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Abstract

Background: Studies of the immune landscape led to breakthrough trials of programmed 

death-1 (PD-1) inhibitors for recurrent/metastatic head and neck squamous cell carcinoma 

(HNSC) therapy. We investigated the timing, influence of somatic copy-number alterations 

(SCNAs) and clinical implications of PD-L1 and immune-cell patterns in oral precancer (OPC).

Methods: We evaluated spatial CD3, CD3/8 and CD68 density (cells/mm2) and PD-L1 

(membranous expression in cytokeratin-positive intraepithelial neoplastic cells and CD68) patterns 

by multiplex immunofluorescence in a 188-patient prospective OPC cohort, characterized by 

clinical, histologic and SCNA risk factors and protocol-specified primary endpoint of invasive 

cancer. We used Wilcoxon rank-sum and Fisher’s exact tests, linear mixed effect models, 

mediation, and Cox regression and recursive-partitioning analyses.

Results: Epithelial, but not CD68 immune-cell, PD-L1 expression was detected in 28% of OPCs, 

correlated with immune-cell infiltration, 9p21.3 LOH, and inferior OCFS, notably in OPCs with 

low CD3/8 cell density, dysplasia, and/or 9p21.3 LOH. High CD3/8 cell density in dysplastic 

lesions predicted better OCFS, and eliminated the excess risk associated with prior oral cancer and 

dysplasia. PD-L1 and CD3/8 patterns revealed inferior OCFS in PD-L1 high intrinsic induction 

and dysplastic immune-cold subgroups.

Conclusion: This report provides spatial insight into the immune landscape and drivers of 

OPCs, and a publicly available immunogenomic dataset for future precancer interrogation. The 

data suggest that 9p21.3 LOH triggers an immune-hot inflammatory phenotype; while increased 

9p deletion size encompassing CD274 at 9p24.1 may contribute to CD3/8 and PD-L1 depletion 
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during invasive transition. The inferior OCFS in PD-L1-high, immune-cold OPCs support the 

development of T-cell recruitment strategies.

Keywords

Immune profiling; PD-L1; genomics; copy-number alterations; tumor microenvironment; T-cells; 
precancer; head and neck cancer; HPV

INTRODUCTION

Cancers of the oral cavity are the most common head and neck squamous-cell carcinomas 

(HNSC) in the United States (US) and globally, causing substantial morbidity and mortality 

with approximately 300,000 annual incident cases worldwide and anticipated to increase 

by 60% through 2035 1, 2. Importantly, unlike HPV-associated oropharyngeal cancers, 

5-year survival figures following oral cancers are low and unchanged in the US since the 

1970s 3. Oral cavity cancers may be preceded by pre-malignant lesions, or oral precancers 

(OPCs), histologically characterized as hyperkeratosis, hyperplasia or dysplasia, and often 

clinically manifested as leukoplakia and/or erythroplakia. Innovative strategies based on 

deep interrogation of preinvasive biology and malignant transformation, may identify high-

risk OPCs and actionable pathways for oral cancer interception 4, 5.

Studies of the immune landscape in HNSC have led to breakthrough trials of programmed 

death-1 (PD-1) inhibitors for recurrent/metastatic disease 6 7–9. This underscores the 

importance of immune modulation in these tumors, despite a still suboptimal durable 

response rate of ~15% in advanced cancers. Although far from proven, it is tempting to 

speculate that the immune response may be strongest at the earliest neoplastic stages 10, 11. 

As such, new, immune-based strategies could be developed to reduce the high global burden 

of HNSC, by intercepting OPC, the most common precursor of the most common US and 

global HNSC presentation: HPV− oral squamous cell carcinomas. Studies of OPC patient 

samples have been limited to preclinical and retrospective, small and/or cross-sectional 

clinical studies, suggesting features of immune evasion 10–14, including PD-ligand-1 (PD-

L1) expression, albeit less frequent and/or intense than in HNSC 15, 16. Furthermore, it is 

unclear when, in the tumorigenic process, this immune inhibitory mechanism evolves, its 

biologic drivers and influence on malignant transformation. Meaningful advances in this 

field have been limited by lack of robust cohorts followed long term, available specimens, 

and other technical issues, including ample multiplex analysis of minute tissue biopsies. 

SCNA profiles (loss of heterozygosity, LOH, at 3p14 and/or 9p21.3) identified high-risk 

OPCs in retrospective analyses and prospective studies, initially reported by our group 17, 

and confirmed and extended subsequently by other groups 18–21. Although LOH is validated 

as a molecular marker of oral cancer risk, it is not targetable. In contrast, immune pathways, 

notably PD-1/-L1, in OPCs could represent pharmacological targets to reduce cancer risk in 

the appropriate high-risk context 10.

The aim of the present study was to investigate the influence of the immune milieu, and 

PD-L1 pathway in oral cancer risk in patients with precancers. Our primary hypothesis is 

that PD-L1-mediated immune evasion in OPCs contributes to the invasive-cancer transition 
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(especially in SCNA defined high-risk lesions), and may represent opportunities for immune 

interception as a strategy for cancer prevention. To test this hypothesis, we developed 

a multiplex immunofluorescence platform to maximize immune profiling of scarce OPC 

specimens in a unique prospective and rigorously annotated immunogenetic cohort to 

protocol-mandated invasive cancer primary endpoint, and to correlate these findings with 

established clinical and pathologic risk factors (i.e., prior oral cancer and dysplasia), and 

oral cancer-free survival (OCFS). OPCs were classified into prespecified biologically-driven 

immune and risk subgroups based on frameworks of T-cell infiltration and PD-L1 expression 

patterns reported in cancers that could help describe their interactions with the immune 

system 22–24, and provide further spatial insight into the influence and drivers of OPC 

microenvironment and prospects for immune interception.

METHODS

Tissue specimens, clinical and genomic copy-number data

The prospective oral precancer patient cohort included 188 patients with baseline formalin-

fixed, paraffin-embedded, LOH profiled oral precancer (OPC) samples collected prior to any 

intervention, from patients enrolled in the erlotinib prevention of oral cancer (EPOC) trial. 

As in the trial’s primary report25, erlotinib had no impact on oral cancer-free survival, and 

the number of patients (N=40) who received erlotinib and had immune profiling performed 

was too low to formally investigate immune-marker-by-treatment interactions. Patients were 

stratified by prior history of oral cancer and prospectively followed, as previously described 
25. Clinical data have been updated since the primary EPOC publication. Invasive oral 

cancer developed in 74 (39%) of the 188 patients included in this analysis. The 5-y oral 

cancer-free survival (OCFS) for the population was 71.8%, with a median follow-up time 

for censored observations of 90.8 months. LOH profiles and chr7 polysomy in EPOC 

were determined as previously described 25. The study was registered in ClinicalTrials.gov 

(NCT00402779) and approved by the Institutional Review Board, including clinical 

interventions and analysis of correlative biomarkers.

Multiplex immune profiling

We performed multiplex immune profiling utilizing the Opal chemistry and multispectral 

microscopy Vectra™ system (Perkin-Elmer) / Nuance software. The multiplex system panel 

included five antibodies that were stained on the same slide and labeled using a tyramide-

signal amplification-based kit (Opal™, PerkinElmer): anti-CD3 (Dako, T lymphocyte 

marker), anti-CD8 (clone C8/144B, Thermo Scientific, present on cytotoxic T cells), 

anti-PD-L1 (clone E1L3N, Cell Signal), anti-CD68 (clone PG-M1, Dako, macrophage 

lineage marker), anti-cytokeratin (clone AE1/AE3, Dako), and DAPI (nuclear staining). 

Each antibody was labeled with a specific fluorophore. All antibodies had been optimized 

for immunofluorescence by examination of positive and negative controls and testing of 

the antibodies by Western blotting. The scanning and image capture was performed with 

a multispectral microscope (Vectra™, PerkinElmer), and analysis was performed with 

a specialized image analysis software (InForm™, PerkinElmer) capable of counting the 

number of cells with positive staining for each marker in a specified area. Representative 

areas from each sample (range 1–10, median 6) measuring 1 mm2 each, localized either in 
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the epithelial or subepithelial (or stromal) layers, were randomly selected for quantification 

of the markers. The scoring of PD-L1 was expressed as percentage of positive (membrane) 

epithelial cells (AE1/AE3 positive) in the epithelial layer. CD68-immune cell/PD-L1 

positive cells were evaluated as cell density (i.e., cells/mm2) in the epithelial and stromal 

layers.

SCNA events

The overall SCNA level was calculated based on available information on the SCNA level at 

different genomic loci, as described in detail by William et al 2021 26.

SCNA . level∗ =
no SCNA

any Loss OR cℎr7 gain
any Loss AND cℎr7 gain

0 none
1 low
2 ℎigℎ

Statistical analysis

Analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC). We 

used Wilcoxon rank-sum test to compare the distribution of a continuous variable between 

two groups defining by a binary variable, and Fisher’s exact tests to evaluate the association 

between binary markers and categorical factors. Pair-wise correlations between two markers 

in a continuous scale were evaluated by Spearman correlation coefficients. For biomarkers 

assessed in a continuous scale, we transformed values from multiple areas into logarithm 

scale, fitted with linear mixed effect models to account for within-patient variation 27. OCFS 

was estimated by the Kaplan-Meier method considering invasive-cancer development or 

death as events. We tested the difference in survival between groups using log-rank test. Cox 

regression model was used to evaluate the association between the markers and OCFS.

For the Cox proportional-hazards model for PD-L1, all patients were split into PD-L1 

positive and PD-L1 negative based on the percentile of PD-L1 expression percentage. For 

each percentile, patients with PD-L1 more than the percentile were considered PD-L1 

positive and patients with PD-L1 less than the percentile were considered PD-L1 negative. 

A univariate regression was applied based on each percentile, hazard ratio and Z-score. In 

order to understand the spatial associations between immune marker and PD-L1, we applied 

a multivariable logistic regression by using PD-L1 positive (binary), histology (dysplasia or 

not), 9p LOH and polysomy chr7 as covariates to predict CD3, CD3/8 and CD68 expression. 

A similar logistic model containing 9p21.3 LOH, 3p14 LOH, 17p13.1 LOH, SCNA level 

and PD-L1 expression levels was also applied for the prediction of CD3, CD3/8 and CD68 

spatial density level as well. Mediation analysis was applied to further examine whether 

or not the effect of markers on OCSF was mediated by PD-L1 28. Recursive-partitioning 

analysis (for censored survival data) using a classification and regression trees algorithm was 

performed using rpart package in R to identify biomarker-defined subgroups that were the 

most different in their OCFS.
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RESULTS

PD-L1 expression in oral precancers

Distribution of membranous PD-L1 expression in cytokeratin-positive intraepithelial 

neoplastic cells for each patient is shown in Fig. 1A. After computing the mean PD-L1 

expression for each patient, 82 samples (44%) did not exhibit any detectable PD-L1 

expression in epithelial cells (i.e., all precancerous epithelial cells in all areas analyzed were 

AE1/AE3 positive/PD-L1 negative). Of the remaining 106 (56%) lesion samples, low levels 

of membranous PD-L1 expression in precancerous AE1/AE3 positive cells (as defined by 

>0 to <1% average percentage of all epithelial areas analyzed in each patient) were detected 

in 53 samples (28%). Mean PD-L1 expression in AE1/AE3 positive precancerous cells of 

1% to <5%, 5% to <10%, 10% to <50%, and ≥50% was observed in 13 (7%), 13 (7%), 21 

(11%), and 6 (3%) samples, respectively. PD-L1 expression in epithelial and stromal CD68 

macrophages (i.e., CD68-positive/PD-L1 positive cells) were detected in 54% and 72% of 

the samples, respectively. Of the 82 samples with no PD-L1 expression in epithelial cells, 

23 (28%) had CD68-positive/PD-L1 positive cells in the epithelial layer and 42 (51%) had 

CD68-positive/PD-L1 positive cells in the stromal layer.

PD-L1 expression and OCFS

On univariate analysis, higher PD-L1 expression in epithelial cells evaluated as a continuous 

variable was associated with inferior OCFS, with a hazard ratio (HR) of 1.011 (95% 

confidence interval [CI] 1.000 – 1.022, P=0.048), indicating a 1.1% increase in the hazard 

for oral cancer or death for every 1% increase in the PD-L1 expression level (Table 1). 

Immune-cell PD-L1 expression on CD68-positive cells, however, in the epithelial (p=0.12) 

or stromal (p=0.36) layers had no significant impact on OCFS (Table 1). We therefore 

focused all related subsequent survival analyses on epithelial PD-L1 expression (e.g., Fig. 

1B–E, tables S1–4). Cox regression (proportional hazards regression) across different PD-L1 

percentiles revealed inferior OCFS at a high PD-L1 cut off at the top 5% (p=0.046; Fig. 1B, 

C). Next, we assessed the influence of PD-L1 on OCFS in subgroups defined by immune 

cell infiltration (an established prognostic marker in invasive HNSC), histology, prior oral 

cancer and/or 9pLOH. The lowest OCFS was observed in patients with low epithelial 

CD3/8, 9p21.3 LOH and high PD-L1 (>=1%) in striking contrast to the favorable OCFS in 

patients with high CD3/8, low PD-L1 and 9p21 wild type (Fig. 1D). PD-L1 did not influence 

OCFS of patients with dysplasia plus 9p21 LOH (Fig. 1E). To further assess the influence 

of PD-L1 on OCFS, we performed recursive partitioning analyses (RPA), based on multiple 

model factors, including dysplasia and LOH (Figs. 1F–G and Figs. S1C, D show OCFS for 

PD-L1 cut offs 7.8% and 32.7%, respectively, determined based on RPA). The first split 

occurred at histology (no dysplasia versus dysplasia), followed by optimal cut-off PD-L1 

expression levels within the dysplasia subgroup. The 5-year OCFS for subgroups defined by 

hyperplasia (N=67, Node 1), dysplasia and PD-L1 < 32.7% (N=112, Node 2), and dysplasia 

and PD-L1 ≥ 32.7% (N=7, Node 3) were 84.9, 66.5, and 28.6%, respectively (P<0.0001).

To study the complex interplay between PD-L1, and well-established genomic copy-number 

(i.e., LOH and polysomy) and histologic (i.e., dysplasia) markers of cancer risk, we utilized 

a regression tree model which included histology, LOH and epithelial PD-L1 expression 
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(dichotomized at the 1% cut-off, as used in some HNSC clinical trials 7. PD-L1 negative 

precancers without dysplasia had the lowest risk of malignant transformation, followed by 

PD-L1 positive precancers without dysplasia or precancers with dysplasia but without LOH. 

The highest risk patients had dysplastic precancers with LOH. The OCFS differences among 

the three groups were statistically significant (p=0.0076). Using mediation analysis, we 

investigated whether the inferior OCFS associated with either histology, LOH or polysomy 

was mediated through increased PD-L1 expression. The analysis indicated that the average 

effects of histology, LOH, and polysomy on OCFS did not arise exclusively from their 

associations with PD-L1 expression.

Immune-cell and PD-L1 spatial distribution and genomic copy-number correlations

Multiplex immunofluorescence was used to evaluate immune-cell spatial density, 

distribution and PD-L1 (Table S3) within the epithelial and subepithelial, or stromal, 

compartments. CD3-positive T-cells were identified in all 188 OPC samples either in the 

epithelial or stromal layer. A minority of samples did not exhibit any infiltration of CD3/8-

positive cells in the epithelial (12%), or stromal (6%) layers. CD68-positive cells were not 

detected in 23 (12%) and 14 (7%) samples in the epithelial and stromal layers, respectively. 

We next assessed clinical and SCNA factor associations with spatial immune cell densities 

and PD-L1 expression in epithelial cells, and did not find any correlation with any clinical 

factor we analyzed, including dysplasia (Fig. 2; Tables S4, 5). Importantly, history of prior 

oral cancer was associated with CD3/8 density (Fig. 2), but not with epithelial PD-L1 levels 

(Table S3) except in patients who developed OPC within 1 year of oral cancer diagnosis 

(see Discussion). We found evidence of a concerted immune response in OPCs (and PD-

L1-mediated adaptive immune resistance), as shown in Fig. 2B (further supported by Fig. 

S2) by strong correlations between epithelial or stromal infiltration by CD3-positive, CD3-

positive/CD8-positive, CD68-positive, and CD68-positive/PD-L1-positive immune cells, and 

epithelial PD-L1 expression (Spearman= 0.455, p<0.001 for PD-L1 vs CD3/8). PD-L1 was 

positively associated with CD3, CD8 and CD68 in every analysis here, including in 9 

logistic regression models (Fig 2A, Table S6B).

LOH profiles and chr7 polysomy, previously characterized as molecular markers of oral 

cancer risk in patients with OPCs 18–21, 25, 29, were investigated for their correlations 

with PD-L1 expression (Fig. S1A, B). LOH and polysomy were associated with increased 

expression of PD-L1 (p=0.007 and p=0.008, respectively). After classifying PD-L1 

expression in neoplastic epithelial cells into a binary category by applying a 1% cutoff, 

there were 41 (33.3%) precancers with ≥1% PD-L1 expression in the LOH positive group 

versus 12 (18.5%) in the LOH negative group (p = 0.04, Fisher’s exact test). Similarly, 

there were 29 (40.3%) precancers with ≥1% PD-L1 expression in the polysomy group versus 

24 (21.1%) in the normal, diploid group (p = 0.007, Fisher’s exact test). When considered 

individually (in univariate analysis), 9p21.3 loss was associated with epithelial PD-L1 levels 

(P = 0.027; Fig. 2F); 3p14, 17p13.1 and most minor LOH-risk sites were not associated with 

PD-L1 expression levels (Fig. 2G, Fig. S3).
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Immune-cell infiltration, prior oral cancer, immune memory, and OCFS

We assessed the associations between immune-cell infiltration in OPCs and subsequent oral 

cancer risk, and did not find any associations between T cell or macrophage infiltration 

and OCFS in the population as a whole (Table 1, Fig. 3). However, we found that 

CD3/8 epithelial cell density in dysplastic lesions was the only immune-cell parameter that 

statistically significantly predicted OCFS (Fig. 3; Table S6). We also evaluated immune-cell 

infiltration and OCFS, based on the assumption that effector memory T cells may comprise 

part of the precancer immune microenvironment. Patients with a prior oral cancer history 

had higher epithelial immune cell infiltration (as previously noted, Fig. 2), suggesting 

immune memory priming. A prior history of oral cancer and dysplasia are established 

precancer risk factors for subsequent oral cancer 25,30. Epithelial CD3/CD8-positive T-cell 

infiltration in oral precancers in patients with a prior history of oral cancer was higher than 

in patients without prior oral cancer (median = 69.3 vs 22.6, respectively, P = 0.0005). 

Among patients with prior oral cancer, those who had the prior cancer within 1 year of OPC 

diagnosis had highest CD3/8 in epithelium (p = 0.0466 for comparison among the 3 groups). 

Stratification by median epithelial CD3/8 T-cell level in these precancers found that high 

cytotoxic CD3/8 T-cell infiltrate (Fig. 2E) eliminated the excess cancer risk in these patients. 

The OCFS of the patients who had prior oral cancer and higher CD3/8 density (>median) 

and those who had no prior cancer were similar (HR [95% CI] = 1.09 [0.623, 1.908], P 

= 0.76) and significantly better than patients with a prior history of oral cancer and low 

CD3/CD8 infiltration (Fig. 2E)

Immune subgroups

Lastly, to perform an integrated assessment of the combined influence of PD-L1 expression 

and immune infiltration on oral cancer risk, we classified precancers by epithelial PD-L1 

and CD3/8 T-cell patterns into four profiles that could describe their interactions with 

the immune system 22–24: adaptive resistance (CD3/8 > median, PD-L1 ≥1%), immune 

tolerance (CD3/8 > median, PD-L1 <1%), immune ignorance (CD3/8 < median and PD-L1 

<1%), and intrinsic induction (CD3/8 < median, PD-L1 ≥1%) [Figure 4]. Examples of 

multiplex immune imaging in two of these four subgroups--PD-L1-positive and PD-L1-

negative precancers are shown in Fig. 4B. Dysplasia (Fig. 4A) was detected in 64% of 

patients overall and the distribution by immune subgroup was not significant (Fisher’s exact 

test, P=0.094). According to this classification 22, 30%, 20%, 41%, and 9% of the OPCs fell 

into the groups characterized as immune tolerance, adaptive resistance, , immune ignorance, 

and intrinsic induction, respectively. Their respective 5-year OCFS rates (95% CI) were 

83.3% (73.9%, 93.9%), 75.3% (62.5%, 90.7%), 65.4% (55.5%, 77.1%) and 56.3% (36.5%, 

86.7%) (p=0.022, Fig. 4C).

We built a survival regression tree model to identify prognostic groups with histology 

and the variable representing 4 risk groups classified by the combination of PD-L1 and 

CD3/8 in the model. The first split occurred at the level of histology (hyperplasia versus 

dysplasia), followed by 3 groups (inflamed – which encompasses the immune tolerance 

and adaptive resistance groups –, immune ignorance, and intrinsic induction) based on the 

combination of PD-L1 and CD3/8 within the dysplasia subgroup. Fig. 4D shows that the 

distributions of OCFS of the 4 risk groups identified by the regression tree were significantly 
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different (p = 0.001, log-rank test). Their respective 5-year OCFS rates (95% CI) were 

84.9% (76.7%, 94%), 75.8% (65.1%, 88.2%), 56.6% (44%, 72.4%) and 46.2% (25.7%, 

83%) for the patients who had no dysplasia, those with dysplasia and inflamed immune 

microenvironment, those with dysplasia and immune ignorance, and those with dysplasia 

and immune intrinsic induction (Fig. 4D).

DISCUSSION

This study provides early insight of PD-L1- and cytotoxic T cell-centered immune profiles 

in preinvasive lesions and invasive-disease transition. Strengths of this study are the use of 

a multiplex platform31, elucidating PD-L1 and immune-cell spatial patterns and densities, in 

different tissue compartments and immune subgroups, of a prospective, clinically annotated 

cohort to a primary endpoint of invasive cancer and characterized by established oral 

cancer risk genomic SCNAs. In cross-sectional comparisons with cancer, oral precancers 

have lower PD-L1 and higher T-cell levels. In precancer, this approach provides insight 

into spatial resolution, showing T-cells at the epithelial-stromal invasive margin interface. 

Intraepithelial neoplastic PD-L1, which limits T cell activity in inflammatory responses, was 

detected in 28% of OPCs, and was an independent prognostic marker of inferior OCFS 

(especially when expressed at high levels), suggesting that immunoediting has started before 

invasion.

Our data point to the existence of immune surveillance and editing involving both 

epithelial and subepithelial compartments: 88% of OPCs exhibited intra-epithelial CD3/8 

T-cell infiltration; and there was a strong correlation between PD-L1 expression and 

CD3/8-positive lymphocyte density in every analysis here, including all immune cells 

in all lesion spatial compartments in all nine regression models (P<0.001, Fig. 2A, B; 

Table S7). Furthermore, CD3/8 T-cell infiltration partially reversed the increased cancer 

risk conferred by dysplasia. These data suggest that OPCs could exist in an equilibrium 

state via induction of an inflammatory immune response which may intercept and prevent 

progression of intraepithelial neoplasia. Studies of lung squamous precancers using bulk 

RNA sequencing found evidence of immune suppression in precancers that progressed; 

compared with regressive lesions, highlighting the potential to reduce the risk of progression 

by augmenting the immune response associated with regression 14, 32.

In contrast to recurrent/metastatic HNSC, there are no established, recommended, reported 

or even suggested PD-L1 ‘tumor’, immune or combined PD-L1 expression metrics or 

cut offs in precancer, which led to the unbiased exploratory analyses of PD-L1 spatial 

expression patterns and cut offs reported here. An important finding in this prospective 

study was that epithelial (and not total, mean, stromal or CD68) PD-L1 expression was 

associated with statistically significantly inferior OCFS (Table 1). This effect is modest at 

low PD-L1 expression levels, but becomes more relevant at higher PD-L1 expression levels 

(Figure 1B), and especially pronounced in specific groups (Figures 1C–G). Our results 

are consistent with two recent small retrospective reports of higher cancer risk in oral 

precancers: in a study of 8 patients (out of 120) with cancer, PD-L1 expression (scored 

qualitatively, intensity = 2 vs 0, 1) was found to be a predictor of OPC OCFS 16, and a 

recent cross-sectional, case-control study of 39 total patients, of which 19 were cases with 
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cancer 33. A recent spatial immune analysis in patients with a clinically distinct, extremely 

high-risk oral proliferative leukoplakia also observed a strong correlation of high PD-L1 

scores predicting worse OCFS 34. Although not the central driver in mediation analysis of 

LOH and dysplasia (tables S1 and 2), our data suggest that PD-1/PD-L1-mediated immune 

evasion contributes, to some extent, to the invasive-disease transition in progression of 

oral oncogenesis, and therefore, provides strong rationale for PD-1/PD-L1 axis blockade in 

high-risk PD-L1-positive patient subgroups.

In addition to determining the effects of PD-L1 expression on OCFS, our study expands 

on these findings to include a comprehensive assessment of spatial patterns of immune 

infiltration in OPCs and its relationship to genomic alterations, thus allowing for inferences 

regarding the biology of oral epithelium malignant transformation. We found that tobacco 

and alcohol exposure were not associated with increased or decreased cytotoxic T-cell 

infiltration (Fig. 2A, tables S4–5), indicating that immune response to genomically high-risk 

OPCs may occur independently of lesion etiology. Likewise, dysplasia was not necessary 

for recruitment of CD3/8-positive T cells to the epithelium or stroma, pointing to OPC 

recognition by the immune system (and immune editing) even at early, non-dysplastic 

stages of tumorigenesis. CD8 T-cell level is the only immune-cell type in HNSC, notably 

HPV-negative oral cavity cancer, consistently shown to correlate with overall and disease-

specific survival in multivariate analyses including other prognostic factors and validation 

cohorts 35 36. In our OPC cohort, however, only CD3/8 cytotoxic T-cell density in dysplastic 

epithelium was prognostic, associated with OCFS (Fig. 3A–F).

We analyzed immune subgroups reported in cancer, based on tumor PD-L1 expression 

and CD8 T-cell levels, in our precancer cohort 22. The presence of dysplasia in OPC, 

a well-established cancer risk factor, 25, 26, 30 harbored more SCNAs overall, 9p21.3 

LOH and immune-cold phenotypes (Fig. 4). OCFS rates were inferior among immune 

subgroups with low epithelial CD3/8 T-cell densities. Intrinsic induction phenotype (low 

CD3/8, high PD-L1) subgroup was enriched in SCNAs and dysplasia (Fig. 4A). Moreover, 

within patients with dysplasia, OCFS was better in the context of an inflamed immune 

microenvironment, followed by low CD3/8 plus high or low PD-L1, respectively, in immune 

ignorance, followed by immune intrinsic induction (Fig. 1D). These and other studies of 

OPC patient samples and mouse models suggest that ongoing T-cell surveillance of OPCs 

can detect and intercept neoplastic invasion 11, possibly pointing to a more preserved 

cancer-related immunity in pre- versus invasive disease. This T-cell infiltration pattern also 

has been observed in lung squamous cancer and adenocarcinoma 37 and their respective 

precursors 14, 37. In support of this hypothesis, we found that the immune subgroup of 

immune tolerance had the best prognosis (Fig. 4B), suggesting that the T-cells infiltrating the 

epithelium were not generally anergic/exhausted; instead, that recognition by the immune 

system of preinvasive neoplastic cells that do not have the ability to upregulate PD-L1 in this 

early phase of tumorigenesis, may possibly keep OPCs in check to avoid or delay neoplastic 

cell invasion through the epithelial basement membrane. Prior oral cancer did not correlate 

with epithelial PD-L1 expression levels overall, but when analyzed by time, the < 1-year 

subgroup showed a significant association with epithelial PD-L1 levels (Fig. 2D). Samples 

collected within one year of diagnosis of the primary oral cancer were obtained mostly at 

the time of the primary cancer resection, represent areas of precancer within the resected 
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specimen, and, therefore, the positive associations between PD-L1 expression levels and 

shorter time from prior oral cancers may reflect an interferon-γ-mediated immune response 

triggered by the invasive cancer component leading to PD-L1 upregulation in the nearby 

pre-malignant, non-invasive epithelium.

The timing, biology and clinical implications of SCNA-induced immune suppression in 

preinvasive neoplasia are unclear. The finding here that PD-L1 expression was associated 

with LOH, which was associated with an inflamed phenotype, malignant transformation and 

identified PD-L1 and intrinsic induction lesions plus dysplasia as having the lowest OCFs, 

provide a viable high-risk molecular target for immune interception, and highlights the need 

to develop strategies to increase epithelial T-cell infiltration with (intrinsic induction) or 

without (immune ignorant) PD-1 blockade. In HNSC, metformin and mTOR inhibition 38, 39 

have been shown to increase interferon-γ signaling, CD8-T-cell infiltration, and enhance 

PD-L1 blockade in experimental oral tumorigenic models and a recent clinical trial 40. 

The upregulation of PD-L1 expression in 9p21.3 LOH-positive lesions could represent an 

additional mechanism that contributes to oral precancer transformation through immune 

evasion. It is possible that specific loss of CDKN2A (located at 9p21.3) may be involved 
26, or that genomic instability results in increased dsDNA in the cytosol and activation of 

cGAS-STING to drive interferon expression and PD-L1 26, 41.

The positive association between PD-L1 and LOH (Table S3), driven by 9p21.3 LOH (Fig. 

2F) provide insights into how SCNAs in OPCs may shape the microenvironment. Of the 

3 major LOH sites established in HPV-negative HNSC/oral cancer, only 9p21.3 LOH was 

associated with PD-L1 expression (Fig. 2F, G). Comprehensive evaluation of chromosome 

9p copy number changes was not performed due to limited tissue availability from tiny 

precancer biopsies requiring PCR assessment of the 9p21.3 band 25. However, the findings 

in this study that 9p21.3 deletion was associated with increased PD-L1 expression supports 

our earlier hypothesis that 9p21.3 loss in precancer was a focal (rather than arm-level) 

event 26, 42, sparing the 9p24.1 region where the CD274 gene encoding PD-L1 is located 
26, 42 which triggers an immune-hot phenotype that may drive PD-L1 mediated adaptive 

resistance; as these lesions progress, however, 9p deletion size may increase to encompass 

the 9p24.1 region, thus contributing to immune-cell depletion and low PD-L1 expression in 

invasive cancers.

Lastly, we noted a strong correlation between prior oral cancer history and epithelial 

(not stromal) immune-cell infiltration (P<0.001) (Fig. 2A, C; Table S4), suggesting that 

development of invasive cancer may trigger a more robust immune response in subsequent 

OPCs. High CD3/8 cell levels in OPCs that developed in patients with prior cancer, 

eliminated the excess risk in patients with prior oral cancer (P=0.4; Fig. 2E). This 

exploratory finding could indicate the existence of shared antigens between invasive cancers 

and precancers that continue to be recognized by the immune system. While more study is 

required to interrogate immune mechanisms, experimental studies in the 4NQO-mouse oral 

tongue cancer model, which is 93.9% homologous with the human oral cancer mutanome 
43, produced consistent T-cell memory findings, which is especially notable given the 

radically different T-cell priming methods using an irradiation, vaccination, rechallenge 

design provide insight into this phenomenon 43–45.
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In summary, we report, within the unique context of a prospective study designed with 

a primary endpoint of invasive cancer, that the onset of a PD-L1-mediated immune-

suppressive microenvironment can occur in premalignancy, a positive association between 

PD-L1 expression in oral pre-malignant epithelium, high risk molecular features (i.e., 9p21.3 

LOH status and polysomy), and inferior OCFS, even though PD-L1 expression does not 

seem to mediate the inferior OCFS conferred by dysplasia and LOH. We have also shown 

that oral precancers can exhibit features of an inflamed phenotype with adaptive immune 

resistance, suggesting a possible role for PD-L1-mediated mechanisms of immune evasion 

contributing to oral tumorigenesis and an opportunity for PD-1/PD-L1-targeting for immune 

interception in high risk OPC subgroups. The clinical relevance of our findings can be 

further highlighted by the recently reported results of a phase 2 study demonstrating 

activity of the PD-1 inhibitor nivolumab in patients with the high-risk oral proliferative 

verrucous leukoplakia precancer 46, thus supporting further evaluation of this strategy in 

larger cohorts. The inferior OCFS in PD-L1-high, immune-cold OPCs observed here also 

support the development of (added) T-cell recruitment strategies for cancer prevention. 

This unique (in the precancer space) prospective oral precancer cohort with invasive cancer 

primary endpoint is the largest collection of oral precancers with immune profiling, somatic 

copy number alterations, clinical, histologic and invasive-disease primary outcomes data, 

as there is no TCGA equivalent for precancer, although NIH-sponsored global efforts are 

underway. We have previously reported on somatic mutations and transcriptomic alterations 

in these samples as well 47. The raw annotated dataset in Table S3 is a comprehensive, NCI-

funded precancer dataset in this context, making this the first publicly available, clinically 

annotated, genomics data set of oral pre-cancers reported to date that can be leveraged by 

investigators in the precancer (and HNSC) field for future studies.
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Figure 1. PD-L1 patterns and influence on oral cancer-free survival.
A) Distribution of PD-L1 mean expression level (PD-L1 percentage) across patients; open 

circles indicate the percentage of PD-L1 expressing cells in each area analyzed per sample. 

Each column shows the PD-L1 readings from all areas of each patient, ordered from lowest 

to highest by the mean PD-L1 expression levels.

B) Hazard ratio (HR) values across different percentiles of PD-L1 mean percentage. In this 

analysis, any PD-L1 mean percentage larger than the percentile represents PD-L1 positive, 

any PD-L1 mean percentage smaller than percentile represents PD-L1 negative. HR is 

evaluated based on PD-L1 positive versus PD-L1 negative. Dark pink dashed line represents 

neutral HR (HR=1), 95% CI was shaded in light purple. The mean PD-L1 expression from 

immunohistochemistry is also listed in the second row. The plot shows that at a very high 

cutoff to define PD-L1 positive, PD-L1 positive was associated with poor OCFS (Fig 1C), 

this OCFS pattern was not observed at lower PD-L1 cutoffs.
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C) Kaplan-Meier plot between PD-L1 positive (red, patients with more than 95th percentile 

of PD-L1 mean percentage) and PD-L1 negative (blue, patients with less than 95th percentile 

of PD-L1 mean percentage).

D) Kaplan-Meier plots for epithelial CD3/8 level, 9p LOH and PDL1. Red line represents 

patients with high epithelial CD3/8 level, no LOH in 9p and PDL1 negative (<1% PD-L1 

mean percentage). Yellow line represents patients with low epithelial CD/CD8 level, 9p 

LOH and PDL1 positive (>1% PD-L1 mean percentage). Blue line represents other patients 

in the cohort.

E) Kaplan-Meier plots for 9p21.3 LOH, dysplasia and PDL1. The survival analysis is based 

on our previously reported LOH plus dysplasia risk groups, in which PD-L1 positive and 

negative survival curves are shown with gold and purple color, showing no PD-L1 impact on 

the inferior survival driven by 9p21.3 LOH and dysplasia.

F) Kaplan-Meier plots (months) for dysplasia and PD-L1 level based on RPA analysis. Blue 

line represents patients with both dysplasia and PDL1 percentage >7.8%. Red line represents 

patients with both dysplasia and PDL1 percentage <7.8%. Yellow line represents patients 

with no dysplasia.

G) Kaplan-Meier plots for dysplasia and PD-L1 percentage cut off based on RPA analysis. 

Green line represents patients with both dysplasia and PD-L1 percentage >=32.73%. Red 

line represents patients with both dysplasia and PD-L1 percentage <32.73%. Blue line 

represents patients with no dysplasia.
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Figure 2. Association of PD-L1 expression with clinical, immunological and genomic SCNA 
parameters.
A) Association between CD3, CD3/8 and CD68 level (epithelial, stromal and total) and the 

indicated parameters. The number in each box represents the median of each parameter. 

P-values comparing the two indicated classes for each parameter (e.g., high vs low, YES 

vs NO) was evaluated with the linear mixed effect models on log2-transformed data. 

Turquoise color represents p-value between 0.05 to 0.1, light turquoise color represents 

p-value between 0.01 to 0.05, light magenta represents p-value between 0.001 to 0.1 and 

magenta represents p-value <0.001.

B) Heatmap shows the Spearman correlation coefficient (rho) between different immune 

markers. Color represents the rho level between any paired correlation. eCD3 or epi CD3 

refers to epithelial CD3; sCD3 or strCD3 refers to stromal CD3; tCD3 or total CD3 refers to 

total CD3 level.

C) Pairwise p-values of the associations between clinical, histological, and immune markers.
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D) Boxplot of PD-L1 mean percentage in patients having (or not) prior oral cancer (OC) at 

different year intervals prior to precancer diagnosis.

E) Kaplan-Meier plots for patients stratified as indicated based on prior oral cancer and 

epithelial CD3/8 level. Yellow line represents patients with prior oral cancer and high 

epithelial CD3/8. Red line represents patients with prior oral cancer and low epithelial 

CD3/8. Blue line represents patients with no prior oral cancer.

F) Box plot of PD-L1 mean percentage between patients with 9p21.3 LOH and other LOH.

G) Box plot of PD-L1 mean percentage between patients with 3p14 LOH (left panel) or 

17p13 LOH and other LOH (right panel).
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Figure 3. Associations of total, epithelial or stromal CD3/8 cytotoxic T-cell levels with oral 
cancer-free survival analysis across all patients or those with dysplasia.
A) Kaplan-Meier plots stratifying patients based on total CD3/8 level. Red line represents 

patients with high total CD3/8 level. Blue line represents patients with low total CD3/8 level.

B) Kaplan-Meier plots stratifying patients based on stromal CD3/8 level. Red line represents 

patients with high stromal CD3/8 level. Blue line represents patients with low stromal 

CD3/8 level.

C) Kaplan-Meier plots stratifying patients based on epithelial CD3/8 level. Red line 

represents patients with high epithelial CD3/8 level. Blue line represents patients with low 

epithelial CD3/8 level.

D) Kaplan-Meier plots stratifying patients based on total CD3/8 level in patients with 

dysplasia. Red line represents patients with high total CD3/8 level. Blue line represents 

patients with low total CD3/8 level.
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E) Kaplan-Meier plots stratifying patients based on stromal CD3/8 level in patients with 

dysplasia. Red line represents patients with high stromal CD3/8 level. Blue line represents 

patients with low stromal CD3/8 level.

F) Kaplan-Meier plots stratifying patients based on epithelial CD3/8 level in patients with 

dysplasia. Red line represents patients with high epithelial CD3/8 level. Blue line represents 

patients with low epithelial CD3/8 level.
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Figure 4. The 4 immune subgroups classified by the combination of epithelial PD-L1 and CD3/8.
A) Dot plot shows the correlation between PD-L1 mean percentage and CD3/8. Four 

immune subgroups were divided based on PD-L1 mean percentage and CD3/8: Intrinsic 

Induction (PD-L1 high and CD3/8 low; Immune Ignorance (PD-L1 low and CD3/8 low); 

Adaptive Resistance (PD-L1 high and CD3/8 low) and Immune Tolerance (PD-L1 low and 

CD3/8 high). In these analyses, the high/low cutoffs for PD-L1 and CD3/8 were >=1% vs 

<1% and >53.6 vs <= 53.6 (median), respectively.

B) Examples of multiplex immunofluorescence staining of the two most common oral 

precancer immune subtypes. The lesion on the left depicts a sample with adaptive immune 

resistance (intense PD-L1 epithelial expression and dense infiltration of CD3-positive/CD8-

positive cells in the epithelial and stromal, or subepithelial, layers). The lesion on the 

right exhibits immune ignorance (PD-L1 expression absent in epithelial cells, CD3/CD8 

infiltration low/absent in epithelial layer, but high in subepithelial layer).

C) Kaplan-Meier plots (and corresponding data table below this plot) for 4 individual groups 

split by PD-L1 mean percentage and CD3/8. Black line represents the patients in intrinsic 

induction group. Red line represents the patients in adaptive resistance group. Blue line 

represents the patients in Immune Ignorance group. Green line represents the patients in 

immune tolerance group.

D) Kaplan-Meier plots (and corresponding data table below this plot) for 4 individual groups 

split by CD3/8. The orange and red curves represent OCFSs for low CD3/8 OPCs in low and 

high PD-L1 expressions, respectively.
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Table 1.

Univariate analysis for oral cancer-free survival according to clinical/demographic characteristics or 

biomarker.

Variable Comparison HR 95% CI p-value p-value (overall)

Age per year increase 0.994 0.975–1.014 0.57  

Sex male vs female 0.95 0.602–1.500 0.83  

Smoking status current vs never 0.601 0.264–1.367 0.22 0.17

  former vs never 0.631 0.374–1.064 0.084  

Alcohol use yes vs no 0.561 0.263–1.196 0.13  

Prior oral cancers yes vs no 1.232 0.747–2.032 0.41  

Time from last oral cancer 1–3 vs > 3 years 0.767 0.292–2.018 0.59 0.4

  ≤ 1 vs > 3 years 0.619 0.306–1.252 0.18  

Histology mild, mod. dysplasia vs no dysplasia 1.865 1.093–3.182 0.022 0.0071

  Severe dysplasia vs no dysplasia 3.521 1.533–8.084 0.003  

LOH status* positive vs negative 1.63 0.967–2.748 0.07  

Chr 7 copy number gain vs diploid 1.824 1.151–2.889 0.01  

PD-L1, epithelial > 1 vs ≤ 1% 1.272 0.77–2.099 0.35  

PD-L1, epithelial ≥ 32.7 vs < 32.7% 3.565 1.623–7.831 0.0015  

PD-L1, epithelial Per 1% increase 1.011 1.000–1.022 0.048  

CD3, epithelial per 1 fold increase 0.981 0.857–1.123 0.78  

CD3/CD8, epithelial per 1 fold increase 0.964 0.898–1.035 0.31  

CD68, epithelial per 1 fold increase 1.023 0.966–1.083 0.43  

CD68/PD-L1, epithelial > 0 vs 0 1.224 0.772–1.94 0.39  

CD3, stromal per 1 fold increase 1.116 0.959–1.299 0.16  

CD3/CD8, stromal per 1 fold increase 1.009 0.922–1.105 0.85  

CD68, stromal per 1 fold increase 1.01 0.949–1.076 0.75  

CD68/PD-L1, stromal > 0 vs 0 1.32 0.767–2.271 0.32  

Abbreviations: CI (confidence interval), HR (hazard ratio)

*
See methods for definitions
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