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1  |  INTRODUC TION

Oral cancer, most commonly involves the tongue, is the sixth most 
frequent cancer in the world. In 2018, the total number of new cases 
of lip and oral cavity cancer worldwide was 354,864, showing an 
increased trend in morbidity compared with the relevant data from 
2012.1,2 Oral squamous cell carcinoma (OSCC) represents over 90% 

of all forms of malignancies in the oral cavity.3 Despite significant im-
provements made recently in the diagnosis and treatment of OSCC, 
the five-year survival rate of OSCC still remains approximately 
50%.4 Therefore, it is urgent to elucidate the underlying molecular 
and cellular mechanisms of oral carcinogenesis.

Most OSCC are thought to be derived from precancerous le-
sions through a multistage process including hyperplasia, dysplasia, 
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Abstract
Objectives: This study aimed to clarify the dynamic changes of exhaustion features in 
T cells during oral carcinogenesis.
Materials and Methods: Mice were randomly divided into 4NQO group and control 
group. The exhaustion features of CD4+ and CD8+ T cells of both groups were de-
tected by flow cytometry. Furthermore, multiplex immunohistochemistry was used 
to evaluate the expression of inhibitory receptors in human normal, dysplastic, and 
carcinogenesis tissues. Finally, anti-PD-1 antibody treatment was performed at the 
early premalignant phase of oral carcinogenesis.
Results: The proportion of naive T cells in 4NQO group was lower than those in 
control group, while the proportion of effector memory T cells was higher in 4NQO 
group. The expression of inhibitory receptors on CD4+ and CD8+ T cells increased 
gradually during carcinogenesis. In contrast, the secretion of cytokines by CD4+ and 
CD8+ T cells decreased gradually with the progression stage. Strikingly, those changes 
occurred before the onset of oral carcinogenesis. The expression of inhibitory re-
ceptors on T cells increased gradually as the human tissues progressed from normal, 
dysplasia to carcinoma. Interestingly, PD-1 blockade at the early premalignant phase 
could reverse carcinogenesis progression by restoring T cell function.
Conclusions: T-cell dysfunction was established at the early premalignant phase of 
oral carcinogenesis; PD-1 blockade at the early premalignant phase can effectively 
reverse T-cell exhaustion features and then prevent carcinogenesis progression.
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carcinoma in situ, and invasive carcinoma, where molecular alter-
ations accumulate over time and followed by observed epithelial 
changes. On the other hand, local immune cells are deeply involved 
in this multistage process, whether act as an effector arm against 
malignant transformation or contribute to disease progression. T 
cells, constituting an important element of both premalignant and 
tumor immune microenvironment, play a crucial role in prevent-
ing the development of OSCC. Retrospective studies have demon-
strated that higher infiltration of T cells in oral premalignant lesions 
is associated with reduced susceptibility to OSCC.5,6 Nonetheless, 
despite the presence of antigen-specific T cells which are able to 
sense dysplastic epithelial cells in the oral premalignant lesions, the 
dysplastic cells cannot be eliminated.7 It has been proposed that 
the premalignant phase of oral carcinogenesis may equivalent to 
the equilibrium phase of cancer immunoediting and can be shifted 
toward OSCC as the adaptive immunity was impaired.8 However, 
whether and how the malignant transformation initiates and the 
dynamic changes in T-cell states during oral carcinogenesis remain 
largely unknown.

Accumulating evidence indicates that T cells acquire an “ex-
haustion” state characterized by sustained expression of inhibi-
tory receptors, progressive loss of effector functions, and distinct 
transcriptional and epigenetic profiles during the progression of 
cancer.9 Intriguingly, the dysfunctional tumor-specific T cells found 
in the tumor microenvironment are already “imprinted” at the pre-
malignant stage preceded tumor establishment due to continuous 
antigen encounter.10 It is reported that tumor-specific neoantigens 
may arise at the premalignant phase and can be presented to the 
T cells.11 Similarly, in the context of oral carcinogenesis, oral pre-
malignant lesions share several tumor antigens including EGFR, 
RAGE, and MUC1 with OSCC to stimulate T-cell-mediated immune 
response.12 Besides, PD-L1, a coinhibitory receptor exerting its 
immunosuppressive effect via binding to PD-1, was expressed on 
dysplastic epithelial cells and infiltrating cells in oral premalignant 
lesions and showed elevated expression in oral premalignant lesions 
that further progressed to cancer.13,14 Therefore, we hypothesized 
that T-cell dysfunction and immunosuppression occurred at the 
early premalignant phase of oral carcinogenesis. In addition, restor-
ing T-cell function at the early premalignant phase could prevent car-
cinogenesis progression.

In this study, we used a classical 4-nitroquinoline-1-oxide 
(4NQO)-induced murine OSCC model to mimic human oral cavity 
carcinogenesis. The oral epithelial lesions in mice were evaluated 
by hematoxylin and eosin (H&E) staining, and the dynamic changes 
of exhaustion features in T cells during the development of murine 
OSCC were monitored by flow cytometry. Our study has revealed 
that systemic T-cell exhaustion emerges at the early stage of oral 
carcinogenesis and restoring T-cell function at this stage could pre-
vent oral carcinogenesis progression. This discovery may help in 
better understanding of the underlying mechanisms of OSCC patho-
genesis and developing therapeutic strategies through remodeling 
T-cell function at the early stage of oral carcinogenesis to prevent 
malignant transformation toward OSCC.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

Six-week-old female C57BL/6  mice were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. All mice were 
maintained in a specific pathogen-free environment. All animal study 
protocols were performed under the guidelines of the Institutional 
Animal Care and Use Committee of Sun Yat-Sen University.

2.2  |  4NQO-induced oral tumorigenesis

The 4NQO group was given sterile water containing 100  μg/ml 
4-Nitroquinoline-1-oxide (4NQO, Sigma-Aldrich) for 16  weeks, while 
the control group was given sterile water to drink.15,16 At week 16, the 
4NQO water was changed into sterile water until the end of week 20. 
Mice were sacrificed at week 4, week 8, week 12, week 16, and week 20.

2.3  |  Antibody treatment

Anti-mouse PD-1 monoclonal antibody was a kind gift from Lieping 
Chen (Yale University School of Medicine). After 4NQO treatment 
for 12 weeks, the mice were randomly divided into anti-PD-1 group 
(αPD-1 group) and control IgG group (Ctrl IgG group). The mice of 
αPD-1 group were treated with 200 μg anti-PD-1 antibody intraperi-
toneally every week from 12 weeks to 16 weeks, while equivalent 
amounts of control IgG were administered intraperitoneally to the 
mice of Ctrl IgG group. All mice were sacrificed at week 20.

2.4  |  Histology and pathological analysis

Oral lesions were identified and photographed every 4 weeks. Next, 
oral lesions were harvested and fixed in 10% formalin for 24 h after 
euthanizing mice, then sectioned into 4-μm slices. The slices were 
then stained with hematoxylin and eosin (H&E). After that, these 
slices were classified into multiple histopathological grades (normal, 
hyperplasia, dysplasia, and carcinoma) by 2 certified pathologists.

2.5  |  Flow cytometry

The Draining lymph node (Dln) and spleen were ground into a sin-
gle cell suspension. The tongue tissue was cut into 1-mm3 pieces 
and digested with DNase I (0.1 mg/ml) and collagenase IV (1 mg/
ml) for 1 h. After red blood cells in the single cell suspension were 
lysed, single cell suspension was blocked by anti-mouse FcR blocker 
for 30 min. The cells were further stained with antibodies in PBS 
with 2% FBS for 30 min at 4°C. Flow cytometry was performed ac-
cording to a standardized protocol.17 Before intracellular cytokine 
staining, cells were stimulated in vitro with cell stimulation cocktail 



    |  3 of 12XIE et al.

(TNB-4975-UL100, Tonbo Biosciences, USA) for 5 h at 37°C with 
5% CO2. Antibodies for flow cytometry are listed in Table S1. Flow 
cytometric analyses were performed using BD LSRFFortessa (BD 
Biosciences), and data were analyzed using FlowJo 10.5.3 software. 
The fluorescence minus one (FMO) was performed as the flow cy-
tometric controls for establishing gates. The DownSample plugin of 
FlowJo 10.5.3 software was used to extract 3000 events in CD3+ 
subgroup of each sample.18 After concatenating the extracted data 
of each group, t-SNE plugin was used to obtain t-SNE graph.

2.6  |  Multiplex immunohistochemistry

For multiplex immunohistochemistry (mIHC) staining, tissues from 
5 OSCC samples, 5 oral leukoplakia (OLK) samples and 5 adjacent 
normal tissues samples were obtained during surgical resection at 
the Hospital of Stomatology, Sun Yat-sen University (Guangzhou, 
Guangdong, P.R. China), and written informed consent was obtained 
from each patient. The mIHC staining was performed with the Opal 
fluorescent IHC Kit (NEL811001KT, PerkinElmer).19 At first, anti-
gen retrieval was performed under high temperature and high pres-
sure for 10 min with Tris-EDTA (pH = 9.0). Subsequently, the slices 
were incubated with primary antibody for 16 h (4°C). The primary 
antibodies were listed as follows: anti-human CD4 (EP204, CST), 
anti-human CD8 (D8A8Y, CST), anti-human PD-1 (D4W2J, CST), 
anti-human TIM-3 (D5D5R, CST), and anti-human LAG-3 (D2G40, 
CST). Then the slices were incubated with secondary-HRP and Opal 
TSA dyes for 10 min (RT) and 20 min (RT), respectively. Afterward, 
the other cycles of staining were implemented. The Opal detec-
tion fluorophores were as follows: CD4-Opal 650, CD8-Opal 620, 
PD-1-Opal 570, TIM-3-Opal 540, and LAG-3-Opal 520. DAPI was 
applied for nuclear staining. The immunofluorescence images were 
captured and analyzed with Vectra 3.0 imaging system and inForm 
image analysis software (Vectra 3.0; Perkin Elmer).

2.7  |  Statistical analysis

All statistical analyses were implemented with GraphPad Prism 7.0. 
Fisher's exact test was used to compare the proportion of oral le-
sions of Ctrl IgG group and αPD-1 group. Differences in flow cyto-
metric results were evaluated with Student's t test. The results of 
mIHC were evaluated with one-way analysis of variance (ANOVA). 
All analyses were two-tailed, and p < 0.05 was considered significant.

3  |  RESULTS

3.1  |  4NQO induced the development of OSCC in 
mice

To investigate T-cell exhaustion during the process of OSCC, we 
induced precancerous and cancerous lesions in mice with 4NQO 

(Figure 1A). Six mice in the 4NQO group and the control group were 
sacrificed every 4 weeks during the induction process. Then, the oral 
mucosal lesions of mice were detected. With the increase in time of 
4NQO induction, hyperplasia, dysplasia, and carcinoma in the oral 
mucosa of mice were observed at week 8, week 12, and week 20, 
respectively (Figure 1B–D). Therefore, in this study, the oral mucosa 
of mice at week 4, week8, and week20 was in normal, hyperplasia, 
and carcinoma stage, respectively, while the oral mucosa of mice at 
week 12 and week16 was in dysplasia stage.

3.2  |  The differentiation states of T cells changed 
during the development of OSCC

The differentiation states of CD4+ and CD8+ T cells in the spleen, 
draining lymph node (Dln), and tongue were detected with flow cy-
tometry every 4 weeks (Figure S1). The proportion of effector mem-
ory T cells (Tem, CD44+ CD62L−) and central memory T cells (Tcm, 
CD44+ CD62L+) was higher in 4NQO group than in control group, 
while the proportion of naive T cells (Tn, CD44− CD62L+) was lower 
in 4NQO group than in control group (Figure 2A).

Compared with control group, 4NQO group showed a higher 
proportion of CD4+ Tem in Dln at week 4 and in tongue and spleen 
at week 8. 4NQO group showed a higher proportion of CD4+ Tcm in 
Dln and spleen at week 8 and showed a higher proportion in tongue 
at week 4. Conversely, 4NQO group showed a lower proportion of 
CD4+ Tn in Dln, tongue, and spleen at the week 4, week 8, and week 
12, respectively (Figure 2B–D and Figure S2A,B).

Similarly, the percentage of CD8+ Tem in tongue and Dln was 
significantly higher in 4NQO group compared with control group 
at week 8, but there was no significant difference in spleen. 4NQO 
group showed a lower proportion of CD8+ Tn in tongue at week 8, 
but there was no significant difference in Dln and spleen. Compared 
with the control group, 4NQO group showed a lower proportion of 
CD8+ Tcm in Dln and tongue at week 8 and week 20, respectively, 
but there was no significant difference in spleen (Figure 2B–D and 
Figure S2A,B).

3.3  |  The expression of inhibitory receptors on T 
cells gradually increased during the process of OSCC 
development

The expression of inhibitory receptors such as PD-1, CTLA-4, 
TIGIT, LAG-3, and TIM-3 increased in the process of T-cell ex-
haustion. Flow cytometry was used to detect the expression 
of inhibitory receptors in spleen, Dln, and tongue at different 
stages during OSCC progression. The results showed that the 
expressions of PD-1, CTLA-4, and TIGIT on CD4+ T cells of Dln 
and tongue in 4NQO group compared with control group were 
significantly up-regulated at week 4 and week 8, respectively 
(Figure  2A–D). The expression of CTLA-4 in spleen CD4+ T 
cells of 4NQO group was significantly up-regulated than that of 
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control group at week 4, while the expression of PD-1 and TIGIT 
in spleen CD4+ T cells were not significantly different between 
two groups (Figure S3A–C). The expression of LAG-3 and TIM-3 
in CD4+ T cells of 4NQO group was significantly up-regulated at 
week 8 in Dln compared with that of control group. TIM-3 ex-
pression on CD4+ T cells in tongue began to show statistical dif-
ference at the week16, but LAG-3 expression on CD4+ T cells in 
tongue had no significant difference between these two groups 
at all time points (Figure  3E,F). At the same time, LAG-3 and 
TIM-3 expressions in spleen on CD4+ T cells showed difference 
at week 12 (Figure S3D,E).

Compared with control group, 4NQO group showed signifi-
cantly up-regulated expression of PD-1 on CD8+ T cells at week 
16 in Dln and at week 12 in tongue, but there was no significant 
difference in spleen (Figure  3B and Figure S3A). The expression 
of CTLA-4 and TIGIT on CD8+ T cells in Dln of 4NQO group was 
significantly up-regulated at week 4 compared with that of control 

group. CTLA-4 and TIGIT expression on CD8+ T cells in the tongue 
of 4NQO group was up-regulated at week 8 and week 20, respec-
tively (Figure 3C,D). The expression of CTLA-4 and TIGIT on CD8+ 
T cells in spleen was significantly different at week 20 and week 12, 
respectively (Figure S3B,C). The expression of LAG-3 and TIM-3 on 
CD8+ T cells in Dln of 4NQO group was significantly up-regulated 
at week 16 and week 12, respectively, compared with that of con-
trol group. Besides, there was a significant difference in LAG-3 and 
TIM-3 expression on CD8+ T cells in tongue between two groups 
at week 12 and week 20 (Figure 3E,F), but there was no signifi-
cant difference in LAG-3 and TIM-3 expression on CD8+ T cells in 
spleen (Figure S3D,E).

From the above results, it can be found that the up-regulation of 
inhibitory receptors on CD4+ T cells appears earlier and more obvi-
ous than that on CD8+ T cells, indicating that CD4+ T cells are more 
vulnerable to develop an exhaustion phenotype during the develop-
ment of OSCC than CD8+ T cells.

F I G U R E  1 4NQO administration 
resulted in precancerous and cancerous 
lesions in mice. (A) Mice were fed with 
4NQO or sterile water for 16 weeks and 
then given sterile water until week 20. (B) 
Representative pictures of precancerous 
and cancerous lesion formation every 
4 weeks in 4NQO group and control 
group. (C) Representative hematoxylin and 
eosin (H&E) of 4NQO group and control 
group. (D) Changes of the proportion of 
oral lesions in 4NQO group. W4, week 4; 
W8, week 8; W12, week 12; W16, week 
16; W20, week 20
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3.4  |  The cytokine secretion of T cells decreased 
gradually during the development of OSCC

The exhaustion of T cells is also characterized by the progressive re-
duction in cytokine secretion. Our results showed that the secretion 
of IL-2 by CD4+ T cells in Dln and tongue of 4NQO group was signifi-
cantly lower than that of control group from week 8 (Figure 4A), but 
there was no significant difference in spleen (Figure S4A). The produc-
tion of TNFα by CD4+ T cells in Dln and tongue of 4NQO group was 
significantly lower than that of control group at week 16 and week 

4, respectively (Figure 4B), while there was no significant difference 
about the secretion of TNFα on CD4+ T cells in spleen (Figure S4B).

In CD8+ T cells, the secretion of IL2 in Dln and tongue of 4NQO 
group was significantly lower than that of control group at week 12 
and week 20, respectively (Figure 4A), while there was no signifi-
cant difference in spleen (Figure S4A). The secretion of TNFα in Dln, 
tongue, and spleen of 4NQO group was significantly lower than that 
of control group from week 16, week 4, and week 12, respectively 
(Figure 4B and Figure S4B). The secretion of IFNγ in Dln, tongue, and 
spleen of 4NQO group was significantly lower than that of control 

F I G U R E  2 CD4+ and CD8+ T-cell differentiation states assessed by CD44 and CD62L expression. (A) T-Distributed Stochastic Neighbor 
Embedding (T-SNE) maps of T cells differentiation states in control and 4NQO mice. The parameters including CD4, CD8, CD44, and CD62L 
were incorporated in the analysis. (B) Representative flow cytometry of CD4+ and CD8+ T-cell differentiation states assessed by CD44 and 
CD62L expression. (C and D) Statistical results of CD4+ and CD8+ T-cell differentiation states in draining lymph node (C), and tongue (D) of 
mice. Tn, naïve T cells; Tcm, central memory T cells; Tem, effector memory T cells; Dln, draining lymph node; W4, week 4; W8, week 8; W12, 
week 12; W16, week 16; W20, week 20. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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group at week 4, week 16, and week 12, respectively (Figure 4C and 
Figure S4C).

3.5  |  The proportion of CD4+ T-cell subsets 
changed and MDSCs were enriched during oral 
carcinogenesis

It is known that CD4+ T cells comprise various subtypes, including 
Th1, Th2, Th17, and Treg, etc. Among them, Th1, Th17, and Treg are 
the most important cell subsets in carcinogenesis. Therefore, we 
detected the proportion of Th1, Treg, and Th17 in spleen, Dln, and 
tongue with flow cytometry. The results showed that the proportion 
of Treg in spleen, Dln, and tongue of 4NQO group was higher than 
that of control group at the early stage of induction, and the differ-
ence was more obvious with the extension of induction (Figure 5A 
and Figure S5A). The proportion of Th17 in spleen, Dln, and tongue 
of 4NQO group was lower than that of control group (Figure 5B and 

Figure S5B). The proportion of Th1 in spleen and Dln of 4NQO group 
was higher than that of control group, but no significant difference 
was observed between two groups in tongue (Figure 5C and Figure 
S5C). The ratio of Th17 to Treg of 4NQO group decreased from week 
4 in spleen, Dln and tongue (Figure 5D and Figure S5D).

MDSCs are also important subsets of immunosuppressive cells 
during tumor development. However, since the number of T cells 
isolated from lingual lesions is too small to separate parts for MDSCs 
detection, we only detected MDSCs in spleen and Dln. The results 
showed that the proportion of MDSCs of 4NQO group (especially in 
spleen) was higher than that of control group (Figure S6).

3.6  |  T-cell exhaustion was also associated with the 
development of human OSCC

To further validate the changes in exhausted features of T 
cells during the development of OSCC, we performed multiple 

FI G U R E 3 Expression of inhibitory receptors on T cells increased gradually with the development of OSCC. (A) T-SNE plots of inhibitory receptors 
expression on T cells in control and 4NQO mice. The parameters including CD4, CD8, PD-1, CTLA-4, TIGIT, LAG-3, and TIM-3 were incorporated 
in the analysis. (B, C, D, E, and F) Expression of PD-1 (B), CTLA-4 (C), TIGIT (D), LAG-3 (E), and TIM-3 (F) on T cells in Dln and tongue during the 
development of OSCC. W4, week 4; W8, week 8; W12, week 12; W16, week 16; W20, week 20. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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immunohistochemistry (mIHC) on human normal, dysplasia, and car-
cinoma tissues. We found that the expression of inhibitory receptors 
such as PD-1, TIM-3, and LAG-3 increased successively from normal, 
dysplasia to carcinoma tissues (Figure 6A–C). This phenomenon was 
consistent with observations in 4NQO-induced mouse carcinogen-
esis model.

3.7  |  PD-1 blockade at the early premalignant 
phase can effectively prevent oral malignant lesions 
progression by restoring T-cell function

Since T-cell dysfunction was established at the early premalignant 
phase of oral carcinogenesis, we continued to explore whether 

F I G U R E  4 Cytokine secretion on 
T cells decreased gradually during the 
development of OSCC. Percentages of 
T cells secreting IL2 (A), TNFα (B), and 
IFNγ (C) in Dln and tongue during the 
development of oral carcinogenesis. W4, 
week 4; W8, week 8; W12, week 12; W16, 
week 16; W20, week 20
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PD-1 blockade at the early premalignant phase could prevent oral 
carcinogenesis progression. Anti-PD-1 antibody (αPD-1) or control 
IgG (Ctrl IgG) treatment was performed from week 12 to week 
16 in 4NQO-induced OSCC models (Figure 7A). From photos and 
H&E staining of oral lesions, it could be found that PD-1 blockade 
at the early premalignant phase can effectively prevent oral malig-
nant lesions progression (Figure 7B,C). Among them, most of the 
oral lesions of Ctrl IgG group progressed to carcinoma, while most 
of the oral lesions of αPD-1  group stayed at hyperplasia stage 
(Figure 7C).

Flow cytometric analysis showed that the secretion of IL2 and 
TNFα by CD4+ or CD8+ T cells in tongue of αPD-1 group was sig-
nificantly higher than that of Ctrl IgG group (Figure 7D,E). However, 
there was no significant difference about the secretion of IL2 and 
TNFα by CD4+ or CD8+ T cells in Dln or spleen (Figure  7D,E and 
Figure S7A). Furthermore, the secretion of IFNγ by CD8+ T cells in 
Dln and tongue of αPD-1 group was significantly higher than that of 
Ctrl IgG group, while there was no difference in spleen (Figure 7F 
and Figure S7A). The expression of CTLA-4 on CD4+ or CD8+ T cells 
in tongue up-regulated after αPD-1 treatment, while the expression 
of other inhibitory receptors on CD4+ or CD8+ T cells did not sig-
nificantly change after αPD-1 treatment (Figure 7G and Figure S7B). 

Then we found that the proportion of Treg in tongue increased sig-
nificantly after αPD-1 treatment. The proportion of Th17 and Th1 in 
Dln and tongue also increased significantly after αPD-1 treatment. 
However, T-cell subsets except Th17 did not change significantly in 
the spleen αPD-1 treatment (Figure 7H and Figure S7C). No signifi-
cant changes were found in differentiation states of CD4+ or CD8+ 
T cells in Dln, tongue, and spleen between αPD-1 group and Ctrl IgG 
group (Figure S7D).

4  |  DISCUSSION

Although many studies have investigated the role of T-cell-mediated 
immune response in OSCC pathogenesis,17,20,21 T-cell states in the 
oral premalignant lesions and its dynamic changes during oral car-
cinogenesis are poorly understood. In this study, we aimed to clarify 
the dynamic changes of exhaustion features in T cells as well as 
other involved immune events during oral carcinogenesis. We found 
that T cells became dysfunctional at the early stage of epithelial dys-
plasia. We also found an increase in Treg and Th1 proportion and 
a decrease in Th17 proportion as disease progresses. Interestingly, 
anti-PD-1 antibody treatment at the early premalignant phase could 

F I G U R E  5 FIGURE Proportion 
of Treg and Th1 increased, while the 
proportion of Th17 decreased during 
the development of OSCC. (A–C) 
Representative flow cytometric analysis 
and the percentages of Treg (A), Th17 
(B), and Th1 (C) in Dln and tongue were 
shown. (D) Representative the ratio of 
Th17 to Treg were shown. W4, week 4; 
W8, week 8; W12, week 12; W16, week 
16; W20, week 20. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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effectively prevent the development of oral carcinogenesis by re-
storing T-cell function.

4NQO-induced OSCC murine model, which can simulate the 
dynamic process of carcinogenesis from normal to hyperplasia, 
then to dysplasia, and finally to carcinoma, is currently recognized 

as the most suitable model to investigate human OSCC multi-step 
carcinogenesis.22,23 Although the tumor formation time of 4NQO-
induced OSCC model is much longer than a transplanting neoplasm 
model, the whole carcinogenesis process is well defined and easy 
to be observed. Therefore, it is an excellent model for studying the 

F I G U R E  6 Expression of inhibitory receptors on T cells increased during the development of human OSCC. (A) Representative 
hematoxylin and eosin (H&E) staining images of human normal, dysplasia, and carcinoma tissues. (B) Representative multiplex 
immunohistochemistry (mIHC) images showing expression of inhibitory receptors on T cells of normal, dysplasia, and carcinoma tissues 
by simultaneous staining of CD4+ T cells (CD4, yellow), CD8+ T cells (CD8, purple), PD-1 (PD-1, green), TIM-3 (TIM-3, red), LAG-3 (LAG-3, 
cyan), and the nuclear stain DAPI (blue). (C) Statistical graph showing the expression of inhibitory receptors on CD4+ or CD8+ T cells in 
mIHC. *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001
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F I G U R E  7 PD-1 blockade prevents oral malignant lesions progression by reversing T cell exhaustion features. (A) Mice were fed with 
4NQO for 16 weeks and then given sterile water until week 20. Anti-PD-1 antibody (αPD-1) or control IgG (Ctrl IgG) treatment was 
performed from week 12 to week 16. (B) Photograph of lingual mucosal lesion of Ctrl IgG group and αPD-1 group. (C) Representative H&E 
and proportion of oral lesions of Ctrl IgG group and αPD-1 group (upper scale bars:200 μm; lower scale bars:50 μm). (D-F) Representative 
flow cytometric analysis and percentages of T cells secreting IL2 (D), TNFα (E) and IFNγ (F) in Dln and tongue of Ctrl IgG group and αPD-
1 group. (G) Expression of PD-1, CTLA-4, TIGIT, LAG-3, and TIM-3 on T cells in Dln and tongue of Ctrl IgG group and αPD-1 group. (H) The 
percentages of Treg, Th17 and Th1 in Dln and tongue of Ctrl IgG group and αPD-1 group. *p < 0.05, **p < 0.01



    |  11 of 12XIE et al.

initiation and progression of T-cell exhaustion and the interaction 
between epithelial cells and local immune cells in the context of oral 
carcinogenesis.

T-cell exhaustion is a states of T cell dysfunction. We demon-
strated that CD4+ and CD8+ T cells acquire their exhausted features 
at the early stage of oral carcinogenesis prior to tumor establish-
ment, which could in turn accelerate the development of oral car-
cinogenesis. Furthermore, PD-1 blockade at the early stage of oral 
carcinogenesis could effectively prevent oral malignant progression. 
We and other researchers previously reported that although PD-1 
blockade can effectively prevent the occurrence of OSCC, the phe-
nomenon of resistance against anti-PD-1 therapy still exists and 
therefore some mice still progress to OSCC.17,20,24-27 In this study, 
most of the oral lesions of αPD-1 group stayed at hyperplasia stage, 
and no oral lesions in αPD-1 group progressed to OSCC. The rea-
son for this difference might be that the dysfunctional T cells are 
still in “pre-exhausted” states. These “pre-exhausted” T cells were 
more sensitive to PD-1 blockade therapy than terminal exhausted 
T cells.28 These results provided a reference for checkpoint inhibi-
tors blockade in treatment of oral premalignant lesions. An ongoing 
phase II trial (NCT04504552) aimed to treat high-risk oral premalig-
nant lesions with checkpoint inhibitors.

Moreover, previous studies have revealed that the anti-tumor func-
tion of CD4+ T cells is not weaker than that of CD8+ T cells.29 Here, we 
found that even in the premalignant lesions, CD4+ T cells were more 
likely to be activated by antigen stimulation than CD8+ T cells demon-
strated by an increased proportion of effector T cells and Th1 cells 
(Figures  2 and 5). However, CD4+ T cells also showed up-regulated 
inhibitory receptors earlier than CD8+ T cells. These results indicated 
that reversal of CD4+ T cells exhaustion at the premalignant stage was 
also expected to be an effective strategy for OSCC prevention.

Tregs infiltration within premalignant microenvironment was 
significantly associated with the increased risk of cancerization to 
OSCC.30 The Th17/Treg ratio was reported to be a potential diag-
nostic indicator for malignant transformation to OSCC.31 Besides, 
promoting Th17 phenotype and inhibiting its dynamic shift to Treg 
phenotype in premalignant oral lesions might slow disease progres-
sion.32,33 However, 4NQO group showed significantly lower Th17/
Treg ratio compared with control group. MDSCs were also found to be 
enriched in 4NQO group. It was reported that MDSCs were capable 
of inducing Treg,34 which might result in a positive feedback loop that 
augmented immunosuppression. These findings were consistent with 
a recent study.35 In addition, we found that the expression of CTLA-4 
on T cells and the proportion of Treg increased significantly after anti-
PD-1 therapy, which may offset the effect of therapy. These results 
suggested that PD-1 blockade combined with CTLA-4 blockade and 
Treg clearance may display a better therapeutic effect.

5  |  CONCLUSIONS

Our study characterized the dynamic changes in T cell exhausted 
features during OSCC development, which provided direct evidence 

that T cell exhaustion occurred at the early stage of oral carcino-
genesis. Interestingly, anti-PD-1 antibody treatment at the early pre-
malignant phase could more effectively prevent the development of 
oral carcinogenesis than treatment after tumor formation.

ACKNOWLEDG MENT
We thank Lieping Chen for the kind gift of anti-mouse PD-1 mono-
clonal antibody.

CONFLIC T OF INTERE S T
The authors have declared that no conflict of interest.

AUTHOR CONTRIBUTIONS
Zhi Wang conceptualized the study. Wenqiang Xie, Jie Shen, Dikan 
Wang, and Qunxing Li acquired most data. Junyi Guo, Jie Shen, and 
Shuqiong Wen contributed to revision of the manuscript. Wenxiao 
Dai, Liling Wen, Huanzi Lu and Fang Juan involved in investigation. 
Zhi Wang and Fang Juan involved in funding acquisition.

DATA AVAIL ABILIT Y S TATEMENT
The authors declare that all data supporting the findings of this study 
are available on reasonable request from the corresponding author.

ORCID
Zhi Wang   https://orcid.org/0000-0002-5276-1413 

R E FE R E N C E S
	 1.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. 

Global cancer statistics 2018: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer 
J Clin. 2018;68(6):394-424. doi:10.3322/caac.21492

	 2.	 Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer incidence 
and mortality worldwide: sources, methods and major patterns 
in GLOBOCAN 2012. Int J Cancer. 2015;136(5):E359-E386. 
doi:10.1002/ijc.29210

	 3.	 Warnakulasuriya S. Living with oral cancer: epidemiology with par-
ticular reference to prevalence and life-style changes that influence 
survival. Oral Oncol. 2010;46(6):407-410. doi:10.1016/j.oralo​ncolo​
gy.2010.02.015

	 4.	 Singhvi HR, Malik A, Chaturvedi P. The role of chronic mucosal 
trauma in oral cancer: a review of literature. Indian J Med Paediatr 
Oncol. 2017;38(1):44-50. doi:10.4103/0971-5851.203510

	 5.	 Chaves A, Silva AG, Maia FM, et al. Reduced CD8(+) T cells infiltra-
tion can be associated to a malignant transformation in potentially 
malignant oral epithelial lesions. Clin Oral Investig. 2019;23(4):1913-
1919. doi:10.1007/s0078​4-018-2622-8

	 6.	 Ohman J, Mowjood R, Larsson L, et al. Presence of CD3-positive T-
cells in oral premalignant leukoplakia indicates prevention of cancer 
transformation. Anticancer Res. 2015;35(1):311-317.

	 7.	 Ohman J, Magnusson B, Telemo E, Jontell M, Hasseus B. 
Langerhans cells and T cells sense cell dysplasia in oral leu-
koplakias and oral squamous cell carcinomas–evidence for 
immunosurveillance. Scand J Immunol. 2012;76(1):39-48. 
doi:10.1111/j.1365-3083.2012.02701.x

	 8.	 Yagyuu T, Hatakeyama K, Imada M, et al. Programmed death ligand 
1 (PD-L1) expression and tumor microenvironment: Implications for 
patients with oral precancerous lesions. Oral Oncol. 2017;68:36-43. 
doi:10.1016/j.oralo​ncolo​gy.2017.03.006

https://orcid.org/0000-0002-5276-1413
https://orcid.org/0000-0002-5276-1413
https://doi.org/10.3322/caac.21492
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1016/j.oraloncology.2010.02.015
https://doi.org/10.1016/j.oraloncology.2010.02.015
https://doi.org/10.4103/0971-5851.203510
https://doi.org/10.1007/s00784-018-2622-8
https://doi.org/10.1111/j.1365-3083.2012.02701.x
https://doi.org/10.1016/j.oraloncology.2017.03.006


12 of 12  |     XIE et al.

	 9.	 McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaus-
tion during chronic viral infection and cancer. Annu Rev Immunol. 
2019;37:457-495. doi:10.1146/annur​ev-immun​ol-04101​5-055318

	10.	 Schietinger A, Philip M, Krisnawan VE, et al. Tumor-specific T cell 
dysfunction is a dynamic antigen-driven differentiation program 
initiated early during tumorigenesis. Immunity. 2016;45(2):389-
401. doi:10.1016/j.immuni.2016.07.011

	11.	 Willimsky G, Blankenstein T. Sporadic immunogenic tu-
mours avoid destruction by inducing T-cell tolerance. Nature. 
2005;437(7055):141-146. doi:10.1038/natur​e03954

	12.	 Young MR. Use of carcinogen-induced premalignant oral lesions in a 
dendritic cell-based vaccine to stimulate immune reactivity against 
both premalignant oral lesions and oral cancer. J Immunother. 
2008;31(2):148-156. doi:10.1097/CJI.0b013​e3181​5bdbf5

	13.	 Stasikowska-Kanicka O, Wagrowska-Danilewicz M, Danilewicz M. 
CD8+ and CD163+ infiltrating cells and PD-L1 immunoexpression 
in oral leukoplakia and oral carcinoma. APMIS. 2018;126(9):732-
738. doi:10.1111/apm.12881

	14.	 Dave K, Ali A, Magalhaes M. Increased expression of PD-1 and 
PD-L1 in oral lesions progressing to oral squamous cell carcinoma: 
a pilot study. Sci Rep. 2020;10(1):9705. doi:10.1038/s4159​8-020-
66257​-6

	15.	 Naik K, Janal MN, Chen J, et al. The histopathology of oral can-
cer pain in a mouse model and a human cohort. J Dent Res. 
2021;100(2):194-200. doi:10.1177/00220​34520​961020

	16.	 Pang X, Wang S, Zhang M, et al. OSCC cell-secreted exosomal 
CMTM6 induced M2-like macrophages polarization via ERK1/2 
signaling pathway. Cancer Immunol Immunother. 2021;70(4):1015-
1029. doi:10.1007/s0026​2-020-02741​-2

	17.	 Chen Y, Li Q, Li X, et al. Blockade of PD-1 effectively inhibits in 
vivo malignant transformation of oral mucosa. Oncoimmunology. 
2018;7(2):e1388484. doi:10.1080/21624​02X.2017.1388484

	18.	 Belkina AC, Ciccolella CO, Anno R, Halpert R, Spidlen J, Snyder-
Cappione JE. Automated optimized parameters for T-distributed 
stochastic neighbor embedding improve visualization and analy-
sis of large datasets. Nat Commun. 2019;10(1):5415. doi:10.1038/
s4146​7-019-13055​-y

	19.	 Li Q, Liu X, Wang D, et al. Prognostic value of tertiary lymphoid 
structure and tumour infiltrating lymphocytes in oral squamous cell 
carcinoma. Int J Oral Sci. 2020;12(1):24. doi:10.1038/s4136​8-020-
00092​-3

	20.	 Wen L, Lu H, Li Q, et al. Contributions of T cell dysfunction to the 
resistance against anti-PD-1 therapy in oral carcinogenesis. J Exp 
Clin Cancer Res. 2019;38(1):299. doi:10.1186/s1304​6-019-1185-0

	21.	 Chen J, Yang J, Li H, et al. Single-cell transcriptomics reveal the 
intratumoral landscape of infiltrated T-cell subpopulations in oral 
squamous cell carcinoma. Mol Oncol. 2021;15(4):866-886. doi:10.1
002/1878-0261.12910

	22.	 Vitale-Cross L, Molinolo AA, Martin D, et al. Metformin prevents 
the development of oral squamous cell carcinomas from carcinogen-
induced premalignant lesions. Cancer Prev Res. 2012;5(4):562-573. 
doi:10.1158/1940-6207.CAPR-11-0502

	23.	 Chen Y, Chang K, Yang I, Tu H, Lin S. Establishment of syngeneic 
murine model for oral cancer therapy. Oral Oncol. 2019;95:194-201. 
doi:10.1016/j.oralo​ncolo​gy.2019.06.026

	24.	 Wang J, Xie T, Wang B, et al. PD-1 blockade prevents the de-
velopment and progression of carcinogen-induced oral prema-
lignant lesions. Cancer Prev Res (Phila). 2017;10(12):684-693. 
doi:10.1158/1940-6207.CAPR-17-0108

	25.	 Levingston CA, Young MR. Transient immunological and clinical ef-
fectiveness of treating mice bearing premalignant oral lesions with 
PD-1 antibodies. Int J Cancer. 2017;140(7):1609-1619. doi:10.1002/
ijc.30543

	26.	 Levingston CA, Young M. Local immune responsiveness of mice 
bearing premalignant oral lesions to PD-1 antibody treatment. 
Cancers (Basel). 2017;9(6):62. doi:10.3390/cance​rs906​0062

	27.	 Dong Y, Wang Z, Mao F, et al. PD-1 blockade prevents the progres-
sion of oral carcinogenesis. Carcinogenesis. 2021;42(6):891-902. 
doi:10.1093/carci​n/bgab035

	28.	 Chen Z, Ji Z, Ngiow SF, et al. TCF-1-centered transcriptional 
network drives an effector versus exhausted CD8 T cell-fate 
decision. Immunity. 2019;51(5):840-855.e5. doi:10.1016/j.
immuni.2019.09.013

	29.	 Śledzińska A, Vila De Mucha M, Bergerhoff K, et al. Regulatory T 
cells restrain interleukin-2- and Blimp-1-dependent acquisition of 
cytotoxic function by CD4+ T Cells. Immunity. 2020;52(1):151-166. 
doi:10.1016/j.immuni.2019.12.007

	30.	 Kouketsu A, Sato I, Oikawa M, et al. Regulatory T cells and M2-
polarized tumour-associated macrophages are associated with the 
oncogenesis and progression of oral squamous cell carcinoma. 
Int J Oral Maxillofac Surg. 2019;48(10):1279-1288. doi:10.1016/j.
ijom.2019.04.004

	31.	 Liu S, Liu Z, Shan Z, et al. Skewed Th17/Treg balance during pro-
gression and malignant transformation of oral submucous fibrosis. 
Oral Dis. 2021;27(7):1667–1677. doi:10.1111/odi.13853

	32.	 Woodford D, Johnson SD, De Costa AM, Young MR. An 
Inflammatory cytokine milieu is prominent in premalignant oral 
lesions, but subsides when lesions progress to squamous cell 
carcinoma. J Clin Cell Immunol. 2014;5(3):230. doi:10.4172/215
5-9899.1000230

	33.	 Young MR, Levingston CA, Johnson SD. Treatment to sustain 
a Th17-type phenotype to prevent skewing toward Treg and 
to limit premalignant lesion progression to cancer. Int J Cancer. 
2016;138(10):2487-2498. doi:10.1002/ijc.29989

	34.	 Lindau D, Gielen P, Kroesen M, Wesseling P, Adema GJ. The im-
munosuppressive tumour network: myeloid-derived suppres-
sor cells, regulatory T cells and natural killer T cells. Immunology. 
2013;138(2):105-115. doi:10.1111/imm.12036

	35.	 Yamaguchi H, Hiroi M, Mori K, et al. Simultaneous expression of 
Th1- and Treg-associated chemokine genes and CD4(+), CD8(+), 
and Foxp3(+) cells in the premalignant lesions of 4NQO-induced 
mouse tongue tumorigenesis. Cancers (Basel). 2021;13(8):1835. 
doi:10.3390/cance​rs130​81835

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Xie W, Shen J, Wang D, et al. Dynamic 
changes of exhaustion features in T cells during oral 
carcinogenesis. Cell Prolif. 2022;55:e13207. doi:10.1111/
cpr.13207

https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1016/j.immuni.2016.07.011
https://doi.org/10.1038/nature03954
https://doi.org/10.1097/CJI.0b013e31815bdbf5
https://doi.org/10.1111/apm.12881
https://doi.org/10.1038/s41598-020-66257-6
https://doi.org/10.1038/s41598-020-66257-6
https://doi.org/10.1177/0022034520961020
https://doi.org/10.1007/s00262-020-02741-2
https://doi.org/10.1080/2162402X.2017.1388484
https://doi.org/10.1038/s41467-019-13055-y
https://doi.org/10.1038/s41467-019-13055-y
https://doi.org/10.1038/s41368-020-00092-3
https://doi.org/10.1038/s41368-020-00092-3
https://doi.org/10.1186/s13046-019-1185-0
https://doi.org/10.1002/1878-0261.12910
https://doi.org/10.1002/1878-0261.12910
https://doi.org/10.1158/1940-6207.CAPR-11-0502
https://doi.org/10.1016/j.oraloncology.2019.06.026
https://doi.org/10.1158/1940-6207.CAPR-17-0108
https://doi.org/10.1002/ijc.30543
https://doi.org/10.1002/ijc.30543
https://doi.org/10.3390/cancers9060062
https://doi.org/10.1093/carcin/bgab035
https://doi.org/10.1016/j.immuni.2019.09.013
https://doi.org/10.1016/j.immuni.2019.09.013
https://doi.org/10.1016/j.immuni.2019.12.007
https://doi.org/10.1016/j.ijom.2019.04.004
https://doi.org/10.1016/j.ijom.2019.04.004
https://doi.org/10.1111/odi.13853
https://doi.org/10.4172/2155-9899.1000230
https://doi.org/10.4172/2155-9899.1000230
https://doi.org/10.1002/ijc.29989
https://doi.org/10.1111/imm.12036
https://doi.org/10.3390/cancers13081835
https://doi.org/10.1111/cpr.13207
https://doi.org/10.1111/cpr.13207

	Dynamic changes of exhaustion features in T cells during oral carcinogenesis
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Mice
	2.2|4NQO-­induced oral tumorigenesis
	2.3|Antibody treatment
	2.4|Histology and pathological analysis
	2.5|Flow cytometry
	2.6|Multiplex immunohistochemistry
	2.7|Statistical analysis

	3|RESULTS
	3.1|4NQO induced the development of OSCC in mice
	3.2|The differentiation states of T cells changed during the development of OSCC
	3.3|The expression of inhibitory receptors on T cells gradually increased during the process of OSCC development
	3.4|The cytokine secretion of T cells decreased gradually during the development of OSCC
	3.5|The proportion of CD4+ T-­cell subsets changed and MDSCs were enriched during oral carcinogenesis
	3.6|T-­cell exhaustion was also associated with the development of human OSCC
	3.7|PD-­1 blockade at the early premalignant phase can effectively prevent oral malignant lesions progression by restoring T-­cell function

	4|DISCUSSION
	5|CONCLUSIONS
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


