and then performing a two-sample Wilcoxon test comparing the mean expression level 829 

between the OED and HNSCC stages for each patient. (C) Representative MSI images of 830 

CD8+Tbet+ immune infiltrate paired OED/HNSCC tissue specimen. (D) Representative MSI 831 

images of CD8+CXCR3+ immune infiltrate paired OED/HNSCC tissue specimen. (E) 832 
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Representative MSI images CD33+PDL1+ immune infiltrate in paired OED/HNSCC tissue 833 

specimen. Results were considered significant if the p-value was less than 0.05. 834 
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Figure 4. Major immune subsets in Sox2-mediated oral epithelial dysplasia and cancer.  837 

(A-F) Flow cytometric analysis on immune cell infiltrates in the buccal mucosa of K5-838 

CreER+;Sox2+/+ painted with tamoxifen to induce epithelial Sox2 expression for 2-weeks (n=6, 839 

oral epithelial dysplasia stage) and 4-weeks (n=6, oral cancer stage) compared to K5-CreER+ 840 

control mice (n=8). Representative violin plots show the percentage of expression for each 841 

marker indicated; and error bars represent mean ± SEM. Cells were gated from single/Zombie 842 

Aqua- live, CD45+ TCRb+, and then further gated on CD4+ (A) and CD8+ (B) cells. Further gating 843 

from the CD4+ and CD8+ populations, we explored the surface level expression of PD-1 (C-D) 844 

and TIM3 (E-F). Comparisons between the three groups were made using a one-way ANOVA 845 

(*p<0.05; **p<0.01; ****p<0.0001). (G-H) Integrated UMAP of immune cell populations in the 846 

buccal mucosa of tamoxifen-painted K5-CreER+;Sox2+/+ mice, 2-  and 4-weeks  post induction, 847 

and K5-CreER+ mice. Buccal mucosal tissue was harvested and CD45+ tumor-infiltrating 848 

immune cells were FACS sorted and subjected to single-cell RNA sequencing. (I) Heatmap 849 

showing the average expression of the top differentially expressed genes for the major cell 850 

types identified in buccal mucosal tissue. (J-K) Chord diagram depicting the abundance of 851 

myeloid and lymphoid cells in control (blue), 2-weeks (green), and 4-weeks (red). Further 852 

analysis of the chord diagram was performed to show the abundance of the 27 identified cell 853 

clusters in each group are shown.  854 
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Figure 5. Expansion of hypoimmunogenic myeloid cells following Sox2-mediated 856 

malignant transformation. (A-C) Representative UMAP of the major immune cell types 857 

identified by single-cell RNA sequencing of buccal mucosal tissues from K5-CreER+;Sox2+/+  858 

mice at 2-weeks and 4-weeks post tamoxifen administration, and K5-CreER+ control mice. (D) 859 

Integrated PHATE mapping of myeloid cells at 2-weeks and 4-weeks post tamoxifen 860 

administration, and in control mice treated with tamoxifen for 4 weeks. (E-L) Representative 861 

PHATE maps comparing the expression of genes in myeloid cells at 2-week and 4-week 862 

transforming lesions compared to the control. Myeloid cells from transforming lesions exhibited 863 

a dichotomous signature of high Il1a, Slc2a1, Tnf, and Nos2 expression but low type I interferon 864 

activation as indicated by low Stat1, Isg15 and Il10 expression. 865 
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Figure 6. Impact of IL1α priming on tumor growth and myeloid cell STING 867 

responsiveness and function.  868 

(A) One million MOC2-Sox2 or MOC2-EV oral cancer cells were implanted subcutaneously into 869 

the right flank of C57BL/6J mice. Tumor growth was monitored every other day starting on day 7 870 

post-implantation. Results represent mean ± SEM, and the growth curves between the two 871 

groups was compared using GEE. (B-D) Representative flow cytometry scatterplots and violin 872 

plots from tumor homogenates Ficoll-separated immune cells from MOC2-Sox2 (n=4) and 873 

MOC2-EV (n=4) tumors. Cells were gated from single/Zombie Aqua- live, CD45+ cells, and then 874 

further gated into TCRb+ CD8+ CD3+ T cells (B) and CD8+ CD11c+ conventional dendritic cells 875 

(cDC1) (D). (E-J) Total RNA was isolated from murine MOC1, MOC2, NOOC1 and NOOC2, 876 

human UMSCC22A and UMSCC108 HNSCC cell lines expressing either EV or SOX2 to 877 

quantify the mRNA expression levels of CCL2. Values represent mean ± SEM of three technical 878 

replicated per sample. Comparisons were made using t-test (*p<0.05, ***p<0.001, 879 

****p<0.0001).  (K) Bone marrow-derived macrophages (BMDMs) were primed with 10ng/mL 880 

recombinant murine proteins IL1α for 24 hours, rested for 4 days, and then challenged with a 881 

STING agonist (2µ/mL ISD) for 16 hours. Supernatant was collected and assessed for Ifn-β by 882 

ELISA. Values represent mean ± SEM of three technical replicated per sample. Comparisons 883 

were made using t-test (*p<0.05, **p<0.01, ***p<0.001). (L-P) Total RNA was isolated from 884 
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IL1α-primed BMDM challenged with ISD to quantify the mRNA expression levels of Cxcl10, 885 

Ifnb1, Isg15, Dhhc3, and Dhhc7. (Q) To assess the impact of IL1α priming on STING 886 

palmitoylation, we treated Thp1 monocytes with recombinant human IL1α protein for 24 hours, 887 

rested for 4 days, and then challenged with 10µg/mL cGAMP for 30 minutes. Protein lysates 888 

were isolated and subjected to an Acyl-PEG exchange assay, which uses cysteine-specific click 889 

chemistry to exchange S-fatty acylation sites with a mass tag of a defined size (5kDa, 890 

methoxypolyethylene glycol maleimide), observed by total-STING immunoblot. This assay 891 

cleaves thioester bonds coupling fatty acid residue to the protein using hydroxylamine (NH2OH), 892 

with the absence of NH2OH serving as an internal control. Palmitoylated STING protein appears 893 

10kDa above its known molecular weight (35kDa). (R) To assess the functional impact of IL1α 894 

priming on the myeloid derived suppressor cells (MDSCs), we performed a T cell suppression 895 

assay. Bone marrow-derived MDSCs were either primed with 10ng/mL IL1α or left unprimed, 896 

rested for 4 days, activated with 0.1µg/mL LPS and 100 U/mL IFN-γ for 16 hours to become 897 

activated-MDSCs. CFSE-labeled CD8+ T cells were cultured with IL1α-primed and unprimed 898 

MDSC for four days at CD8+ T cells: MDSC ratios of 2:1, 4:1, and 8:1, and assessed by flow 899 

cytometry for CFSE dilution. Volin plots show the percentage of CFSE+ CD8+ T cells, with data 900 

representing two biological replicates in the unprimed MDSC group and four biological 901 
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replicates in the IL1α-primed MDSC group. Comparisons between the two groups were made 902 

using a two-tailed, unpaired t-test (***p<0.001). 903 

 904 

 905 

Figure 7. Blockade of IL1/IL1r1 signaling delays onset of Sox2-driven oral cancer and 906 

modifies innate immune response.  907 
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(A) Longitudinal survival study in tamoxifen-painted K5-CreER+;Sox2+/+ mice treated with 908 

2mg/mL anti-IL1r1 (n=13) or PBS (n=12) via intraperitoneal injection on days 0, 3, 6, and 9. 909 

Body weights were monitored from the first day of tamoxifen application until body weight 910 

dropped below 20% of the initial body weight. The study was repeated twice, and differences in 911 

body weight between groups were assessed using the generalized estimating equation (GEE) 912 

model (*p<0.05). (B) Buccal mucosal tissue was harvested from K5-CreER+;Sox2+ mice treated 913 

with either anti-IL1r1 or PBS and subjected to flow cytometric analysis. Representative 914 

scatterplots and violin plots show the percentage of expression of PDL1+ MDSCs. Cells were 915 

gated from single/Zombie Aqua- live, CD45+, CD11b+, and then further gated on Gr1+ (Ly6g/c) 916 

and PDL1+ cells. Comparisons between the two groups was performed using a two-tailed 917 

unpaired t-test (*p<0.05) (C) Longitudinal survival study in tamoxifen-painted 918 

K5CreSox2+/+;IL1r1+/+ (n=12) and K5CreSox2+/+;IL1r1-/- (n=10) mice. Body weights were 919 

monitored from the first day of tamoxifen application until a drop in 20% initial body weight was 920 

observed. The study was repeated twice, and differences in body weight between groups were 921 

assessed using the GEE model. (D) Buccal mucosal tissue was harvested from 922 

K5CreSox2+/+;IL1r1+/+ (n=6) and K5CreSox2+/+;IL1r1-/- (n=10) mice. Representative H&E staining 923 

patterns are shown. Surface area quantification of tumors was determined using ImageJ. 924 

Values represent mean ± SEM and the two groups were compared using a two-tailed unpaired 925 
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t-test (*p<0.05). (E) Representative scatterplots and violin plots show the percentage of Glut1+ 926 

CD206+ CD11b+ Macrophages. Cells were gated from single/Zombie Aqua- live, CD45+, and 927 

then further gated on CD11B+CD206+ Glut1+ cells. Comparisons between the two groups were 928 

made using a two-tailed unpaired t-test (*p<0.05). (F) Buccal mucosal tissue from 929 

K5CreSox2+/+;IL1r1+/+ (n=5) and K5CreSox2+/+;IL1r1-/- (n=5) were harvested and subjected to 930 

bulk RNA sequencing. A bar graph of top pathways altered between groups is shown. 931 

 932 

  933 
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 934 

 935 

Supplemental Figure 1. Glycolysis signature is increased in Sox2-driven cancer.  936 

(A) Increased Hif1a expression was observed in the buccal mucosa of tamoxifen-treated K5-937 

CreER;Sox2+/+ mice (n=5) compared to control K5-CreER mice (n=5). Mice were euthanized 938 

about 3 weeks post tamoxifen treatment, and total RNA was isolated from buccal mucosa 939 

treated with 40 mg/mL tamoxifen for five consecutive days. Expression of Hif1a was assessed 940 

via qPCR. Values represent mean ± SEM of three biological replicates per sample. 941 

Comparisons between the two groups were made using a two-tailed unpaired t-test (**p<0.01).  942 

943 
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  944 

Supplemental Figure 2. Correlation of SLC2A1 Expression with Immune Subsets in HPV- 945 

HNSCC. 946 

SLC2A1 expression levels in human Head and Neck Squamous Cell Carcinoma (HNSCC) from 947 

TCGA were correlated with the abundance of CD8+ CTL (A), γδ T-cells (B), and M1-like 948 

macrophages (C) in HPV- tumors. 949 
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 950 

Supplemental Figure 3. The immune landscape shifts as OED transforms to HNSCC.  951 

(A-E) Representative multispectral immunofluorescence images (MSI) of tumor-infiltrating 952 

myeloid and lymphoid cells from paired OED and HNSCC tissue specimens. Images were 953 
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captured using the Akoya Biosciences Vectra Polaris scanner, and regions of interest were 954 

selected with Akoya Phenochart software. Data analysis was performed using the Akoya 955 

phenoptrReports package in RStudio, followed by a two-sample Wilcoxon test comparing mean 956 

expression levels between matched OED and HNSCC stages for each patient. Representative 957 

MSI images of CD68+ PDL1+ macrophages (A), CD11c+ PDL1+ myeloid cells (B), CD68+ 958 

HLADR+ macrophages (C), CD11c+ HLADR+ myeloid cells (D), CD33 + HLADR + myeloid cells 959 

(E) in matched OED/HNSCC tissues are shown. Results were considered significant if the p-960 

value was less than 0.05. 961 
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Supplemental Figure 4. The evolution of myeloid cells during Sox2-driven HNSCC 964 

initiation. (A-C) Buccal mucosal tissue from K5-CreER+;Sox2+/+  mice at 2-weeks and 4-weeks 965 

post tamoxifen administration, and K5-CreER+ control mice were harvested, CD45+ immune 966 

cells were isolated by FACS, and subjected to scRNA-Seq. PHATE trajectory analysis of 967 

myeloid cells was performed. The expression of H2-Aa (A), H2-DMa (B), and Hif1a (C) are 968 

highlighted. (D-E) GSEA comparing normal mucosal-resident and intra-lesional myeloid cells 969 

was performed using the biologic process and molecular function gene sets. 970 
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 971 

 Supplemental Figure 5. IL1-primed MDSC are even more suppressive of T-cell 972 

activation. (A) Empty vector control and Sox2-expressing MOC2-E6/E7 cells were subjected to 973 
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bulk RNA-Seq. Heatmaps show the significant difference in the expression levels of Sox2, Il1a, 974 

Csf2, and Ccl2 between the two groups. (B-C) MDSCs were primed with 10 ng/mL IL-1α or PBS 975 

control for 16 hours, rested, and then activated with IFN-γ and LPS. CD8+ T-cells, isolated from 976 

spleens and labeled with CFSE, were co-cultured with the MDSCs, IL-2, and beads for 4 days. 977 

Cells were gated for single, live, CD45+, and further gated on CD11b- CD8+ T cells. 978 

Representative scatterplots show CFSE dilution in CD8+ T cells. A two-tailed unpaired t-test was 979 

used for comparisons (*p<0.05).  980 
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Supplemental Table S1 981 

The table shows the most differentially expressed genes between the myeloid cells from oral 982 

normal mucosa and those from transformed epithelial tissues at the two-week and four-week 983 

time points. 984 

Supplemental Table S2 985 

The table shows the top 200 most differentially expressed genes between EV-MOC2-E6/E7 and 986 

SOX2-expressing MOC2-E6/E7 cells. 987 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 10, 2024. ; https://doi.org/10.1101/2024.12.06.626475doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.06.626475
http://creativecommons.org/licenses/by-nd/4.0/

