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Oral leukoplakia is the most frequent and potentially malignant lesion of the oral
cavity. Although dysplasia grading remains the main factor for risk assessment,
challenges persist in determining the exact risk of transformation, and the
literature has focused on studying alternative biomarkers. The interaction
between dysplastic epithelial cells and the microenvironment starts early, and
the communication is mainly mediated by lymphocytes, inflammatory factors,
fibroblasts, and the extracellular matrix, leading to dysplastic progression.
Leukoplakia-infiltrating leukocytes (LILs) and leukoplakia-associated fibroblasts
(LAFs) play crucial roles in the dysplastic microenvironment. The immune
response is related to intraepithelial T lymphocyte infiltration, mechanisms of
immunosuppression coordinated by regulatory T cells, M2 macrophage
polarization, and increased numbers of Langerhans cells; in contrast,
fibroblastic and extracellular matrix factors are associated with increased
numbers of pro-tumorigenic myofibroblasts, increased expression of
metalloproteinases vs. decreased expression of TIMPs, and increased
expression of chemokines and other inflammatory mediators. The
microenvironment offers insights into the progression of leukoplakia to
carcinoma, and understanding the complexity of the oral microenvironment in
potentially malignant diseases aids in determining the risk of malignant
transformation and proposing new therapeutic alternatives.
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1 Introduction

Oral leukoplakia is the most common potentially malignant lesion of the oral cavity,

with a prevalence of 2%–3% of the global population; it is more frequent in patients older

than 40 years and malignant transformation rates have been reported to range from 1% to

40%, with an average of 13% (1–3). While surgery remains the primary treatment option

for isolated leukoplakia or proliferative verrucous leukoplakia with total excision of the

lesion, approximately 80% of oral leukoplakia cases may be overtreated with surgery,

resulting in unnecessary interventions (2, 4). Conversely, relying solely on follow-up
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strategies could result in delayed diagnosis and treatment in 10%–

20% of cases, potentially impacting outcomes (5).

The histopathological grade of dysplasia has been used as the

primary factor to determine the risk of malignant transformation

of leukoplakia (6). The WHO three-tier system for grading oral

dysplasia (mild, moderate, and severe) has been criticized,

leading to proposals for a binary system (7). However,

pathologists have encountered difficulties adopting the binary

approach because it requires a more detailed analysis of

qualitative and quantitative architectural and cytological criteria

(8). This challenge, along with the risk of overlapping features

and inter- and intra-observer variations, has led to the suggestion

of using immunohistochemical biomarkers or artificial

intelligence to improve leukoplakia categorization (9, 10).

Numerous biomarkers have been proposed with the potential to

predict malignant transformation in oral leukoplakia. These

markers focus on molecular alterations of dysplastic cells within

the epithelium, such as proliferation or epithelial–mesenchymal

transition markers, which are linked to the ability of the cell to

modify its cytoskeleton or alter the expression of epithelial

adhesion molecules on the surface (11, 12). Despite its potential

significance, the study of the role of the subepithelial

microenvironment in the malignant transformation of leukoplakia

has been largely overlooked (13, 14). This minireview explores

two key aspects: the inflammatory infiltrate, represented by the

lymphocytes, which we will call leukoplakia-infiltrating leukocytes

(LILs), and the leukoplakia-associated fibroblasts (LAFs).
2 Interaction between oral dysplasia
and microenvironment

First, we need to understand how dysplastic epithelial cells

initiate interactions with the subepithelial microenvironment.

Changes initially manifest within the epithelium and are observable

through histological features like hyperkeratosis (thickening of the

keratin layer), acanthosis (increased cell layers), cell pleomorphism

(various cell shapes and sizes), altered cytoplasm-to-nucleus ratio,

atypical mitosis (irregular cell division), and nuclear pleomorphism

(various nuclear shapes and sizes) (15). These cytological

alterations may occur in the absence or with a minimal

inflammatory response in the connective tissue. As dysplasia

progresses, an inflammatory response may emerge even before the

basement membrane is breached (16). This demonstrates the early

interplay between the epithelium and the microenvironment, even

in a pre-neoplastic state, strongly implicating a broader

involvement of the subepithelial microenvironment in the

malignant transformation process. Recently, a mathematical model

proposed that the microenvironment plays a role in the epigenetic

transition between healthy, dysplastic, and cancerous states of cells.

This transition is stimulated by dysfunctional cells, creating positive

microenvironmental feedback. This feedback loop has the potential

to accelerate cancer initiation but also inhibit cancer progression (17).

To understand how this interaction unfolds, two possible

hypotheses have been proposed. Despite a conserved basement

membrane, the literature suggests an acellular mechanism, such
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underlying microenvironment through extracellular vesicles

(EVs) or exosomes, which are capable of crossing the basement

membrane (18), or soluble factors, such as cytokines,

chemokines, and growth factors (19, 20). Alternatively, the other

hypothesis involves the role of the immune system in

inflammation through intraepithelial antigen-presenting cells

such as Langerhans cells (LCs), which could take up antigens

and present them to the immune system in the lymph nodes,

ultimately triggering lymphocyte infiltration (21, 22). This

inflammatory infiltrate needs to be distinguished from other non-

specific inflammatory responses, such as those caused by chronic

irritation in reactive hyperkeratosis related to mastication on an

edentulous ridge or the use of dentures (23, 24). However, some

studies suggest that even in mild leukoplakia, a gap in the basal

membrane may occur. This microscopic damage, detectable only

with a transmission electron microscope, may offer insights into

the early interactions between dysplastic cells and the

microenvironment (25). In potentially malignant colonic

adenomatous polyps, an increase in CD3+ and CD8+

lymphocyte infiltration has been reported in lesions with high-

grade dysplasia compared to those with low-grade dysplasia,

suggesting early alterations in immune surveillance (26).

The molecular profile of oral leukoplakia with dysplasia reveals

the downregulation of collagen synthesis pathways in the

extracellular matrix (ECM) (27). This suggests a potential early

role for altered stromal interactions in dysplastic development,

possibly through reduced fibroblastic activity. Furthermore,

studies have shown the reduced expression of type IV collagen

(Col IV) and type VII collagen (Col VII) within the lamina densa

of the basement membrane in oral leukoplakia with dysplasia

(28, 29), a phenomenon strongly associated with upregulated

expression and activity of metalloproteinase 2 (MMP-2) and

metalloproteinase 9 (MMP-9), suggesting their potential role in

mediating basement membrane degradation (29, 30), also related

to reduced expression of TIMP metallopeptidase 1 (TIMP-1) (31).

These observations suggest that dysplastic progression transcends

the epithelial barrier, extending its molecular influence into the

stroma through the basement membrane (32). Such findings may

provide mechanistic insights into the initiation and progression of

precancerous lesions, potentially leading to the development of

prognostic markers and therapeutic targets.

Additionally, a high number of recurrent lesions have been

reported in patients with oral leukoplakia (OL) (33). The

development of these recurrences, even when surgical margins are

histopathologically free of lesions, brings us to the concept of field

cancerization. However, we believe it is important to consider

whether a dysfunctional microenvironment, including lymphocytes

and fibroblasts, also plays a role in this concept (34, 35).
3 Leukoplakia-infiltrating leukocytes
(LILs)

The dynamic interplay between epithelial cells and their

surrounding microenvironment is crucial for elucidating the early
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events in oral cancer development and identifying potential targets

for intervention. In the context of oral epithelial dysplasia, immune

cells play a critical role in shaping the microenvironment and

influencing epithelial cell behavior. The stromal lymphocytic

infiltrate in high-risk OL is likely to differ from that in non-

progressive leukoplakia. The identification and characterization of

this inflammatory population may help us understand how it

contributes to early malignant transformation in the epithelium

(36). The number of infiltrating lymphocytes was significantly

elevated in cases of moderate and severe dysplasia compared

with hyperkeratosis and mild dysplasia (37).

High lymphocyte infiltration in OL has been identified as a

potential predictor of malignant transformation (38). While the

presence of cytotoxic CD8+ T lymphocytes may indicate an

attempt to eliminate dysplastic cells, other immune cell

populations may contribute to an immunosuppressive

environment, highlighting the duality of the immune system in

both inhibiting and promoting tumor progression (39). The

immunosuppressive environment is produced by the recruitment

of regulatory T cells (Tregs) by dysplasia. Loss of SMAD-4 (38,

39), a known driver of tumorigenesis, is emerging as a promising

biomarker for stratifying OL patients based on the risk of

malignant transformation, as its reduced expression has been

correlated with inflammatory stromal features, potentially

creating an immunosuppressive microenvironment that hinders

effective immune responses against dysplastic cells (40).

Deep learning algorithms have emerged as promising tools for

predicting malignant transformation in oral epithelial dysplasia by

analyzing peri-epithelial lymphocytic (PEL) activity. Trained on

datasets containing both tissue architecture and individual cell

features, architectural and cytological feature-specific models were

built to accurately predict malignant transformation and

recurrence. Based on peri-epithelial lymphocyte activity, this

digital score aligns with existing knowledge that elevated PEL

counts correlate with a higher risk of malignant transformation in

oral leukoplakia, offering a potentially more precise and objective

method for risk assessment and treatment decision-making (41).

The analysis of the CD4+/CD8+ lymphocyte ratio revealed no

significant differences between different grades of dysplasia.

However, the intraepithelial distribution of CD8+ lymphocytes

demonstrated a highly significant difference between lichen

planus and moderate-to-severe epithelial dysplasia. This distinct

pattern suggests that CD8+ localization may offer a promising

avenue for developing an adjunctive diagnostic tool to

differentiate these entities. While further validation and larger-

scale studies are needed, this finding holds the potential to

improve diagnostic accuracy (36). In addition, it has been

suggested that chronic inflammation in the esophagus or colon

and bacterial infection, such as Porphyromonas gingivalis, in

the oral cavity may promote the proliferation and survival

of malignant cells by modulating the dysplasia-related

immune response (42, 43).

Studies have shown that the presence of Tregs within the

subepithelial stroma of leukoplakia is a potential indicator of a

predisposition to carcinoma progression due to their

immunosuppressive function (38). The expression of the PD1/
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expression of Treg-related proteins (FOXP3, TGF-β, IL-6, and

IL-10) may have a predictive potential role in malignant

transformation. All of these proteins act as immune response

regulators, but FOXP3 also has a role in immune tolerance,

TGF-b is involved in tissue repair, and IL-6 and IL-10 are

involved in inflammation (38, 44). It has been reported that

FOXP3+ lymphocytes can be used to predict which OL may

turn into cancer and that patients with OL showing high

expression of FOXP3 should be monitored closely or undergo

surgical excision (38).

Proliferative verrucous leukoplakia, a subtype with a high rate

of malignant transformation, exhibited a distinct immune

microenvironment compared to localized leukoplakia. CD8+ T

cells and Tregs were more abundant in proliferative leukoplakia

samples, often colocalizing at the dysplasia–stromal interface,

with overexpression of programmed death-ligand 1 (PD-L1), a

classic immune checkpoint related to the risk of malignant

transformation (45, 46), suggesting that the PD-1/PD-L1 axis

blockade can be used as immunotherapy in oral precancer (47).

This suggests that CD8+ and Tregs may play a role in promoting

malignant transformation, potentially serving as a prognostic

marker for carcinoma risk. Recently, the role of tumor-

infiltrating B cells has been associated with better progression,

exerting an anti-tumor role and a positive synergistic effect on

immunotherapy response, presenting antigens, and producing

antibodies that target tumor cells (48). In OL, it was found that

the proportion of B cells was higher in hyperkeratosis and mild

dysplasia compared with severe dysplasia and OSCC (37).

The potential involvement of macrophages in the malignant

transformation of oral leukoplakia has also been studied. A

significant increase in macrophage infiltration and M2

polarization, which is an anti-inflammatory phenotype of

macrophages, was observed in OL lesions with malignant

transformation (49), and a synergistic activity was observed

between Tregs and M2 macrophages to inhibit anti-tumor

immune responses (50). This shift toward an M2 phenotype,

characterized by pro-angiogenic, tissue remodeling, and

immunosuppressive functions, suggests that M2 macrophages

may actively contribute to cancer progression and the

immunosuppressive environment (51). M1 macrophages, on the

other hand, are typically associated with pro-inflammatory

responses in host defense that are necessary for an efficient

immune response to potentially malignant lesions (52).

Additionally, studies have shown reciprocal signaling

communication between basal layer cancer stem cells (CSCs) and

stromal cells in dysplastic leukoplakia. CSCs can promote

macrophage polarization toward pro-tumorigenic M2

phenotypes, which may contribute to malignant transformation

and angiogenesis via VEGF secretion (53). This bidirectional

interaction plays a crucial role in the progression of dysplastic

leukoplakia to malignancy.

In oral epithelial dysplasia (OED), an oral pathology with the

potential to become malignant, the number of Langerhans cell

(LC) positively correlates with the severity of oral epithelial

dysplasia (OED) lesions but exhibits a significant decrease in
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lesions with malignant transformation. This intriguing inverse

relationship suggests that LCs play a complex role in OED

progression (54, 55). Understanding their interactions with

dysplastic cells, such as antigen presentation or immune

suppression, is critical to unraveling the early events in oral cancer

development and holds promise for improved diagnostic approaches.

Changes in some genes have been identified in oral epithelial

dysplasia that may contribute to modifications in the tumor

microenvironment of leukoplakia, such as in FAM198B (56). A

positive correlation has been determined between FAM198B and

the infiltration of major immune cells (including macrophages,

Treg, and NK cells), and this gene has been suggested as a

promising therapeutic target to reverse gastric cancer (57).

Limitations in the reports analyzing M2 macrophages and Treg

cells may be partly attributed to a potential bias in studies using

tissue microarrays (58) instead of whole sections (50). The limited

tissue representation in microarrays reduces the accuracy of the

results, hindering our understanding of the specific roles of these

cells in different cancers. Despite these limitations, substantial

evidence supports the association between adverse clinical outcomes

and M2 macrophage and Treg infiltration. M2 macrophages would

promote Treg migration and upregulate chemokine receptors and

adhesion molecules on these cells (58). Prognostic models derived

from the study of such cells could predict the patient’s sensitivity to

immunotherapy and chemotherapy.
4 Leukoplakia-associated fibroblasts
(LAFs)

The presence of myofibroblasts in OL and their potential

contribution to malignant transformation remain subjects of

ongoing debate. Some studies suggest a link between their

presence and the severity of epithelial dysplasia, while others fail

to find significant differences. It has been reported that a sparse

and focal distribution of myofibroblasts was observed in a low

percentage of OL samples, concluding that their presence did not

significantly differ from normal oral mucosa (59–61). This

finding challenges the notion of myofibroblasts as a reliable

marker of malignant transformation in OL but also underscores

the need for further investigation, given the heterogeneity of

existing studies. Further studies using standardized

methodologies and larger cohorts are crucial to definitively

address the role of myofibroblasts in OL progression and their

potential utility as diagnostic or prognostic markers (59).

However, immunodetection of myofibroblasts does not aid in

determining the malignant transformation potential of oral

dysplasia. Myofibroblasts may contribute to oral tumorigenesis,

and their density increases with the loss of cellular differentiation

in OSCCs (61).

Furthermore, under culture conditions, dysplasia-associated

fibroblasts exhibit increased MMP-9 expression and hepatocyte

growth factor (HGF) secretion. This altered microenvironment

affects the severity of dysplasia by inducing morphological

changes in normal keratinocytes, highlighting the stromal

influence on epithelial transformation (62). Studies have explored
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carcinogenesis. Notably, the dysplastic cells studied displayed a

marker profile associated with the CSC phenotype (CD133+,

CD44+, ALDH1A1, Notch1, Sox2), with expression levels

positively correlating with dysplastic severity. Interestingly,

neurogenic locus homolog protein 1 (Notch1) inhibition in these

cells reduced cell proliferation and downregulated the CSC

marker profile. Additionally, fibroblast-conditioned media have

been shown to induce spheroid formation and proliferation in

CSCs, suggesting a potential role for stromal factors in

promoting their stemness and tumorigenic potential (63).

Oral leukoplakia-associated fibroblasts (LAFs) exhibit

decreased secretion of chemokine (C-X3-C motif) ligand 1

(CX3CL1), an antifungal chemokine. Since Candida albicans is

part of the oral microbiota, the OL microenvironment must deal

with the imbalance with C. albicans. Thus, LAFs secrete CX3CL1

against C. albicans and contribute to the malignant

transformation of OL. Chronic fungal infection has been linked

to changes in the inflammatory microenvironment and immune

dysregulation, both of which may promote the development of

dysplastic lesions and malignant transformation (64). Notably,

CX3CL1 was found to be significantly less abundant in LAFs

compared to normal fibroblasts (NFs). Overexpression of

CX3CL1 in LAFs significantly enhanced their antifungal defenses

and reduced their susceptibility to C. albicans, suggesting a

potential therapeutic strategy to improve immune responses and

potentially halt leukoplakia progression (65).

Downregulated expression of transforming growth factor-β

type II and III receptors (TβRII and TβRIII) is emerging as a

potential early event in OL that may contribute to disease

progression and aggressiveness. These receptors play a crucial

role in TGF-β signaling, which regulates cell proliferation,

differentiation, and apoptosis. Their loss due to the presence of

TGF-β1 could lead to uncontrolled cell growth and immune

evasion, promoting the development of aggressive OL lesions.

Considering that high expression of CD44, a marker of CSCs,

and TGF-β1 secretion, one of the most important cytokines in

epithelial -mesenchymal transition (EMT), contribute to the

malignant transformation of OL, their potential as therapeutic

targets warrants further investigation. (66). Remarkably, LAFs

exhibited significantly lower TβRII and TβRIII expression

compared to normal oral fibroblasts (NFs), suggesting a potential

link between stromal dysfunction and epithelial dysregulation in

OL progression (67). These findings suggest that TβRII and

TβRIII downregulation may serve as early biomarkers of OL

aggressiveness and warrant further investigation as potential

therapeutic targets to prevent disease progression.
5 Conclusions and future perspectives

The microenvironment of potentially malignant oral diseases

plays a crucial role in malignant transformation, and research in

this field holds immense promise for future advancements in oral

cancer prevention and treatment. This role is mainly related to

two components (Figure 1):
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FIGURE 1

Mechanisms involved in the interaction between oral dysplastic epithelial cells and the microenvironment leading to malignant transformation. The
proposed mechanism of early communication involves antigen-presenting cells (Langerhans cells), extracellular vesicles (EVs) and soluble factors,
which promote the stromal response. This response is mediated by: (A) leukoplakia-infiltrating lymphocytes (LILs) and inflammatory factors related
to intraepithelial T lymphocyte infiltration, mechanisms of immunosuppression coordinated by regulatory T cells through the PD1 -PDL1 axis,
Treg-related proteins (FOXP3, TGF-β, IL-6, and IL-10), and loss of SMAD4 associated with M2 macrophage polarization and increased Langerhans
cell numbers; and (B) leukoplakia-associated fibroblasts and extracellular matrix factors related to increased pro-tumorigenic myofibroblasts,
decreased collagen expression in the basement membrane, increased expression of metalloproteinases vs. decreased TIMPs, and increased
expression of chemokines vs. decreased receptors of TGF-β. Other mechanisms have been suggested to induce malignant transformation,
including infection-mediated modulation (Porphyromonas gingivalis or Candida albicans) and chronic inflammation.

González-Arriagada et al. 10.3389/froh.2024.1363052
a) Leukocytes and inflammatory factors: LILs in the

microenvironment may influence cell basement membrane

degradation and early invasion in the initial steps of

carcinogenesis. Chronic inflammation, driven by factors like

microorganisms or pro-inflammatory cytokines, can disrupt

tissue homeostasis, leading to uncontrolled cell growth, and the

higher number of Tregs lymphocytes promotes immune evasion.

b) Fibroblasts, extracellular matrix, and mechanical cues: The

composition and stiffness of the extracellular matrix can

influence epithelial cell behavior and adhesion, potentially

favoring invasion and malignant transformation. LAFs,

myofibroblasts, and other stromal cells within the underlying

connective tissue may significantly influence the neoplastic

transformation of oral leukoplakia. Dysregulation in these

cells, such as reduced CX3CL1 secretion or TβRII/III

downregulation, can create an environment that promotes

dysplastic progression.

Future perspectives in potentially malignant oral diseases point to

improved risk prediction of malignant transformation and

manipulation of the microenvironment as a therapeutic strategy.

The use of immune checkpoint inhibitors, specifically anti-PD-1

immunotherapy, has been studied for the treatment of oral

leukoplakia, and recently, a clinical trial in oral high-grade

epithelial dysplasia was reported with promising results (47).

The complexity and heterogeneity of the microenvironment of

potentially malignant oral diseases pose a challenge in the

development of universal diagnostic and therapeutic strategies;

therefore, a better understanding of these processes in the
Frontiers in Oral Health 05
microenvironment of potentially malignant lesions may help early

detection and risk stratification with therapeutic strategies

modulating the microenvironment with a personalized approach.

Changes in the stroma may be an early manifestation of dysplastic

development and malignant transformation. The study of these

microenvironmental factors related to malignant transformation

should be covered. Considering the difficulties of prognostic

studies in oral leukoplakia, multi-institutional collaboration is

needed to better characterize these cells and the mechanisms

involved in the progression of leukoplakia to carcinoma.
Author contributions

WG-A: Conceptualization, Writing – original draft, Writing –

review and editing. GC-M: Conceptualization, Writing – review

and editing. DA-F: Writing – review and editing. RF-R:

Writing – review and editing.
Funding

The authors declare financial support was received for the

research, authorship, and/or publication of this article.

WG-A was partially supported by the BiCI (Bidirectional

Commitment in Innovation) project (grant no. BiCI-23I21). GC-M

was supported by the Chilean National Agency for Research and

Development (grant no. PAI sa77210076).
frontiersin.org

https://doi.org/10.3389/froh.2024.1363052
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/


González-Arriagada et al. 10.3389/froh.2024.1363052
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The authors declared that they were editorial board members

of Frontiers at the time of submission. This had no impact on

the peer review process and the final decision.
Frontiers in Oral Health 06
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Saldivia-Siracusa C, González-Arriagada WA. Difficulties in the prognostic study
of oral leukoplakia: standardisation proposal of follow-up parameters. Front Oral
Health. (2021) 2. doi: 10.3389/froh.2021.614045

2. Aguirre-Urizar JM, Lafuente-Ibáñez de Mendoza I, Warnakulasuriya S. Malignant
transformation of oral leukoplakia: systematic review and meta-analysis of the last 5
years. Oral Dis. (2021) 27(8):1881–95. doi: 10.1111/odi.13810

3. Warnakulasuriya S, Ariyawardana A. Malignant transformation of oral
leukoplakia: a systematic review of observational studies. J Oral Pathol Med. (2015)
45(3):155–66. doi: 10.1111/jop.12339

4. Jeong WJ, Paik JH, Cho SW, Sung MW, Kim KH, Ahn SH. Excisional biopsy for
management of lateral tongue leukoplakia. J Oral Pathol Med. (2011) 41(5):384–8.
doi: 10.1111/j.1600-0714.2011.01106.x

5. Kuribayashi Y, Tsushima F, Morita K-I, Matsumoto K, Sakurai J, Uesugi A, et al.
Long-term outcome of non-surgical treatment in patients with oral leukoplakia. Oral
Oncol. (2015) 51(11):1020–5. doi: 10.1016/j.oraloncology.2015.09.004

6. Wils LJ, Poell JB, Evren I, Koopman MS, Brouns EREA, de Visscher JGAM, et al.
Incorporation of differentiated dysplasia improves prediction of oral leukoplakia at
increased risk of malignant progression. Mod Pathol. (2020) 33(6):1033–40. doi: 10.
1038/s41379-019-0444-0

7. Ranganathan K, Kavitha L, Sharada P, Bavle RM, Rao RS, Pattanshetty SM, et al.
Intra-observer and inter-observer variability in two grading systems for oral epithelial
dysplasia: a multi-centre study in India. J Oral Pathol Med. (2020) 49(9):948–55.
doi: 10.1111/jop.13056

8. Sperandio M, Warnakulasuriya S, Soares AB, Passador-Santos F, Mariano FV,
Lima CSP, et al. Oral epithelial dysplasia grading: comparing the binary system to
the traditional 3-tier system, an actuarial study with malignant transformation as
outcome. J Oral Pathol Med. (2022) 52(5):418–25. doi: 10.1111/jop.13365

9. Venugopal R, Bavle R, Paremala K, Rudramuni A, Khan N, Hosthor S. Grading of
oral leukoplakia: can it be improvised using immunohistochemical markers P63 and
Cd31. Contemp Clin Dent. (2021) 12(1):37–43. doi: 10.4103/ccd.ccd_493_19

10. Mahmood H, Shaban M, Rajpoot N, Khurram SA. Artificial intelligence-based
methods in head and neck cancer diagnosis: an overview. Br J Cancer. (2021) 124
(12):1934–40. doi: 10.1038/s41416-021-01386-x

11. Monteiro L, Mello FW, Warnakulasuriya S. Tissue biomarkers for predicting the
risk of oral cancer in patients diagnosed with oral leukoplakia: a systematic review.
Oral Dis. (2021) 27(8):1977–92. doi: 10.1111/odi.13747

12. Normando AGC, dos Santos ES, Sá JdO, Busso-Lopes AF, De Rossi T, Patroni
FMdS, et al. A Meta-analysis reveals the protein profile associated with malignant
transformation of oral leukoplakia. Front Oral health (2023) 4. doi: 10.3389/froh.
2023.1088022

13. Greeshma LR, Joseph AP, Sivakumar TT, Raghavan Pillai V, Vijayakumar G.
Correlation of Pd-1 and Pd-L1 expression in oral leukoplakia and oral squamous
cell carcinoma: an immunohistochemical study. Sci Rep. (2023) 13(1). doi: 10.1038/
s41598-023-48572-w

14. Yagyuu T, Funayama N, Imada M, Kirita T. Effect of smoking status and
programmed death-ligand 1 expression on the microenvironment and malignant
transformation of oral leukoplakia: a retrospective cohort study. PLoS One. (2021)
16(4):e0250359. doi: 10.1371/journal.pone.0250359

15. Li C-C, Almazrooa S, Carvo I, Salcines A, Woo S-B. Architectural alterations in
oral epithelial dysplasia are similar in unifocal and proliferative leukoplakia. Head
Neck Pathol. (2020) 15(2):443–60. doi: 10.1007/s12105-020-01216-1

16. Sharada P, Swaminathan U, Nagamalini BR, Vinod Kumar K, Ashwini BK.
Histoscore and discontinuity score−a novel scoring system to evaluate
immunohistochemical expression of cox-2 and type iv collagen in oral potentially
malignant disorders and oral squamous cell carcinoma. J Orofac Sci. (2021) 13
(2):96–104. doi: 10.4103/jofs.jofs_141_21

17. Smart M, Goyal S, Zilman A. Roles of phenotypic heterogeneity
and microenvironment feedback in early tumor development. Phys Rev E. (2021)
103(3-1):032407. doi: 10.1103/PhysRevE.103.032407
18. Luo H, Birjandi AA, Ren F, Sun T, Sharpe PT, Sun H, et al. Advances in oral
mesenchymal stem cell-derived extracellular vesicles in health and disease. Genes
Dis. (2024) 11(1):346–57. doi: 10.1016/j.gendis.2023.03.015

19. Bian X, Xiao YT, Wu T, Yao M, Du L, Ren S, et al. Microvesicles and
chemokines in tumor microenvironment: mediators of intercellular communications
in tumor progression. Mol Cancer. (2019) 18(1):50. doi: 10.1186/s12943-019-0973-7

20. da Cunha BR, Domingos C, Stefanini ACB, Henrique T, Polachini GM, Castelo-
Branco P, et al. Cellular interactions in the tumor microenvironment: the role of
secretome. J Cancer. (2019) 10(19):4574–87. doi: 10.7150/jca.21780

21. Ai R, Tao Y, Hao Y, Jiang L, Dan H, Ji N, et al. Microenvironmental regulation of
the progression of oral potentially malignant disorders towards malignancy.
Oncotarget. (2017) 8(46):81617–35. doi: 10.18632/oncotarget.20312

22. Ohman J, Magnusson B, Telemo E, Jontell M, Hasseus B. Langerhans cells and T
cells sense cell dysplasia in oral leukoplakias 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

23. Stojanov IJ, Woo S-B. Malignant transformation rate of non-reactive oral
hyperkeratoses suggests an early dysplastic phenotype. Head Neck Pathol. (2021) 16
(2):366–74. doi: 10.1007/s12105-021-01363-z

24. da Silva GDG, Pinheiro TN. Histomorphometric comparative analysis between
the oral mucosa of fibrous inflammatory hyperplasia and oral leukoplakia. Transl
Cancer Res. (2020) 9(4):3101–6. doi: 10.21037/tcr.2019.12.23

25. Tamgadge SA, Ganvir SM, Hazarey VK, Tamgadge A. Oral leukoplakia:
transmission electron microscopic correlation with clinical types and light
microscopy. Dent Res J. (2012) 9(Suppl 1):S94–104.

26. Mansouri D, McSorley ST, Park JH, Orange C, Horgan PG, McMillan DC, et al.
The inflammatory microenvironment in screen-detected premaligant adenomatous
polyps: early results from the integrated technologies for improved polyp
surveillance (incise) project. Eur J Gastroenterol Hepatol. (2021) 33(7):983–9.
doi: 10.1097/MEG.0000000000002202

27. Farah CS, Fox SA. Dysplastic oral leukoplakia is molecularly distinct from
leukoplakia without dysplasia. Oral Dis. (2019) 25(7):1715–23. doi: 10.1111/odi.13156

28. Poomsawat S, Kariya A, Nimmanon T, Kosanwat T, Juengsomjit R, Sirima S.
Diagnostic potential of type vii collagen during oral carcinogenesis. J Appl Oral Sci.
(2023) 31:e20220486. doi: 10.1590/1678-7757-2022-0486

29. Zhang Z, Guo W, Zhang Y, Wang X, Liu H, Xu S, et al. Changes in the
expression of col iv, gelatinase and timp-1 in oral leukoplakia. Int J Clin Exp
Pathol. (2017) 10(8):8535–43.

30. Fan H-X, Li H-X, Chen D, Gao Z-X, Zheng J-H. Changes in the expression of
Mmp2, Mmp9, and coliv in stromal cells in oral squamous tongue cell carcinoma:
relationships and prognostic implications. J Exp Clin Cancer Res. (2012) 31(1):1–8.
doi: 10.1186/1756-9966-31-90

31. Nascimento SCP, Souza LNG, Barros LAP. Analysis of timp-1 expression in
leukoplakia and oral squamous cell carcinoma. Jornal Brasileiro de Patologia e
Medicina Laboratorial. (2021) 57:1–11. doi: 10.5935/1676-2444.20210025

32. Crawford M, Liu X, Cheng YL, Tsai RY. Nucleostemin upregulation and stat3
activation as early events in oral epithelial dysplasia progression to squamous cell
carcinoma. Neoplasia. (2021) 23(12):1289–99. doi: 10.1016/j.neo.2021.11.001

33. Teh M-T, Sundberg J, Korytowska M, Holmberg E, Bratel J, Wallström M, et al.
Recurrence rates after surgical removal of oral leukoplakia—a prospective longitudinal
multi-centre study. PLoS One. (2019) 14(12). doi: 10.1371/journal.pone.0225682

34. Chan JSK, Tan MJ, Sng MK, Teo Z, Phua T, Choo CC, et al. Cancer-associated
fibroblasts enact field cancerization by promoting extratumoral oxidative stress. Cell
Death Dis. (2017) 8(1):e2562. doi: 10.1038/cddis.2016.492

35. Strandgaard T, Nordentoft I, Birkenkamp-Demtröder K, Salminen L, Prip F,
Rasmussen J, et al. Field cancerization is associated with tumor development, T-cell
exhaustion, and clinical outcomes in bladder cancer. Eur Urol. (2024) 85(1):82–92.
doi: 10.1016/j.eururo.2023.07.014
frontiersin.org

https://doi.org/10.3389/froh.2021.614045
https://doi.org/10.1111/odi.13810
https://doi.org/10.1111/jop.12339
https://doi.org/10.1111/j.1600-0714.2011.01106.x
https://doi.org/10.1016/j.oraloncology.2015.09.004
https://doi.org/10.1038/s41379-019-0444-0
https://doi.org/10.1038/s41379-019-0444-0
https://doi.org/10.1111/jop.13056
https://doi.org/10.1111/jop.13365
https://doi.org/10.4103/ccd.ccd_493_19
https://doi.org/10.1038/s41416-021-01386-x
https://doi.org/10.1111/odi.13747
https://doi.org/10.3389/froh.2023.1088022
https://doi.org/10.3389/froh.2023.1088022
https://doi.org/10.1038/s41598-023-48572-w
https://doi.org/10.1038/s41598-023-48572-w
https://doi.org/10.1371/journal.pone.0250359
https://doi.org/10.1007/s12105-020-01216-1
https://doi.org/10.4103/jofs.jofs_141_21
https://doi.org/10.1103/PhysRevE.103.032407
https://doi.org/10.1016/j.gendis.2023.03.015
https://doi.org/10.1186/s12943-019-0973-7
https://doi.org/10.7150/jca.21780
https://doi.org/10.18632/oncotarget.20312
https://doi.org/10.1111/j.1365-3083.2012.02701.x
https://doi.org/10.1111/j.1365-3083.2012.02701.x
https://doi.org/10.1007/s12105-021-01363-z
https://doi.org/10.21037/tcr.2019.12.23
https://doi.org/10.1097/MEG.0000000000002202
https://doi.org/10.1111/odi.13156
https://doi.org/10.1590/1678-7757-2022-0486
https://doi.org/10.1186/1756-9966-31-90
https://doi.org/10.5935/1676-2444.20210025
https://doi.org/10.1016/j.neo.2021.11.001
https://doi.org/10.1371/journal.pone.0225682
https://doi.org/10.1038/cddis.2016.492
https://doi.org/10.1016/j.eururo.2023.07.014
https://doi.org/10.3389/froh.2024.1363052
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/


González-Arriagada et al. 10.3389/froh.2024.1363052
36. Flores-Hidalgo A, Murrah V, Fedoriw Y, Padilla RJ. Relationship of infiltrating
intraepithelial T lymphocytes in the diagnosis of oral lichen Planus versus oral
epithelial dysplasia: a pilot study. Oral Surg Oral Med Oral Pathol Oral Radiol.
(2019) 127(6):e123–35. doi: 10.1016/j.oooo.2019.02.004

37. Gannot G, Gannot I, Vered H, Buchner A, Keisari Y. Increase in immune cell
infiltration with progression of oral epithelium from hyperkeratosis to dysplasia and
carcinoma. Br J Cancer. (2002) 86(9):1444–8. doi: 10.1038/sj.bjc.6600282

38. Sakata J, Yoshida R, Matsuoka Y, Kawahara K, Arita H, Nakashima H, et al.
Foxp3 lymphocyte status may predict the risk of malignant transformation in oral
leukoplakia. J Oral Maxillofac Surg Med Pathol. (2020) 32(1):33–9. doi: 10.1016/j.
ajoms.2019.06.005

39. Surendran S, Aboelkheir U, Tu AA, Magner WJ, Sigurdson SL, Merzianu M,
et al. T-cell infiltration and immune checkpoint expression increase in oral cavity
premalignant and malignant disorders. Biomedicines. (2022) 10(8). doi: 10.3390/
biomedicines10081840

40. Sakata J, Yoshida R, Matsuoka Y, Nagata M, Hirosue A, Kawahara K, et al.
Predictive value of the combination of smad4 expression and lymphocyte
infiltration in malignant transformation of oral leukoplakia. Cancer Med. (2017) 6
(4):730–8. doi: 10.1002/cam4.1005

41. Bashir RMS, Shephard AJ, Mahmood H, Azarmehr N, Raza SEA, Khurram SA,
et al. A digital score of peri-epithelial lymphocytic activity predicts malignant
transformation in oral epithelial dysplasia. J Pathol. (2023) 260(4):431–42. doi: 10.
1002/path.6094

42. Borgmann M, Quante M. Impact of the tumor microenvironment for esophageal
tumor development-an opportunity for prevention? Cancers. (2022) 14(9). doi: 10.
3390/cancers14092246

43. Wen L, Mu W, Lu H, Wang X, Fang J, Jia Y, et al. Porphyromonas gingivalis
promotes oral squamous cell carcinoma progression in an immune
microenvironment. J Dent Res. (2020) 99(6):666–75. doi: 10.1177/0022034520909312

44. Kujan O, Agag M, Smaga M, Vaishnaw Y, Idrees M, Shearston K, et al. Pd-1/Pd-
L1, treg-related proteins, and tumour-infiltrating lymphocytes are associated with the
development of oral squamous cell carcinoma. Pathology. (2022) 54(4):409–16.
doi: 10.1016/j.pathol.2021.09.013

45. Hanna GJ, Villa A, Mistry N, Jia Y, Quinn CT, Turner MM, et al. Comprehensive
immunoprofiling of high-risk oral proliferative and localized leukoplakia. Cancer Res
Commun. (2021) 1(1):30–40. doi: 10.1158/2767-9764.Crc-21-0060

46. Chen X-J, Tan Y-Q, Zhang N, He M-J, Zhou G. Expression of programmed cell
death-ligand 1 in oral squamous cell carcinoma and oral leukoplakia is associated with
disease progress and Cd8+ tumor-infiltrating lymphocytes. Pathol Res Pract. (2019)
215(6). doi: 10.1016/j.prp.2019.04.010

47. Hanna GJ, Villa A, Nandi SP, Shi R, Oneill A, Liu M, et al. Nivolumab for
patients with high-risk oral leukoplakia. JAMA Oncol. (2023) 10. doi: 10.1001/
jamaoncol.2023.4853

48. Zhang E, Ding C, Li S, Zhou X, Aikemu B, Fan X, et al. Roles and mechanisms of
tumour-infiltrating B cells in human cancer: a new force in immunotherapy. Biomark
Res. (2023) 11(1). doi: 10.1186/s40364-023-00460-1

49. Weber M, Wehrhan F, Baran C, Agaimy A, Büttner-Herold M, Öztürk H, et al.
Malignant transformation of oral leukoplakia is associated with macrophage
polarization. J Transl Med. (2020) 18(1):1–18. doi: 10.1186/s12967-019-02191-0

50. Kouketsu A, Sato I, Oikawa M, Shimizu Y, Saito H, Tashiro K, 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):1279–88. doi: 10.1016/j.ijom.2019.04.004

51. Bouaoud J, Foy JP, Tortereau A, Michon L, Lavergne V, Gadot N, et al. Early
changes in the immune microenvironment of oral potentially malignant disorders
Frontiers in Oral Health 07
reveal an unexpected association of M2 macrophages with oral cancer free survival.
Oncoimmunology. (2021) 10(1):1944554. doi: 10.1080/2162402X.2021.1944554

52. Hao NB, Lu MH, Fan YH, Cao YL, Zhang ZR, Yang SM. Macrophages in tumor
microenvironments and the progression of tumors. Clin Dev Immunol. (2012)
2012:948098. doi: 10.1155/2012/948098

53. Polverini PJ, Nör F, Nör JE. Crosstalk between cancer stem cells and the tumor
microenvironment drives progression of premalignant oral epithelium. Front Oral
Health. (2023) 3. doi: 10.3389/froh.2022.1095842

54. Saba Y, Aizenbud I, Matanes D, Koren N, Barel O, Zubeidat K, et al. Early
antitumor activity of oral langerhans cells is compromised by a carcinogen. Proc
Natl Acad Sci U S A. (2022) 119(3). doi: 10.1073/pnas.2118424119

55. Wang YP, Chen IC, Wu YH, Wu YC, Chen HM, Yu-Fong Chang J. Langerhans
cell counts in oral epithelial dysplasia and their correlation to clinicopathological
parameters. J Formos Med Assoc. (2017) 116(6):457–63. doi: 10.1016/j.jfma.2017.
02.006

56. Adorno-Farias D, Santos J, GonzÁLez-Arriagada W, Tarquinio S, SantibÁÑEz
Palominos RA, MartÍN MartÍN AJ, et al. Whole-exome sequencing of oral
epithelial dysplasia samples reveals an association with new genes. Braz Oral Res.
(2023) 37. doi: 10.1590/1807-3107bor-2023.vol37.0016

57. Chen B, Diallo MT, Ma Y, Yu W, Yao Q, Gao S, et al. Fam198b as a novel
biomarker for gastric cancer and a potential therapeutic target to prevent tumor cell
proliferation dysregulation. Transl Oncol. (2024) 39. doi: 10.1016/j.tranon.2023.101824

58. Davidsson S, Fiorentino M, Giunchi F, Eriksson M, Erlandsson A, Sundqvist P,
et al. Infiltration of M2 macrophages and regulatory T cells plays a role in recurrence
of renal cell carcinoma. Eur Urol Open Sci. (2020) 20:62–71. doi: 10.1016/j.euros.2020.
06.003

59. Coletta RD, Salo T. Myofibroblasts in oral potentially malignant disorders: is it
related to malignant transformation? Oral Dis. (2018) 24(1-2):84–8. doi: 10.1111/odi.
12694

60. de-Assis EM, Pimenta L, Costa-e-Silva E, Souza PEA, Horta MCR. Stromal
myofibroblasts in oral leukoplakia and oral squamous cell carcinoma. Medicina
Oral Patología Oral y Cirugia Bucal. (2012) 17:e733–8. doi: 10.4317/medoral.17834

61. Rodrigues PC, Da Costa Miguel MC, De Aquino SN, Fonseca FP, Silva ARDS,
Leme AFP, et al. Stromal myofibroblasts in potentially malignant and
malignant lesions of the oral cavity. Oncol Lett. (2015) 9(2):667–70. doi: 10.3892/ol.
2014.2763

62. Gaballah K, Costea DE, Hills A, Gollin SM, Harrison P, Partridge M. Tissue
engineering of oral dysplasia. J Pathol. (2008) 215(3):280–9. doi: 10.1002/path.2360

63. Kulsum S, Raju N, Raghavan N, Ramanjanappa RDR, Sharma A, Mehta A, et al.
Cancer stem cells and fibroblast niche cross talk in an in-vitro oral dysplasia model.
Mol Carcinog. (2019) 58(5):820–31. doi: 10.1002/mc.22974

64. Shukla K, Vun I, Lov I, Laparidis G, McCamley C, Ariyawardana A. Role of
Candida infection in the malignant transformation of oral leukoplakia: a systematic
review of observational studies. Transl Res Oral Oncol. (2019) 4. doi: 10.1177/
2057178×19828229

65. Cheng R, Li D, Shi X, Gao Q, Wei C, Li X, et al. Reduced Cx3cl1 secretion
contributes to the susceptibility of oral leukoplakia-associated fibroblasts to Candida
Albicans. Front Cell Infect Microbiol. (2016) 6. doi: 10.3389/fcimb.2016.00150

66. Ghazi N, Saghravanian N, Taghi Shakeri M, Jamali M. Evaluation of Cd44 and
Tgf-B expression in oral carcinogenesis. J Dent. (2021) 22(1):33–40. doi: 10.30476/
DENTJODS.2020.84393.1079

67. Meng W, Xia Q, Wu L, Chen S, He X, Zhang L, et al. Downregulation of Tgf-
Beta receptor types Ii and Iii in oral squamous cell carcinoma and oral carcinoma-
associated fibroblasts. BMC Cancer. (2011) 11(1). doi: 10.1186/1471-2407-11-88
frontiersin.org

https://doi.org/10.1016/j.oooo.2019.02.004
https://doi.org/10.1038/sj.bjc.6600282
https://doi.org/10.1016/j.ajoms.2019.06.005
https://doi.org/10.1016/j.ajoms.2019.06.005
https://doi.org/10.3390/biomedicines10081840
https://doi.org/10.3390/biomedicines10081840
https://doi.org/10.1002/cam4.1005
https://doi.org/10.1002/path.6094
https://doi.org/10.1002/path.6094
https://doi.org/10.3390/cancers14092246
https://doi.org/10.3390/cancers14092246
https://doi.org/10.1177/0022034520909312
https://doi.org/10.1016/j.pathol.2021.09.013
https://doi.org/10.1158/2767-9764.Crc-21-0060
https://doi.org/10.1016/j.prp.2019.04.010
https://doi.org/10.1001/jamaoncol.2023.4853
https://doi.org/10.1001/jamaoncol.2023.4853
https://doi.org/10.1186/s40364-023-00460-1
https://doi.org/10.1186/s12967-019-02191-0
https://doi.org/10.1016/j.ijom.2019.04.004
https://doi.org/10.1080/2162402X.2021.1944554
https://doi.org/10.1155/2012/948098
https://doi.org/10.3389/froh.2022.1095842
https://doi.org/10.1073/pnas.2118424119
https://doi.org/10.1016/j.jfma.2017.02.�006
https://doi.org/10.1016/j.jfma.2017.02.�006
https://doi.org/10.1590/1807-3107bor-2023.vol37.0016
https://doi.org/10.1016/j.tranon.2023.101824
https://doi.org/10.1016/j.euros.2020.06.003
https://doi.org/10.1016/j.euros.2020.06.003
https://doi.org/10.1111/odi.12694
https://doi.org/10.1111/odi.12694
https://doi.org/10.4317/medoral.17834
https://doi.org/10.3892/ol.2014.2763
https://doi.org/10.3892/ol.2014.2763
https://doi.org/10.1002/path.2360
https://doi.org/10.1002/mc.22974
https://doi.org/10.1177/2057178&times;19828229
https://doi.org/10.1177/2057178&times;19828229
https://doi.org/10.3389/fcimb.2016.00150
https://doi.org/10.30476/DENTJODS.2020.84393.1079
https://doi.org/10.30476/DENTJODS.2020.84393.1079
https://doi.org/10.1186/1471-2407-11-88
https://doi.org/10.3389/froh.2024.1363052
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

	New insights into the role of the oral leukoplakia microenvironment in malignant transformation
	Introduction
	Interaction between oral dysplasia and microenvironment
	Leukoplakia-infiltrating leukocytes (LILs)
	Leukoplakia-associated fibroblasts (LAFs)
	Conclusions and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


