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ABSTRACT
Understanding the dynamics of the immune microenvironment is critical to the development of immuno- 
based strategies for the prevention of oral potentially malignant disorders transformation to oral squa-
mous cell carcinoma (OSCC). We used laser capture microdissection and RNA-sequencing to profile the 
expression of 13 matched pairs of epithelial versus stromal compartments from normal mucosa, hyper-
plasia, dysplasia, and invasive tumors in the 4-nitroquinolein (4-NQO) murine model of oral carcinogen-
esis. Genes differentially expressed at each step of transformation were defined. Immune cell 
deconvolution and enrichment scores of various biological processes including immune-related ones 
were computed. Immunohistochemistry was also performed to characterize the immune infiltrates by 
T-cells (T-cells CD3+, helper CD4+, cytotoxic CD8+, regulatory FoxP3+), B-cells (B220+), and macrophages 
(M1 iNOS+, M2 CD163+) at each histological step. Enrichment of three independent M2 macrophages 
signatures were computed in 86 oral leukoplakia with available clinical outcome. Most gene expression 
changes were observed in the stromal compartment and related to immune biological processes. Immune 
cell deconvolution identified infiltration by the macrophage population as the most important quantita-
tively especially at the stage of dysplasia. In 86 patients with oral leukoplakia, three M2 macrophages 
signatures were independently associated with improved oral cancer-free survival. This study provides 
a better understanding of the dynamics of the immune microenvironment during oral carcinogenesis and 
highlights an unexpected association of M2 macrophages gene expression signatures with oral cancer 
free survival in patients with oral leukoplakia.
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Introduction
Oral cavity is the most common site of Head and Neck 
Squamous Cell Carcinoma (HNSCC) which is ranked as the 
8th most common cancer worldwide.1 Oral SCC (OSCC) is 
associated with significant morbidity and mortality. Because 
OSCC may develop from oral premalignant disorders 
(OPMD), prevention of OPMD malignant transformation 
may improve patients outcomes.2 However, although several 
oncogenic-driven chemoprevention strategies have been pro-
posed, no prevention strategy can be considered as a standard 
of care.3 Identification of OPMD with a risk of malignant 
transformation is needed to develop relevant preventive stra-
tegies addressing the cancerization field. Besides clinical (inho-
mogeneity) and histological (severe dysplasia) OPMD 
characteristics,4 several biomarkers5,6 have been proposed to 
identify patients at high risk of OSCC development. Loss of 
heterozygosity (LOH) at specific chromosomal sites has been 
validated prospectively as the most robust biomarker of risk of 

oral cancer development in patients with OPMD. Using the 
4-NQO murine model of oral carcinogenesis,7 we have pre-
viously shown the role of early epithelial gene expression 
changes during OPMD malignant transformation.8

The role of the immune microenvironment (IME) during head 
and neck carcinogenesis has been recently emphasized. In parti-
cular, T-cells infiltrate has been associated with improved out-
comes in patients with HNSCC, one of the most immune- 
infiltrated cancer types.9 Recent clinical trials investigating immu-
notherapies represent an unprecedented advance in HNSCC.10,11 

Within this context, the role of the IME during early steps of oral 
carcinogenesis has been reported,12 and immunoprevention stra-
tegies proposed.13 We have previously identified two distinct gene 
expression based OPMD subtypes named immunological and 
classical respectively.14 The immunological class was character-
ized by an activation of immune signaling pathways, an increased 
immune infiltrate and an overexpression of miR-142-5p, 
a microRNA involved in M1/M2 macrophage switch. 
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Intriguingly, we found that a high miR-142-5p expression level 
was associated with improved oral cancer-free survival (OCFS), 
contrasting with the typical protumorigenic role of M2 macro-
phages in established tumors.

Herein, using the 4-NQO murine model of oral carcinogen-
esis, we show that early gene expression changes in the stroma 
underlying lesions, were mainly associated to immune biolo-
gical processes, mainly involving the macrophage population. 
Moreover, using immunohistochemistry, significant changes 
in T-cells, B-cells, and macrophages stroma infiltration were 
observed at premalignant stages. In particular, M2 macro-
phages infiltrate changes were among the most important 
ones, especially at the stage of dysplasia. Surprisingly, three 
independently published M2 macrophages gene expression 
signatures were associated and highly predictive of improved 
OCFS in 86 OPMD. These results support the need to revisit 
the role of M2 macrophage during oral tumorigenesis.

Methods

Details are provided in Supplementary Methods for the 
4-NQO model, laser microdissection, RNA extraction, sequen-
cing, immunohistochemistry staining protocols, and bioinfor-
matic analysis.

The 4-NQO mice model of oral carcinogenesis

As previously described,8 the experiments were performed 
in accordance with the animal care guidelines and were 
validated by the local Animal Ethic Evaluation Committee 
(CECCAPP_CLB_2016_014). Briefly, six-week-old mice 
were exposed to the chemical carcinogen 4-NQO. The 
4-NQO treatment is given ad libidum at a dose of 
100 μg/mL for 8 weeks. The 4-NQO was then replaced by 
normal drinking water. Few weeks after the cessation of the 
4-NQO, mice developed progressively premalignant lesions 
(hyperplasia and dysplasia) and later tumors. Mice were 
sacrificed every 4 weeks after the cessation of the 4-NQO. 
In all the manuscript, the specified times (in weeks) refer to 
the time of the experiment.

Based on the histological mapping of a veterinary 
pathologist (A.T.) examining the paraffin-embedded 
(FFPE) tongues of CBA mice from this model, we selected 
several biological replicates of each histological stage: 3 
normal samples from control mice (at week 16, 20, and 
24), 3 hyperplastic lesions (at week 20, 24, and 32), 4 
dysplastic lesions (at week 16, 24, 28 and 32), and 3 
tumor samples (at week 28 and 2 at week 32) from the 
4-NQO treated mice (Supplementary Figure S1 and S2). 
Only typical pathological diagnoses were selected from 
mice that were sacrificed at different time points to avoid 
a potential bias due to the biological effect of age.

Laser Capture microdissection (LCM)

Using three FFPE sections of each histological stage, we per-
formed LCM (PALM MicroBeam IV Zeiss®) of epithelial cells 
(E-samples) as well as underlying stroma (S-samples) to 

generate gene expression profiles (Supplementary Figure S3– 
S5; Supplementary Video).

Total RNA extraction and RNA-sequencing

After total RNA extraction (QIAGEN RNeasy® FFPE-kit), sam-
ples (n = 13 epithelial and n = 13 stromal, subsequently 
referred as E-samples and S-samples, respectively) were 
sequenced (NextSeq 550 Illumina®) (quality controls in 
Supplementary Table 1). Raw data were deposited at Gene 
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/ 
geo/) (GSE164619).

Immunohistochemistry (IHC)

The HALO™ software system (Indica Labs, v.2.0.1145.19) was 
used to quantify immune infiltrates for T-cells (CD3, CD4, 
CD8, FoxP3), B-cells (CD45R0/B220), and macrophages (M1 
iNOS1 and M2 CD163) in the epithelium, the underlying 
stroma and muscle, of both normal (N) mucosa, hyperplasia 
(H), dysplasia (D) and tumor (T) samples (6 replicates for each 
condition totalizing 24 samples for each antibody). Data were 
normalized by the surface analyzed (n cells/mm2). In addition, 
to control for a potential inflammatory effect of 4-NQO, nor-
mal areas at distance of hyperplasia, dysplasia, and tumor 
lesions were analyzed (Supplementary Figures S6–S11).

Bioinformatics analysis

We defined sets of genes differentially expressed between 
tumor and normal mucosa called the “tumor gene set” 
(TGS), for both E- and S-samples i.e., TGSE and TGSS respec-
tively (Supplementary Table 2 and Supplementary Figure S12). 
TGSE and TGSS were divided into four non-overlapping gene 
subsets to study the dynamics of gene expression changes 
during oral tumorigenesis, as previously described:8 the 
“early” (EGS), the “intermediate” (IGS) and the “late” (LGS) 
gene subsets, representing changes observed at each step (i.e. 
H vs. N, D vs. H and T vs. D, respectively). The fourth gene 
subset, named “progressive” gene set (PGS), included genes 
changing progressively overtime but not included in other 
subsets (Supplementary Table 3–5 and Supplementary Figure 
S12 and S13).

The single-sample Gene Set Enrichment Analysis (ssGSEA) 
projection tool from GenePattern (ssGSEA v8) was used to 
compute separate enrichment scores (ES) for each sample 
using different gene sets (TGS, EGS, IGS, LGS, and PGS) in 
various datasets downloaded from GEO (GSE75421; GSE9844; 
and GSE30784). Standard GSEA analysis (GSEA v6.3) was 
performed to compute the ES of 4 762 curated gene sets (C2 
gene set, MSigDB database v6.1, default parameters) using the 
log2 fold-change in tumor versus normal mucosa as the input.

Seq-ImmuCC (http://218.4.234.74:3200/immune/) was used 
for immune cell populations deconvolution and infer the rela-
tive proportions of ten major immune cells (B-cells, CD4 and 
CD8 T-cells, Dendritic cells, Eosinophils, Macrophages, Mast 
cells, Monocytes, Neutrophils, and NK cells).
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M2 macrophages signatures and oral cancer risk

We have evaluated the association of some M2 macrophages 
gene expression signatures with Oral Cancer Free Survival 
(OCFS) using data previously published from 86 patients 
with OPMD, in particular, oral leukoplakia15 (GSE26549) 
(Supplementary Table 6). Briefly, gene expression profile was 
measured in 86 Oral leukoplakia patients who were enrolled in 
a clinical chemoprevention trial that used the incidence of oral 
cancer development as a prespecified endpoint.16 After inclu-
sion, the patients were randomly assigned to intervention (13- 
cis- retinoic acid versus retinyl palmitate with or without beta- 
carotene). OCFS was defined as the time from random assign-
ment until diagnosis of any OSCC. Analysis of OCFS was 
performed in the entire intent-to-treat population and was 
analyzed by the Kaplan-Meier method. The median follow-up 
time was 7.11 years and 35 of the 86 patients developed oral 
cancer over the course. The average time between the OL and 
OSCC diagnosis is 3.11 years (0.18–14.33).

Immunological and classical subtypes of OPMD

We have recently identified two distinct gene expression based 
OPMD subtypes named immunological and classical 
respectively.14 Briefly, based on genome-wide expression pro-
files of 86 oral leucoplakias (GSE26549)15 and using the 2,500 
most variable genes, we performed an unsupervised and 
unbiased clustering of these samples (discovery dataset). Two 
main clusters, including 42 (cluster 1) and 44 (cluster 2) 
OPMD, respectively, were identified. Cluster 1, showing 
a strong and significant enrichment of immune pathways was 
named ‘immunological’ while cluster 2, characterized by 
a moderate enrichment of pathways involved in xenobiotic 
metabolism as well as EGFR signaling, was named ‘classical’. 
By comparing genome-wide expression profiles of immunolo-
gical as well as classical OPMD, we have identified the 200 most 
overexpressed genes and the 200 most under-expressed genes. 
These genes were used to build an “Enrichment Score-based 
classifier” allowing the classification of OPMD as being immu-
nological or classical if the score was >0 or <0, respectively 
(ssGSEA). This classifier was then validated using OPMD 
samples from three independent datasets, including 17 
(GSE30784),13 (GSE10174), and 15 (GSE85195) OPMD.

Statistical analysis

Statistical analyses and plots were performed using R 4.0.0 
and the GSVA_1.36.2, the survival_3.1–12, survminer_0.4.7, 
PMCMRplus_1.5.0, pROC_1.16.2, and ggplot2 packages. 
Non-parametric Kruskal-Wallis test was used to compare 
to compare GSEA ES as well as immune cell counts 
between more than two groups and Mann Whitney for 
two groups’ comparisons. Post hoc Steel-Dwass-Flinger 
test was used for comparisons with false discovery rate 
adjusted P-value <.05. Survival distributions were estimated 
using the Kaplan-Meier method and compared with the 
log-rank test between two groups (clustered by a Gaussian 
mixture model). Correlations between the ES of two signa-
tures were computed using the Spearman test. Prediction of 

oral cancer risk was computed using the multivariate Cox 
model including ES normalized by inter-quartile range. 
Three-folds cross validated AUC was performed, and 95% 
confidence intervals were computed by bootstrap (DeLong 
method). For Cox models, proportional hazards assumption 
was tested. P-values ≤0.05 were considered to be statisti-
cally significant.

Results

Gene expression changes in stroma discriminate OSCC 
from normal mucosa

A total of three control mice and nine mice treated by 
4-NQO and sacrificed at different ages were included 
(Supplementary Figure S1 and S2). The histological map-
ping of 270 FFPE-tongues H&E sections from the nine 
4-NQO treated mice showed an increasing incidence of 
histological lesions (i.e., Hyperplasia (H), Dysplasia (D), 
and Tumor (T)) over time (Figure 1). Preneoplastic lesions 
(H and D) were more common during the first 24 weeks. 
At week 28, histological lesions were observed in 97% of 
the sections analyzed. At week 32, T were observed in 72% 
of the sections analyzed.

Gene expression profiles were generated in 12 selected mice 
from microdissected epithelium (E-samples) and underlying 
stroma (S-samples), including 3 N, 3 H, 4 D, and 3 T. Using 
whole genome expression profiles, E-samples and S-samples 
were divided into two distinct clusters (Figure 2a).

We identified two sets of genes differentially expressed 
between T and N in E-samples and S-samples, respectively 
called TGSE and TGSS that included 837 and 1,519 genes 
respectively (Supplementary Table 4). Both gene sets were 
divided in a UP and DOWN subsets including genes which 
were coordinately up- or down-regulated within a sample. The 
overlap between TGSE and TGSS was 373 (16%). TGSE and 
TGSS were able to discriminate cancer from normal samples in 
three independents murine (GSE75421) and human (GSE9844 
and GSE30784) datasets (Figure 2b).

In summary, gene expression changes were more abundant 
in the stroma and different from those occurring in the epithe-
lial compartment and the 4-NQO model is relevant to under-
stand the dynamic changes observed during oral 
carcinogenesis.

Gene expression changes in the stroma and mainly related 
to immune biological processes

To study the dynamics of gene expression changes during oral 
carcinogenesis, we divided the TGSS as well as the TGSE into 
four non-overlapping gene subsets associated with histological 
changes i.e., “early” (EGS), “intermediate” (IGS), “late” (LGS) 
and “progressive” (PGS) gene subsets either in the epithelial or 
the stroma compartment (Supplementary Tables 2–5, 
Supplementary Figures S12 and S13). In the epithelium, the 
number of genes specifically and differentially expressed was 
higher between normal mucosa to hyperplasia while it was 
more evenly distributed during tumorigenesis in the stromal 
compartment
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Figure 1. Histological changes in the 4-nitroquinoleine-1-oxyde (4-NQO) treated mice. A total of 270 formalin-fixed paraffin-embedded tongues slides from the 
nine mice were treated with 4-NQO.

Figure 2. Global gene expression changes in the epithelial and stromal compartments. (a) Principal Component Analyses using the 1% genes with the highest 
mediation absolute deviation. Two distinct patterns of distribution were observed. (b) TGSE and TGSS enrichment scores computed using ssGSEA in murine (GSE75421) 
and human (GSE9844, GSE30784) independent datasets. Significant changes related to histological stages are observed. (TGSE: tumor gene set Epithelium; TGSS: tumor 
gene set Stroma; UP: version for genes upregulated; DN: version for genes downregulated; UP+DN: combined version; ssGSEA: single sample gene set enrichment 
analysis).

e1944554-4 J. BOUAOUD ET AL.



Figure 3. Graphical representation of some Enrichment Scores of genes specifically and differentially expressed between tumor and normal mucosa in the Stroma (a) 
and the Epithelium (b) for the 4,762 of the C2 “curated gene sets”. High enriched scores (peak of the plot) for signatures related to immune regulation and cancer 
invasiveness were observed (https://software.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html).

Figure 4. Deconvolution of immune cell populations in stroma samples. Each immune cell type is given as a percentage (T-cells: T lymphocytes; B-cells: 
B lymphocytes; NK: Natural Killer).
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In order to get some insight into the biological signifi-
cance of gene expression changes during oral carcinogen-
esis, we first used GSEA. In the stroma, among the 34 gene 
sets significantly enriched between tumor vs normal 
mucosa (FDR q-value <1e-5; Supplementary Table 7), 
more than half were involved in immune and inflammation 
regulation processes, including a signature up-regulated in 
macrophages (Figure 3a). In the epithelium, most of the 
122 significantly enriched pathways were related to carci-
nogenesis and invasiveness processes (Supplementary 
Table 7, Figure 3b). Interestingly, in the epithelium, 
Interferon related pathways, especially Interferon-gamma, 
were highly enriched in the early stage of oral carcinogen-
esis (Hyperplasia vs. Normal) while head and neck carci-
nogenesis pathways were enriched during malignant 
transformation of Dysplasia into Tumor in both the 
Epithelium and underlying Stroma.

We then used the five gene sets previously proposed to 
determine the cancer immune subtypes17 and computed an 
ES using ssGSEA in our samples. Among them, in both the 
epithelium and the stroma compartments, the “wound heal-
ing” and “TGF-beta” gene sets were the most positively 

enriched, while the “leukocyte infiltration” gene set was 
the most negatively enriched, but the three of them had 
limited variation during tumorigenesis. The “Interferon 
gamma” gene set ES increased overtime in both compart-
ments but remained negative. Interestingly, the “CSF1 
response” gene set ES, an M2 macrophage related signature, 
was increasing overtime in both compartments, but became 
positively enriched in the stroma only (Supplementary 
Table 8, Supplementary Figure S14).

The dynamics of immune cell populations during oral 
carcinogenesis
Using gene expression profiles generated in the stroma, we 
performed immune cell populations deconvolution (http:// 
wap-lab.org:3200/immune/) to infer the relative proportions 
of ten major immune cells (Figure 4). While macrophages 
represent less than 20% of immune infiltrating cells in nor-
mal/hyperplastic tissues, immune infiltrates in dysplasia and 
tumor tissues are dominated by macrophages (almost 35% and 
>50% of immune infiltrate respectively).

Figure 5. Quantification of immune cells infiltrate at each stage of oral tumorigenesis in the 4-nitroquinoleine-1-oxyde model. T-cells (total CD3+, helper CD4 
+, cytotoxic CD8+, regulatory FoxP3+), B-cells (B220+) and macrophages (M1 iNOS+, M2 CD163+) were immunostained and quantified in normal mucosa (n), 
hyperplasia (h), dysplasia (d) and established tumor (t).
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In order to get a direct insight into the dynamics of immune 
cell populations during oral carcinogenesis, we performed 
immunostaining for T- and B-cells, and macrophages popula-
tions. Results were analyzed by combining the epithelium and 
stroma compartments or by considering them separately.

When combining the epithelium and stroma compartments, 
immune cells infiltrates were increasing overtime for T-cells 
(T-cells CD3+, helper CD4+, cytotoxic CD8+, regulatory 
FoxP3+), B-cells (B220+), and macrophages (M1 iNOS+, M2 
CD163+) (Figure 5). For almost all immune cell populations, the 
infiltrate was the highest in dysplasia. Of note, these changes 
were related to histological changes and not to a potential 
inflammatory effect of 4-NQO (Supplementary Figure S11). 
Except for CD3 + T-cells, the increase in CD163+ M2 infiltrate 
was the most important one quantitatively. When analyzing the 
epithelial and stroma compartments separately, the increase of 
the immune cells infiltrate, including the CD163+ M2 popula-
tion, was mainly seen in the stroma compartment (Figure 6).

M2 macrophages signatures and oral cancer risk
To investigate the precise role of M2 macrophages during oral 
carcinogenesis, we identified 13 murine and human gene 
expression signatures previously reported in the literature18– 

28 (Supplementary Figure S15a). Surprisingly, virtually no 
overlap was observed between genes included in these signa-
tures (Supplementary Figure S15b).

We then evaluated the association of each M2 signature 
with OCFS using data from 86 patients with OPMD (oral 
leukoplakia, GSE26549, Supplementary Table 6).15 ssGSEA 
was used to compute an ES of each individual sample. 
Analysis was first done in the overall population in which 
none of the M2 macrophages signatures was associated with 
oral cancer-free survival (Supplementary Figure 16).

We then explored the signatures in the immunological 
(n = 42) versus classical (n = 44) subtypes of OPMD. As 
expected, the ES of 11/13 signatures was significantly higher 
in OPMD of the immunological subtype than in OPMD of 

Figure 6. Quantification of immune cells infiltrate in the epithelial and underlying stroma compartment (a) and changes in the CD163+ M2 macrophages 
infiltrate in the stromal compartment in the in the 4-nitroquinoleine-1-oxyde model during oral tumorigenesis (b). T-cells (total CD3, regulatory FoxP3+) and 
macrophages (M1 iNOS+, M2 CD163+) were immunostained and quantified in normal mucosa (n), hyperplasia (h), dysplasia (d) and established tumor (t).
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the classical subtype (Supplementary Figure S17). A similar 
trend for improved OCFS in immunological OPMD with 
high ES was observed for a majority of M2 signatures 
(Supplementary Figure S18) and with a P-value <0.01 for 
3 signatures (Figure 7). No such association was observed 
when considering classical OPMD (data not shown) or 
when considering the 4-NQO gene sets as tested signatures 
(Supplementary Figures S19 and S20).

We next tested the ability of these signatures to predict 
OSCC development in immunological OPMD and if combin-
ing them do improve this prediction (Cox model, 3-folds cross 
validated AUC) (Figure 8). We found AUCs significantly 
higher to 0.5, supporting the excellent prediction ability of 
these signatures. Given that there were no statistical differences 
between AUCs of different models as well as the associated 
Hazard ratios, we found that all signatures were predictive of 
better OCFS in immunological OPMD, in particular the 
“Martinez2013_M2”. Overall, these results showed an unex-
pected association between M2 macrophages infiltrates and 
OCFS in the immunological subtype of OPMD.

Discussion

In this work, by carefully analyzing, in the 4-NQO model, of the 
epithelial and the underlying stromal compartments, using gene 

expression profiles as well as immunostaining and semi- 
quantitative assessment of different immune cell populations, 
we report that immunological changes are observed in early 
stages of oral tumorigenesis. Using different data mining 
approaches, we identify changes associated with M2 macro-
phages as being the most prominent quantitatively. 
Intriguingly, M2 macrophages gene expression signatures were 
consistently associated with a decreased oral cancer-risk in 
patients with an immunological OPMD subtype that we have 
previously reported.14

Our study shows that all immune cell populations (T- and 
B cells, macrophages) are increasing early during mucosal 
transformation. It is striking that most of the changes seen in 
terms of the immune cell infiltration were observed at the stage 
of hyperplasia and did not dramatically change afterward. This 
is contrasting with stromal gene expression changes that were 
distributed across the different stages of tumorigenesis. This 
difference may be explained by immune cells functional 
changes rather than changes in the immune cell subtypes.

As expected, the dynamic changes observed were mostly 
seen in the stromal compartments. However, it is interest-
ing to note that some significant changes were also 
observed in the epithelial compartment, especially for 
T-cells. Their impacts need to be better understood. 
Several authors have recently reported that a decrease in 

Figure 7. Association of three independent M2 macrophages gene expression signature with oral cancer-free survival of patients with oral potentially malignant 
disorders of the immunological subtype.
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CD3+, CD4+, (helper) and CD8+ (cytotoxic) T-cells infil-
trates was associated with malignant transformation of 
patients with OPMD.29–31 In our model, CD4 + T-cells 
were significantly increased in hyperplasia vs. normal 
mucosa, while CD8 + T-cells were significantly increased 
at the stage of dysplasia vs. normal mucosa, but none of 
them were decreasing significantly in established tumors. 
This might be related to the small number of lesions 
analyzed.

The precise role of M2 macrophages during oral carcino-
genesis is unclear.32 While they have been largely reported to 
be associated with worse prognosis in patients with established 
tumors9 and besides the paucity of reports studying M2 macro-
phages in OPMD patients, conflicting results have been pub-
lished. Some authors reported an increased M2 infiltrate in 
OPMD that subsequently transformed into OSCC compared 
to those that did not transform.30,33,34 Among them, Yagyuu 
et al. found that subepithelial CD163-positive cell count was 
significantly associated with malignant-free survival; of note, 
only 8/120 (7%) of the patients developed OSCC in their 
cohort.34 Weber et al. recently published the same conclusions 
in a large cohort of 103 OPMD with long term follow-up 
(60 months), including 50 patients that developed OSCC. 
Interestingly, the M2 infiltrate found in the epithelium was 
prognostic, while the one in the subepithelial compartment 
was not found to be associated with prognosis.33 In our study 
of the 4-NQO model as well as in another report,35 M2 macro-
phages infiltrate within the epithelial cells compartment was 
very limited. More recently, Yagyuu et al. reported a series 

including n = 200 OPMD in which the subepithelial CD163 
+ cell count was not associated with malignant transformation 
of OPMD.36

On the other hand, the CD163/CD68 expression ratio in the 
stroma, which can be considered as a good indicator of M2 
macrophages polarization, was significantly associated with 
non-transformed OPMD in the Weber et al. as well as the 
Stasikowska-Kanicka et al. studies.33,35 These results are con-
sistent with our recent observation that miRNA 142–5p, that 
promotes M1 to M2 switch,37 is associated with improved 
OCFS in immunological OPMD.14

Overall, the precise role of M2 macrophages during oral 
carcinogenesis is not yet established.38 Some discrepancies may 
be related to the tissue compartment that is being analyzed 
(epithelial versus underlying stroma). As stated by Shigeoka 
et al., in their recent systematic review “the biological features 
of macrophages in oral carcinogenesis differ drastically depend-
ing on the anatomical compartment that they infiltrate”.39

Also, as recently reported at the transcriptional level, 
macrophages are recognized as being extremely plastic during 
macrophage polarization,40 and intermediate stages may not be 
properly recapitulated by the “classical” M1 or M2 subtypes 
and impact differently oral tumorigenesis.

Herein, we report three independent M2 macrophages gene 
expression signatures18,19,21 that are associated with better 
OCFS in the subgroup of patients harboring an OPMD of the 
immunological subtype. While our results are not fitting con-
ventional role of M2 macrophages and remain to be validated 
by further biological investigations, they underline that the 

Figure 8. Three independent M2 macrophages gene expression signatures are predictive of oral cancer-free survival. Each signature (Martinez2013, 
Jablonski2015, Tuit2019) demonstrates an excellent prediction (AUC  0.5, Hazard Ratio [0.3–0.8]) of improved oral cancer-free survival in patients with oral potentially 
malignant disorders of the immunological subtype (Cox model, 3-folds cross validated AUC).
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“classic” association between M2 macrophages infiltrate and 
worse prognosis in established tumors may not translate in 
early stages of tumorigenesis.9,41 It is interesting to note that 
the impact of M2 macrophages signature was not observed in 
patients with the classical subtype that is characterized by 
a “cold” OPMD. We believe this is an important observation 
in the context of the ongoing effort of the scientific community 
to develop immunoprevention strategies and argues in favor of 
proper patient stratification as those strategies are being or will 
be evaluated in clinical trials.

In summary, our study improves our understanding of early 
changes in the immune microenvironment during oral tumor-
igenesis and reveals an unexpected association of M2 macro-
phages with OCFS in immunologically active OPMD. It 
provides a detailed description of dynamic changes in the 
4-NQO murine model that will be important to consider when 
evaluating new immune-prevention strategies in this model.42

Highlights

● Oral carcinogenesis is characterized by early immune-related gene 
expression and immune infiltrate changes.

● In oral leukoplakia, enrichment in M2 macrophage signatures is asso-
ciated with improved oral cancer-free survival.
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