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Editorial on the Research Topic 


Oral mucosal immunity: homeostasis and inflammation


As the opening of the digestive tract, the on-going mechanical damage caused by chewing leads to continual inflammatory challenges and sustained immune responses to oral microorganisms and food (1). Oral mucosal inflammatory diseases, including infectious diseases (e.g. gingivitis, oral candidiasis, and oral herpes) and non-infectious inflammatory diseases (e.g. oral lichen planus (OLP) and recurrent aphthous ulcer (RAU)) are common and frequently occurring diseases of oral mucosa and may seriously affect our oral health. Besides, many systemic inflammatory diseases have typical oral inflammation phenotypes. During the past decade, a number of key progresses have been made in the study of oral mucosal immune homeostasis and diseases (2). By now, it has been well proven that oral mucosal immunity could affect the immune responses in the gastric intestinal tract and throughout the whole body (3). Thus, the goal of this Research Topic is to collect the latest research advances regarding the regulation of oral mucosal immunity in health and disease. To this end, we hosted 13 original research articles, review articles, and mini reviews.

Oral ulcer is the most common inflammatory disease in the oral cavity. To investigate whether N6-methyladenosine (m6A)-related single nucleotide polymorphisms (m6A-SNPs) are involved in the pathogenesis of oral ulcers, Wu et al. analyzed genome-wide association studies (GWAS) database and identified 11 m6A-SNPs that were related to oral ulcers, showing m6A RNA transcription modification may be involved in the development of oral ulcers.

OLP is a chronic inflammatory disorder of the oral mucosa (4). The clinical symptoms of OLP and discoid lupus erythematosus (DLE) are very similar. Wang R. et al. summarized the significant differences in the expression levels and genotype polymorphism of two cytokines, TNF-α and IL-10, in OLP and DLE. They concluded that differential genotypes of TNF-α and IL-10 could be an immunological diagnosis for these two diseases.

Currently, the treatment of OLP mainly relies on immunosuppressive drugs (5). It has been proven that the response of OLP patients to the common immunosuppressive therapy is heterogeneous (6). To predicate the effectiveness of immunosuppressive therapy in OLP, Xu et al. developed a workflow by acquiring image-based features in OLP. They found that the best performance prediction model built by logistic regression showed an accuracy of 90%. This model could provide a valuable reference for the choice of medication for the OLP clinical treatment. Besides traditional immunosuppressive drugs, novel immunotherapy approaches are gaining traction. Xue et al. found that regulatory T cell (Treg cell) therapy may be an effective new treatment strategy for oral inflammatory diseases such as OLP.

The oral cavity has a rich symbiotic microbiome, second only to that of the gut (3). Long et al. revealed that the microbiota might maintain oral homeostasis by reshaping the structure of the oral epithelial barrier and changing the function of molecular biology. Wang X. et al. investigated the association between gut microbiota alterations and recurrent aphthous ulcer (RAU), and they indicated that gut dysbacteriosis, microbial dysfunction and immune imbalance occurred in RAU patients.

The incidences of oral mucosal inflammatory diseases are associated with a variety of systemic diseases (7). Zhang et al. found that the prevalence of Hashimoto’s thyroiditis (HT) in OLP patients, especially in female OLP patients, is significantly higher than that in the general population. Li et al. reviewed the findings between oral mucosal inflammation and ulcerative colitis (UC), and they concluded that pyostomatitis vegetans, RAU and periodontitis, could not only be used to be risk factors for disease occurrence of UC, but also could be used to predict disease severity of UC. More than that, Seidel et al. investigated levels of inflammatory factors in newborns with orofacial clefts (OFC), and found that the expression of several inflammatory factors was increased than that of the healthy controls, suggesting that these children were at risk for oral mucosal inflammation.

So far, the pathogenesis of various oral mucosal inflammatory diseases is still unclear. Epithelial-mesenchymal transition (EMT) is a crucial biological process in the pathogenesis of oral mucosal disorders. Meng et al. provided a comprehensive evaluation of type-2 EMT in chronically inflammatory oral mucosal disorders, and they believe that targeting EMT could be a promising novel strategy to treat oral mucosal disorders in the future. Besides EMT, cellular senescence caused tissue aging is also thought to be a key factor in oral inflammation. Villalobos et al. summarized the effects of aging on periodontal tissues, and concluded that it could cause the imbalance of the periodontium and periodontitis. Yue et al. summarized the studies of the senescence-associated secretory phenotype (SASP) in in oral immunity, and they found that SASP might play a pleiotropic role in the pathogenesis of oral immunity.

In addition to oral mucosa, the immune homeostasis of oral secretory glands such as salivary glands is also very important for health. Sjogren’s syndrome (SS) is a chronic autoimmune disorder that seriously affects the quality of life of patients (8). Zhan et al. reviewed the pathogenesis and treatment of SS, and they emphasized that targeted drugs, low-side-effect drugs, and combination therapies should be the focus of future research.

In summary, this Research Topic collected the current advances regarding the oral mucosal immune regulation, oral mucosal inflammatory disease pathogenesis and novel therapy strategies. More and more evidence shows that oral mucosal immune homeostasis is not only indispensable for health of the oral cavity, but also important for systemic health. Future studies should focus on two aspects: one is to explore the relationship between oral mucosal immune homeostasis and systemic immune homeostasis; the other is to study how to apply the findings of oral mucosal immunopathogenesis and novel therapy strategies to clinical treatment.
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Oral lichen planus (OLP) is a chronic inflammatory disease, and the common management focuses on controlling inflammation with immunosuppressive therapy. While the response to the immunosuppressive therapy is heterogeneous, exploring the mechanism and prediction of the response gain greater importance. Here, we developed a workflow for prediction of immunosuppressive therapy response prediction in OLP, which could automatically acquire image-based features. First, 38 features were acquired from 208 OLP pathological images, and 6 features were subsequently obtained which had a significant impact on the effect of OLP immunosuppressive therapy. By observing microscopic structure and integrated with the corresponding transcriptome, the biological implications of the 6 features were uncovered. Though the pathway enrichment analysis, three image-based features which advantageous to therapy indicated the different lymphocytes infiltration, and the other three image-based features which bad for therapy respectively indicated the nicotinamide adenine dinucleotide (NADH) metabolic pathway, response to potassium ion pathway and adenosine monophosphate (AMP) activated protein kinase pathway. In addition, prediction models for the response to immunosuppressive therapy, were constructed with above image-based features. The best performance prediction model built by logistic regression showed an accuracy of 90% and the area under the receiver operating characteristic curve (AUROC) reached 0.947. This study provided a novel approach to automatically obtain biological meaningful image-based features from unannotated pathological images, which could indicate the immunosuppressive therapy in OLP. Besides, the novel and accurate prediction model may be useful for the OLP clinical management.
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Introduction

Oral lichen planus (OLP) is a common chronic inflammatory disease of the oral mucosa with a prevalence of 0.5% to 2.0% in the general population (1). OLP mainly affects the middle-aged population (50-60 years old), more commonly women (2). OLP can manifest clinically as reticular, popular, plaquelike, erosive, atrophic, and bullous subtypes (3). Oral lesions in the form of atrophic erosions of OLP can cause symptoms ranging from a burning sensation to severe pain that interferes with speech, eating and swallowing (4). It has been known that T cell-mediated cytotoxicity is involved in pathogenesis of OLP (5). Therefore, immunosuppression is commonly used to treat OLP (6, 7). However, not all patients show positive response to immunosuppressive therapy. The commonly used therapeutic agents are corticosteroids, calcineurin inhibitors, which mainly work by inhibiting immunity and inhibiting lymphocytes (8). Pathological images can reveal many immune-related changes. With the help of pathological images, we can discover the factors that affect the treatment effect.

With the recent advent of cost-effective digital scanners for full slides, tissue slides can be digitized and stored as digital images (9). Digital pathology has made the computerized quantitative analysis of histopathological images possible. Deep learning (DL) is increasingly being used in medical images, including diagnosing and grading tumors (10–12), prognosis and prediction of metastasis (13, 14). However, deep learning requires a large amount of annotated data for training (15), including pixel-level annotated datasets and labeled datasets. These deep learning practices have met with varying degrees of success, and Google has also announced the development of microscopes based on deep learning algorithms to assist pathologists in diagnosis (16). These deep learning practices have better performance in the field of pathological images and can achieve an accuracy up to 97.51% in the classification of tumor differentiation grade (17).

However, due to the uninterpretability of DL algorithms, the opacity of artificial intelligence (AI) decisions is one of the most significant challenges to their regulatory approval and clinical implementation (18). Despite of the high accuracy rates that can be achieved by algorithms, their credibility is still questionable for practical clinical applications. Especially in oncology issues, the adoption of unexplained AI systems may raise severe legal and ethical challenges, including regulatory difficulties and confusion over the allocation of responsibilities (19). In addition, although deep learning algorithms can be trained to explore features that are difficult for pathologists to find, we do not know exactly what these features are. Therefore, it is risky to make clinical decision just rely on deep learning algorithms (20).

Autoencoder is an unsupervised feature extraction method (21). This method can be used for dimensionality reduction representation of high-dimensional images (22, 23). Generally, autoencoders can be considered as neural network models with a multilayer structure, consisting of two parts: encoding and decoding. The encoder encodes the input image data, while the decoder decodes the expressions in the hidden layer to reconstruct the input data. Thus, the data in the hidden layer contains the core information of an image (24). By clustering the hidden layer data of a large number of images can discover potential correlations between images (25). We can group images with similar features into one class by compressing and clustering the image information. If most of the images within a feature are from patients who achieve great clinical efficacy with immunosuppressive treatment, it means that the feature may be relevant to immunosuppressive treatment.

Based on the above issues, we developed a method to obtain interpretable knowledge from unlabeled pathological images and applied our method to obtain features that have positive/negative effects on the immunosuppressive treatment of OLP. Further, we determined the significance of these features by analyzing the biological phenotype and RNA-seq of these features. Finally, we constructed a model to predict the efficacy of immunosuppressive treatment for OLP. The pathological features identified in our study may be informative for clinical treatment.



Materials and Methods


Study Participants

This hospital-based cohort consisted of OLP patients who attended the mucosal unit at West China Dental Hospital, Sichuan University from September 2019 to September 2021. Participants all signed written consent to participate in the study. The study was approved by the Ethics Committee of West China Dental Hospital of Sichuan University (WCHSIRB-D-2017-021).

Patients attending the study were screened for inclusion criteria. The detailed criteria are shown in Table 1.


Table 1 | The include exclusion criteria.



The total number of participants who met the criteria was 56. Immunosuppressive treatments were applied for these participants, including oral hydroxychloroquine sulfate tablets and dexamethasone sodium phosphate injection. We collected complete pathological sections and clinical data from all patients for analysis. The scores were according to the presence of three types of white reticulations/patches, erythema/congestion, and erosions/ulcers. In the 11 parts of the mouth: upper lip, lower lip, left cheek, right cheek, maxillary gum, mandibular gum, left tongue, right tongue, floor of the mouth, hard palate, and soft palate, the score was 0 if it was not present, 1 if it was present but not more than 50% of the area of the part, and 2 if it was more than 50%. The total score was finally calculated. The calculation was weighted 1.5 times for the erythema/congestion score and 2 times for the erosion/ulcer score. We followed up the patient three times, and if the score at the third time was more than 10% lower than the first time, the patient was considered effective for immunosuppressive treatment. Among them, 19 patients were ineffective with immunosuppressive treatment and 37 were effective.



Preparation of Whole-Mount Pathology Images and RNA Sequencing

The tissue sample from patients would be divided into two halves, one for pathology section preparation and the other for RNA-seq. Understanding the gene expression of the corresponding pathological image is essential to interpreting the functional components of the genome, and revealing the molecular composition of cells and tissues, as well as understanding development and disease. RNA-seq can be used to study the transcriptome (26). The transcriptome is the complete set of transcripts and their number in cells at specific developmental stages or physiological conditions. Understanding the transcriptome is essential for interpreting the functional components of the genome and revealing the molecular composition of cells and tissues, as well as for understanding development and disease. In this study, tissues from 19 patients were sent for RNA-seq to interpret the biological implications of the image-based features.



Preprocessing of Data Set

We divided the 168 whole slide images (WSIs) from 56 patients into the following two groups: 38 WSIs from 38 patients (the images with the largest number of pixels selected for each patient) were used to generate key features using the deep neural network, and the other 130 WSIs were used to validate the prediction model by using these features. We did not provide any information about the patients to the deep neural network during the training process. In addition, the pathologists did not examine or annotate the pathology images. For training and feature extraction of 38 patients, the number of patients with good and poor results for immunosuppressive treatment was the same (n=19).

In this study, we used Python’s Openslide (version 1.1.2) to perform the segmentation process on WSIs. The parameters we choose are a magnification of 50x and a patch size of 128*128. We cut the WSIs without gaps into patches of 128*128 pixels size. 38 WSIs from 38 patients were segmented into the original patches set. During the production of pathology sections and electronic scans, some images showed contamination and distortion, so we performed an additional filtering step on the original patches set. Based on the characteristics of our dataset, our filtering criteria included: a. Blank area ≥ 75% (too little valid content); b. Average brightness of all pixels in the image < 120 or > 250 (image too dark/too bright); c. Variance of RGB values of all pixels in the image < 80 (image with contamination); d. Width or height less than 128 pixels (image at the edge of the slice). After the above screening, patches that are not suitable for training and feature extraction are removed, while the normal patches were reserved.



Autoencoder

Autoencoder consists of two main parts: encoder and decoder. The encoder compresses the input data to obtain low-dimensional data containing key information of the original data (22). The decoder can decode these obtained data and restore them to the original data through the decoding process. The training process consists of three main steps. In the first step, the encoder encodes the unlabeled data samples and obtains the encoding code. In the second step, the decoder decodes the encoded codes and obtains the new data. In the third step, we calculate the information error between these new data and the original data, and then adjust the weight parameters of the encoder and decoder according to the error to minimize the reconstruction error (27). For our encoder, it is possible to downscale an image with 128*128 pixels and three-channel values (RGB values) into a vector of 2048 numbers. The method we used does not require manual annotation or labeling to pre-classify the image. The entire training process is unsupervised, and Step1 of Figure 1 provides a flowchart for training the autoencoder network.




Figure 1 | Data processing and autoencoder construction. We selected the slide with the largest number of pixels from each patient’s slide and cut it into patches of 128*128 pixels. Then we filtered these patches to remove the patches with low quality, and then trained the autoencoder with the filtered patches set. The trained autoencoder can compress the image into a one-dimensional vector.





Image-Based Feature Generation Method

We used a set of filtered patches (n=122,705) to train the autoencoder. A total of 50 epochs were trained. and the vectors in the middle layer were clustered using K-means clustering methods. Clustering includes several machine learning algorithms that attempt to identify similar data instances and group them together (28). Algorithms such as K-means try to group the data around a point (called the center of mass), while other algorithms try to find clusters hierarchically. In total, 38 features (clusters) were generated.

At this point, each patch is assigned a label, and if the treatment effect of the WSI corresponding to the patient is good, then the patch is defined as positive. Otherwise, it is defined as negative. Next, we find the centroids of each feature in the k-means generation process. The scores ui, j, k are calculated based on the distances di, j, k(the distance from the jth patch of the ith patient to the kth feature) between this vector and each centroid, which we define using the following simple method (25):

	(

The positive and negative degrees of each feature are defined as follows, +ui, j, k and -ui, j, k refers to the number of positive and negative patches in the feature, n+and n- The number of positive and negative patches among all the patches involved in clustering.

 

 

Finally, we define the impact score Ik of the kth feature as:

 

The value of Ik ranges from 0 to 1, and the contribution of different features to the prediction results varies when constructing the prediction model. We define the weight of the kth feature as

 

At the end of clustering, we identify the biological phenotypes of all features and filter out the features that contribute significantly to the treatment effect, called key features.



Construction of Predictive Models

The clustering is performed by K-means to obtain 38 clustering results, each with a centroid K1, …, K38. After the input of the slide to be predicted, we cut and filter it (in “key feature generation method”) to obtain the patches set. The trained encoder encodes the patches into a vector Xi and calculates the Euclidean distance from the vector to the centroid of each cluster. The cluster with the smallest distance is the class of the patches.

We mainly used two methods, logistic regression and SVM, to build prediction models to evaluate the value of using 38 features to predict the treatment effect. SVM is a powerful method to build classifiers. It aims to create a decision boundary between two categories so that labels can be predicted from one or more feature vectors (29). This decision boundary is called the hyperplane, and it is oriented as far as possible from the nearest data points in each class. These closest points are called support vectors.

To evaluate our method, we used 38 features generated by deep learning to predict cancer recurrence. To address the fact that feature values are unevenly distributed between patients with and without cancer recurrence, we multiplied each feature value by Wk (see the Methods section for key feature generation methods), which enhanced the predictive power of the model (25). Due to the small sample size used for validation, we adopted 10-fold cross validation. A data set is first randomly divided into 10 disjoint folds that have approximately the same number of instances. Then every fold in turn plays the role for testing the model induced from the other 9 folds. Since the partition is random, the variance of the accuracy estimates can be large for statistical inference (30). We use Receiver Operating Characteristic (ROC) and accuracy to compare models generated by deep learning (31). The area under the receiver operating characteristic (AUROC) curves is the most commonly used metric for comparing classifier performance and takes values from 0 to 1. The higher the AUC, the better the performance of model (32).



Pathway Enrichment Analysis

Using the median number of generated key feature k present in all pathology sections of the training set as the session, all pathology sections of the training set were divided into feature k high expression and low expression groups. We performed gene set variation analysis (GSVA) using raw counts to identify signaling pathways and functions that were significantly enriched using in each group. The input for the GSVA algorithm is a gene expression matrix in the form of RNA-seq counts and a database of gene sets. The output of the algorithm is a matrix containing pathway enrichment scores for each gene set and sample (33).



Statistical Analysis

We used Python (version 3.8) for data processing and model training, OpenSlide package (version 1.1.2) and OpenCV-Python package (version 4.3.0.36) for processing and cutting of WSIs, and TensorFlow (version 2.3.0), NumPy (version 1.18.4) and PIL (version 8.2.0) for training of deep autoencoders and processing of intermediate layers. NumPy (version 1.18.4) and PIL (version 8.2.0). The clustering and pathway analysis of the intermediate layer data were performed by using R, including e1071 (version 1.7.0), GSVA (version 1.20.0). All packages are available. All tests were two-tailed and considered statistically significant if the p-value < 0.05.




Result


Deep Autoencoder

We developed a method for automatic feature generation based on autoencoders. This method used an unsupervised neural network. No direct information about the cancer was provided to the deep neural network. The encoder can downscale an image of 128*128 pixels into a vector containing 2048 numbers. The workflow of data processing and auto-encoder was shown in Figure 1. The decoder can recover the vector into an image. The recovered image is basically the same as the original image. We used the encoder to encode 122,705 patches of the filtered patches set into a vector set



Clustering Workflow and Features Analysis

The vector set was clustered by K-means method. A total of 38 clusters were generated, which we called features. We calculated the Ik value of each feature and evaluated the role of each feature in the effect of immunosuppressive therapy. The features were classified into positive and negative features based on the proportion of positive patches. There were 25 positive features and 13 negative features in total. Then we observed and analyzed the patches in each feature. The clustering and analysis process is shown in Figure 2.




Figure 2 | Workflow of clustering. We clustered the data, which was encoded by autoencoder, obtained 38 features via K-means method. The higher the proportion of positive patches contained in feature, the greater the positive significance of the effect of immunosuppressive treatment. The higher the proportion of negative patches, the greater the negative significance of the treatment effect.





Generation of Key Feature

We evaluated patches of 38 features by 3 experts, and the characteristics of all features were showed in Table 2. Overall, these features were divided into two classes via image shape-based classification and tissue morphology-based classification. Consequently, 13 features were clustered by shape and 25 features were clustered by histology.


Table 2 | 38 features and their patch numbers, histological morphology.



We calculated the Ik value of each feature. When Ik is equal to 0.5, it means that the feature contains the same number of positive and negative patches, indicating no special effect on the treatment effect. If the value is greater than 0.5, the presence of the feature is considered as positive for treatment and is called positive feature; if the value is less than 0.5, the feature is considered as negative feature. We assigned all center points to different shades of color according to the value of Ik (Figure 3A). The darker the color is, the more importance the feature means. Figure 3B shows the histological morphology of the features. The features of muscle and connective tissue were distributed in the same area. Features clustered by shape were distributed around. Epithelial and lymphocyte-dominated features’ centers were also close to each other.




Figure 3 | Clustering centroids. We showed the centroids of the 38 features. Panel (A) shows the effect of all features on the treatment effect. Darker red means that the feature has a greater significance of having a positive effect on immunosuppressive treatment. The darker the blue color, the greater the significance that the feature plays a negative role. Panel (B) shows the biological significance of all the features. The features dominated by muscle and connective tissue are distributed in the same area. Features which were clustered by shape were distributed in the periphery. The centers of epithelial and lymphocyte-dominated features were also close to each other.



Figure 4A showed the weight Wk of each feature. Among the 8 features exceeding 1.1, two features were classified by shape, so the remaining 6 features were defined as key features. In addition, we found that the features dominated by connective tissue and muscle tissue, whose Wk were almost all less than 1.1, meant that the structure of muscle and connective tissue was of little significance for Immunosuppressive therapy.




Figure 4 | Wk (Weight of feature k) of all features and 6 key features. Panel (A) showed the Wk values of all features with the vertical axis taking the value of 1 to 1.35. The higher the value, the greater the impact on immunosuppressive treatment’s efficacy. We used 1.1 as the threshold and defined features with Wk higher than 1.1 as key features. Panel (B) shows 3 positive features, 2 of which were mainly lymphocyte-infiltrated lamina propria and additionally contain a small amount of basal cell layer and spiny layer (B.a, B.b). There was also a positive feature containing mainly the epithelial layer and, in addition, an infiltration of lymphocytes (B.c). Among the negative features, one feature contained patches with the blood vessels (C.d); one feature was loose connective tissue (C.e); and one feature was the lamina propria, which contained part of the epithelial layer but not lymphocyte-rich areas (C.f).





Histological Appearance of Key Features

Three of the six key features were positive and three were negative. The morphology of the features was shown in Figure 4. Two of the positive features (Figure 4B) were both mainly lymphocyte-infiltrated lamina propria, which also contained a small amount of basal cell layer and spiny layer (Figures 4Ba, b). The other positive feature containing mainly lymphocytes and epithelium. (Figure 4Bc). Of the negative features (Figure 4C), one feature mainly contained patches with the presence of blood vessels (Figure 4Cd); one feature was loose connective tissue (Figure 4Ce); and one feature was the lamina propria, which contained part of the epithelial layer but did not include lymphocyte-rich areas (Figure 4Cf).



Key Features and Pathway Enrichment Analysis

We used GSVA to determine the signaling pathways and functions, which were shown in Figure 5. Feature 30 was concentrated in the epithelium and lamina propria, and in the feature 30 high expression group, the kinase related pathway was enriched, and kinase expression was elevated. Kinases play important roles in current inflammatory and autoimmune diseases (34). Kinases can transduce signals from many cytokine receptors, inhibiting the effects of immunosuppressive treatments. Feature 27 contains the loose connective tissue. In the feature 27 high expression group, we found an enrichment in the potassium ion expression pathway. High levels of potassium maintain the “stem cell properties” of anti-cancer T cells, which have the ability to replicate themselves, but they cannot “grow” into killer immune cells (35). By keeping the T cells in this state, the tumor can avoid being attacked and continue to grow (36). Therefore, immunosuppressive therapy is ineffective when this pathway is highly expressed. In the characteristic 2 high expression group, the nicotinamide adenine dinucleotide (NADH) related pathway was enriched. The effect of immunosuppression may be reduced due to altered metabolism (37).




Figure 5 | Enriched pathways in each feature. We found enriched pathways in the high expression group of each feature. Features 33, 15, and 9 all had lymphocyte-enriched pathways, but the types of lymphocyte were different, which may explain the lymphocyte infiltration group was divided into three features. Because of the enrichment of immune cells, immunosuppressive therapy has a good effect on the group with high expression of these three features. The biological phenotype of feature 2 was associated with the morphology of blood vessels, and the enrichment of NADH biochemical metabolic pathways was seen in the group with high expression. Feature 27 was associated with loose connective tissue, and its high expression group was enriched for the pathway of potassium ion overexpression. Feature 30 was enriched for kinase-related pathways in the high expression group. The presence of these three features has a suppressive effect on immunosuppressive treatment.



There was an enrichment of lymphocyte-related pathways in the three positive features. Feature 33 high expression group had enrichment of Natural killer T (NKT) cell, feature 15 high expression group had enrichment of neutrophil and T cell related pathway, and feature 9 high expression group had enrichment of B cell related pathway. The enrichment of immune cells resulted in increased efficacy of immunosuppressive treatment.



Differential Pathway Enrichments of High and Low Expression Groups

The difference of pathway enrichment was significant in high and low expression groups, for all key features (all P value less than 0.05). The result was shown in Figure 6. This implied that the key features we identified had a significant correlation between their histological manifestations and pathway enrichment.




Figure 6 | Differences in the pathways corresponding to the high and low expression groups of each feature. Panels (A–F) showed the differences in expression in the high and low expression groups of each feature in Figure 5 for the pathways enriched in the high and low expression groups of that feature, respectively. The P-value for the differences in pathway enrichment in the high and low expression groups for each feature is less than 0.05.





Predictive Models

We calculated the accuracy of the logistics regression models using the ten-fold validation method. The average model accuracy was 68. 53%, with a maximum accuracy of 92.31% and a minimum accuracy of 38.46%. the average AUC reached 0.722 (95% CI: 0.697-0.747).

We also compared the performance of SVMs. The average accuracy of the SVM model with 38 features was 76.68%, with the highest accuracy reaching 100% and the lowest 50%. the average AUC was 0.645 (95% CI: 0.637-0.652). the accuracy of the SVM was higher than the logistics regression overall, but the AUC value was lower because the results were categorical variables.

For the ten-fold validation, we obtained different models. We tested the entire validation set using the best performing model, and the Logistic regression model achieved an accuracy of 90% with an AUC of 0.947. the SVM model had an accuracy of 88.46% with an AUC of 0.786. as shown in Figure 7B.




Figure 7 | Prediction model and visualization results. We developed a model to predict the efficacy of immunosuppressive treatment based on a logistic regression model. Panel (A) shows the visualization of the prediction results. The patches belonging to positive features were added with red border, and those belonging to negative features are added with blue border. The box on the right shows the magnified morphology of the patch, the feature to which the patch belongs, and the Wk value of the category. Panel (B) shows the ROC curves for the SVM model and the logistic regression model. Logistic regression has a higher AUC of 0.947.



Based on the logistic regression model, we constructed a visual prediction system that could display the feature to which each patch belongs and the Wk value of that feature, as shown in Figure 7A.




Discussion

Our study implemented unsupervised learning from unlabeled pathological images, and we clustered and obtained features that can be interpreted. These features indicated the effect of OLP immunosuppression therapy. The size of the patch we used was sufficient for observed the content of patches. In addition to the features clustered by shape, each feature contained more than 500 patches, which makes it easy to summarize characteristics of the features. The key features contained histological features that were understandable to humans, which facilitates the selection of treatment regimens and the prediction of treatment effects. Features extracted by deep neural networks included not only human-identified findings, but also contain features that have not been noticed or discovered. Convolutional Neural Networks (CNNs) have been found to derive information from features that are undetectable by humans, such as determining patient age from X images of paranasal sinuses (38), predicting protein function from amino acid sequences (39).

The number of clusters was 38, which was exactly the number of WSIs as trained set. It could be a good solution for features extracted (25). A total of 38 histological features were obtained, these features can be classified into two main classes: one is classified by morphology. The patches of these features have common characteristics: they all contain blank areas, and the shape of the non-blank areas is uniform, rectangular, or triangular. The number of patches of these features is small, mostly less than 500, so they have little effect on the prediction results. The other is classified by histology. In this class, there were many features with muscle and connective tissue, and their Wk were all in the range of 1 to 1.1, implying that such features had little effect on the treatment outcome. There were three key positive features, all of them contained lymphocyte-infiltrated lamina propria. Three negative features for treatment were blood vessels, loose connective tissue, and epithelial tissue separately. By analyzing the expression of relevant pathways, we confirmed the relationship between above features and their biological phenotype.

In this study, key features identified by deep neural network could be reasonable. We demonstrated a well-performing algorithm based on deep autoencoders (22) and with no need for manual labels information. In addition, our research has identified some of the features relevant to immunosuppressive therapy, and our findings were confirmed by pathway analysis. We also constructed a model to predict the effect of OLP immunosuppression treatment based on 38 features, and the logistics regression model achieved an accuracy of 90% with an AUC of 0.947. The model constructed based on our theory has a high accuracy for the prediction of treatment effect. However, the parameters we selected in the deep learning model were manually determined, which may not be the best choice. Changing the parameters or clustering methods may reveal more features. The prediction models we chose were the classic SVM and logistic regression. In future research, we will try to explore more potential models in prediction of diseases, such as neuralnet (40), and improve this tool to play a greater role in clinical diagnosis and treatment.



Conclusion

OLP is a common disease of the oral mucosa. Immunosuppressive therapy is commonly used clinically, but patients have different response to treatment. There is a lack of in-depth clinical research on the reasons for the differences in efficacy. We obtained 38 features by training autoencoders to slice and data downscaling and clustering of pathology images. Through our analysis of biological phenotypes and pathways, we obtained 6 features that have a significant impact on efficacy. We also built a model to predict the efficacy of OLP immunosuppressive treatment based on these features. We did more than simply using WSI for classification and outcome prediction. More importantly, we acquired knowledge that can be interpreted and learned. This may be instructive for future research. Our study automatically obtains human interpretable features from pathological images, which could be an important reference for the clinical immunosuppressive treatment of OLP.
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Oral ulcers are one of the most common inflammatory diseases on oral mucosa that have obvious impacts on patients. Studies have shown that N6-methyladenosine (m6A) RNA transcription modification may be involved in the development of various inflammatory responses, and whether the pathogenesis of oral ulcers is related to m6A is unclear. This study aims to identify how m6A-related single nucleotide polymorphisms (m6A-SNPs) may affect oral ulcers. The UKBB dataset containing 10,599,054 SNPs was obtained from the GWAS database using the keyword “oral ulcer” and compared with the M6AVar database containing 13,703 m6A-SNPs.With 7,490 m6A-SNPs associated with oral ulcers identified, HaploReg and RegulomeDB were used for further functional validation and differential gene analysis was performed using the GEO database dataset GSE37265. A total of 7490 m6A-SNPs were detected in this study, 11 of which were related to oral ulcers (p<5E-08), and all of these SNPs showed eQTL signals. The SNP rs11266744 (p=2.00E-27) may regulate the expression of the local gene CCRL2, thereby participating in the pathogenesis of oral ulcers. In summary, by analyzing genome-wide association studies, this study showed that m6A modification may be involved in the pathogenesis of oral ulcers and CCRL2 may be the targeted gene.
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Introduction

Oral ulcers are one of the most common inflammatory diseases on oral mucosa, particularly affecting adolescents and young adults (1–3), and the incidence in the general population has reached about 1.8-5% (4–7). Severe aphthous ulcers are difficult to heal, greatly affecting patients’ daily diet and mental state. The causes of oral ulcers may include infection, local trauma, changes in hormone levels, vitamin deficiencies and genetics (8, 9). According to many studies, genetic factors were associated with oral ulcers (10, 11). A questionnaire survey of 684 patients with oral ulcers reported that 66% of patients have a history of oral ulcers in family members (10). Another retrospective study on 1,160 parents and their children showed that the variation of the latent phenotype in the incidence of oral ulcers was caused by an additive genetic factor (64%), a common environmental factor (26%) and a specific environmental factor (10%) (11). In addition to clinical studies, in vitro studies also showed that C677T mutations in the MTHFR gene were associated with the development and severity of oral ulcers (12).

N6-methyladenosine (m6A) refers to the methylation of the sixth N atom on the adenine base. As one of the most abundant chemical modifications on mammalian mRNA and non-coding RNA, it is involved in many biological activities including inflammatory responses (13, 14). Oral ulcers are featured in inflammatory responses stimulated by a variety of inflammatory cells, metabolic enzymes and cytokines (15). Studies showed that approximately 0.1% to 0.4% of adenosines in mRNA were modified by m6A, with an average of 2-3 m6A modification sites per transcript (16, 17). By recruiting specific protein complexes at the m6A modification site on RNA, the structure, function and stability of mRNA can be regulated, thereby regulating gene expression or splicing (16, 18). Proteins such as cofactor Wilms tumor 1 related protein (WTAP) (19), obesity-related protein (FTO) (20), and cytoplasmic YTH domain-containing family member 1(YTHDF2) (21) can be involved in the regulation of inflammatory responses by altering m6A modifications (22, 23). And dysregulation of local inflammatory response in the oral mucosa can disrupt normal mucosal structures and induce oral ulcers. In addition, m6A-SNP affects m6A methylation and related biological processes by changing the RNA sequence of the target site or key flanking nucleotides (24).

Based on the current analysis of the m6A-SNP list and published GWAS data, m6A-SNPs were found to be associated with diseases with inflammatory responses such as periodontitis (25), type 2 diabetes (26, 27) and obesity (28). On the other hand, oral ulcers are characterized by inflammatory responses, so it is worthwhile to further explore the relationship between m6A-SNPs and oral ulcers. Genome-wide association studies (GWAS) assess the association between SNPs and traits by analyzing multiple genetic variants in individuals with different phenotypes (29). Previous studies determined oral ulcer susceptibility loci located in the protein-coding region by GWAS, such as coding key cytokines (tumor necrosis factor-α, interleukin-1α, interleukin-10 and interleukin-12) gene region variation (9, 30). In addition to the SNPs mentioned above, a large number of SNPs are located in non-protein-coding regions. Specifically, studies showed that SNPs located in the untranslated region (UTR) could also affect RNA secondary structure or RNA–protein interactions (31). Moreover, these SNPs could also alter enhancers or silencers during exon splicing (32).

Above all, oral ulcer is an inflammatory disease closely associated with genetic factors, and m6A-SNP directly affects gene expression involved in the development of inflammatory responses. Since whether m6A-SNP is involved in the pathogenesis of oral ulcers is still unclear and GWAS help to fully reveal the genes associated with oral ulcers development, exploring how m6A-SNPs related to oral ulcers may provide a new perspective on the genetic mechanism of oral ulcers. Therefore, this study aims to explore the role of m6A-SNP in the occurrence and development of oral ulcers by analyzing the original data of the published oral ulcer GWAS and the list of m6A-SNPs in the M6Avar database.



Methods


Identification of oral ulcers‐associated m6A‐SNPs

Firstly, we downloaded the GWAS summary data on oral ulcers in UKBB (the oral ulcer, 39439 cases and 345587 controls). In order to ascertain the m6A-SNPs that might have an effect on the methylation of m6A, we downloaded the list of m6A-SNPs from the publicly available M6AVar database and compared it with the comprehensive statistics of oral ulcers (33). Currently, the M6AVar database contains 13,703 high confidence levels (miCLIP/PA-m6A-seq experiments), 54,222 medium confidence levels (MERIP-Seq experiments), and 245,076 low confidence levels (random based on the random forest algorithm) of human m6A-SNP genome prediction (33). In the following analysis, p<0.05 was designed as the threshold for statistical significance.



Expression quantitative trait loci analysis of oral ulcers‐associated m6A‐SNPs

One of the ways that m6A modification exerts a biological effect is to affect the regulation of local genes. After identifying the m6A-SNPs associated with oral ulcers, online tools were used to annotate them to explore the mechanism of their biological functions. The HaploReg browser (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php) is used to detect whether the eQTL signal of the identified m6A-SNP is displayed, and functional evidence can also be obtained (p<0.05) (34). In addition, through HaploReg and RegulomeDB (http://regulome.stanford.edu/), functional verification of the identified m6A-SNPs was performed to determine their possible roles in transcriptional regulation.



Prediction of m6A modification near m6A-SNPs

The m6A-SNPs identified by the analysis above were input into an online m6A modification prediction tool (SRAMP, http://www.cuilab.cn/sramp/) for further analysis. It can determine whether m6A-SNP affects surrounding m6A modifications by analyzing input reference sequences and altered sequences (such as genome sequences or cDNA sequences) (35).



Differential expression analysis of local genes

To explore the local gene expression of m6A-SNPs in the pathogenesis of oral ulcers, transcriptomic data from the GEO database of ulcerated and normal mucosa were used for differential gene analysis. In the GEO database (http://www.ncbi.nlm.nih.gov/geo), we downloaded the data set GSE37265 containing standardized oral ulcer-related gene expression signals (14 recurrent aphthous ulcer sites tissue and 14 normal controls). For the average gene expression signals of oral ulcer patients and healthy controls, a t-test method was used to analyze the differential expression. The significance level of p<0.05 was used for differential expression analysis.




Results


Identification of oral ulcers-associated m6A-SNPs

In this study, 10,599,054 SNPs from the GWAS for oral ulcers and 13,703 m6A-SNPs from the M6Avar database were used to perform the analysis, of which 7,490 m6A-SNPs were identified. (Figures 1, 2). By analyzing the GWAS data, there were 259 m6A-SNPs with high confidence levels among the 7490 m6A-SNPs, and the medium and low levels were 1318 and 5913, respectively. Then the genome-wide threshold p<5.0E-08 (red line) and the recommended threshold p<5.0E-05 (blue line) were used to screen the association between m6A-SNPs and oral ulcers. Finally, rs11266744 (p=2.0E-27) reached the highest significance among the 7490 m6A-SNPs. By using the R package “qqman”, a Manhattan plot containing 7490 M6A-SNPs was generated (Figure 2).




Figure 1 | Flow chart of research designs and main results.






Figure 2 | The Manhattan curve of genome-wide identification of m6A-SNPs associated with oral ulcers. The Manhattan plot showed that among the 7490 m6A-SNPs associated with oral ulcers, 11 SNPs reached the genome-wide significance threshold (p<5E- 8), and 30 SNPs reached the genome-wide prompt threshold (p<5E-5).





eQTL analysis

m6A-SNPs might participate in gene expression regulation by influencing RNA modification, so eQTL analysis was used to investigate whether they were related to local gene expression levels. A total of 25 m6A-SNPs (p<0.05) associated with oral ulcers showed eQTL signals (Figure 1; Table 1), and most of them were displayed in various tissues or cells. Among them, the unknown functions of the top 20 (p<0.01) m6A-SNPs in the process of transcriptional regulation were explored. Finally, by using the ENCODE transcription factor CHIP-SEQ dataset, a total of 15 m6A-SNPs were found to change the protein binding or regulatory motifs of local genes in different cell types (Table 1) (36).


Table 1 | Top 20 most significant m6A single nucleotide polymorphisms associated with oral ulcers.





Differential expression analysis

The appeal analysis found a total of 25 m6A-SNPs showing eQTL signals. In order to analyze the mRNA expression levels of these SNP local genes, we analyzed the difference in gene expression between the ulcer site of patients with recurrent aphthous ulcers and normal control tissues in the GEO database. Through differential expression analysis, 19 m6A-SNPs were detected to form a SNP-gene expression-oral ulcer triad (Figures 1, 3). In Figure 3, mRNA levels of differentially expressed genes between oral ulcer patients and normal controls were shown. Among them, the expression of inflammation-related genes such as CCRL2, HLA-C, GSDMB, HLA-DPB1, and MAPT increased in patients with oral ulcers. Based on this, we speculated that the involvement of these m6A-SNPs in the occurrence of oral ulcers might be accomplished by regulating the expression levels of corresponding genes.




Figure 3 | The expression levels of selected genes were shown in oral ulcer patients and healthy controls. The expression of genes such as CCRL2, HLA-C, GSDMB, HLA-DPB1 and MAPT were elevated in patients with oral ulcers.






Discussion

m6A modification is one of the most abundant mRNA modifications in higher organisms. It participates in the regulation of biological processes in transcription, including mRNA splicing, translation and stability, and dynamically regulates various physiological and pathological processes (37). In recent years, a large number of studies have focused on the role of RNA modifications in regulating inflammation and anti-inflammatory gene expression. Among them, m6A modification may affect the states of various inflammatory diseases through a variety of mechanisms (38). For example, studies showed that m6A binding protein YTHDF2 could regulate the stability of inflammatory gene mRNA transcripts and participate in the regulation of lipopolysaccharide (LPS)-induced inflammation (39). LPS could damage the oral mucosal barrier and trigger an inflammatory response according to another study, leading to the development of oral ulcers (40).

Genetic variation can affect RNA modification and related biological processes. Studies pointed out that SNPs could affect the RNA secondary structure or the interaction between RNA and protein (31, 41). The important role of SNPs in the development of various diseases has been reported (42, 43), while how m6A-SNPs affect the pathogenesis of oral ulcers has not been confirmed by studies yet. Based on oral ulcer GWAS data and the analysis of the m6A-SNP list in the M6AVar database, we found a large number of related m6A-SNPs and further verified their local gene expression, which would be helpful for better understanding the relationship between m6A-SNPs and the pathogenesis of oral ulcers. Finally, our study shows that the expression of some relevant genes appears to be altered in patients with mouth ulcer. And m6A modifications targeting these genes may contribute to the incidence of oral ulcers. For example, since the CCRL2 protein is associated with leukocyte chemotaxis and the HLA-C protein is a ligand for NK cells, the targeting of the CCRL2 and HLA-C genes would help to reduce the local inflammatory response in the oral mucosa.

This study found that the synonymous mutation rs11266744 in the CCRL2 coding region on chromosome 3 could change the motif and approach the DNasel hypersensitive cluster (Figure 4). Furthermore, a moderately reliable predicted peak of m6A modification appeared near rs11266744 and would disappear with the change of the input sequence (Figure 5). The above evidence indicated that SNP rs11266744 might affect the m6A methylation of mRNA and further change the binding of regulatory motifs, ultimately regulating the expression of gene CCRL2. CCRL2 is a chemokine receptor with seven transmembrane regions, and its only ligand is the non-chemokine chemotactic protein—chemerin (44). When endothelial cells or epithelial cells express CCRL2, the local concentration of chemerin will increase, thereby helping to form a chemotactic gradient for leukocytes expressing CMKLR1 (the functional chemerin receptor) (44). Specifically, the N-terminal of CCRL2 binds chemerin and the C-terminal peptide interacts with CMKLR1, which promotes the aggregation of immune cells expressing CMKLR1 (45, 46). A number of studies proved that CCRL2 was involved in the occurrence and development of inflammatory diseases (47–49). Oral ulcers are characterized by the inflammatory reactions of mucosal epithelial tissues in the oral cavity. During this process, chemokines, chemokine receptors and immune cells will all increase significantly (50, 51). Therefore, the abnormal expression of the gene CCRL2 in mucosal tissues is very likely to trigger inflammation and then induce the occurrence of oral ulcers, and m6A-SNPs play an important role in this process. Further, an analysis of the relationship between loci in CCRL2 and different diseases showed that rs11266744 was most closely associated with oral ulcers (Supplementary Figure 1). Based on the above analysis, we speculated that SNP rs11266744 could cause oral ulcers by affecting the expression of the local gene CCRL2.




Figure 4 | The regional association map of the rs11266744 locus. The SNP rs11266744 was located in the CCRL2 protein-coding region. This region showed very high conservation, transcription level and DNase I hypersensitivity.






Figure 5 | The genomic sequence of a representative CCRL2 transcript (ENST00000399036.4) was used to predict the m6A modification peak on the website (http://www.cuilab.cn/sramp), while secondary structure analysis was enabled. (A) The red box indicates the disappearance of the m6A modified peak near rs11266744 after inputting the altered sequence. (B) The local secondary structure around mutation site rs11266744 is shown. rs11266744 (A>C) is located in purple at the predicted m6A modification site (red) with medium confidence. In the secondary structure string, H, M, I, B and P refer to hairpin loop, multiple loop, interior loop, bulged loop, and paired residues, respectively.



In addition to inflammation-related genes such as CCRL2, the role of non-inflammation-related genes in oral ulcers is also of interest. rs17650901 (p=7.54E-12) is located on the gene MAPT, which was differentially expressed in the oral ulcer group. The MAPT gene encodes the Tau protein, a microtubule-associated protein, and abnormalities in the Tau protein often cause a number of neurological disorders such as Alzheimer’s disease, frontotemporal dementia and Huntington’s disease (52). Tau proteins promote the polymerization of microtubule proteins into microtubules and maintain their stability, which is associated with normal neuronal function (53). A decrease in Tau protein would reduce the transmission of injurious messages such as pain from the peripheral nervous system to the central nervous system (54). In the oral mucosa, the expression of Tau protein is proved to be associated with cognitive processes such as emotion. Arredondo et al. showed that Tau transcripts were presented at a higher rate in the oral mucosa of cognitively impaired subjects compared to the controls (55). Meanwhile, the expression of MAPT gene was lower in the group of patients with oral ulcers, causing a reduction in Tau protein synthesis. As a result, this reduction reduced the transmission of peripheral injurious stimuli and relieves irritation to the central nervous system, relieving the dysphoria in patients with oral ulcers.

This finding firstly demonstrates that m6A-associated genetic factors are involved in the development of oral ulcers, and there are some shortcomings: (1) lack of publicly available data on relevant proteomic expression profiles, the identified m6A-SNPs have not been validated at the protein expression level. Our study has demonstrated that m6A-SNPs can be involved in the development of oral ulcers by regulating gene expression. More data disclosure of relevant proteomic expression profiles will help to understand the pathogenic mechanisms of m6A-SNPs at the protein expression level; (2) the relationship between the identified m6A-SNP and oral ulcers needs to be verified through case-control studies and electronic replication; (3) whether m6A-SNPs are involved in the development of oral ulcers by affecting gene expression has not been clarified, and how it is involved in the pathogenesis of oral ulcers also remains to be verified.



Conclusion

In summary, this study revealed for the first time that m6A modification may be involved in the pathogenesis of oral ulcers. By bioinformatic analysis, the m6A-SNP rs11266744 was identified to be associated with the m6A modification of the CCRL2 gene. m6A modification affected would be involved in the development of intraoral inflammation by inducing the aggregation of leukocytes expressing CMKLR1.
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Discoid lupus erythematosus and oral lichen planus are chronic systemic immune system-mediated diseases with unclear etiology and pathogenesis. The oral mucosa is the common primary site of pathogenesis in both, whereby innate and adaptive immunity and inflammation play crucial roles. The clinical manifestations of discoid lupus erythematosus on the oral mucosa are very similar to those of oral lichen planus; therefore, its oral lesion is classified under oral lichenoid lesions. In practice, the differential diagnosis of discoid lupus erythematosus and oral lichen planus has always relied on the clinical manifestations, with histopathological examination as an auxiliary diagnostic tool. However, the close resemblance of the clinical manifestations and histopathology proves challenging for accurate differential diagnosis and further treatment. In most cases, dentists and pathologists fail to distinguish between the conditions during the early stages of the lesions. It should be noted that both are considered to be precancerous conditions, highlighting the significance of early diagnosis and treatment. In the context of unknown etiology and pathogenesis, we suggest a serological and genetic diagnostic method based on TNF-α and IL-10. These are the two most common cytokines produced by the innate and adaptive immune systems and they play a fundamental role in maintaining immune homeostasis and modulating inflammation. The prominent variability in their expression levels and gene polymorphism typing in different lesions compensates for the low specificity of current conventional diagnostic protocols. This new diagnostic scheme, starting from the immunity and inflammation of the oral mucosa, enables simultaneous comparison of discoid lupus erythematosus and oral lichen planus. With relevant supportive evidence, this information can enhance physicians’ understanding of the two diseases, contribute to precision medicine, and aid in prevention of precancerous conditions.
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Introduction

Lupus erythematosus is a general term for a group of chronic, recurrent autoimmune diseases that manifests in two main forms: systemic lupus erythematosus (SLE), which involves multiple organs, and cutaneous lupus erythematosus (CLE), which is limited to the skin and mucosae (1). Among CLEs, discoid cutaneous lupus erythematosus (DLE) is most likely to invade the oral mucosa, and the ensuing oral lesions are classified as oral lichenoid lesions (OLLs) (2), due to the close clinical resemblance to oral lichen planus (OLP), characterized by features such as plaques, petechiae, and oral erosions/ulcers. On further histological examination, both DLE and OLP exhibit incomplete epithelial keratinization, subepithelial lymphocytic infiltration, and the presence of cytoid bodies in the granular and keratinized layers (3). Owing to the tremendous similarities between DLE and OLP, clinicians experience considerable difficulty in differential diagnosis. Researchers (3, 4) reported that differences in clinical manifestation are almost nonexistent and reliable diagnostic tests are unavailable. Patients with similar symptoms of lichen planus should be referred to hospital for biopsy or other tests to confirm the diagnosis (2). However, it should be noted that both DLE and OLP possess the potential for malignant transformation, and biopsy of the lesion area could accelerate this process by stimulating precancerous lesions (5, 6). Therefore, a minimally invasive diagnostic method is urgently needed.

Despite the unclear etiology, it is known that DLE and OLP are regulated by the immune system. Multiple immune factors participate in the pathogenesis of DLE and OLP. Therefore, to address this clinical dilemma, it is necessary to identify immune factors that are strongly correlated with DLE and OLP, and to achieve a definite diagnosis by detecting differences among them. During our investigation, we found that a series of prospective studies and reviews highlight genotypes and expression levels of IL10 and TNF-alpha as characteristic and promising immunologic differentiators. It is expected that more accurate diagnosis will facilitate more precise and timely treatment.



Challenges in identification

OLP is a common chronic inflammatory disease that manifests with oral mucosal and cutaneous lesions. It is characterized by lacelike white stripes on the oral mucosa with an abnormality of keratinization. The distribution of the lesions is primarily bilateral and symmetrical, particularly in the buccal mucosa. The disease can be classified as reticular, plaque-like, atrophic, bullous, erosive, and popular types according to their morphological characteristics. During the clinical course of the disease, the different types of lesions can transform into each other. After remission of the disease, pigmentation may remain on the mucosa. The pathological hallmarks are liquefied degeneration of the basal lamina and dense lymphocytic infiltration of the lamina propria with a predominance of T cells. OLLs are a heterogeneous group of diseases with clinical manifestations and histopathology similar to OLP, also known as oral lichenoid reactions (OLRs). In 2006, at the World Workshop in Oral Medicine IV, OLLs were separated into oral lichenoid contact lesions (OLCL) caused by contact with dental restorative materials, oral lichenoid drug reactions (OLDRs) caused by certain systemic drugs, and oral lichenoid lesions of graft-vs.-host disease (GVHD) (7). The WHO then elucidated (8) the features of OLL and OLP in 2007, but the diagnosis of OLL was based on exclusion rather than inclusion. Therefore, the WHO classification was only a descriptive list rather than a clinical guideline. In 2019, researchers (4) concluded that these classifications were outdated and incomplete, and failed to provide clear and reliable clinical and histological criteria; the classification of OLL was eventually expanded to thirteen clinical entities, that included DLE and other disorders. Nevertheless, Lu et al. (9) recently highlighted that to date, a widely acknowledged and accepted OLL classification was still lacking.

Progress regarding the development of OLL classifications has been achieved by the inclusion of more subtypes and the addition of OLL definitions. At present, DLE is classified as a type of OLL because of similarities in clinical and histopathological manifestations, cell kinetics, immune alterations, treatment, and prognosis. First, from an epidemiological perspective, young and middle-aged women are susceptible to both disorders. In terms of clinical manifestations, oral lesions of DLE occur on the buccal mucosa, vermilion, gingiva, dorsal tongue, ventral tongue and palate; whereas for OLP, any part of the oral mucosa could be affected, with the buccal mucosa being the most common (10). Oral lesions of DLE range from dark red papules to well-circumscribed white lacy plaques with hyperkeratosis, and those with central ulceration possess radiolucent fine and short white lines. A characteristic of DLE lesions is that the lesion area can extend onto the skin beyond the vermilion margin, which can be observed in the early stages. However, after further erosion of the ulcerated surface, it is obscured by the formation of a crust resulting from hemorrhage combined with infection. DLE lesions heal with scarring, atrophy, and peripheral hyper- or hypopigmentation. OLP manifests as small papules in a linear white pattern with abnormal keratinization. The surrounding mucosa around the white lesions may become congested, ulcerated, and eroded. Pigmentation is retained on the mucosa after regression. A recent comparative analysis (11) revealed that red macules, telangiectasia, and discoid plaques were more common in oral lupus erythematosus (OLE), whereas reticulated patches were more typical in OLP. Nevertheless, the authors acknowledged that despite this, significant overlap remains between OLE and OLP. The greatest difference in clinical manifestation between DLE and OLP may lie in the fact that the former is mainly unilateral and asymmetric in distribution, but the latter is primarily bilateral and symmetrical (4). However, this evidence is insufficient to support the diagnosis, and the diseases still appear similar, if not identical, in most cases; diagnosis currently relies on laboratory tests. Previous studies demonstrated that histopathological differentiation between DLE and OLP is in most cases equivocal or non-specific (12). Both present as epithelial dyskeratosis with keratin plugging; inflammation in the lamina propria can be a mixed inflammatory cell infiltrate or a lymphocyte-rich infiltrate, ranging from paucicellular to band-like; basal cells are liquefied and degenerated, and the basement membrane is indistinct (13) (Table 1).


Table 1 | Classification and characteristics of OLP and DLE.



Despite consideration of the clinical details, pathologists can only conservatively report the lesion as either OLP or OLL (2). Lu et al. (9) suggested that the term OLL should only be used for provisional diagnosis, and the specific subtype of OLL should be clearly indicated in the final diagnosis. Therefore, given the predicament of histopathology, the current research explores the potential of immunopathological examination and genetic testing.



Opportunity for differential diagnosis

Immunological methods have been widely used as an adjunctive diagnostic tool for OLP and DLE. Unlike pemphigus, pemphigoid, and other oral mucosal autoimmune diseases, DLE and OLP lack specific pathological manifestations. The immunopathological diagnosis mainly relies on observing the distribution and types of various immune factors. In an earlier comparative study (14), it was found that the diagnostic specificity of the immunofluorescence (IF) technique was greater than that of histopathology in both DLE and OLP, and the most discriminatory immunohistochemical features between DLE and OLP were the incidence and morphological pattern of IgG along the epidermal basement membrane. Subsequently, in cases of DLE, a continuous, thick and thin emerald green fluorescent band at the basement membrane zone (BMZ) was observed using direct immunofluorescence (DIF). In addition to IgG, IgM and C3 were deposited in a granular or shaggy pattern, known as a lupus band (15, 16). Moreover, IgM is considered the most commonly identified immunoreactant in OLE, whereas C3 is more common in other oral lesions (17, 18). Further, statistics show that DIF is positive in approximately 70% of DLE tissue samples, whereas indirect immunofluorescence (IIF) is generally negative and not recommended for the diagnosis of DLE or OLP (13, 19). In OLP cases, DIF displayed granular or shaggy deposits of fibrin, fibrinogen, immunoglobulin, and C3 along the BMZ (14, 20). Although most researchers agreed that the presence of the lupus band observed by DIF would help confirm the diagnosis, Carrozzo et al. (21) contended that the lupus band is neither sufficiently sensitive nor specific to be a reliable diagnostic method. Despite its characteristics, it fails to be pathognomonic of DLE (22). The combination of serological biomarkers and immunohistochemical tests is expected to replace the flawed lupus band test. Unfortunately, since the etiology and pathogenesis remain unclear, no prominent autoantibodies or antigens to OLP or DLE are available for detection in the serum. Current research is directed at exploring some of the marked distinctions among inflammatory molecules typical of the disease.

Heat shock proteins (HSPs) have been implicated as antigenic stimuli of autoimmune diseases, also known as “stress proteins” and “molecular chaperones”. The two subtypes of HSPs, HSP60 and HSP70, are highly competent for T-cell activation, and histological studies demonstrate that OLP is a T-cell mediated disease (23, 24). Meanwhile, multiple case studies have observed significantly higher serum levels as well as mRNA overexpression of HSP60 and HSP70 in OLP cases compared to those in healthy controls (25–27). However, other studies revealed no statistically significant differences in HSP70 expression between OLP and normal mucosa (28). The expression of HSP60 is prominent in OLP, but it is not specific and can be seen in other lesions (29). Therefore, Mohtasham et al. (27) noted that upregulation of HSPs is not yet qualified as a diagnostic tool, and immunohistochemical tests or quantitative evaluations of HSPs for all cases of OLP are not recommended. Both the lupus band test and the quantitative evaluations of HSPs are only applicable to one of them, thus automatically excluding the other. A method that allows simultaneous comparison of the two diseases would be more specific and more rigorous.


TNF-α in OLP

TNF-α belongs to the TNF/TNFR cytokine superfamily, and is one of the most important pro-inflammatory cytokines and potent immunomodulators that regulates a wide range of immune-related activities, including inflammation, innate and adaptive immune responses, and autoimmunity (30). TNF-α is secreted by a variety of cells, such as activated monocytes, macrophages, B cells, T cells, mast cells, and fibroblasts (31). The histological evidence has proved that there is increased T-lymphocytic infiltration in OLP. Accordingly, case studies have shown that TNF-α was upregulated in lesional T cells and serum from OLP patients, and lesional T cells contain TNF-α mRNA and express TNF-α cytokines (32–35). In addition to the role of TNF-α produced by T cells, TNF-α is capable of enhancing TCR-dependent activation of CD8+ cytotoxic T cells (36). Histological studies further revealed that most OLP-associated T cells are activated CD8+ cytotoxic T cells (37). This is consistent with the cellular mechanism whereby CD8+ cytotoxic T cells trigger apoptosis of keratinocytes in OLP lesions by releasing TNF-α to bind to TNF-α receptor 1 (TNFR1) on the surface of keratinocytes (38).

The gene for TNF-α is located on chromosome 6q21, which is a highly polymorphic region (39). TNF-α possesses a large number of polymorphisms, reflected by having up to 14 alleles. Those alleles differ from their biallelic single nucleotide polymorphisms (SNPs), which are at different positions relative to the transcription start site and are mainly G to A substitutions. The most investigated polymorphisms in the promoter region of the TNF-α gene are those at positions-308 (rs1800629) and -238 (rs361525) (40). The A allele of SNP-308 promotes TNF-α expression, which is a stronger transcriptional activator than the G allele after in vitro lymphocyte stimulation (41, 42). A meta-analysis revealed that the TNFα-308 G/A polymorphism was a potential genetic marker for OLP (43). The TNF-α gene polymorphisms vary not only between individuals, but also between populations. Bai et al. (44) first demonstrated that the frequencies of the TNF-α-308A allele in patients with erosive OLP was significantly higher than that in controls in a Chinese Han cohort. Subsequently, a higher proportion of OLP patients with the TNF-α-308 AA genotype (high producer genotype) than with the other genotypes was found in the Thai population; also, the TNF-α-308 AA genotype was associated with an increased risk of developing erosive OLP. The association between the TNF-α promoter region at positions -863 and -238 and the disease was excluded (45). A close relationship between allele A of TNF-α (-308G/A) and OLP was also established in the Arabian OLP community (46). Several genetic studies have suggested a positive relationship between OLP and elevated TNF-α from the incidence in different races, which may be a certain epidemiological pattern. Genetic studies are also consistent with histological studies. Since the TNF-α-308 AA genotype is more predominant in erosive OLP and more keratinocyte apoptosis is observed in patients with erosive OLP, it can be inferred that the TNF-α-308 AA genotype leads to a higher production of TNF-α, which promotes CD8+ cytotoxic T cell-induced apoptosis in keratinocytes in OLP lesions (47).



TNF-α in DLE

On the contrary, Werth et al. found that polymorphism of TNF-α promoter -308A is not associated with DLE (48). In a large genetic study, using allele-specific probes and real time RT-PCR, researchers concluded that the high TNF-α producer group (-308AA or AG) was associated with SLE, while in the low TNF-α producer group (-308GG), the risk and prevalence of DLE was higher (49). Another difference from OLP is that gene expression microarrays and miRNA screenings showed an enrichment of CD4+ T cells in DLE lesions rather than CD8+ T cells that primarily promote TNF-α production (50). From a therapeutic perspective, thalidomide, an effective treatment for DLE, has long been believed to exert its anti-inflammatory effects by targeting the 3’-untranslated region (3’-UTR) of TNF-α mRNA and inhibiting TNF-α production by monocytes (51, 52). This concept is challenged by the above genetic research in addition to a recent review on the efficacy of thalidomide on DLE, which stated that thalidomide could not be considered to treat DLE by inhibiting TNF-α because of conflicting results from some studies (53). Furthermore, several case reports showed that skin symptoms suspected to be DLE or CLE developed after application of infliximab, adalimumab and bevacizumab (TNF-α inhibitors), indicating that TNF-α inhibitors may not be appropriate for the treatment of DLE (54–56). Therefore, the theory that thalidomide acts by inhibiting TNF-α production is questionable, and its anti-inflammatory effect may be exerted by modulating other inflammatory cytokines. In conclusion, differences in TNF-α levels and polymorphisms are a major difference between OLP and DLE. The isolated assessment of the sole cytokine, though of relevance, does not provide a comprehensive understanding of the impact of inflammation on the disease. To design a more sensitive diagnostic modality, other cytokines with significant differences also need to be identified.



IL-10 in DLE

IL-10 gene maps to the junction of 1q31-q32. Similar to TNF-α, the IL-10 gene promoter is strongly polymorphic. In addition to the two microsatellites, three SNPs located at positions 1082 (G/A) (rs18000896), 819 (C/T) (rs1800871) and 592 (C/A) (rs1800872) generate three haplotypes (GCC, ACC and ATA), which are associated with the transcription rate of IL-10 and variability in IL-10 production (57, 58). IL-10 production levels are elevated in the GCC haplotype, relatively intermediate in the ACC haplotype, and low in the ATA haplotype (57, 59). Patients with the GG genotype at the -1082 position are referred to as the high IL10 producer group, due to the association with high IL-10 transcript levels (49).First, it can be inferred from the low level of TNF-α in DLE that the level of IL-10 expression may be high. It has been reported that IL-10 was constitutively expressed in keratinocytes; its expression was augmented by ultraviolet exposure (60). Continuous irradiation did not only lead to IL-10 stimulation of dermal endothelial cells to produce pro-inflammatory cytokines and chemokines, but also acted as a risk factor for DLE, which linked high IL-10 production to DLE (61). As previously described, gene expression profiling techniques in DLE displayed CD4+ T cell-enrichment in which the Th1 response was predominant. Although IL-10 suppresses Th1 cells, Th1 cells are its main source in adaptive immunity (62). As Th1 cells dominate, IL-10 secretion surges. However, local overexpression of IL-10 disrupted the balance and induced inflammation instead of serving as an anti-inflammatory agent. After suggesting the relationship and indivisibility of TNF-α and IL-10, Suárez et al. (49) then launched a genotypic analysis of IL-10 using the same approach as the evaluation of TNF-α and concluded that the highest risk of developing DLE was found in individuals with a combined high IL10/low TNF-α genotype, which more likely resulted from overexpression of IL-10 rather than low production of TNF-α. In addition, cytokine interactions and the presence of a high IL-10/low TNF-α genotype suggest once again that the target of thalidomide for DLE is not TNF-α and that other TNF-α inhibitors are unsuitable for the treatment of DLE. Another study highlighted that thalidomide inhibited regulatory T cell (Treg) activity, which is a cell type in CD4+ T cell subsets and a source of IL-10 (63). A reduction of Treg response in DLE lesions would reduce IL-10 production. This may be the potential pharmacological mechanism of thalidomide in DLE.



IL-10 in OLP

An in vitro analysis of IL-10 mRNA and expression using 35S-labelled oligonucleotide probes and polymerase chain reaction showed that cells capable of generating IL-10 mRNA were present in the original lesions of OLP (32). Gene polymorphisms for both TNF-α and IL-10 were included in a survey of a Chinese Han population by Bai et al. The results for TNF-α were as described previously, while similar results to other genetic studies were found for IL-10: the ATA haplotype was correlated with a low serum level of IL-10. More importantly, they identified a possible association between the ATA haplotype and OLP (44). Not coincidentally, haplotype ATA extracted from the 1082G/A, -819C/T, and -592C/A polymorphisms of the IL-10 gene were likewise found to be more prevalent in patients with OLP in the Arab population, with similar findings as in the Han population (46). However, this study was not conducted in the Thai population. Lu et al. demonstrated in their latest work that there was a tendency for decreased serum IL-10 levels in patients with OLP (64). All the above suggest that serum IL-10 levels are low in OLP (Figure 1).




Figure 1 | Different genotypes of OLP (oral lichen planus) and DLE (discoid lupus erythematosus) High TNF-α (TNF-α 308AA)/low IL-10 (IL-10 ATA) genotype is characterized by a higher production of TNF-α and is more likely to result in OLP. TNF-α is mainly secreted by CD8+ cytotoxic T cells, which are also the most OLP-associated T cells. High IL-10 (IL-10 GCC)/low TNF-α (TNF-α 308GG) genotype suggests increased risk and prevalence of DLE. The overexpression of IL-10 is associated with the enrichment of CD4+ T cell subsets. Treg (regulatory T cell) and Th1 (T helper 1 cell), two typical CD4+ T cell subsets, are sources of IL-10 in DLE. Either an increase or decrease in TNF-α and IL-10 leads to an imbalance in the immune system, which ultimately initiates the onset of disease. Thalidomide is a multi-targeted IMiD (immunomodulatory drug) that inhibits both TNF-α and IL-10. The inhibition of IL-10 may be the underlying pharmacological mechanism in the treatment of DLE.





The association between TNF-α and IL-10

Inflammatory cytokines do not act independently, but in a cytokine network. Suárez et al. (49) suggested that the role of cytokines may be profoundly constrained by the presence of other cytokines, particularly in the case of TNF-α and interleukin-10, which have complex and mainly opposing roles. IL-10 is a multi-functional cytokine with prominently anti-inflammatory effects, that inhibits the synthesis of many other cytokines, notably TNF-α (65). Its mechanism is to limit collateral damage to host cells and tissues during the inflammatory response and to maintain the balance between the inflammatory and anti-inflammatory responses (66). It is considered to be an important factor in peripheral tolerance and a major suppressor of inflammation; it is involved in the inactivation of monocytes and macrophages, inhibition of T helper 1 (Th1) cells and promotion of B-cell proliferation and differentiation (67). The most significant of these is the inactivation of monocytes and macrophages, thereby inhibiting TNF-α release from these cells (66). Moreover, to maintain the balance, IL-10 expression can in turn be attenuated or compromised by the cytokines produced by these cells (68). For example, TNF-α modulated the differentiation state and expression of IL-10 in human CD4+ T cell subsets, which was proven by IL-10 production enhancement after applying therapeutic antibodies blocking TNF-α (69).




Other indexes and methods for further diagnosis of OLP

Compared to DLE, OLP has received more research attention. In recent years, diagnostic indexes with satisfactory sensitivity and specificity have been frequently reported. OLP is a well-defined precancerous condition. The less irritation to the lesion area, the better the control of disease progression. Therefore, alternative diagnostic methods should avoid direct irritation of the lesion area. In order to achieve a minimally invasive to non-invasive solution, whole saliva can be collected and screened for salivary TNF-α levels by ELISA. There are documented statistics of higher levels of TNF-α in saliva compared to that in the serum in patients with OLP, suggesting that measuring this biomarker in saliva not only does not provoke precancerous lesions but may also be more prominent than in serum (70). Another typical pro-inflammatory cytokine, IL-17, has been found to have a diagnostic role similar to that of TNF-α in the serum and saliva of OLP patients (71, 72). Other researchers have also used saliva samples to identify fibrinogen fragment D, complement component C3c, and cystatin SA as putative biomarkers for the screening and diagnosis of OLP (73). In the recent literature, researchers (74, 75) first concluded that there is an association between serum/saliva levels of multiple pro-inflammatory cytokines and OLP pathogenesis, and then suggested the use of saliva and serum C-Reactive Protein (CRP) and total antioxidant capacity (TAC) in the assessment of OLP development.

In addition, if the diagnosis of OLP is accomplished after the exclusion of DLE, the HSP test can be reintroduced at this time to corroborate the genetic test result of TNF-α for further evaluation of the disease. The HSP test is mainly valuable in determining the prognosis of the disease and for use in treatment planning. Because HSP60 expression and HSP70 expression were increased in erosive and atrophic subtypes of OLP, which are more prone to carcinogenesis, they are known as the “fingerprints” of a generalized immune response in immune-mediated diseases (27). Therefore, screening of serum levels of HSP60 and HSP70 aids further differentiation and detection of erosive OLP and non-erosive OLP (Table 2).


Table 2 | Samples and assay indexes for differential diagnosis.





Discussion

Both OLP and DLE have been identified as precancerous conditions (76, 77). The risk of malignant transformation of OLP to oral squamous cell carcinoma has been estimated to be 1– 2% (5). In the recent international consensus report on nomenclature and classification of oral potentially malignant disorders (OPMDs), DLE was also described as an independent disorder in the categories (78). Their malignant potential places high emphasis on early diagnosis and treatment. However, the specific genes responsible for OLP or DLE have not yet been identified. Although some studies are probing for genetic susceptibility and biomarkers using bioinformatic approaches, only an approximate range of candidate gene regions and differentially expressed genes have been identified, which cannot yet be applied in clinical practice (79, 80).

Since the clinical manifestations and histopathological features of both diseases are extremely similar, attention has focused on immunological exploration in recent years. Pathologists have adopted DIF as an adjunctive diagnostic tool. Sun et al. (81) suggested that DIF on fresh frozen tissue from the lesion site of OLP or DLE was preferred. The presence of DLE can be determined by observing the lupus band. However, the reliability of the lupus band test is being questioned. It has been found that patients with DLE scarcely fulfill four or more criteria for SLE, with the lupus band test as one of the criteria (82). Nowadays, serologic testing has achieved great progress. The advantages lie in the rapid results and the clear indication of further treatment. Immunohistochemistry of HSPs in OLP is a potential test option, but some researchers question its practicability (27). Again, there is no evidence that serum and mRNA levels of HSPs in DLE show similarly significant changes as observed in OLP. On the other hand, studies at the molecular level have enabled understanding of inflammation to surpass the limitations of type discrimination among inflammatory factors, initiating tools that reflect the nature of inflammation for clinical diagnosis and epidemiological studies.

Because they modulate inflammatory and anti-inflammatory responses, TNF-α and IL-10 play pivotal roles in the pathogenesis of DLE and OLP, both diseases mediated by the immune system. Moreover, because of the simultaneous comparison of the two diseases, which is superior to the characteristic lupus band test for DLE and the HSP test for OLP, the two cytokines also exhibit considerable potential for differential diagnosis. We believe that the serum level of both cytokines can be evaluated qualitatively by conventional methods such as immunofluorescence and enzyme linked immunosorbent assay (ELISA), and then the frequency of their alleles can be determined qualitatively by typing gene polymorphisms using a polymerase chain reaction (PCR) with sequence specific primers, i.e., allele A of TNF-α (-308 A>G) and allele G of IL -10 (-1082 A>G). This novel diagnostic scheme is expected to facilitate the screening of DLE from the previous histopathological classification of OLLs or, more directly, to confirm suspected cases as DLE or OLP. Therefore, the protocol for the admission of patients is described as below: the initial step is the exclusion of other definable diseases or impairments based on evidence from the initial clinical examination, followed by the above recommended methods for ancillary diagnosis. Given the invasive nature of surgical biopsy and the potentially malignant nature of OLP and DLE, the lesional biopsy is the last diagnostic option to be considered (Figure 2).




Figure 2 | Flow chart for diagnosis of suspected OLP or DLE lesions OLP, oral lichen planus; DLE, discoid lupus erythematosus; ELISA, enzyme linked immunosorbent assay; RT-PCR, reverse transcriptase polymerase chain reaction; H&E, hematoxylin and eosin; IF, immunofluorescence.



Although the findings of this study have a number of important implications for future practice, the generalizability of the novel diagnostic scheme is subject to certain limitations. The expression patterns of inflammatory factors may be extremely diverse due to the induction of other inflammatory mediators and individual genetic predisposition. For instance, it is doubtful whether serum levels of IL-10 are reduced in patients with OLP, since two studies observed elevated serum levels of IL-10 in patients with OLP a decade ago (83, 84). It was also reported that serum levels of IL-10 were lower in patients with DLE than healthy people (85). Therefore, more accurate data from laboratory tests and more extensive evidence from evidence-based medicine are required to assist in the establishment of greater accuracy of the diagnostic scheme in the future. Until the real pathogenesis of the two diseases is ascertained, research targeting TNF-α and IL-10 will not only facilitate the discovery of the pathogenesis of DLE and OLP, but also serve as an alternative and superior diagnostic option.
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Hashimoto’s thyroiditis (HT) and its autoantibodies may be associated with oral lichen planus (OLP). In this cross-sectional study, we aimed to assess the relationship among HT, auto-anti-thyroid antibodies, and OLP in a Chinese population of 247 patients with oral lichen planus. Clinical manifestations of OLP were evaluated using the Thongprasom scoring system and clinical type. The diagnosis of HT was based on thyroid function, anti-thyroid peroxidase antibody (anti-TPOAb) and anti-thyroglobulin antibody (anti-TgAb) detection, and ultrasonography. The prevalence of HT in all patients with OLP was 39.68% (98/247); the prevalence in females with OLP was 46.24% (86/186), which was higher than that in males with OLP 19.67% (12/61) (P < 0.01). The titers of the two HT autoantibodies in females with OLP were higher than those in males (P < 0.01). The clinical manifestations of OLP, regardless of being evaluated using the Thongprasom system or clinical type, were not significantly associated with HT development or TPOAb (P = 0.864) or TgAb titers (P = 0.745). In this population-based southern Chinese cohort, the prevalence of HT in patients with OLP, particularly in female patients with OLP, was significantly higher than that in the general population. Female patients had higher HT autoantibody titers than male patients. However, the clinical manifestations of OLP were not significantly correlated with either HT development or auto-anti-thyroid antibody levels. The findings could help further elucidate the factors involved in the relationship between oral lichen planus and Hashimoto’s thyroiditis.
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1 Introduction

Oral lichen planus (OLP) is a chronic inflammatory autoimmune disease of the oral mucosa mediated by T cells (1). The associated morbidity rate is approximately 0.5%–2.0% of the general population (2), with a substantially higher rate in middle-aged and older women (3). However, a valid systematic review and meta-analysis in 2021 of 66 studies (involving 500 424 patients) reported a global estimate of OLP prevalence of 1.01%. Furthermore, from the age of 40 years, the incidence of OLP-related morbidity increases considerably and progressively, and there is no difference in prevalence between the sexes (4). The specific etiology and pathogenesis of OLP remain unclear. Risk factors such as mental status, immune function, endocrine function, infections (including hepatitis C virus infection), and some systemic diseases (hypertension, diabetes mellitus, dyslipidemia, thyroid disorders, and chronic liver disease) may play important roles in OLP development (5–8).

Hashimoto thyroiditis (HT), considered an autoimmune thyroid disease (TD) related to T cells (9), affects approximately 2% of the total population and continues to rise; women are more susceptible to HT (10). The pathogenesis of HT is not known, and its development depends on genetic susceptibility, epigenetic inheritance, and environmental factors (11).

The relationship between OLP and HT has been studied. The prevalence of HT in patients with OLP is considerably higher than that in the common population, suggesting a correlation between OLP and HT (12–15). The thyroid autoantibodies include anti-thyroid peroxidase (TPO), anti-thyroglobulin (Tg), and anti-thyroid-stimulating hormone receptor antibodies. The most common autoantibodies expressed in patients with HT are thyroid peroxidase antibodies (TPOAb) and thyroglobulin antibodies (TgAb). Studies have shown that anti-thyroid antibodies also play a part in extra-thyroid diseases, mainly through the localization, category, function, and duration of antigens (16). Circulating autoantibodies against HT are associated with other extra-thyroid autoimmune diseases such as rheumatoid arthritis, celiac disease, and type 1 diabetes mellitus (17, 18). Anti-TPO and anti-Tg antibodies lack specificity, resulting in occasional reports of their extra-thyroid effects (19). Circulating autoantibodies against HT have also been detected in patients with OLP, suggesting a correlation between the diseases (20).

No definite conclusion can be drawn from the findings of previous studies regarding the relationship between OLP and HT. Previous studies on OLP and HT had notable limitations and problems, such as diverse diagnostic criteria for HT and OLP among studies. Moreover, some studies did not explicitly include oral lichenoid lesions, which are related to several systemic or local factors such as specific drugs, dental material, and graft-versus-host disease. Additionally, there is a lack of analyses of the correlation between HT autoantibody levels and OLP. This cross-sectional study was designed to further investigate the correlation between HT and OLP in the Chinese Han population and study the relationship between autoantibody levels of HT and the clinical manifestations of OLP.



2 Materials and methods


2.1 Study design and ethics statement

This study was approved by the Ethics Committee of the West China Hospital of Stomatology, Sichuan University (WCHSIRB-D-2017-187). Two hundred and forty-seven patients with OLP were referred to the Department of Oral Medicine, West China Hospital of Stomatology from January 1, 2018 to May 1, 2021. All patients signed an informed consent form before the study. Patient demographic information, including age, sex, and medical and medication history, was recorded.



2.2 Participant selection


2.2.1 Inclusion criteria

The study involved patients with OLP who were mainly diagnosed based on their history, clinical manifestations, and histopathological biopsy report according to the World Health Organization diagnostic criteria (21). The lesions in the buccal mucosa, lingual body, hard palate, soft palate, and gingiva were symmetrical on both sides; the lesions appeared as white and gray–white stripes with small papules. The pathological biopsy criteria included hyperkeratosis of the epithelium, liquefaction of basal cells, and dense infiltration of lymphocytes in the intrinsic layer.



2.2.2 Exclusion criteria

The exclusion criteria were as follows: patients who (1) were diagnosed with other oral mucosal diseases; (2) had severe systemic diseases, tumors, and other autoimmune diseases that seriously affect the quality of life, such as psoriasis, Behçet’s disease, and bullous diseases; (3) received immune preparations within 3 months; (4) used certain drugs or amalgam fillers that may cause oral lichenoid lesions; (5) had organ transplantation; and (6) were pregnant or lactating.




2.3 Evaluation of OLP clinical manifestations

The Thongprasom scoring system and clinical type were used to assess the clinical manifestations of OLP as follows (22): 0 = no lesion, normal mucosa; 1= mild white striae only, no atrophic areas; 2 = white striae with atrophic areas < 1 cm2; 3 = white striae with atrophic areas > 1 cm2; 4 = white striae with erosive areas < 1 cm2; and 5 = white striae with erosive areas > 1 cm2. The clinical manifestations of OLP were described as reticular type, atrophic type, and erosion type, representing “1,” “2&3,” “4&5,” respectively.



2.4 HT diagnostic criteria

Currently, the diagnosis of HT is established by a combination of clinical signs, thyroid function (TSH, T3, T4, FT3, and FT4), serum antibodies against thyroid antigens (mainly anti-TPOAb and TgAb), and thyroid color Doppler examination (23). The serum antibodies against the thyroid were detected by the clinical laboratory at the West China Hospital of Sichuan University. The detection method is Electrochemiluminescence immunoassay (ECLI). Meanwhile, diffuse goiter, with a tough texture, especially with the enlargement of the pyramidal lobe of the isthmus, should be suspected of HT regardless of the changes in thyroid function. If the blood is positive for TPOAb or TgAb, HT can be diagnosed. Diagnosis was made for each patient by two independent experienced endocrinologists at the West China Hospital of Sichuan University.



2.5 Statistical analyses

The collected data were analyzed using SPSS software (version 23.0, IBM Corp., Armonk, NY, USA). The 95% confidence interval (CI) was used to compare thyroid disease and HT prevalence between patients with OLP and the general population. Comparison of the sex parameters of patients with OLP was performed using the χ2 test. Analysis of variance and rank-sum test were used to compare OLP scores with thyroid disease and the HT group with the control group. Statistical significance was set at P ≤ 0.05.




3 Results


3.1 Demographic information

Two hundred and forty-seven patients with OLP (61 males and 186 females; mean age 45.21 ± 12.72 years) were recruited. Sixty patients had a history of systemic diseases (except HT). The information is presented in Table 1.


Table 1 | Demographics information of the 247 patients with OLP.





3.2 Prevalence of HT in patients with OLP

Among the 247 patients with OLP, the prevalence of HT was 39.68% (95% CI=33.58%-45.78%). The prevalence of HT was 46.24% in female patients with OLP, which was considerably higher than that in male patients with OLP (19.67%) (Table 2).


Table 2 | HT prevalence and its autoantibodies in patients with OLP.





3.3 Anti-thyroid antibodies in patients with OLP

For the overall frequency of anti-thyroid antibodies, the positive rate of TPOAb in male patients with OLP was 19.67% (12/61) and that in female patients with OLP was 39.25% (73/186), which was considerably higher than that in male patients (P = 0.005). The positivity rate of TgAb in male patients with OLP was 6.56% (4/61) and that in female patients with OLP was 25.27% (47/186), which was considerably higher than that in male patients (P = 0.002) (Table 2). The titer of TPOAb base-10 logarithm in male patients with OLP was 1.23 and that in females was 1.52, which was considerably higher than that in male patients (t = 2.921, P = 0.0038). The titer of TgAb base-10 logarithm in male patients with OLP was 1.12 and that in females was 1.48, which was considerably higher than that in male patients (t = 4.375, P < 0.0001) (Figure 1).




Figure 1 | HT autoantibody in different sexes of patients with OLP. HT, Hashimoto’s thyroiditis; OLP, oral lichen planus; TPOAb, thyroid peroxidase antibodies; TgAb, thyroglobulin antibodies. **P < 0.01. ****P < 0.0001.





3.4 Relations between OLP clinical manifestations and HT development

We divided the clinical manifestations in patients with OLP into scores 1–5 according to the clinical examination sign score; the prevalence of HT was 37.76%, 18.38%, 8.16%, 29.59%, and 6.11%, respectively. In the rank test, the P value was 0.877 > 0.05. Patients with OLP were divided into the following three types: reticular, atrophic, and erosion; the prevalence of HT was 37.76%, 26.53%, and 35.71%, respectively. In the rank test, the P value was 0.306 > 0.05. We statistically analyzed the HT detection rate in patients with OLP and clinical manifestations of OLP. The association between HT and OLP was independent of OLP clinical scores or subtypes. The results are presented in Table 3.


Table 3 | Correlations between OLP clinical manifestations and developing HT.





3.5 Relations between OLP clinical manifestations and HT autoantibodies

The clinical manifestations of OLP were divided into 1–5 points, and the Ig-TPO levels were 1.38, 1.63, 1.39, 1.53, and 1.45, respectively (rank test P = 0.864 > 0.05). The Ig-Tg levels were 1.37, 1.55, 1.48, 1.54 and 1.46, respectively (rank test P = 0.745 > 0.05). Patients with OLP were divided into the following three types: reticular, atrophic, and erosion. The Ig TPO levels were 1.38, 1.55, and 1.51, respectively (rank test P = 0.243 > 0.05). The Ig-Tg levels were 1.37, 1.53, and 1.52, respectively (rank test P = 0.142 > 0.05). We statistically analyzed the HT detection rate in patients with OLP and clinical manifestations of OLP. The HT antibody titer was not related to the OLP clinical scores or subtypes. The results are shown in Table 4.


Table 4 | Correlations between OLP clinical manifestations and the HT autoantibody levels.






4 Discussion

In this study, we aimed to explore the relationship between HT and OLP. The prevalence of HT in patients with OLP (39.68%) was significantly higher than that in the general population (2%) (10). The HT incidence rate in female patients with OLP was significantly higher than that in male patients. The titer of HT autoantibodies in female patients was considerably higher than that in male patients. However, HT prevalence and HT autoantibody levels in patients with OLP were not related to the OLP clinical manifestations.

Previous studies (20, 24) have inferred that OLP is related to HT, and this hypothesis has a theoretical basis. OLP and HT, as autoimmune diseases related to T-cell-mediated immune responses, seem to have some common immune triggers and pathogenic processes (25). Simultaneously, oral mucosal epithelial cells express antigens recognized by HT autoantibodies (TPOAb and TgAb) or antigens with structures similar to their recognized antigens (25). These might also be involved in the concurrent occurrence of these two diseases. Muzio (20) reported the HT prevalence rate in patients with OLP was 14.29% (15/105) in Italy. Tang (26) reported that the prevalence was 12.14% (71/585) in East China. Zhou (24) reported that the prevalence was 20.83% (40/192). These rates are significantly higher than the prevalence in the general population. Our results are consistent with the conclusions of previous studies: the prevalence of HT in patients with OLP (39.68%) was significantly higher than that in the general population. However, in this study, the prevalence of HT in patients with OLP was higher than that in previous studies, which may be related to the ethnic differences of patients and the OLP diagnostic criteria (oral lichenoid lesions were excluded).

Our study also implied the role of thyroid antibodies which may be associated with autoimmune diseases arising in the oral mucosa. The possible mechanisms related to HT and OLP may include the following two aspects. Patients with one specific autoimmune disease are more susceptible to the other (27). Autoimmune diseases may interact with each other, such as epitope spreading, and this may be one possible mechanism (28, 29). Patients with HT are more likely to suffer from other autoimmune diseases, such as OLP. Circulating thyroid antibodies may target oral/skin keratinocytes or cross-react with proteins on keratinocyte membranes, which stimulate cytotoxic T cells to release chemokines to promote the development of OLP lesions and attract more immune cells into developing lesions, eventually leading to more cryptic epitope exposure and OLP lesions (25). The active systemic immune state during the course of autoimmune diseases is also a possible precipitating factor. Previous studies (30, 31) have inferred that both OLP and HT are mainly Th1-type patterns of immune response. The levels of interferon gamma (IFN-γ) and interleukin-4 (IL-4) in the serum and lesions of patients with OLP are increased. Th1 cells may play a leading role in immune balance in the pathogenesis of OLP (30). Higher levels of IL-12 and IFN-γ and lower levels of IL-4 indicate that the Th1 immune response characterized by cellular immunity is the main type of HT (32). Furthermore, the TPOAb level was associated with an increased production of Th1 cytokines (31). An increase in systemic immune activity in patients with HT may lead to OLP susceptibility. A molecular simulation study on the pathogenesis of lichen and thyroid autoimmunity showed that human protein autoantigens involved in specific autoimmune diseases gave lichen and thyroid autoimmunity a certain genetic susceptibility (33).

Most previous studies on OLP and HT did not include the clinical manifestations of OLP or the level of HT autoantibodies in the correlation analysis of the two diseases. In our study, we discussed the relationship between OLP clinical manifestations and HT prevalence in patients with OLP for the first time. The results showed no definite correlations. We also studied the relationship between clinical manifestations of OLP and the level of HT autoantibodies. The results indicated that there was no definite correlation between the level of HT autoantibodies and clinical manifestations of OLP, and the same results were observed between the sexes. Based on a case–control study in 2017, Alikhani et al. (34) reported that the serum TPOAb level in patients with erosive OLP was higher than patients with non-erosive OLP, and that the blood levels of TPOAb were significantly correlated with an increased risk of erosive OLP. Possible reasons for these findings include ethnic differences, inclusion criteria for OLP (patients with oral lichenoid lesions were excluded), and sample capacity.

In our study, the positivity rate and serum HT autoantibodies levels in female patients with OLP were significantly higher than those in male patients. This is because females are susceptible to OLP and HT. The prevalence of autoimmune diseases is associated with age and sex (35). These findings may be related to an autoimmune response, female sex hormone levels and receptors, inactivation of chromosome X, and fetal microchimerism (36–38). Therefore, we speculate that the significant difference in the prevalence of HT in different sexes of patients with OLP may be related to predisposition of women with autoimmune disease. We believe that HT incidence in patients with OLP is related to sex, and that female patients with OLP are more likely to suffer from HT. Men represent one-tenth of HT prevalence rate in the general population (39). However, the gap narrows in patients with OLP. In our study, 46.24% of the females had HT, twice the prevalence in males (19.67%). The HT prevalence in male patients with OLP has significantly increased. The reason for this is unclear, and further clinical investigation is required.

Some aspects of the study need further improvement. This was a cross-sectional study and a causal relationship between the diseases could not be determined. Owing to the single-center nature and small number of patients, the samples may not have accurately represented the population; additionally, there was a lack of prospective studies. Moreover, potential confounding effects of changes in thyroid autoantibody levels were not excluded. Considering the cross-sectional design of this study, we could not directly examine or determine the potential mechanism underlying the association between OLP and HT. Large-sample multicenter prospective studies are needed to demonstrate our findings and search the potential pathophysiological mechanisms of these two diseases.

In conclusion, we found that OLP is associated with HT in the Chinese Han population. HT prevalence in patients with OLP was significantly higher than that in the general population; however, it was not significantly related to the OLP clinical manifestations or the level of HT autoantibodies. We speculate that the correlation between OLP and HT is mainly related to systemic immune status, epitope spreading, and other factors. Interestingly, women with OLP had a higher prevalence of HT and higher levels of thyroid autoantibodies. Moreover, HT prevalence in male patients with OLP has significantly increased, which needs to be investigated in future research. The findings could help further elucidate the factors involved in the relationship between oral lichen planus and Hashimoto’s thyroiditis.
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The oral epithelium’s normal morphological structure and function play an important role in maintaining oral homeostasis, among which microbiota and chronic stress are key contributing factors. However, the effects of microbiota and chronic stress on the morphological structures and molecular function of oral homeostasis remain unclear. In this study, morphological staining was used to compare the tongue structure of specific pathogen-free and germ-free mice, and an integrated multi-omics analysis based on transcriptomics, proteomics, and metabolomics was performed to investigate the regulatory mechanisms of microbiota and chronic stress on oral homeostasis. We found that the morphological structure of the tongue in germ-free mice was disordered compared with in specific pathogen-free mice, especially in the epithelium. Multi-omics analysis indicated that differentially expressed molecules of the tongue between germ-free and specific pathogen-free mice were significantly enriched in the mitochondrial metabolic process and immune response. Interestingly, microbiota also significantly influenced the permeability of the oral epithelial barrier, represented by the differential expression of keratinization, and cell adhesion molecules. It was worth noting that the above changes in the tongue between specific pathogen-free and germ-free mice were more significant after chronic stress. Collectively, this is the first study to reveal that the microbiota might maintain oral homeostasis by reshaping the structure of the oral epithelial barrier and changing the function of molecular biology, a process that may be driven by the immune response and mitochondrial metabolic process of oral tissue. Furthermore, chronic stress can enhance the regulatory effects of microbiota on oral homeostasis.
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Introduction

The mouth is an organ that communicates directly with external pathogens and is exposed to the unstable microenvironment formed by various bacteria, viruses and fungi for a long time (1). A delicate balance between the host and oral microbiota is established, known as oral homeostasis, and heredity and the external environment may disrupt this natural balance in the mouth, resulting in regional oral and systemic diseases. The microbiota and chronic stress are key influencing factors in the acquired environment.

The interaction between microbiota and host plays an important role in maintaining homeostasis. Compared with conventionally fed mice, the intestinal surface area and villi number of germ-free (GF) mice are reduced, accompanied by decreased immune function (2). Similar findings were found in the nasal mucosa of GF mice (3). Research on microbiota in stomatology has gained significant momentum in recent years. Most oral diseases such as periodontitis and oral squamous cell carcinoma are closely related to the dysbiosis of oral microbiota (4, 5). However, the above studies have been mainly focused on the interaction between microbiota and certain oral diseases, with no emphasis placed on the effect and mechanism of microbiota on the morphological structure and biological function of oral tissue from an integrated multi-omics perspective.

Stress related factors that cause psychological anxiety and depression are closely related to oral diseases (6). Many oral diseases are accompanied by a high incidence of anxiety and depression (7, 8), and the prevalence of depression in oral squamous cell carcinoma reportedly exceeds 65% (9). Meanwhile, current evidence suggests that bad mental attitudes are not conducive to the prognosis of oral disease (10), while inflammatory mediators were found to be increased locally in the tumors of stressed rats (11). Moreover, it has been found that the expression of neurotransmitters was elevated in saliva and serum of patients with burning mouth syndrome with mood disorders (12). Although significant emphasis has been placed on the interaction between stress-related factors and oral diseases, few studies have investigated the potential molecular mechanisms.

This study sought to provide an integrated multi-omics perspective to explore the effects of microbiota on oral homeostasis, and to elucidate the molecular mechanisms of microbiota and chronic stress on oral homeostasis. To this end, we compared the morphological structure of the tongue between GF and specific pathogen-free (SPF) mice and clarified the effects of microbiota and chronic stress on the biological function of oral tissues based on the integrated analysis of transcriptomics, proteomics and metabolomics.



Material and methods


Animal

Eight male Kunming mice in a specific pathogen-free environment and eight male GF mice in a germ-free environment were obtained from the NHC Key Laboratory of Diagnosis and Treatment on Brain Functional Diseases. All procedures involving animals were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Chongqing Medical University and ethical approval was obtained from the Laboratory Animal Ethics Committee of Chongqing Medical University (Approval Number: 2021(063)). Additionally, we have complied with the Animal Research: Reporting In Vivo Experiments (ARRIVE) 2.0 guidelines.



Chronic stress

All mice were adaptively fed for one week before the formal experiment and a suitable number of mice were matched according to weight and age by statistical analysis. Half of the SPF mice and GF mice were confined to plastic tubes slightly larger than themselves for 2-4 hours a day, and the other mice were housed in a conventionally suitable environment (temperature of 23°C, humidity of 55%, day/night cycle of 12h/12h) every day. The experimental procedure is shown in Figure 1.




Figure 1 | Flowchart of this study. (n=4/SPF group; n=4/GF group; n=4/SPF + chronic stress group; n=4/GF + chronic stress group). SPF mice, specific pathogen-free mice; GF mice, germ-free mice.





Integrated analysis of transcriptomics, proteomics, and metabolomics

Metascape (https://metascape.org/gp/index.html#/main/) was used for the integrated analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs), and the biological enrichment pathways and functions of the above differentially expressed molecules were identified by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome based on p < 0.05. Furthermore, MetaboAnalyst5.0 (http://www.metaboanalyst.ca/MetaboAnalyst/) was applied to the integrated analysis of transcriptomics, proteomics, and metabolomics. All identified differentially expressed molecules underwent to KEGG pathway enrichment analysis, and the top-ranked pathways were listed according to FDR values (FDR < 0.05). Molecular network analysis was then performed using Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com). Statistical significance was set at an FDR < 0.05 in all analyses, and the top two in molecular networks were selected.



Statistical analysis

All statistical operations were processed by the IBM SPSS Statistics (Version 26; IBM Corporation, Armonk, NY, USA) and GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Quantitative data were expressed by mean ± standard deviation. The student’s t-test (two-tailed) was used to calculate the significance of the difference between the two groups of samples, and one-way ANOVA was conducted on multiple groups. A p-value < 0.05 was considered as statistically significant.

The detailed protocols of the following experiment are shown in the Supplementary materials:

H & E staining

Quantitative PCR

Transcriptomics Analysis

Proteomics Analysis

Metabolomics Analysis




Results

1. Morphological observation indicates that microbiota and chronic stress affect the epithelial structure of the tongue

Morphological observation showed there were some similarities and differences in the structure of tongues between SPF and GF mice. The similarity was that the distribution of different types of lingual papilla in the dorsal lingual epithelium of SPF and GF mice was roughly the same (Figure S1). The difference was that the morphological structure of the tongue epithelium of was clearly visualized in SPF mice compared with GF mice, while the epithelial structure of GF mice was disordered, especially between stratum spinosum and basal layer (Figures 2A–H). Additionally, filiform papillae in GF mice were more slender and uneven than in SPF mice (Figures 2I, J). There were no significant changes in the morphology of tongue in the two kinds of mice after chronic stress. Interestingly, we found that chronic stress led to the increase in the thickness of the epithelial stratum corneum of the tongue in both GF and SPF mice, especially in the filiform papillae (Figures 2K–N). The stratum corneum thickness of tongue epithelium was compared among the four groups, and it was statistically confirmed that chronic stress could thicken the stratum corneum of the tongue epithelium in both two kinds of mice (Figure 2O).




Figure 2 | Microbiota regulates the morphological structure of the lingual epithelium. (A, B) HE staining of the anterior and middle regions of the lingual dorsum of SPF mice. The black arrows in Figures A and B represent the Fip and Fup on the lingual dorsum of SPF mice, respectively. (C, D) HE staining of the posterior region of the lingual dorsum in SPF mice. The black arrows in Figures C and D represent the Fop and Cip on the lingual dorsum of SPF mice, respectively. (E, F) HE staining of the anterior and middle regions of the lingual dorsum of GF mice. The black arrows in Figures E and F represent the Fip and Fup on the lingual dorsum of GF mice, respectively. (G, H) HE staining of the posterior region of the lingual dorsum in GF mice. The black arrows in Figures G and H represent the Fop and Cip on the lingual dorsum of GF mice, respectively. (I) The epithelial structure of Fip on the lingual dorsum of SPF mice. (J) The epithelial structure of Fip of the lingual dorsum of GF mice. (K) The morphological structure of tongue epithelium in SPF mice. (L) The morphological structure of tongue epithelium in SPF mice under chronic stress. (M)The morphological structure of tongue epithelium in GF mice. (N) The morphological structure of tongue epithelium in GF mice under chronic stress. (O) The bar graph of stratum corneum thickness of tongue epithelium in four groups of mice. Fip, filiform papillae; Fup, fungiform papillae; Fop, foliate papillae; Cip, circumvallate papillae. Scale bar: 100 or 50μm. The experiments were performed at least three times independently. *p < 0.05 vs SPF group; **p < 0.01 vs SPF group; ***p < 0.001 vs SPF group; #p <0.05 vs GF group; # #p < 0.01 vs GF group; # # #p < 0.001 vs GF group.



2. Multi-omics analysis reveals the influence of microbiota on oral homeostasis

A comparison of integrated multi-omics analysis of the tongue between SPF and GF mice reflected the molecular mechanism of microbial regulation on oral homeostasis. Principal Component Analysis (PCA) of transcriptomics, proteomics and metabolomics showed good biological duplication within the same group and clear segregation between the GF and SPF group, especially in the metabolomics (Figures 3A–C), which ensured the reliability of the subsequent analysis. Additionally, we performed inter-group Venn analysis and showed the co-expressed and specially expressed transcripts, proteins, and metabolites between GF and SPF group. (Figure S2).




Figure 3 | Multi-omics analysis reveals that microbiota can regulate oral homeostasis. (A–C) PCA of the transcriptomics, proteomics, and metabolomics of the tongue in SPF and GF mice. (D) Histogram showing the number of differentially expressed molecules in the tongues of SPF and GF mice during multi-omics analysis. (E–G) GO/KEGG/Reactome enrichment analysis of integrated transcriptomics and proteomics of the tongue in SPF and GF mice. (H) KEGG pathway enrichment analysis of multi-omics of the tongue in SPF and GF mice. (I, J) IPA of multi-omics of the tongue in SPF and GF mice. The bold fonts represent the molecules of particular interest in the enrichment pathway. PCA, Principal Component Analysis; IPA, Ingenuity Pathway Analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



We analyzed DEGs in the tongue tissues of SPF and GF mice using DESeq2, and a total of 540 DEGs were identified (using the criteria false discovery rate, [FDR] < 0.05 and fold change, [|FC|] > 2). We found that 271 and 269 DEGs were up-regulated and down-regulated, respectively (Figure S3A). For DEPs, a total of 268 proteins were obtained based on thresholds of fold change >1.2 or 0.83, and p < 0.05, including 86 upregulated and 182 downregulated proteins (Figure S3B). 140 differential expressed metabolites (p < 0.05 and VIP > 1) were detected in the tongue tissues between GF and SPF mice, including 93 upregulated and 47 downregulated metabolites (Figure S3C). The numbers of differentially expressed molecules in the multi-omics analysis are shown in Figure 3D.

3. An integrated bioinformatics analysis of the tongue tissues between SPF and GF mice suggests a mechanism underlying the regulatory role of microbiota on oral homeostasis

To conduct a bioinformatics analysis of the above differentially expressed molecules, the biological enrichment pathways and functions of the above DEGs and DEPs were first identified by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome (Table S1). Among the 670 GO items, the top 20 terms were “Structural molecule activity”, “Structural constituent of skin epidermis”, “Mitochondrial envelope”, “Organelle fission”, and so on (Figure 3E). Interestingly, the above items were mainly involved in mitochondrial metabolism, cell division, and keratinization. There were 66 and 117 items in KEGG and Reactome pathway enrichment analysis, and the top 10 items are shown in Figures 3F, G, including significant enrichment in “Antigen processing and presentation”, “Fatty acid (FA) metabolism”, and “Keratinization”.

To comprehensively explore the effect of microbiota on oral homeostasis, we performed an integrated analysis of the differentially expressed molecules, which yielded 289 enriched pathways (Table S2). After screening, a total of 37 pathways were statistically significant, and the results showed significant enrichment in functions, including “Th17 cell differentiation”, “Th1 and Th2 cell differentiation”, “Oxidative phosphorylation (OXPHOS)”, “Cell adhesion molecules (CAMs)”, and “Antigen processing presentation” (Figure 3H). We then identified the molecular networks using Ingenuity Pathway Analysis and selected the top two. The results indicated that the microbiota might play an important regulatory role in oral homeostasis by activating immune response and inflammatory reaction (Figures 3I, J; Table S3).

4. Multi-omics analysis reveals the influence of chronic stress on oral homeostasis

To investigate the effects of chronic stress on oral homeostasis from a multi-omics perspective, the PCA results showed clear segregation between two types of mice under chronic stress, and the trend was more obvious than in the non-chronic stress state (Figures 3A–C). The above results indicated that there was clear segregation between the GF and SPF group under chronic stress, especially in proteomics and metabolomics results. The inter-group Venn analysis was performed to show the co-expressed and specially expressed transcripts, proteins, and metabolites between GF and SPF group under the chronic stress (Figure S4). The intersection of genes between SPF and GF mice under chronic stress yielded 794 DEGs (FDR < 0.05 and |FC| > 2) (Figure S5A), among which 527 DEGs were up-regulated and 267 DEGs were down-regulated (Figure 4A). The number of differentially expressed proteins and metabolites of tongues between GF and SPF mice under chronic stress was 574 and 173, respectively (p < 0.05) (Figures S5B, C, 4A).




Figure 4 | Multi-omics analysis suggests that chronic stress may enhance the regulation of microbiota on oral homeostasis. (A) Histogram showing the number of differentially expressed molecules during the tongues of SPF and GF mice in multi-omics analysis under chronic stress. (B–D) GO/KEGG/Reactome enrichment analysis of combined transcriptomics and proteomics of the tongue in SPF and GF mice under chronic stress. (E) KEGG pathway enrichment analysis of multi-omics of the tongue in SPF and GF mice under chronic stress. (F, G) IPA of multi-omics of the tongue in SPF and GF mice under chronic stress. (H) The bar graph of mRNA expression representing oral epithelial permeability in four groups of mice. The bold fonts represent the molecules of particular interest in the enrichment pathway. Scale bar: 50μm. The experiment of qPCR was performed at least three times independently. *p < 0.05 vs SPF group; **p < 0.01 vs SPF group; ***p < 0.001 vs SPF group; #p <0.05 vs GF group; ##p < 0.01 vs GF group; ###p < 0.001 vs GF group; &p < 0.05 vs SPF + stress group; &&p < 0.01 vs SPF + stress group; &&&p < 0.001 vs SPF + stress group.



5. The integrated bioinformatics analysis of the tongue between SPF and GF mice under chronic stress suggests the molecular mechanism of chronic stress on oral homeostasis

We performed an integrated transcriptomics and proteomics analysis of the tongue between SPF and GF mice under chronic stress (Table S4), and GO, KEGG, and Reactome enrichment analyses were used to identify enriched pathways and functions of DEGs and DEPs under chronic stress. GO enrichment analysis yielded 932 items, among which “Cellular respiration”, “Mitochondrial inner membrane”, and “Oxidoreductase activity” were the top GO terms for biological process, cellular component, and molecular function, respectively (Figure 4B). KEGG and Reactome pathway enrichment analysis yielded 68 and 197 items, respectively, and the top 10 items are shown in Figures 4C, D. KEGG enrichment analysis showed significant enrichment in “Citrate cycle (TCA)”, “Oxidative phosphorylation”, and “Mucin type O-glycan biosynthesis”, while Reactome pathway enrichment analysis indicated significant differences in “Antigen processing - Cross presentation”, “Cellular response to chemical stress”, and “Neutrophil degranulation” between the two groups.

To comprehensively explore the mechanisms of chronic stress on oral homeostasis, we integrated the data from transcriptomics, proteomics and metabolomics analysis, and the results indicated that chronic stress mainly affected biological functions, including mitochondrial metabolism, epithelial adhesion and immune response in oral homeostasis (Figure 4E; Table S5). “OXPHOS”, “Glycolysis or gluconeogenesis”, “Glutathione metabolism”, “FA degradation”, “Citrate cycle”, and “beta-alanine metabolism” reflected the mitochondrial metabolic process, while epithelial adhesion was associated with “Tight junction”, “PPAR signaling pathway”, and “Mucin type O-glycan biosynthesis”. Additionally, Ingenuity Pathway Analysis indicated that chronic stress might affect oral homeostasis by activating inflammatory cascade reaction and immune response (Figures 4F, G; Table S6). In order to better demonstrate the effects of microbiota and chronic stress on oral homeostasis, the mRNA expression of epithelial permeability indicators was detected in tongue tissues of the four groups of mice. The results showed that compared with SPF mice, the expression of ZO-1 in the tongue tissue of GF mice decreased, while the expression of occludin and claudin-1 increased, and chronic stress caused similar changes in oral epithelial permeability (Figure 4H). Overall, our results suggest that chronic stress can affect the structural remodeling and biological function of the oral epithelium, thus enhancing the regulatory role of microbiota on oral homeostasis.



Discussion

To the best of our knowledge, this is the first study to comprehensively analyze the molecular regulatory mechanisms of microbiota and chronic stress on oral homeostasis by comparing the morphological structure and integrating multi-omics data of the tongue between SPF and GF mice. We found that the microbiota could affect structural remodeling of the oral epithelium, which was mainly reflected in keratinization and cellular adhesion, and the microbiota may regulate oral homeostasis by mitochondrial metabolic process and immune response. Additionally, chronic stress can enhance these regulatory processes.

Herein, we found that the microbiota can regulate oral homeostasis by affecting structural remodeling. As the structural basis of the oral mucosa, the integrity of the epithelial barrier is a firewall against pathogenic microbiota. Indeed, oral epithelial morphology also embodies the integrity of the epithelial barrier. In this study, we found that the morphological structure of oral epithelium in GF mice was more disordered in SPF mice, and the lingual papilla was more slender and uneven, similar to nasal and intestinal mucosal epithelium structure (2, 3). Proper structure and function of the oral epithelium are essential for maintaining symbiosis of bacteria and protecting the host from infection, especially for keratinization. Indeed, epithelial cells participate in the effective defense against microbiota invasion. A study found that the keratinization of the oral mucosa of baboons was closely related to the number of bacteria (13). In addition to keratinization, the expression of CAMs also plays an important role in epithelial permeability. An epithelium with poor permeability confers an appropriate protective effect against pathogen infections, and the high expression of CAMs reflects the repeated resistance of the mucosal epithelium to the attack of pathogen infections (14). The expression of mucosal Adressin cell adhesion molecule 1 (MAdCAM-1) at birth was more prevalent in the intestinal mucosal blood vessels of CV mice than in GF mice (15). In oral mucosa, it was also found that the microbiota limited the absorption of foreign pathogens in the mucosal barrier by increasing the expression of epithelial-adhesive proteins to support the protective mucosal layer (16), which was consistent with the mRNA expression of epithelial adhesion molecule in our study. The enhanced permeability of the tongue epithelium in GF mice suggested that microbiota could activate the protective mechanism of the oral epithelial barrier. Moreover, human keratinocytes exposed to Porphyromonas gingivalis (Pg) showed low expression of connexin and Grainyhead-like 2 (Grhl2), and Grhl2 conditional knockout (KO) mice showed increased epithelial infiltration of oral bacteria compared with wild-type mice, which could disrupt the epithelial barrier, thereby leading to the aggravation of periodontal disease (17). Our results suggested that hyper-keratinization of epithelial cells and adhesion change of endothelial cells were important manifestations of host anti-microbial defense.

Our integrated omics analysis revealed that microbiota could regulate the immune response in oral homeostasis. Oral epithelium can trigger inflammatory cascade signals and immune responses during microbial imbalance. Firstly, EGF/EGFR, as a known upstream activator of both the pro-survival phosphoinositide 3-kinase/Akt and proinflammatory mitogen-activated protein (MAP) kinase pathways, could protect oral epithelia from barrier damage (18–20). Mechanically, EGF/EGFR can play a positive regulatory role on the permeability of mucosal barrier by regulating the integrity of tight junction proteins (21). It is worth noting that EGF can change the ability of microbiota to colonize the intestinal and respiratory mucosa and prevent barrier defects induced by pathogenic microbiota (22, 23). Additionally, it has found that the severity of oral mucositis was positively correlated with the content of EGF in saliva (24). In this study, our integrated analysis indicated that EGF/EGFR could be activated by microbiota and chronic stress to regulate oral homeostasis. It is well-established that Streptococcus and Veillonella in oral flora can activate a series of inflammatory tandem pathways represented by MAPK and PI3K-Akt-mTOR (25, 26). The microbiota can induce host immune defense by direct contact with microbiota or indirectly activating inflammatory cytokines, and this process is environmentally adaptive. It has been reported that T-cells response to Akkermansia muciniphila in a sterile environment could be limited to the activation of T follicular helper cells. In contrast, in an inflammatory environment, various manifestations such as Th17 cell differentiation have been observed (27). It has been shown that Bacteroides Fragilis could enhance the differentiation of CD4+ T cells into T helper cells 1 (Th1) and Th2 (28), and the above phenomenon of helper T cell skewing was similar to our results. In the present study, we revealed that the microbiota affects oral homeostasis via an immune response by activating inflammatory cascade signals, which are adaptive changes after the microbiota competes with the host.

Furthermore, our results demonstrated that mitochondrial metabolism might also be a major regulator of microbial-mediated oral homeostasis. Metabolic adaptation is the basis of cell life activities, and the mitochondrial metabolic process can regulate microbial-mediated oral homeostasis by affecting immune cell differentiation (29). The metabolic processes of OXPHOS, TCA cycle, and nucleotide biosynthesis are strongly activated in activated naïve and memory T cells, while aerobic glycolysis is a marker of activated CD8+ T cells (30). In addition, it has been established that Fatty acid (FA) provides energy for cell metabolism through FA oxidation and closely regulates the homeostasis of immune cells (31). The results of our multi-omics analysis suggested that microbiota may regulate oral homeostasis by changes in the mitochondrial metabolic process, thus affecting the epithelium’s inflammatory activation and immune response of. Experiments with Staphylococcus aureus infection of human keratinocytes demonstrated a positive correlation between glycolysis and innate immunity of epithelial cells (32). Thus, upregulation of glycolysis is more likely to occur in an inflammatory environment (33), whereas OXPHOS positively correlates with anti-inflammatory activation (34). Additionally, membrane-associated protein can reportedly promote the uptake of FA to meet the host immune cells’ nutritional supply and energy requirements (35), consistent with our results. Collectively, specific metabolic changes may adapt to different functional outputs, and the mitochondrial metabolic process could be an adaptive adjustment of host defense pathogens in the epithelium (Figure 5).




Figure 5 | Schematic diagram of oral epithelial barrier resistance to microbial invasion.



Herein, we explored the role of chronic stress in oral homeostasis. One the one hand, chronic stress could regulate the morphological structure of the oral epithelium. On the other hand, we found significant differences in the expression of tight junction and mucin-type O-glycan biosynthesis in the tongues of GF and SPF mice, consistent with the literature (36). In this respect, the loss of O-glycosyltransferase in oral mucus-secreting cells led to changes in oral microbial composition, suggesting that O-glycosylation regulated microbial composition and the stability of colonization (36). Mucin is a protein with high-density O-glycosylated serine and threonine residue domains, closely related to microbial dysregulation in the mucosa (37). In saliva, N- and O-terminal glycan structures may act as bait-binding receptors to competitively inhibit pathogen adherence to oral mucosal surfaces (38). A study found that mucin O-glycan was involved in the microbial-mediated immune tolerance in intestinal mucosa during the development of microbial-induced gastrointestinal disease. Interestingly, glycosylation patterns in the distal intestinal epithelium of mice have changed under psychological stress, and this region became a marker for resistance to microbial attack (39). In addition to mucin-type O-glycan, tight junctions often act as important regulatory components of transmembrane pattern recognition receptors such as Toll-like receptors to protect the epithelium from exogenous pathogens (40). Compared with SPF mice, the expression of junctional complex molecules in colon epithelial cells of GF mice was decreased, which was consistent with the expression of epithelial permeability factors in tongue tissues of different groups in our study. Oral administration of indole-containing capsules increased the expression of tight junction-related molecules in the colon epithelium of GF mice, resulting in higher resistance to dextran sodium sulfate (DSS)-induced colitis in GF mice (41). Overall, chronic stress can regulate the biological function by modifying the epithelial barrier structure, thus maintaining oral homeostasis against adverse microbial invasion.

There were still some limitations in this study. First, the sample size included in this study was small, which increased the experimental error to some extent. Besides, gender and species heterogeneity in microbial-mediated oral homeostasis emphasize the need for further investigation to understand the underlying mechanisms of pathogenic microbiota and epithelial barrier interactions. Additionally, other oral tissues can be applied for more research. Finally, in addition to chronic stress, more stress models should be considered in further studies.

In conclusion, we investigated the morphological structure and integrated the transcriptomics, proteomics, and metabolomics data to study the microbiota’s effects and mechanisms on oral homeostasis. The findings of this study suggest that microbiota may regulate oral homeostasis by affecting structural remodeling and biological function. Furthermore, chronic stress can enhance the regulatory role of microbiota on oral homeostasis by affecting the mitochondrial metabolic process and immune response. This study contributes to existing knowledge of microbiota, and reveals the limitations of previous studies investigating the biological effects of microbiota on oral homeostasis.
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As an immune dysregulation-related disease, although ulcerative colitis (UC) primarily affects the intestinal tract, extraintestinal manifestations of the disease are evident, particularly in the oral cavity. Herein, we have reviewed the various oral presentations, potential pathogenesis, and treatment of oral lesions related to UC. The oral manifestations of UC include specific and nonspecific manifestations, with the former including pyostomatitis vegetans and the latter encompassing recurrent aphthous ulcers, atrophic glossitis, burning mouth syndrome, angular cheilitis, dry mouth, taste change, halitosis, and periodontitis. Although the aetiology of UC has not been fully determined, the factors leading to its development include immune system dysregulation, dysbiosis, and malnutrition. The principle of treating oral lesions in UC is to relieve pain, accelerate the healing of lesions, and prevent secondary infection, and the primary procedure is to control intestinal diseases. Systemic corticosteroids are the preferred treatment options, besides, topical and systemic administration combined with dietary guidance can also be applied. Oral manifestations of UC might accompany or precede the diagnosis of UC, albeit with the absence of intestinal symptoms; therefore, oral lesions, especially pyostomatitis vegetans, recurrent aphthous ulcer and periodontitis, could be used as good mucocutaneous signs to judge the occurrence and severity of UC, thus facilitating the early diagnosis and treatment of UC and avoiding severe consequences, such as colon cancer.




Keywords: ulcerative colitis, inflammatory bowel disease, oral manifestation, immune dysfunction, pyostomatitis vegetans



Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease of the gastrointestinal tract. Along with Crohn’s disease (CD), UC is one major type of the inflammatory bowel disease (IBD) family. Although its aetiology has not been completely determined, the factors contributing to disease development include genetic predisposition, environmental factors, immune system dysregulation, dysbiosis, and malnutrition (1, 2), of which immune dysfunction ranks as one of the most dominant aetiologies. Numerous studies have suggested that ulcerative colitis is a modified T-helper (Th) 2 disease, in which the innate immune system initiates the inflammatory events, with the adaptive immune system perpetuating the inflammatory cascade (3, 4). Similarly, another study has reported the differences in mucosal and systemic immune profiles between early and late stage disease in patients with active UC (5). Specifically, a transition from a Th1- to a Th2-driven state is revealed in the intestine of patients with UC in the late stage of disease (5).

The highest reported annual incidences of UC are 24.3, 19.2 and 6.3 per 100 000 persons in Europe, North America, and Asia together with the Middle East (6), respectively. The female-to-male ratio ranges from 0.51 to 1.58 for the incidence of UC, suggesting that the diagnosis of UC is not sex-specific (6). The peak age in most UC studies was between 20 and 40 years of age, with 51.1% of studies reporting the highest incidences of UC among people aged 20–29 years (6). The current mortality rate of patients with UC is close to or slightly higher than that of the general population (7, 8), implying the potential threat of UC. Moreover, patients with long-term UC are more likely to develop colorectal cancer than healthy controls (9). The more extensive and active the disease, the poorer the prognosis in patients with UC (10).

Common clinical features of UC consist of abdominal pain, diarrhoea, rectal bleeding, and other gastrointestinal symptoms (11). Currently, the diagnosis of UC is based on typical clinical symptoms and histological and endoscopic evidences (12), among which colonoscopy combined with biopsy is regarded as the gold standard. Specifically, endoscopy might reveal ulceration, exudate, fragility, granular mucosa, and loss of a typical vascular pattern (13, 14). However, patients with early intestinal discomfort might not be willing to undergo endoscopy. Other than these frequent symptoms of the gastrointestinal tract, 6–40% of patients suspected of having IBD might also present with various extraintestinal manifestations. Notably, the occurrence of extraintestinal manifestations may precede the ultimate diagnosis of IBD (15–18).

A substantial proportion of patients with UC may exhibit lesions within the oral cavity and perioral skin, which can occur prior to, or parallel with UC activity (18). Lesions in the oral cavity harbour innate superiority over other sites for the early detection of UC. First, oral lesions are easy to observe and examine, thus facilitating the early diagnosis of the intestinal disease; second, some oral lesions related to UC that require pathological diagnosis, such as pyostomatitis vegetans (PSV), exhibit the advantage of being observation-intuitive and biopsy-convenient compared with other sites (19). Thus, oral manifestations could serve as good cutaneous signs of the disease severity of UC, and recognition of these signs could contribute to the early detection of IBD (20). This article reviews the various oral presentations, potential pathogenesis, and treatment of oral lesions related to UC, providing guidance for clinicians in managing, diagnosing, and treating these challenging oral manifestations.


Oral manifestations of UC

UC may be characterised by a series of specific and nonspecific oral lesions, as described in detail below (Table 1).


Table 1 | Specific and nonspecific oral manifestations in patients with UC.




Specific oral lesions

Pyostomatitis vegetans is a rare chronic mucocutaneous inflammatory disease associated with IBD and remarkably associated with UC. Thus, PSV is regarded as a highly specific marker of UC (27, 31). Lourenço et al. reported that one patient who was initially diagnosed with mild colitis accompanied by PSV, had typical features of UC on colonoscopy 2 years later (20). A recent study indicated that the subsequent onset of PSV was observed in a patient with UC upon aggravation of gastrointestinal symptoms, suggesting that PSV may indicate active or aggravated UC (32). Moreover, a patient with active UC presented with PSV after receiving an initial coronavirus disease 2019 (COVID-19) vaccination, implying the potential immunological link between the onset of PSV and UC, which might have been triggered by the vaccination (33).

As for the clinical characteristics, PSV tends to be more prevalent in patients aged between 20 and 59 years, among which men have a higher incidence than women (34, 35). Distinct clinical manifestations of PSV include miliary abscesses and pustular lesions, with white or yellow contents accompanied by erythematous and oedematous mucosal bases. Pustular lesions are prone to rupture, resulting in erosions and a characteristic ulceration resembling the morphology of the ‘snail track’ (31, 36, 37). Oral lesions predominantly involve the lips, gingiva, and buccal mucosa, although pustules may occur in the entire oral cavity (Figure 1). Patients may experience fever, localised pain, or enlarged and tender submandibular lymph nodes (38). In addition, the principal histological features of PSV are intraepithelial and subepithelial microabscesses, accompanied by infiltration of neutrophils and eosinophils. Furthermore, hyperkeratosis, acanthosis, and focal acantholysis may be present (20, 35).




Figure 1 | Typical clinical features of one patient with PSV in our clinic. Widespread yellow or white pustular lesions as well as its secondary ulcers were observed on the palate (A), the labial gingivae (B), the anterior floor of mouth (C), and the lower lip (D) of the patient. PSV, Pyostomatitis vegetans.



The diagnosis of PSV is based on clinical manifestations, including concurrent IBD, peripheral eosinophilia, and histological characteristics (20, 38). Although the pathogenesis of PSV is undetermined, it is hypothesised that the abnormal immune response to unidentified factors or the presence of cross-reactive antigens in the bowel and skin leads to these secondary mucocutaneous manifestations (38). In general, PSV can resolve if the underlying UC is sufficiently controlled; however, topical corticosteroids or tacrolimus ointment can be applied to oral lesions (19, 39, 40).



Nonspecific oral lesions

Patients with active UC may be at a higher risk of experiencing more oral diseases that negatively affect their quality of life than those without active UC (41). Nonspecific oral lesions in UC are observed to be more prevalent than specific lesions (37), including recurrent aphthous ulcer (RAU), atrophic glossitis (AG), burning mouth syndrome (BMS), angular cheilitis (AC), dry mouth, taste change, halitosis, and periodontitis.


Recurrent aphthous ulcer

The most common oral mucosal lesions which occur in patients with UC are RAU (42, 43). The clinical manifestations of RAU associated with UC appear to be similar to those of RAU in the general population. It is characterised by the recurrence of one or more shallow round or ovoid ulcers with clear boundaries, surrounded by red and slightly raised margins, and covered by yellow or white pseudomembranes. Ulcers are usually painful and affect mastication as well as speech (31). Recurrent aphthous ulcers tends to involve the buccal mucosa, labial mucosa, tongue, soft palate, and other non-masticatory mucosa (44).

Currently, three clinical presentations of RAU are recognised: minor, major, and herpetiform, of which the minor type is the most frequent type found in patients with UC, presenting as small and superficial round or oval ulcers that are similar to the ulcers in the colon (45–47).

Scholars have reached controversial conclusions regarding the association between RAU and UC. One study reported that the frequency of RAU in 105 patients with UC, aged from 17 to 82 years, was 18.1% among those with extraintestinal manifestations, and 27.8% of patients were diagnosed with RAU before the diagnosis of IBD among those presenting with oral manifestations (18). Similarly, another team have showed that the frequency of aphthous ulcers in 50 patients with UC was 20% (42). Another study reported that the frequency of oral manifestations among 119 patients with UC, aged from 19 to 77 years, was 29.4%, and 15.1% of patients were diagnosed as RAU, accounting for more than half of the oral manifestations (48). Besides, Khozeimeh and colleagues showed that RAU could appear 1–3 years before the diagnosis of UC (48). Furthermore, Habashneh et al. pointed out that the incidence of deep oral ulceration in patients with UC was markedly higher than in participants without UC (p=0.004) (49). Moreover, Laranjeira et al. found that 35.3% of patients complained about the occurrence of RAU within the active stage of IBD, compared with 4.2% in the remissive phase of IBD (50). Similarly, the exacerbation of RAU was reported during UC recurrence (36); Elahi et al. found the frequency of RAU in patients with severe UC was 46%, 18% in patients with moderate UC, and 5% in patients with mild UC (42). All studies suggested that the assessment of RAU severity might be employed as an indicator of UC relapse and recurrence. However, a few studies have not shown a significant relationship between UC disease activity and RAU frequency (16, 41); for instance, one study found that the frequency of RAU in patients with active UC was 4.1%, while that in patients with inactive UC was 3%,with no statistical difference indicated (16). Another research implied that the frequency of RAU in patients with active UC was 21.4%, while that in patients with inactive UC was 29.7%, with no statistical difference suggested (41). More well-designed multi-centre studies are warranted to validate the association between RAU and UC.



Other oral mucosal lesions associated with ulcerative colitis

Atrophic glossitis or smooth tongue is an atrophic change of the tongue mucosa which might exhibit a glossy appearance with a red background, caused by atrophy of the filiform papillae (51). Histologically, epithelial atrophy and chronic inflammation of the subepithelial connective tissue are key features of AG (52). The main symptoms reported in previous research were pain, burning sensation in the oral mucosa, and dry mouth. Atrophic glossitis is more common in CD than in UC; and the incidence of AG in patients with UC along with its association with disease activity remains unclear (25). Further studies are required to fill this gap in the field.

Patients with BMS mainly present with a burning sensation of the oral mucosa, sometimes accompanied by dry mouth, taste disturbances, and other discomfort. Usually, the burning sensation is bilateral, and most commonly involves the tongue, followed by the labial mucosa and anterior hard palate (53, 54). Goldinova et al. found that 9.8% of patients with UC suffered from BMS, compared with an absence of BMS in the control group without UC. Moreover, BMS was found in 14.3% and 8.1% of patients with UC in active or inactive phase of the intestinal disease, respectively (41). The authors also demonstrated that subjective perception of dry mouth is related to disease activity of UC, while no correlation was found with the objective salivary secretion rate (41).

Angular cheilitis is characterised by erythema, scaling, rhagades, ulcerations, and crusting of the lip corners and adjacent skin (55). Klichowska-Palonka et al. reported that the incidence of AC in paediatric patients with UC is approximately 12.5% (56). Furthermore, Goldinova and colleagues found that 21.6% of patients with UC had AC, compared with none in the control group without UC (41). Thus, AC may serve as another associated condition of UC.

Additionally, Melis et al. reported that patients with IBD had impaired salty, sweet, bitter, umami, and fat tastes but an increased sour taste (28). Elahi et al. found that 40% of patients with UC presented with taste change, while 68% of patients with UC had halitosis, which demonstrated a statistically significantly difference from the control set (42). Katz et al. included 20 patients with UC, 10 of whom were in the active disease stage. The incidence of halitosis was notably higher in the active UC group than in the control group (50% versus 10%) (57). Additionally, another study indicated that in the presence of the perinuclear antineutrophil cytoplasmic antibody, immunoglobulins A and G, anti-Saccharomyces cerevisiae antibodies, antibodies to Escherichia coli outer membrane porin C, anti-flagellin antibody, fragments of Pseudomonas fluorescens bacterial DNA, and other serological immune markers (58), further investigation with colonoscopy might be prompted to exclude the diagnosis of IBD.



Periodontitis

Periodontitis is one of the most common oral diseases that is closely related to systemic diseases; which is inseparable from systemic and local immune dysregulation (59). To date, various studies have demonstrated inconsistent results on the relationship between periodontitis and the occurrence of UC.

Four meta-analyses revealed that, compared to healthy controls, patients with UC were significantly more likely to experience periodontitis, have fewer teeth, greater pocket probing depth, and higher frequency of sites with clinical attachment loss (CAL) >3mm (60–63). Habashneh et al. highlighted that patients with UC had more severe and significantly higher risk of developing periodontitis than patients without IBD (49). Another study found that, compared with healthy control subjects, IBD patients exhibited more severe gingival bleeding (p<0.01), periodontitis (p=0.04) and higher CAL (p<0.01) (64). Vavricka et al. had reached similar conclusions. Moreover, IBD, as a spectrum of diseases, is also regarded as a significant risk factor for periodontitis (OR=3.35) (65). Koutsochristou et al. reported that there was an increased incidence of periodontal disease in children and adolescents with IBD, although the oral hygiene indicators were comparable to controls (66).

Contrastingly, Grössner et al. found no significant differences regarding the periodontal findings for patients with or without IBD (67). Tan et al. reported that, compared with non-IBD patients, the DPSI (Dutch Periodontal Screening Index) scores were not significantly increased in UC patients (68).

Taken together, the manifestations of PSV, RAU, AG, BMS, AC, dry mouth, taste change, halitosis and periodontitis may serve as a clue to the diagnosis of UC (18, 20, 25, 41, 42, 56, 61); Among these, RAU and periodontitis might serve as a strong sign of latent UC through assessing these relevant studies using Grading of Recommendations Assessment, Development and Evaluation (GRADE) standard (69), and PSV, as a rare disease, may represent the relatively specific sign of UC to some extent (Table 2). Therefore, when patients present with these oral manifestations, they should be screened for UC by enquiring specifically about potential UC-related gastrointestinal symptoms upon history-taking. If necessary, relevant antibodies tests, and endoscopy as well as biopsy should be considered by gastroenterologists to determine the presence of UC and potential intestinal cancer.


Table 2 | Evaluation of the level of evidence-based medicine of these research findings.







Pathogenesis

The exact pathologic mechanism of the oral manifestations associated with UC is still uncharacterised but is potentially related to dysbiosis, immune system dysregulation, and malnutrition (Figure 2).




Figure 2 | Pathogenesis of the oral manifestations associated with UC. UC, Ulcerative colitis; MALT, mucosa-associated lymphatic tissue; MCP, monocyte chemoattractant protein; IL, interleukin; MMP-8, matrix-metalloproteinase 8; TNF, tumour necrosis factor; PSV, Pyostomatitis vegetans.




Dysbiosis

Several studies have indicated a possible correlation between dysbiosis of the gut, and oral microbiota, with the latter causing UC-related oral manifestations. Said et al. have demonstrated that oral dysbiosis, manifesting as a relative abundance of Streptococcus, Haemophilus, Prevotella, and Veillonella in the oral cavity, was closely related to the inflammatory response triggered by lower saliva lysozyme and increased interleukin (IL)-1β levels which might be related to dysbiosis of the gut microbiota (70). In addition, Xun et al. found that Streptococcus, Corynebacterium, Lautropia, Acinetobacter, and Cardiobacterium were observably enriched in the oral cavity of UC patients, while Anaerovorax, Porphyromonas, Prevotella, Catonella, Oribacterium, and Peptostreptococcus were significantly eliminated in the oral cavity of these patients. Simultaneously, their study also showed that the biosynthesis and transport of substances that enhance oxidative stress and virulence, bacterial violence, enzyme families activity, and the frequency of apoptosis in the oral region were increased in patients with UC, thus suggesting that the presence of both oral dysbiosis and functional disorders might be associated with UC (71).

With regards to oral dysbiosis, Molinero et al. found that Proteobacteria and Neisseriaceae in the saliva were higher in the UC group, while Peptostreptococcaceae, Atopobiaceae, Lachnospiraceae, and Ruminococcaceae were significantly reduced. They also reported that the Staphylococcus species and its four differential species or phylotypes were only present in UC patients, and not in the control group (72). Further, changes in salivary lysozyme levels may be associated with gut dysbiosis and is responsible for the resulting periodontitis (73). Therefore, the secondary inflammatory responses induced by UC play a critical role in the development of oral manifestations such as periodontitis (74).

Additionally, the resemblance between oral and gut microbiota might be another factor bridging UC and oral lesions. One study demonstrated that Enterobacteriaceae residing in saliva, particularly Klebsiella, were considered as potent Th1 inducers in the gut that might trigger pathogenic immune responses during ectopic intestinal colonisation (75). The inflammatory state of IBD may render the intestine more permissive to aerotolerant oral-derived bacteria than a steady-state intestine, and the continuous colonisation of oral bacteria may contribute to intestinal microbiota dysbiosis and chronic inflammation, thus intensifying the UC. Moreover, several studies have reported that Enterobacteriaceae, including E. coli and Klebsiella, which mainly appear in the gut, also reside in the oral cavity of humans (76, 77). Rautava et al. found that dysbiosis in murine models of colitis was related to changes in the composition of the bacteria present in saliva and in the oral cavity. Such changes in the oral microbiota may be related to the aetiology of the oral mucosal pathologies in patients with IBD (78). Thus, the oral microbiota may serve as a link between IBD types such as UC, and the related oral manifestations.

Moreover, intestinal dysbiosis has been reported to cause a chronic inflammatory state and mucosa-associated lymphatic tissue (MALT) activation in the intestine, which leads to extraintestinal pathologies (79–81). On this basis, Cappello et al. hypothesised that oral aphthous-like ulcers in patients with IBD could be the result of concomitant intestinal dysbiosis and other events, e.g., microtraumas of the oral mucosa (82). Adjuvant therapy with probiotics has been shown to be effective in treating aphthous-like ulcers, serving as proof for this hypothesis (82).

In summary, dysbiosis of microbiota in UC may be correlated with that in the oral cavity, and secondary inflammatory responses within the gut might be responsible for these oral manifestations.



Immune system dysregulation

Several studies have revealed the potential relationship between UC and the oral presentation. As UC is a chronic and severe disease, low levels of IL-10 within the body are insufficient to inhibit the production of pro-inflammatory cytokines, such as IL-6, tumour necrosis factor (TNF)-α, interferon-γ, and IL-17. Thus, the resultant higher IL-17/IL-10 ratio may be a pivotal marker of disease severity and progression based on its association with intestinal and extra-intestinal features (83). Oral presentations in patients with active UC may be associated with changes in cytokine activity within the gastrointestinal tract and the oral cavity (84). For instance, Said et al. reported elevated salivary levels of IL-6, IL-8, IL-1β, and monocyte chemoattractant protein (MCP)-1 in patients with UC (70). Similarly, Aleksandra et al. demonstrated that patients with UC exhibited higher salivary IL-6 levels (85). Two studies have shown that the IL-10/STAT3 signalling pathway is associated with pediatric IBD, and IL-10 receptor (IL-10R) A together with IL-10RB mutations, responsible for the abnormal IL-10/STAT3 cascade, are common in Chinese children with IBD (86, 87). Engelhardt et al. indicated that IL-10 and IL-10R deficient patients may display RAU due to mild immunological abnormalities, including reduced CD4+/CD8+ T-cell ratios and dysregulated serum immunoglobulin levels (88). Thus, these studies suggest that IL-10 related immune abnormalities may explain the initiation of RAU subsequent to UC.

Of note, several dysregulated immune-related cytokines in saliva or oral cavity, which account for periodontitis, might be related to UC. Schmidt et al. found that, compared with healthy control subjects, patients with IBD showed higher concentration of activated matrix-metalloproteinase 8 (MMP-8) in the gingival crevicular fluid, which has been confirmed as one of the key proteases released by inflammatory cells involved in the progression of periodontitis (64). Figueredo et al. observed that the total level of IL-4, a cytokine related to generalised aggressive periodontitis (89), was significantly reduced in the gingival crevicular fluid obtained from superficial sites of patients with UC (90). Meanwhile, the study also showed markedly enhanced serum IL-18 levels in the UC group, which was positively correlated with increased IL-1β in the gingival crevicular fluid of these patients. The latter served as a contributor in the pathogenesis of periodontal disease, thus accounting for the occurrence of periodontitis in patients with UC (90). Another study similarly demonstrated an increase of IL-1β in the gingival crevicular fluid of patients with UC (91). In addition, Enver et al. found that TNF-α levels were significantly higher in the saliva of patients with UC diagnosed with periodontitis, along with a reduction of IL-10 levels (91).

Meanwhile, oral diseases might also promote UC development in an immune-dependent manner. One study indicated that bacteria contributing to periodontitis might stimulate the production of pro-inflammatory cytokines by oral epithelial cells, namely IL-6, IL-8, and TNF-α, thus resulting in the progression of UC (92).

Conversely, UC is a possible immune trigger of oral manifestations. As speculated by Brakenhoff et al., the ability of IBD to induce extra-intestinal inflammatory response is partially due to the recognition of common epitopes throughout the body. Specifically, the extraintestinal manifestations of IBD may be a broad adaptive immune response caused by local intestinal dysbiosis, leading to recognition of these epitopes in gingiva and other oral sites, causing periodontitis (93, 94). Additionally, studies have shown that immune responses to colonic bacteria dysregulation in patients with IBD may trigger T cell-mediated responses and cytokine production, thus inducing PSV (95). Ficarra et al. found that T cells would transfer to the oral mucosa under the influence of antigenic stimulation. Thereafter, the CD8+T lymphocytes, as well as the infiltrating macrophages and neutrophils, might induce the epithelial damage and ulceration which are prevalent in PSV (96). They also demonstrated the overexpression of IL-6, IL-8, and TNF-α in PSV, suggesting that these pro-inflammatory cytokines, which lead to the recruitment of inflammatory cells to UC lesions, may synergistically contribute to the proinflammatory pathogenesis of PSV (96). Therefore, these studies suggest that immune system dysregulation may be an important link bridging PSV and UC.

Therefore, these studies suggest that immune system dysregulation may be an important link bridging not only PSV, but also other oral manifestations, and UC.



Malnutrition

Approximately 23% of outpatients and 85% of hospitalised patients with UC develop malnutrition (97). Malnutrition with undernutrition is common in patients with UC due to insufficient intake, malabsorption in the diseased intestine, decreased absorptive function after intestinal resection, increased energy consumption caused by inflammation, and changes in digestion and absorption due to medication intake (98). Patients with UC might develop anaemia due to deficiencies of iron, folic acid, and vitamin B12 from a lack of nutrition (98–100). Sun et al. found that deficiencies in haemoglobin, iron, and vitamin B12 were significantly correlated with AG (101). Wu et al. showed that the incidence of oral features, including lingual varicosity, AG, dry mouth, and burning sensation of the oral mucosa, was considerably higher in patients with iron-deficiency anaemia than in those without (102). Lin et al. showed that patients with BMS have a significantly higher incidence of haemoglobin, iron, or vitamin B12 deficiency (103). Nutritional deficiencies, including deficiencies of iron and B vitamins, impede wound healing and account for 25% of all AC cases (104). Hence, patients with UC are at an increased risk of micronutrient deficiencies, including calcium, iron, vitamin A, vitamin B12, vitamin D, folic acid, magnesium, and zinc (1). Therefore, patients with UC may develop RAU, AG, BMS, AC, dry mouth, taste change, and halitosis due to nutritional deficiencies.




Treatment strategies for UC-related oral discomfort

The purpose of treating oral lesions in UC is to relieve pain, expedite the concrescence of lesions, and prevent secondary infections (37). In most patients with oral lesions associated with UC, initial control of intestinal diseases is critical for the treatment of oral signs (20). Topical and systemic medications combined with dietary instructions may also be used. In brief, the preferred treatment involves the application of systemic corticosteroids, which are often helpful in relieving the oral manifestations of patients with UC. Immunosuppressive and biological agents have also been suggested (105).

Treatment for PSV includes topical use of antiseptic mouthwashes, such as chlorhexidine, and corticosteroids, such as betamethasone mouthwash or triamcinolone acetonide paste. Systemic steroid therapy may also be used to control lesions because of the limited efficacy of topical steroid therapy (21, 22). One case study demonstrated that for PSV lesions in patients with UC, despite the ineffectiveness of topical clobetasol propionic ointment and betamethasone gargle, the administration of dapsone (75 mg/day) successfully controlled PSV in 1 week, and all eruptions disappeared after 4 weeks (106). However, Bardasi et al. reported that oral beclomethasone was capable of gradually relieving PSV lesions (107). Interestingly, one case study indicated that although partial improvement of PSV lesions was achieved after total colectomy, new lesions appeared 1 month postoperatively. The patient’s lesion was topically treated with tacrolimus ointment, which resulted in significant improvement of PSV (39). In contrast, Kitayama et al. showed that after subtotal colectomy for UC, the prescribed medicine to control intestinal symptoms could alleviate the PSV lesion simultaneously. The patient was treated with oral mesalazine, with no recurrence of mucocutaneous or intestinal lesions at follow-up (108).

For UC-related RAU, intestinal symptoms should be initially controlled, and the treatment modality for RAU depends on the frequency and severity of oral ulcers. Given the painful presentation and inflammatory nature of RAU, it responds well to the application of topical or systemic anti-inflammatory agents, especially corticosteroids (23). Topical steroids are the first-line treatment for RAU, whereas topical anaesthetics, antiseptic mouthwash, or nonsteroidal anti-inflammatory pastes can also be utilised (109). Pereira et al. reported that in one case of UC with RAU, the RAU was initially treated with 0.05% dexamethasone mouthwash for 3 months, with the symptoms being completely resolved. Then, the patient was instructed to use 0.05% dexamethasone mouthwash whenever RAU recurred (110).

Laser therapy may also help improve pain control and promote the healing of recalcitrant RAU lesions (24). Aggarwal found that after application of low-level laser therapy for RAU, the patient’s pain score decreased immediately and remained stable for 3 follow-up days (p<0.001 for all time periods). Additionally, the size of the lesions after low-level laser therapy decreased significantly (p<0.05) (111).

AG, BMS, and AC are usually caused by anaemia and malnutrition, and iron, folic acid, and vitamin B12 supplements are required in patients with specific deficiencies (98–100). For the management of AG, vitamin and iron supplements may be effective (25). Vitamin supplements, topical steroids (1% hydrocortisone), 5-aminosalicylic acid (5-ASA) mouthwashes, and intralesional steroids may be used to treat AC (27). The primary goal of BMS therapy is to eliminate painful burning disorders. Current treatments for BMS include anticonvulsants, antidepressants, phytomedicines, food supplements, lower-level laser therapy, saliva substitutes, transcranial magnetic stimulation, oral appliances, and cognitive behavioural therapy (26). Taste change may be triggered by iron, zinc, or vitamin deficiency due to rectal bleeding and intestinal malabsorption associated with IBD or by drug therapy (28), which should be supplemented with deficient nutrients or adjusted IBD medication. Tongue brushing and application of topical mouthwash, such as 0.2% chlorhexidine, are effective in treating halitosis (29).

With regard to the UC patient with concurrent periodontitis, routine dental treatment including supragingival scaling and root planning combined with drug therapy such as antibiotics and periodontal surgery are suggested as first-line therapies (30). Further, although no direct evidence exists in terms of the relationship between the UC treatment and periodontal disease’s outcome, several findings might serve as auxiliary proof. One study indicated that patients with UC but undiagnosed periodontitis showed improvement in salivary immunoglobulin A and myeloperoxidase after the treatment against UC, suggesting that UC therapy may improve the oral host defense, which is crucial to controlling periodontitis due to its microbial aetiology (112). Another study demonstrated that the treatment of IBD with anti-TNF-α biologic agents increased the probability of periodontal healing (113).

Furthermore, for UC patients with highly resistant or intractable oral lesions that seriously affect oral feeding and quality of life, colectomy may be the ultimate solution (45). A recent study demonstrated that one patient with UC achieved complete remission of PSV immediately after total colectomy due to a final diagnosis of colon adenocarcinoma (114).



Conclusions

Oral manifestations of UC include specific lesions, such as PSV, and nonspecific lesions, namely RAU, AG, BMS, AC, dry mouth, taste change, halitosis, and periodontitis. The pathogenesis of oral manifestations in UC may be related to dysbiosis, immune system dysregulation, and malnutrition. Management of intestinal diseases is the foremost step in the treatment of oral lesions in patients with UC. Topical and systemic medications, including systemic corticosteroids, immunosuppressive agents, and biological agents, combined with dietary instructions can also be used to treat oral signs.

Oral manifestations of UC may be the most intuitive evidence of an underlying systemic disease. Oral lesions may accompany or precede the diagnosis of UC. When oral manifestations are accompanied by abdominal pain, diarrhoea, rectal bleeding, and other intestinal symptoms, stomatologists should cooperate with gastroenterologists to actively investigate the possibility of UC. The presence of oral manifestations, such as PSV, might be a crucial indicator of UC, even in the absence of intestinal symptoms, thereby enabling treatment of the disease at an early stage to prevent more severe consequences, such as colon cancer. However, the incidence of nonspecific oral lesions in patients with UC along with its association with disease activity remains largely uncharacterised. Moreover, the exact pathologic mechanism of the oral manifestations associated with UC has yet to be thoroughly characterised. Further studies are required to fill these gaps.
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The senescence-associated secretory phenotype (SASP), which accumulates over the course of normal aging and in age-related diseases, is a crucial driver of chronic inflammation and aging phenotypes. It is also responsible for the pathogenesis of multiple oral diseases. However, the pathogenic mechanism underlying SASP has not yet been fully elucidated. Here, relevant articles on SASP published over the last five years (2017–2022) were retrieved and used for bibliometric analysis, for the first time, to examine SASP composition. More than half of the relevant articles focus on various cytokines (27.5%), growth factors (20.9%), and proteases (20.9%). In addition, lipid metabolites (13.1%) and extracellular vesicles (6.5%) have received increasing attention over the past five years, and have been recognized as novel SASP categories. Based on this, we summarize the evidences demonstrating that SASP plays a pleiotropic role in oral immunity and propose a four-step hypothetical framework for the progression of SASP-related oral pathology—1) oral SASP development, 2) SASP-related oral pathological alterations, 3) pathological changes leading to oral immune homeostasis disruption, and 4) SASP-mediated immune dysregulation escalating oral disease. By targeting specific SASP factors, potential therapies can be developed to treat oral and age-related diseases.
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1 Introduction

Oral immune homeostasis is a delicate balance established and shaped by the interaction between pathogen invasion and host immune response (1). Any disruption to this balance results in local or systemic diseases. Some pathophysiological changes are attributed to the environmental impact of senescent cells (2). The primary non-spontaneous effects of senescent cells appear to be closely linked to the senescence-associated secretory phenotype (SASP).

SASP, a product of senescent cells, is mainly classified into the following categories: 1) pro-inflammatory cytokines (such as interleukin (IL)-1α, IL-1β, IL-6, and IL-8); 2) chemokines (such as CXCL-1/3 and CXCL-10); 3) proteases: including matrix remodeling enzymes and plasminogen activators; 4) growth factors (such as VEGF, TGF-β and GM-CSF); 5) bioactive lipids (like oxidized lipid mediators); 6) extracellular vesicles (EVs); and 7) others (2, 3). SASP profiles exhibit a significant cell type-dependent heterogeneity, and SASP strength and composition are spatially and temporally dependent (4). In this paper, we summarize the different SASP categories, and reveal the most relevant cell types via bibliometric analysis, and propose a framework for the role of SASP in oral immune homeostasis to provide insights into the potential of SASP as a novel therapeutic target.



2 Methods


2.1 Data source and retrieval strategy

We searched the Web of Science Core Collection and PubMed databases for articles related to SASP factors published from 2017 to 2022. The retrieval strategy for the Web of Science Core Collection database was as follows: (((ALL=(cytokine) OR ALL=(chemokine) OR ALL=(protease) OR ALL=(growth factor) OR ALL=(lipid) OR ALL=(proinflammatory factor)) AND (ALL=(senescence associated secretory phenotype) OR ALL=(sasp))) AND (DOP==(2017-01-01:2022-04-01))) AND ((LA==(“ENGLISH”)) NOT (DT==(“REVIEW”))). The retrieval strategy for the PubMed database was as follows: (((((((cytokine) OR (chemokine)) OR (protease)) OR (growth factor)) OR (proinflammatory factor)) OR (lipid) AND ((y_5[Filter]) AND (English[Filter]))) AND ((senescence associated secretory phenotype) OR (sasp) AND ((y_5[Filter]) AND (English[Filter])))) NOT review[PT].

Inclusion criteria were as follows: Research articles 1. related to SASP; 2. published between 2017-01-01 and 2022-04-01; and 3. written in English. Exclusion criteria were as follows: 1. Literature whose content is not closely related to SASP factors; 2. Studies including guidance, consensus, industry standards, interviews, comments, announcements, advertisements, or letters to the editor; and 3. informally published studies, such as graduate theses.



2.2 Data processing and analysis

After retrieval, data screening and quality control were performed. This was conducted by reading titles and abstracts to remove literature that met the exclusion criteria. The data from papers that met the inclusion criteria were downloaded and merged. After removing duplicates, CiteSpace 6.1.R1 was used for data analysis. Next, different words or phrases expressing the same meaning were merged. For example, nuclear factor-kappa b and nf kappa b were merged as NF-kappa B. To clearly demonstrate the relationships among different type of SASP factors clearly, we further merged the same type SASP factors. For example, NF-kappa B, CCN1, and cyclin d1 were merged as proinflammatory factors, and stem cells, mesenchymal stem cells, and cancer stem cells were merged as pluripotent stem cells. Finally, a keyword co-occurrence network was built to visualize the relationships among knowledge domains and identify important SASP factors that have attracted attention in recent years.




3 Results


3.1 Analysis of the proportion of reported SASP factors

In total, 564 articles were included in the bibliometric analysis. In the last 5 years, the most cited SASP factors have been cytokines, including IL-6, IL-1, IL-8, CXCL-8; tumor necrosis factors (TNFs); and interferons. These proinflammatory cytokines account for 27.5% of the reported SASP factors. Among them, interleukins were determined to be the most important SASP factors, accounting for nearly half of these proinflammatory cytokines. The second-most cited SASP factors are growth factors and proteases. These two types of SASP factors account for 20.9% of variations in the SASP factors. IGF-1, TGF-β, and VEGF are the most frequently cited growth factors. Matrix metalloproteinases (MMPs) are the most cited proteases. In the past five years, more than half of the articles related to SASP have focused on various cytokines, growth factors, and proteases (Figure 1A).




Figure 1 | Keyword co-occurrence network visualization. (A) The proportion of different SASP factors in articles published in recent 5 years. Demonstrated as a pie plot. The inner are different types of SASP factors. The outer are most cited SASP factors of each type. (B) The keyword co-occurrence network shows the relationship between different types of SASP factors and different types of cells. Each node is a concentric circle, and the thickness of each layer of the concentric circle represents the frequency of use of this keyword in a certain year. The color of each line represents the year of the first co-occurrence between the two keywords. The thickness of each line represents the frequency of co-occurrence between the two keywords.





3.2 Analysis of relevant cell type

As shown in Figure 1B, a tight and complex network of interactions is formed among different types of SASP factors and between SASP factors and different types of cells. The main cell types of interest in recent studies of SASP were pluripotent stem cells, fibroblasts, epithelial or endothelial cells, and immunocytes. The cell types in which the different SASP factors mainly act are listed in Table 1. The results of bibliometric analysis demonstrated that different SASP factors tend to affect different cell types. For example, cytokines mainly act on pluripotent stem cells, whereas proteases mainly act on tumor cells. Pluripotent stem cells, fibroblasts, and epithelial or endothelial cells are often affected by SASP factors.


Table 1 | Varies cell types where different SASP factors mainly act on.






4 Discussion


4.1 Main components of SASP


4.1.1 Cytokines

The most prominent cytokines are members of the IL-1, IL-6, and TNF families. The membrane-binding IL-1α is an upstream regulator of age-related cytokine networks (5). The secreted IL-1β is excreted from cells in the early stages of the inflammatory process and then binds to the IL-1 receptor to trigger an inflammatory response (6). IL-6 initiates intracellular signaling by binding to its membrane-binding receptor, IL-6Rα, or its soluble receptor, sIL-6R (7). An enhanced TNF signaling is considered pertinent to immune system defects (8).



4.1.2 Chemokines

Chemokines act as local sensors of infection and inflammation (9). The most-studied chemokines in the field of aging in the past 5 years are the CXCL family members IL-8, CXCL-1, -2, and -3 and CCL family members like MCP-1, -2, and -4 and MIP-3α and-1α.



4.1.3 Growth factors

The diffusion of growth factors into the surrounding environment induces cell activation and proliferation, stimulates granulation tissue formation, regulates inflammatory responses, induces angiogenesis, and participates in matrix remodeling and re-epithelialization (10).



4.1.4 Extracellular proteases

Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) The MMP family is capable of degrading various components of extracellular matrix (ECM) proteins. TIMPs abrogate the proteolytic activity of MMPs by competing with them (11).

Serine proteases and their inhibitors Urokinase-type plasminogen activator (uPA) and tissue-type plasminogen activator (tPA) can modulate immune responses by activating MMPs to alter ECM composition, thus promoting the migration of macrophages and dendritic cells and modulating cytokine activity (12).

Cathepsin An increased expression of cathepsin B and its nuclear translocation contribute to proinflammatory responses (13). Cathepsin D, an acidic protease active in intracellular protein breakdown, is significantly overexpressed during aging (14).



4.1.5 Lipid metabolites

Abnormal lipid accumulation induces pro-inflammatory genes activation and senescence phenotype (15). Ni et al. suggested that oxidized lipid mediators may serve as novel components of the SASP (16). Moreover, the levels of cyclooxygenase and its major product, prostaglandin E2 (PGE2), are increased in both replicative and premature senescence (17). Leukotriene D4 plays a role in cellular senescence (18).



4.1.6 Extracellular vesicles

EVs are small vesicles that contain proteins, lipids, and noncoding RNAs (19). An increased EV production is a common feature of senescence and senescent cells (20). Secreted EVs interact with or are internalized by recipient cells to transmit pro-senescence signals between cells and organs, and partially induce immune and inflammatory activation (21, 22).



4.1.7 Others

Additionally, the contributions of small molecules, such as ECM, miRNAs, and ROS, to SASP function remain understudied and may be considered an important future target.




4.2 Molecular mechanisms of SASP induction

Given the complexity and pleiotropic functionality of the SASP, we generalized the underlying mechanisms regulating it (Figure 2). The DNA damage response (DDR) is associated with SASP expression (23). The expression of some inflammatory SASP is regulated by NF-κB and C/EBPβ transcription cofactors by binding to SASP factor promoters. GATA-binding protein 4 transcription factor is responsible for upstream NF-κB signaling and, thus, regulates SASP factor expression (24).




Figure 2 | The molecular mechanism of senescence-associated secretory phenotype production. The formation of senescence-associated secretory phenotype (SASP) networks in cells is regulated by a complex molecular mechanism. The DNA damage response is related to senescence activation and SASP expression. SASP protein expression is regulated at both the transcription and post-transcriptional levels. Additionally, epigenetic changes regulate SASP gene expression.



Furthermore, many signaling pathways regulate SASP expression at the transcriptional level. For example, the Janus kinase signal transducer and activator of the transcription pathway participate in regulating SASP expression (25). Activation of p38 signaling also promotes SASP expression (26). More recently, the antiviral cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway has been found to be important for SASP expression (27). Additionally, NOTCH signaling regulates the dynamic SASP transition (28).

SASP expression is transcriptionally regulated. mTOR pathway activation promotes the translation of SASP factors such as IL-1α. mTOR also stabilizes SASP mRNA transcripts by regulating MAPKAPK2 translation (29). Inflammasomes are key mediators of SASP induction; inflammasomes upstream of caspase-1 can activate the IL-1 inflammatory cascade during senescence (30).

The expression of SASP also correlates with epigenetic changes. Recruitment of chromatin reader bromodomain-containing protein 4 (BRD4) leads to the remodeling of super-enhancer elements adjacent to SASP genes (31). Several ncRNAs can also affect SASP production at transcriptional and post-translational levels.



4.3 Source of oral SASP


4.3.1 Oral senescent cells with locally secreted SASP

Dental tissue-derived cells Long-term stress on teeth may induce the human dental pulp cells senescence and up-regulation of SASP factors in human dental pulp cells (32). In aging patients, dental pulp stem cells exhibit elevated expression of SASP factors (33). Dental follicle cells are positive for SA-β-gal staining in later stages of cell culture (34). Dental follicle stem cells secrete TGF-β3, TSP-1, and TGF-β2 to promote and relieve inflammation (35–37).

Periodontal-derived cells Senescent periodontal ligament cells express high levels of MMP2 (38). The induction of senescent periodontal ligament stem cell by TGF-β is accompanied by increased levels of certain SASP factors (39). In vitro experiments have shown that p16, p21, IL-6, and IL-8 mRNA expression in human gingival fibroblasts is upregulated after replicative senescence (40–42). Researchers have observed that liposaccharide (LPS) exposure causes osteocyte senescence and SASP expression by activating p53 (43).

Oral mucosa cells SASP secretion is significantly increased in senescent human oral keratinocytes (44–47), and IL-6, TNF-α, and IFN-γ levels are increased in the oral tongue tissues of the elderly (48). Tongue muscle stem cells and epithelial cells have been shown to degenerate with age, but the relevant SASP profile has not been tested (49, 50).

Cancer cells In head and neck squamous cell carcinoma, the number of SA-β-gal-positive aged cells and SASP factor levels are significantly increased after LY2835219 treatment (51). Moreover, an increased secretion of SASP has been observed in senescent cancer-associated fibroblasts (CAF). The senescent CAFs co-cultured with oral squamous cell carcinoma (OSCC) cells also exhibit higher levels of IL-6 and CXCL1 (52). In precancerous lesions, senescent oral submucosal fibroblasts accumulate and upregulate MMPs (53).

Immunocytes High-glucose induces macrophage senescence and increases IL-1, IL-6, TNF-α, MMP-2, and MMP-8 secretion (54). Periodontal pathogens induce monocyte activation and the up-regulation of multiple cytokines (55). Overactive neutrophils can release inflammatory molecules and MMPs (56). The SASP profile of B cells and plasma cells in the aging gingival tissue changes (57). The SASP profile varies with cell type; factors inducing senescence are shown in Table 2.


Table 2 | Cellular senescence and SASP involved in the oral cavity.





4.3.2 ARDs with increased circulating SASP

Circulating SASP is associated with aging and age-related diseases (ARDs) (64). Compared to that in young individuals, the proportion of senescent cells is increased in aging individuals; additionally, the levels of some SASP proteins (age-related SASP) increase significantly (65). Concurrently, the premature cells induced by ARDs can accelerate this process (ARD-related SASP) (66). Age-related versus ARD-related SASP and their effects on oral health are shown in Table 3.


Table 3 | Age-related versus ARD-related circulating SASP and effects on oral health.






4.4 Pleiotropic effects of SASP on oral immune homeostasis

The heterogeneity of SASP may partly account for its pleiotropic effects. Based on the mechanisms of SASP, we propose a four-step hypothetical framework by which oral disease progresses from the pathologic role of SASP to the destabilization of oral immune homeostasis. The pleiotropic effects of the SASP can be interpreted using the model depicted in Figure 3.




Figure 3 | The four proposed layers of how senescence-associated secretory phenotype impacts oral diseases. Senescence-associated secretory phenotype (SASP) (including cytokines, chemokines, growth factors, and proteases) secreted by oral senescent cells, as well as circulating SASP, constitute the aging microenvironment of oral cavity. As an important mediator, SASP accelerates oral pathological alterations including senescence re-enforcement, recruitment of immune cells, matrix remodeling and fibrosis. Then, the SASP-induced dysregulation of immune homeostasis can be divided into three categories: mucosal immunity, bone immunity, and tumor immunity. These destroy the structure and function of different oral tissues. When age-related tissue damage accumulates, it manifests as age-related diseases.




4.4.1 Step 1: Induction of cellular senescence in oral microenvironment

Replicative- and stress-induced senescence are the main patterns of cellular senescence in the oral microenvironment.


4.4.1.1 Replicative senescence

Serial cultivation of human diploid cells leads to indefinite cell division, which is currently defined as replicative senescence (72). Senescent cells arising from this physiological phenomenon are defined as primary senescent cells (73), which have a series of typical morphologies and biomarker alterations, including DDR (γ-H2AX and p53), cell cycle arrest (p16INK4A and p21CDKN1A), anti-apoptotic genes (BCL-proteins), lysosomal content (SA-β-gal), and heterochromatin markers (H3K9me3 and HP1γ) (2, 74).



4.4.1.2 Stress-induced senescence

Due to various stressors, the stress in senescing cells can be classified as secondary senescent cells as follows: 1) DNA damage-induced senescence, which can lead to cellular senescence by inducing DNA damage (35, 75); 2) chemotherapy-induced senescence, in which chemotherapy and anti-resorptive agents have been shown to induce senescence in oral cells (76); 3) oxidative stress–induced senescence whereby H2O2 treatment increases the positive rate of SA-β-gal staining in human dental pulp cells; 4) oncogene-induced senescence wherein senescence markers are upregulated in oral premalignant lesions (77). 5) epigenetically induced senescence, which is characterized by the blockade of DNA Methyltransferase 1 (DNMT1) and activation of histone acetylation in oral cells (78); and 6) paracrine senescence wherein the SASP produced by primary senescent cells initiates senescence in surrounding cells.



4.4.1.3 Distinguishing senescence and inflammation

The inflammatory cytokines secreted by activated immune cells overlap with SASP factors. Some cytokines are unique to inflammation (such as IL-22), while others are unique to senescence (such as TIMP). By definition, SASP is downstream of cellular senescence. Notably, the senescence process is generally accompanied by sterile, chronic, low-level inflammation, termed inflamm-aging (79). Chronic inflammation may occur due to age-related immune dysregulation or decreased resistance to challenges, which can induce tissue pathology. The frameworks for aging, inflammation, and cellular senescence are shown in Figure 4.




Figure 4 | The central role of senescence-associated secretory phenotype in natural aging, inflammation, and cellular senescence. With natural aging, there is a progressive loss in tissue and organ functions, and accumulated senescence-associated secretory phenotype (SASP) can contribute to this process. Depending on the triggers, including infection or injury, the inflammatory response has different pathological consequences. The inflammatory response can be amplified via the secretion of inflammatory cytokines. Various cells (such as epithelial cells, dental pulp cells, fibroblasts, and macrophages) in the oral cavity undergoing senescence release SASP to the local microenvironment under the induction of natural aging and stress.






4.4.2 Step 2: SASP accelerates oral pathologic alterations

The SASP is beneficial for maintaining homeostasis and regeneration at a moderate level. However, when SASP is expressed continuously, it induces pathological alterations and disrupts the immune homeostasis of the oral microenvironment.


4.4.2.1 Amplifying the immune cascade

Secreted SASP activates proximal and distant immunocytes in autocrine and paracrine manners. IL-1β is known to induce CD4+ T cell proliferation in response to challenges associated with cognate antigens (80). IL-8 induces the migration of activated immune cells to gingival tissue and promotes tissue remodeling and angiogenesis (81). Elevated CCL2 and CCL4 levels are responsible for macrophage recruitment in periodontal lesions (82). The CXCL1 secreted by tumor cells promotes tumor growth by recruiting tumor-associated neutrophils (83).



4.4.2.2 Supporting senescence reinforcement

Certain key SASP factors, such as IL-6, IL-8, GROα, and IGFBP-7, act in an autocrine feedback loop. Non-senescent human oral epithelial keratinocytes cultured with senescent cell supernatants exhibit increased SA-β-gal activity and SASP expression (84). The IL-1β expressed by tumor cells can significantly increase CXCL1 production in CAFs via paracrine signaling (85). Moreover, IL-1β induces significant IL-6 production in human gingival fibroblasts and promotes cellular responsiveness to IL-6 through an autocrine loop (86). IL-6 induces normal fibroblast senescence by establishing a senescence induction circuit (87).



4.4.2.3 Remodeling the extracellular matrix

MMPs constitute an important proteolytic pathway that affects tissue remodeling and ECM structure. MMP expression reduces the ability of tissues to maintain homeostasis (88). Specifically, MMP-1 destroys the periodontal connective tissue by directly degrading collagen or activating the fibrinolytic protease cascade, leading to tooth loss (89). The proinflammatory factors IL-1β and IL-6 aggravate tissue destruction by increasing MMP-1 in periodontal tissue (90, 91). Furthermore, TNF-α is important for osteoclast formation and bone resorption in mice and suppresses ECM protein expression (92, 93).



4.4.2.4 Promoting fibrosis

TGF-β is the primary factor driving fibrosis. TGF-β activation in epithelial cells can interact with fibroblast cells and induce the expression of other profibrotic cytokines (e.g., endothelin and CTGF) (94). Areca nut alkaloids induce senescence in oral fibroblasts and TGF-β production, which is favorable for the development of oral submucosal fibrosis (95). TIMP-1 and -2 have also been proven to be early indicators of oral submucous fibrosis and aging (96). Additionally, the MMP-1 and MMP-3 secreted by senescent cells during oral submucosal fibrosis have been shown to promote fibrosis in the advanced stages (97).




4.4.3 Step 3: SASP disrupts oral immune homeostasis


4.4.3.1 Effects on mucosal immunity

SASP challenges mucosal epithelial homeostasis by undermining the physical barrier. MMP-2 cleaves cell–cell adhesion molecules, thus disrupting epithelial adhesion (62). An increased MMP-1 expression in inflamed tissues directly leads to the degradation of collagen, thereby causing tissue destruction (89). TNF modulates the apoptosis of epithelial cells and fibroblasts and suppresses ECM proteins. These results indicate that TNF—in the senescence process—can damage the epithelial barrier (93). Some SASP factors participate in the recruitment and activation of immune cells. IL-1β greatly induces the proliferation and activation of Th1 and Th2 cells (80). IL-8 regulates neutrophil activation and migration in inflamed tissues (98). Additionally, IL-6 significantly increases the production of VEGF, bFGF, and cathepsin B in human gingival fibroblasts and synergistically induces angiogenesis in periodontitis lesions (86, 99). Senescent macrophages in the gingiva contribute to SASP release and inflammatory response, which indicates that senescence may also play an important role.



4.4.3.2 Effect on osteoimmunity

The secretome produced via innate host responses facilitates communication between immune cells and bone cells. Senescent immune cells regulate bone homeostasis through immune mediators that involve the SASP. For instance, IL-17, IL-1, and IL-6, as well as low levels of IFN-γ secreted by Th17 cells, promote osteoclastogenesis (100, 101). TNF-α has also been shown to strengthen osteoclastogenesis by synergizing with RANKL (102). In contrast, the bone-senescent microenvironment further enhances alveolar bone ageing. SASP factors released extracellularly from osteocytes accelerate the senescence of bone marrow (BM) (103). Selected SASP markers secreted by senescent osteocytes from alveolar bones promote inflammation and alveolar bone loss (43). In senescent fibroblasts, IL-1β increases the production of chemokines, including PGE2, an important chemical mediator of alveolar bone resorption (104). Additionally, senescent osteocytes develop a unique SASP signature composed of upregulated MMPs (105). MMPs can degrade ECM proteins, including sulfated proteoglycans, collagen, and fibronectin, in cartilage. Moreover, insulin-like growth factor-binding protein 4 (IGFBP-4) are upregulated in senescent osteocytes and myeloid cells, leading to deficiency in bone formation (22, 106).



4.4.3.3 Effect on oncoimmunity

Senescent cells in the tumor microenvironment (TME) may play roles in tumor progression and metastasis. CAFs are the most prominent stromal cells in TME. CAFs are senescent cells that actively communicate with other cells in the TME by secreting the SASP. TGF-β levels are upregulated by senescent oral CAFs and synergize with MMP-2 to reduce the expression of cell adhesion molecules and promote epithelial invasion (107). CAFs also modulate the epithelial-mesenchymal transition (EMT) by secreting TGF-β (108). Moreover, activated CAFs secrete proinflammatory factors that recruit and activate infiltrating immune cells (IICs). IICs provide mitogenic growth factors that stimulate the proliferation of tumor cells and other nearby stromal cells (109). IICs also express multiple proteolytic enzymes that selectively modify ECM structure and composition (110). Additionally, Park et al. proposed that the serum levels of IL-6 may be a serum biomarker for OSCC diagnosis (111). IL-6 promotes the invasion of cancer cells through the epithelial–mesenchymal transition (112). However, the immune cell subtype and its mechanism in the TME require further elucidation; further research is necessary to determine the specific roles of these factors in oral cancer.




4.4.4 Step 4: Aging and SASP in oral diseases


4.4.4.1 SASP in oral inflammatory disease

The SASP may be responsible for chronic oral inflammation, as it disrupts mucosal homeostasis through matrix degradation, senescence reinforcement, and immune cell recruitment. Compared to their young counterparts, old mice suffer frequent spontaneous periodontitis, and the expression of IL-1β and TNF-α in the gingiva is significantly elevated (113). Increased levels of IL-6 and MMP-8 have been observed in the saliva of patients with chronic periodontitis (114). Enhanced senescence and increased SASP are observed after ligation and P. gingivalis infection–induced periodontitis in vivo (115, 116). Additionally, hyperglycemia can increase the burden of senescence in the gingival tissue (54). Senescent cells accumulate in aged and diseased oral tissues, and this accumulation is associated with severe tissue destruction.



4.4.4.2 SASP in alveolar bone loss

Bone integrity and quality undergo differential changes in various oral diseases (117). Animal studies have shown that aging is positively correlated with alveolar bone loss. Old mice have poorer alveolar bone quality, lower alveolar bone crest height, and more active bone resorption (118). Senescence-associated distension of satellites (an early and consistent marker of senescence) and p16 mRNA expression are increased in old alveolar bone samples (119). Moreover, senescent osteocytes show changes in cell phenotype and diminished osteocyte density during age-related skeletal changes. This may further damage the mechanical conduction, impair nutrient access, influence signal transduction, and ultimately result in significant bone loss (120). Senescent bone cells exacerbate chronic inflammation through SASP accumulation, leading to deterioration of the periodontal environment (119). The SASP factor secreted by LPS-induced senescent osteocytes promotes the proliferation of some oral pathogens. These pathogens produce more LPS, thereby exacerbating the senescence of alveolar osteocytes and resulting in alveolar bone loss (43).



4.4.4.3 SASP in oral cancer

Cell senescence occurs throughout life and plays dual roles in modulating the progression and suppression of oral cancers (121). The number of SA-β-Gal-positive cells is higher in OSCC specimens than in tumor-free marginal tissues (52). Senescent fibroblasts also accumulate in precancerous lesions in vivo (53). Senescent cells secrete many SASP factors into the TME, which may support cell proliferation, EMT, and angiogenesis, thereby promoting tumor growth and invasion. MMP-1, -2, -10, and-12 levels in the saliva of OSCC patients increase significantly (122). In OSCC, the expression of MMP-11 is associated with an increased lymph node metastasis and a low survival rate (123). MMP-7 is mainly expressed in the invasive portion of oral cancer, whereas MMP-8 and MMP-9 are mainly detected in peritumoral inflammatory cells (124). This evidence suggests that senescent cells and the SASP are key factors in the onset and progression of oral cancer.






5 Concluding remarks

SASP, derived from senescent cells, includes secreted factors that may alter the extracellular environment (proteases), mediators that transmit and amplify senescence signals (cytokines, chemokines, bioactive lipids, and EVs), and proteins that influence cancer behavior (growth factors). The composition of SASP in the oral environment consists of two parts: local SASP and circulating SASP. Local SASP is secreted by oral senescent cells undergoing primary or secondary senescent patterns while the circulating SASP is closely associated with chronological age and ARD. As an important bridge for intercellular communication, the SASP communicates with different immune cells and is the key to securing oral homeostasis. Conversely, the SASP-induced dysregulation of immune homeostasis leads to intrinsically complex phenotypes in oral pathology. A better understanding of the relationship between SASP and the immune system is necessary for developing therapies to prevent or treat various ARDs in the oral cavity.
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Recurrent aphthous ulcer (RAU), one of the most common diseases in humans, has an unknown etiology and is difficult to treat. Thalidomide is an important immunomodulatory and antitumor drug and its effects on the gut microbiota still remain unclear. We conducted a metagenomic sequencing study of fecal samples from a cohort of individuals with RAU, performed biochemical assays of cytokines, immunoglobulins and antimicrobial peptides in serum and saliva, and investigated the regulation effects of thalidomide administration and withdrawal. Meanwhile we constructed the corresponding prediction models. Our metagenome-wide association results indicated that gut dysbacteriosis, microbial dysfunction and immune imbalance occurred in RAU patients. Thalidomide regulated gut dysbacteriosis in a species-specific manner and had different sustainable effects on various probiotics and pathogens. A previously unknown association between gut microbiota alterations and RAU was found, and the specific roles of thalidomide in modulating the gut microbiota and immunity were determined, suggesting that RAU may be affected by targeting gut dysbacteriosis and modifying immune imbalance. In-depth insights into sophisticated networks consisting of the gut microbiota and host cells may lead to the development of emerging treatments, including prebiotics, probiotics, synbiotics, and postbiotics.
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Introduction

Recurring aphthous ulcer (RAU), also known as recurrent oral ulcer, is a condition that affects 20% of the world’s population and is characterized by painful, yellow ulcers in the oral mucosa (1). Frequent or almost continuous recurrence causes terrible difficulties in eating, drinking, swallowing, and speaking, and as a result, it negatively affects the quality of life of RAU patients. Several factors have been proposed as possible causative agents for RAU, including microbial and immune factors, but a definitive etiology of RAU has yet to be clearly established (2).

Characterization of the gut microbiota has become an important research area for human diseases. The important role of dysbacteriosis in a variety of diseases [colorectal cancer, type 2 diabetes, and Behcet’s disease (BD)] has been widely recognized (3–5). The gut microbiota, microbial function, and immune factors, which are generally in a state of dynamic balance, contribute substantially to human health. A previous study indicated that RAU is related to changes in the oral microflora (6), but the relationship between the gut microbiota and RAU is still rarely reported. Moreover, a correlation network study based on metagenomic analysis of the gut microbiota along with immune factor assays of serum and saliva has not been conducted.

Thalidomide has long been used for the treatment of RAU, and can effectively reduce the frequency, number, and pain of ulcers (7). Thalidomide has immunomodulatory, anti-inflammatory and antiangiogenic effects and has been widely applied in the treatment of immune system diseases and malignant tumors (8). Thalidomide is effective in RAU treatment, but the specific mechanism is still unclear. To the best of our knowledge, thalidomide has not been linked to microbiota modulation in the literature.

Pioneering studies on the oral microbiota characteristics of RAU patients were based on 16S rRNA gene amplicon sequencing (9, 10). So far, no individual pathogens have been conclusively shown to be correlative agents of RAU (6). A recent study suggested that RAU occurrence is significantly associated with an increase in Escherichia coli and a decrease in Alloprevotella abundances (11). However, few metagenomic studies on RAU have been reported. Metagenomic sequencing can provide better genome coverage and obtain genetic diversity, molecular ecological, and microbial function information (12).

In this study, we first investigated the metagenome-wide association of thegut microbiota in RAU and found previously unknown aberrant profiles ofthe intestinal microbiota in RAU and the specific regulatory effects of thalidomide on the intestinal microbiota and immune factors. Our study might improve the understanding of RAU pathogenesis and the possible mechanism of thalidomide in treating the disease, providing novel ideas for precision therapy by supplementing with probiotics, prebiotics, synbiotics and postbiotics.



Results


Diversity analysis of the gut microbiota in RAU

To examine the gut microbiota of patients with RAU, we first analyzed fecal samples from 81 patients with refractory RAU [at the visit time (T)1] and 44 age- and sex-matched healthy controls (Control) by metagenomic sequencing. The bacterial diversity of the fecal microbiota in the RAU and control groups is shown in Figure 1, and the baseline information of the two groups is shown in Table S1. In total, 238 species belonging to 17 phyla (Actinobacteria, Bacteroidetes, Fibrobacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, Proteobacteria, etc.) were detected by comparisons [Control vs. T1, T1 vs. T2, T2 vs. T3, false discovery rate (FDR)≤0.05] (Table S2) and there were no differences of gut microbiome-associated taxonomic and functional diversity in the RAU patients and controls (Figure 2).




Figure 1 | Metagenome-based diversity analysis of RAU gut microbiota. In total, 238 abundant species between RAU patients and healthy controls are shown in a phylogenetic tree according to the color code. The phylums of bacterias are given in the outer circles with circled numbers which including 17 phylums.






Figure 2 | Gut microbiome-associated taxonomic and functional characteristics of RAU patients and healthy controls. (A) Taxonomic alpha-diversity of RAU and healthy controls (P>0.05). (B) Functional alpha-diversity of RAU and healthy controls (P>0.05). (C) Taxonomic beta-diversity of RAU and healthy controls (P>0.05). (D) Functional beta-diversity of RAU and healthy controls (P>0.05).





Taxonomical signatures of the gut microbiota in RAU and regulation by thalidomide

To reveal the differences in gut microbes between the RAU patients and controls, we used Kraken2 to annotate the sequenced reads and Bracken to correct the species abundance and screened out the species with significant differences between different stages (FDR ≤ 0.005). The results showed that a total of 86 species were significantly differentially abundant between the RAU patients and controls (comparison of Control vs. T1) (FDR ≤ 0.005). A great number of probiotics were significantly depleted, while an array of pathogens were remarkably enriched in the gut microbiota of patients with RAU. Acidaminococcus intestini, Raoultella terrigena, Enterococcus faecium, Hafnia paralvei and other probiotics were significantly depleted in the RAU patients (Figures 3A, S1). Bacteroides fragilis, Parabacteroides sp. CT06, Enterococcus phage IMEEFm1, Enterobacter bugandensis and other pathogens were significantly enriched in RAU patients (Figures 3A, S1). Notably, A. intestini, Enterococcus faecium, Proteus mirabilis and other probiotics increased in T2 and continued to increase in T3 Figure 3A), indicating that thalidomide has an upregulatory effect on the decreased abundances of probiotics and that this effect could be maintained via a long-term regulation. Our results showed that A. intestine abundance decreased in RAU patients, indicating that A. intestini is a potential probiotic. A. intestini is knownto be a normal commensal of the human gut (13). Its metabolic end products are acetic acid, butyric acid and propionic acid. The antibiotic-resistant Enterococcus phage IMEEFm1 has shown highly effective lytic activity against Enterococcus faecium (14).




Figure 3 | Metagenomic sequencing-based exploration of RAU-associated fecal microbiomes with those of healthy individuals and the prediction model based on fecal microbial species of RAU and healthy controls. (A) Violin plot analysis comparing the levels of fecal microbial species in control, T1, T2 and T3 groups (P<0.05). The vertical position of each histogram represents the relative expression level of fecal microbial species. (B) Receiver operating characteristic curves for fecal microbial species comprising samples from RAU and healthy controls. “0.824” is the sensitivity of the optimal threshold point, and “0.8” is the specificity. “-0.074” is the socre of adaboost modle at the optimal threshold point. The blue area 95% confidence represents the confidence interval.



Similarly, one month after taking thalidomide, B. fragilis, E. coli, Parabacteroides sp. CT06, Enterococcus phage IMEEFm1, and Citrobacter freundii abundances were significantly reduced and dropped continuously one month after thalidomide withdrawal (Figures 3A, S1). These results indicated that thalidomide had a downregulatory effect on the increase in pathogenic bacteria abundance and that this effect could be maintained via a long-term regulation. B. fragilis is an opportunistic pathogen involved in causing disease in humans under certain conditions, such as disruption of the colon mucosal surface induced by inflammation, trauma, or surgery, and the spread of B. fragilis to the bloodstream or surrounding tissues results in clinically significant infection (15).

A previous study also suggested that RAU occurrence is significantly associated with an increase in E. coli abundance (11). In this study, thalidomide increased the abundance of potential probiotics, which was maintained after drug discontinuation, while it reduced the abundance of potential pathogenic bacteria, which was maintained after drug discontinuation. Our results suggest that thalidomide can regulate the disturbance of the gut flora, which further suggests that this may be a novel mechanism of thalidomide in the treatment of RAU.

The symbiosis factor of B. fragilis, PSA, can directly induce the anti-inflammatory function of regulatory T cells (Tregs) and restrain intestinal T helper 17 (Th17) cell development and responses during commensal colonization (16). Moreover, B. fragilis can produce propionic acid to increase Treg cell numbers while decreasing Th17 cell numbers (17, 18). Additionally, Parabacteroides produces acetate to alleviate inflammation by reducing neutrophil infiltration (17).

To reveal the key microbial groups leading to gut microbiota variation in RAU, edgeR was used to evaluate the differences between Control and T1 samples (FDR ≤ 0.05). A total of 190 bacterial species were screened out. The area under curve (AUC) value (R function roc) was calculated for each of the 190 species, and 38 species with AUC>0.7 were screened out. Through the ensemble learning method, these bacteria were modeled (adabag package), and the prediction model with an AUC of 0.863 was obtained by 100 iterations (Figure 3B). AUC is used to judge the advantages and disadvantages of the prediction model. The closer the model is to one, the more accurate the prediction is. In addition the correlation of gut microbiome-associated species and blood and saliva factors is shown in the heatmap and some distinct modules could be found (Figure 4).




Figure 4 | Correlation heatmap of gut microbiome-associated species and the blood and saliva factors between RAU patients and healthy controls. Blue boxes denote the cluster of negative correlation, those encompassed by the red box represent the cluster of positive correlation. The colors are proportional to the correlation strength, the variation from red to blue represent positive to negative trend. “*” means P<0.05.





Functional signatures of the gut microbiota in RAU

We used HumanN3 to generate a functional map of the gut microbiota, and our results indicated that there were 90 pathways with significantly distinct abundance between RAU patients and healthy individuals (FDR ≤ 0.05). Among these pathways, menaquinol-8_biosynthesis_II, L−arginine_biosynthesis_IV_archaebacteria, folate_transformations_II, chorismate_biosynthesis_from_3−dehydroquinateand other pathways were significantly depleted in RAU patients at T1 compared with those in the controls (Figures 5A, S2). Acetylene degradation, TCA cycle VII acetate production, phytate degradation I and other pathways were significantly enriched at T1 compared with those in the controls and positively correlated with pathogenic bacteria (Figures 5A, S3). L-arginine mediates an important function, maintaining intestinal barrier function and inflammation-associated immunosuppression. Pathways related to short-chain fatty acid (SCFA) and L-arginine synthesis play a significant role in shaping the gut microbiota and innate immunity, thus improving gut development and protecting against pathogenic infection (19). Dietary L-arginine supplementation alleviates liver injury caused by E. coli LPS (20), activates intestinal innate immunity (21), and protects against deoxynivalenol-induced toxicity (22).




Figure 5 | Contributional diversity of fecal microbiome pathways. (A) Violin plot analysis comparing the levels of fecal pathways in control, T1, T2 and T3 groups (P<0.05 between control and T1). (B) Receiver operating characteristic curves for fecal microbial pathways comprising samples from RAU and healthy controls. “0.714” is the sensitivity of the optimal threshold point, and “0.8” is the specificity. “-0.277” is the socre of adaboost modle at the optimal threshold point. The blue area 95% confidence represents the confidence interval. (C) Abundance-based species-pathways correlation network enriched in RAU patients and healthy individuals. Two nodes are linked if they are related. The edge width is proportional to the correlation strength. Nodes with the different color and shapes are classified in the different effective order level with Thalidomide.



In particular, there was a positive correlation between probiotics and menaquinol-8_biosynthesis_II, which were significantly depleted at T1 compared with those in the controls. We found that this pathway was negatively correlated with some pathogenic bacteria, such as E. coli. It has been reported that cytochrome bo(3) [cyt bo(3)] is one of the three terminal oxygen reductases in the aerobic respiratory chain of E. coli and maintains the activity of ubiquitin oxidase through the menaquinol-8 pathway. A potential explanation is that the decrease in the abundance of the menaquinol-8 pathway could induce cyt bo(3) dysfunction or interruption or decrease the function of the aerobic respiratory chain of E. coli and enhance micro-oxygen or anaerobic conditions, initiating E. coli pathogenicity and RAU (23).

The tricarboxylic acid cycle (TCA) cycle (24) has long been considered a “housekeeping” pathway in E. coli and Salmonella enterica, and the pathway is highly regulated at the transcriptional level and responds to respiratory conditions. Glyoxylate bypass has long been known to be essential for growth on carbon sources such as acetate or fatty acids. Strains lacking this pathway fail to grow on these carbon sources, since acetate carbon entering the TCA cycle is quantitatively lost as CO2, resulting in the lack of a means to replenish the dicarboxylic acids consumed in amino acid biosynthesis. A microbial production platform has been developed in E. coli to synthesize D-glyceric acid from D-galacturonate (24). The use of adequate probiotic lactobacilli, i.e., homolactic and/or facultatively heterolactic l-lactic acid-producing lactobacilli (25), reduces the amounts of intestinal bacteria, toxic metabolites, D-lactic acid and ethanol by fermentative production of the nontoxic l-lactic acid from glucose.

Accordingly, through functional analysis, we found that the beneficial bacteria were negatively correlated with the L-tryptophan biosynthesis pathway, while pathogenic bacteria were positively correlated with the L-tryptophan biosynthesis pathway. A previous study (26) confirmed that some E. coli variants can promote an increase in indole and tryptophan production. Tryptophan and 5-hydroxyindomeacetic acid have been found to be significantly enriched in patients with colorectal cancer, indicating that the tryptophan metabolic pathway is was closely related to anti-inflammatory effects (27). Changes in the microbiome regulate the host immune system by regulating tryptophan metabolism. In addition, tryptophan has profound effects on gut microbiome composition, microbial metabolism, the host immune system, host-microbiome interplay, and hostimmune system-gut microbiome interactions. Our results indicated that both E. coli and the tryptophan pathway were significantly enriched in RAU, suggesting that changes in the tryptophan metabolic pathway along with E. coli abundance were closely related to the occurrence of RAU.

To reveal the key pathways leading to functional variation of the gut microbiota in RAU, differences in Control and T1 samples were evaluated by limma (FDR ≤ 0.05), and a total of 90 pathways were screened out. The AUC value (R function roc) was calculated for each of the 90 pathways, and 5 pathways (AUC>0.7) were selected. Through the ensemble learning method, these pathways were modeled (adabag package) and iterated 100 times to obtain the prediction model with an AUC of 0.767, including pathways (Figure 5B). The correlation network of relevant pathways and species between the RAU patients and health controls is shown in Figure 5C. The main contributional pathways of feces microbiota are shown in Figure 6 and the correlation heatmap of gut microbiome-associated metabolic pathways and blood and saliva factors is shown in Figure 7.




Figure 6 | Dominant species contributing to metabolic pathways. (A) L−arginine biosynthesis IV (archaebacterial). (B) Superpathway of L-tryptophan biosynthesis. (C) Chorismate biosynthesis from 3−dehydroquinate. (D) Superpathway of fatty acid biosynthesis I (E. coli).






Figure 7 | Correlation heatmap of gut microbiome-associated metabolic pathways and the blood and saliva factors between the RAU patients and health controls. Blue boxes denote the cluster of negative correlation, those encompassed by the red box represent the cluster of positive correlation. The colors are proportional to the correlation strength, the variation from red to blue represent positive to negative trend. “*” means P<0.05.





Regulatory effects of thalidomide on immune factor levels in RAU

To measure the alterations in serum and saliva levels of cytokines, antimicrobial peptides, and immunoglobins between groups, ELISAs were used. The results showed that the levels of interleukin (IL)-17A, tumor necrosis factor (TNF)-α, IL-2, IL-4, IL-8, β-defensin-2, β-defensin-3, immunoglobulin (Ig)A, and complement C3, C4 in serum were significantly different between comparisons (Figures 8A, S4). The levels of IL-6, IL-23, interferon (IFN)-γ, lysozyme, IgA, IgG, IgM, and complement C3, C4 in saliva were significantly different between groups (Figures 8A, S5). Interestingly, we detected that TNF-α, IL-4, IL-8, IL-17A, β-defensin-1, β-defensin-2, and β-defensin-3 levels in serum were positively correlated with probiotic abundances. However, lysozyme in serum and lysozyme, IFN-γ, IL-6, IL-23, IgA, complement C3, and C4 in saliva were positively correlated with pathogenic bacteria. Most notably, serum IL-17A levels significantly decreased at T1 compared with those in the controls, suggesting that systemic and protective Th17 inflammation was inhibited in the RAU. One month after taking thalidomide, serum IL-17A levels significantly increased at T2 compared with T1 (Figures 8A), indicating that thalidomide can rescue protective Th17 inflammation and immunity against pathogens. Moreover, our results indicated that serum IL-4 and IL-8 levels significantly increased at T2 compared with T1 (Figures 8A, S4). Additionally, our results indicated that serum IL-23 level and saliva IL-6, IFN-γ, lysozyme, complement C3, and C4levels significantly decreased at T2 compared with T1 (Figures 8A, S4, S5). Since most inflammatory and autoimmune diseases involve Th17 generation, it could be proposed that one of the novel mechanisms of action of thalidomide and its analogs could be blocking this cytokine, enhancing an anti-inflammatory response (28).




Figure 8 | Contributional diversity of fecal microbiome cytokines. (A) Violin plot analysis comparing the levels of serous and salivary cytokines in control, T1, T2 and T3 groups (P<0.05 between control and T1). (B) Receiver operating characteristic curves for fecal microbialcytokines comprising samples from RAU and healthy controls. “1” is the sensitivity of the optimal threshold point, and “0.955” is the specificity. “-0.048” is the socre of adaboost modle at the optimal threshold point. The blue area 95% confidence represents the confidence interval. (C) Abundance-based species-cytokines correlation network enriched in RAU patients and healthy individuals. Two nodes are linked if they are related. The edge width is proportional to the correlation strength. Nodes with the different color and shapes are classified in the different effective order level with Thalidomide.



Digestive tract dysbacteriosis may cause diseases. Most recently, studies have demonstrated that finely tuned crosstalk between the microbiota, immune cells, and the epithelium is critical for the maintenance of the mucosal architecture and homeostasis (29–31). An increasing body of evidence suggests that perturbations of the mucosal microbiota can modulate innate and adaptive immune responses, with inflammation arising due to a reduction in the number of symbiont microorganisms and/or an increase in the number of pathobiont microorganisms (commensal bacteria with pathogenic potential) (32, 33). For example, one mechanism by which these microbes regulate immunity is by controlling Tregs and Th17 cells (34). In addition, the epithelium recognizes and responds to the microbiota, and in turn, microbial dysbiosis and associated metabolite alterations destroy the integrity of the mucosal epithelium and its barrier functions (35). The protective effects of the newly identified lineage of Th17 cells against pathogens such as E. coli, Klebsiella pneumoniae, Citrobacter rodentium and Candida albicans indicate the capacity of Th17 cells to confer protection against extracellular bacterial and fungal pathogens.

The immunopathogenesis of RAU probably involves a cell-mediated immune response mechanism including TNF-α (36). TNF-α, a major inflammatory mediator, induces regulation of immune cells and initiation of the inflammatory process to protect the host from pathogens. Our data suggest that serum TNF-α levels were negatively correlated with the tryptophan, tyrosine and phenylalanine biosynthesis pathways. TNF-α is strongly modulated by microbial metabolism and degradation of tryptophan to tryptophol (37). Changes in the microbiota stimulate the immune system of the host by regulating tryptophan and other amino acid metabolism, which may be accompanied by changes in factors such as TNF-α and IL-17. The use of thalidomide plays a certain role in the regulation of the gut microbiota and immune system, contributing to the recovery of homeostasis in the host.

To reveal the key immune factors leading to functional variation of the gut microbiota in RAU, differences in Control and T1 samples were evaluated by limma (FDR ≤ 0.05), and these immune factors were modeled (adabag package) and iterated 100 times to obtain the prediction model with an AUC of 0.996 (Figure 8B). All metagenomic results in this study are summarized in Table S1. The correlation network of relevant factors and species is shown in Figure 8C. Given that the entire community of microbial inhabitants in the digestive tract influences immune response balance and epithelial barrier function, our results suggested that RAU could potentially be the outcome of microbiota dysbiosis due to homeostatic disturbance of host-microbe interactions.



Relapsable characterization of gut microbiota after thalidomide withdrawal

At T3 the taxonomic differences between relapsable and relapse-free individuals were calculated by edgeR (FDR<=0.05), and a total of 20 bacteria were screened out as shown in Figure 9A. According to the results, the reduction of Mycoplasma flocculare or Metallosphaera sedula is more likely to cause relapse, suggesting that these two bacteria may be probiotics to prevent relapse. The AUC value (R function roc) was calculated for each of the species, and 10 species with AUC>0.7 were screened out. The prediction model with an AUC of 0.899 was obtained by 100 iterations (Figure 9B), meaning that these bacteria have about 89.9% accuracy of predicting recurrence. The correlation heatmap of relapse-associated species and blood and saliva factors between replasable patients and replase-free individuals is shown in Figure 9C.




Figure 9 | Relapsable characteristics of gut microbiota in RAU patients after thalidomide withdrawal. (A) The significantly different species between the replasable and replase-free individuals. (B) Receiver operating characteristic curves for fecal microbial species comprising samples from replasable and replase-free individuals. “1” is the sensitivity of the optimal threshold point, and “0.762” is the specificity. “0.429” is the socre of adaboost modle at the optimal threshold point. The blue area 95% confidence represents the confidence interval. (C) Correlation heatmap of relapse-associated species and the blood and saliva factors between replasable patients and replase-free individuals. Blue boxes denote the cluster of negative correlation, those encompassed by the red box represent the cluster of positive correlation. The colors are proportional to the correlation strength, the variation from red to blue represent positive to negative trend. “*” means P<0.05.






Discussion

Evidence that the gut microbiota contributes to the development of RAU is accumulating. Thus, characterization of the gut microbiota in RAU and identification of microbial therapeutic targets are highly warranted. In this study, it was found for the first time that there were concurrent gut dysbacteriosis, microbial dysfunction and immune imbalance in RAU. Although there were no significant differences in the relative abundances of enteroviruses and fungi between RAU patients and healthy individuals, we found that an array of probiotics were depleted while a large number of pathogens were enriched in the gut microbiota of RAU patients. Overall, there is an imbalance between probiotics and pathogenic bacteria. Notably, some Lactobacillus, Bifidobacterium, Streptococcus, and Enterococcus species, such as Lactobacillus ruminis Bifidobacterium animalis, S. thermophilus and Enterococcus faecium, have been used as commercial probiotic products (38).

Existing studies suggest that microbiota-driven variations in the inflammatory response regulate the host response to infection (37). A possible explanation is that the imbalance between anti-inflammatory and proinflammatory responses suppresses protective Th17 inflammation and impairs defense against pathogens. In particular, a considerable decrease in the abundance of probiotics, including A. intestine, and an increase in the abundance of numerous pathogens, including B. fragilis and E. coli, were noted in this study. Moreover, pathogen-associated pathways were significantly increased, such as the TCA cycle and tryptophan biosynthesis pathways.

Thalidomide treatment contributes to an increase in the abundance of some probiotics, such as A. intestine, and a decrease in the abundance of some pathogens, such as B. fragilis. This regulation can be maintained long-term, but thalidomide has no regulatory role for some pathogenic bacteria, suggesting that thalidomide may indirectly alter the gut microbiota by regulating immune factor levels of the host. Probiotics and prebiotics can promote the balance of the intestinal microbiota by regulating specific microbes, and the effects of a suitable combination of synbiotics are beneficial (39). Probiotics, prebiotics, synbiotics and other emerging treatments may be beneficial supplements. Our study indicated that gut dysbacteriosis is a prominent feature of this disease model, and the alleviation and aggravation of gut dysbacteriosis is also consistent with recurrence features. Based on the treatment model and recurrence model, our results demonstrated that thalidomide may differentially regulate gut probiotics and pathogens in RAU according to long-term or short-term patterns. In the long-term pattern, thalidomide is considered to have a persistent effect on the results, that is, at T3, it can still continue the trend of T2; otherwise, it is considered to be a short-term pattern.

Tryptophan can be used as a biomarker to reflect the occurrence and development of diseases and can also be used to monitor the response to treatment. Tryptophan and other amino acid metabolic pathways are activated in cancers and other diseases (27). Our results indicated that these pathways were significantly enriched in RAU, suggesting an anti-inflammatory role of these pathways in RAU. Based on our results and the literature (40), the possible mechanisms are shown in Figure 10. Studies (41, 42) suggest that intestinal dysbacteriosis may promote the pathogenesis of BD through various mechanisms, such as damaging the intestinal mucosal barrier, inducing the overactivation of Th1 and Th17 responses, and reducing the number of Tregs. In addition to oral ulcers, BD patients have systemic manifestations different from those of RAU. Moreover, except for oral lesions, systemic inflammation is absent in RAU. Our study further demonstrates from the microecological and immunological perspectives that BD and RAU are dissimilar and may have different pathogeneses.




Figure 10 | A schematic diagram showing the main functions and cytokines of the gut microbes that had a predicted RAU association. Red text denotes enriched functions, species and cytokines in RAU patients. Green text denotes depleted functions, species and cytokines in RAU patients.



The limitations of our study should be considered. Although in this study we investigated changes in species abundance at the metagenomic level, microbial function of the gut microbiota, and serum and saliva levels of immune factors in RAU, animal experiments are absent because there is currently a void regarding animal models exactly simulating RAU in humans. Second, we performed a metagenomic study of saliva microbial samples (data not shown), but enough high-quality metagenomic data were not available due to host exfoliated cell DNA. Therefore, technological breakthroughs in oral and salivary metagenomics are urgently needed to fulfill disease-associated metagenomic profiling.



Conclusion

In the present study, species-pathway-factor correlation networks facilitated improved metagenomic analysis and helped pinpoint disease- and host-associated shifts in the microbiome’s functional capacity. We observed dynamic shifts in the species composition of the gut microbiota, functional pathways of signature bacteria and immune factor levels in RAU. It was noted that protective Th17 inflammation against pathogens was impaired, contributing to an immunosuppressive microenvironment and probiotic-pathogen dysbiosis. Thalidomide ameliorated gut dysbacteriosis, regulated immune imbalance, and alleviated RAU severity. Probiotics, prebiotics, synbiotics, postbiotics, and other emerging treatments may be beneficial supplements for RAU treatment. With the continuous in-depth study of RAU-related pathogenesis, it may be possible to apply precise treatment of RAU in the future. In conclusion, our findings extend our insights into the metagenome of the gut microbiota and the host in RAU and the regulatory roles of thalidomide, pointing to possible future modalities for RAU prophylaxis and treatment.



Methods


Study subjects

This study was approved by the Ethics Committee, Nanjing Stomatological Hospital, Medical School of Nanjing University [2014NL-002(KS)]. The samples and clinical information used in this study were obtained under conditions of informed consent. The diagnostic criteria of RAU patients referred to the criteria previously documented in the literature (43). According to recurrence period and frequency (44, 45), RAU is classified as refractory type (attack at least once per month, totally more than 50% of the time with aphthous ulcers) and common type (attack once 2 or more months) based on the literature and our previous study. According to the severity, RAU is classified as minor, major and herpetiform types classically. Only the patients affected with refractory and minor RAU were included in this study. Individuals with inflammatory diseases, including BD and Crohn’s disease; systematic diseases, including cardiovascular diseases, diabetes and anemia; infectious diseases; and a history of drug abuse were excluded from this study. In this study, 81 RAU patients receiving no medication consisting of antibiotics, corticosteroids or analgesics for at least 1 month along with 44 sex-, age-, and BMI-matched healthy controls were recruited according to the previous studies on gut microbiota and metagenomic analysis (46–48). Information on lifestyle, oral health status, clinical characteristics of ulcers, and blood test-related data were obtained. The participants in this study were healthy controls labeled Control and RAU patients at three points labeled T1, T2, and T3 [T1: before thalidomide administration (thalidomide 50mg nightly) (7, 49); T2: one month after thalidomide administration; T3: one month after thalidomide withdrawal].



Sample collection and processing

Serum, saliva and fecal samples were collected from participants at approximately 8 am before breakfast. Venous blood from each individual was collected to harvest serum samples. Fecal samples were collected using an OMNIgene·GUT stool/feces sampling kit (DNA Genotek, Ottawa, Canada). Unstimulated whole saliva was collected using a sampling tube and an ORAgene·DNA saliva sampling kit (DNA Genotek, Ottawa, Canada). All samples were immediately frozen and stored at −80°C until analysis.



Biochemical assays

Serum and saliva samples for biochemical assays were analyzed by ELISA. IL-2, IL-4, IL-6, IL-8, IL-10, IL-17A, IL-23, TNF-α, IFN-γ, IgA, IgG, IgM, and IgE were analyzed using ELISA kits (MultiScience, Hangzhou, Zhejiang, China). LL-37, hBD-1, hBD-2, and hBD-3 were detected using ELISA kits (Cusabio, Houston, TX, USA). Lysozyme, complement-3, and complement-4 were measured using ELISA kits (Abcam, Cambridge, MA, USA). ELISA was performed according to the manufacturers’ instructions.



Metagenomic sequencing

Paired-end metagenomic sequencing was performed on the Illumina HiSeq 4000 platform (BGI-genomics, China) with an insert size of 350 bp and paired-end (PE) reads of 150 bp for each sample. After removing adaptors and low quality (quality ≤ 20) and ambiguous bases from the raw reads, the remaining reads were aligned to human genome reference (hg19) by SOAPaligner (v2.22, parameters: -m 280 -x 420 -r 1 -l 32 -s 75 -c 0.9) to remove human host DNA contamination.



Microbiome characterization

All metagenomic sequencing data were processed using the same extensive processing pipeline: bacterial, archaeal, viral, and microeukaryote abundances were determined using Kraken2 (50) and corrected by Bracken (51). A cladogram was produced by GraPhlAn (52). Microbial pathways and abundances were determined using HUMAnN3 (53)(nucleotide-database: chocophlan; protein-database: uniref90) software.



Statistical analyses

To compare the collected phenotypes of the disease cohort with the population controls, categorical data were tested using edgeR (54) (calcNormFactors: trimmed mean of M-values method). The statistical analysis for differentially expressed (DE) was done using edgeR (glmLRT test). Pathways or species with FDR ≤ 0.05 were set as cutoff values to be considered differentially expressed. ANOVA (Tukey-HSD) test was used to assess differences in taxonomic and functional diversity.

To test for differentially distributed pathways across genotypes, data obtained with HUMAnN3 (pathway composition) were fitted into limma’s model (55) using subjects as blocking variables. Since both software programs quantify biological units using relative counts (HUMAnN2 uses “copies per million”), we transformed these data into logarithmic values using the formula log2(x + 0.1), where x is the relative counts. The obtained P values were corrected using the Benjamini–Hochberg correction method.

The Spearman coefficient was used to evaluate the correlation between phenotypes and the correlation between microbiome features. Correlations with corresponding empirical P values less than 0.05 were retained. Correlation coefficients with magnitudes of 0.3 or greater were selected for visualization in Cytoscape.

The AUC value of one hundred ninety statistically significantly differentially abundant species (edgeR-TMM, FDR ≤ 0.05) between CONTROL vs. T1 calculated by the ROCR package, and thirty-eight species with AUC>0.7 were discriminated cases (T1 phenotype) from controls with an AUC value according to the adabag package (56) (boosting, mfinal=100). All relevant pathways, factors, and species were screened based on Spearman’s correlation coefficient. Correlation coefficients with magnitudes of 0.2 or greater were selected for visualization in Cytoscape (v. 3.8.2). For model training, the adabag (R package) was used to create an adaboost model. Half of the samples were randomly selected as the training set and the other half as the test set. About the parameter set of training, we defined 1000 trees for fitting, and set parameter shrinkage = 0.01 and cv. folds = 5.
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Aging is a gradual and progressive deterioration of integrity across multiple organ systems that negatively affects gingival wound healing. The cellular responses associated with wound healing, such as collagen synthesis, cell migration, proliferation, and collagen contraction, have been shown to be lower in gingival fibroblasts (the most abundant cells from the connective gingival tissue) in aged donors than young donors. Cellular senescence is one of the hallmarks of aging, which is characterized by the acquisition of a senescence-associated secretory phenotype that is characterized by the release of pro-inflammatory cytokines, chemokines, growth factors, and proteases which have been implicated in the recruitment of immune cells such as neutrophils, T cells and monocytes. Moreover, during aging, macrophages show altered acquisition of functional phenotypes in response to the tissue microenvironment. Thus, inflammatory and resolution macrophage-mediated processes are impaired, impacting the progression of periodontal disease. Interestingly, salivary antimicrobial peptides, such as histatins, which are involved in various functions, such as antifungal, bactericidal, enamel-protecting, angiogenesis, and re-epithelization, have been shown to fluctuate with aging. Several studies have associated the presence of Porphyromonas gingivalis, a key pathogen related to periodontitis and apical periodontitis, with the progression of Alzheimer’s disease, as well as gut, esophageal, and gastric cancers. Moreover, herpes simplex virus types 1 and 2 have been associated with the severity of periodontal disease, cardiovascular complications, and nervous system-related pathologies. This review encompasses the effects of aging on periodontal tissues, how P. gingivalis and HSV infections could favor periodontitis and their relationship with other pathologies.
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Periodontium and aging

Periodontium is a tissue that supports the teeth and protects against oral pathogens. Anatomical and functional changes in periodontal tissues have been associated with aging, including thinning of the epithelium and diminished keratinization, whereas cementum increases in width. Consequently, periodontal health decreases with aging (1).

Aging is a biological process characterized by decreased cell function that negatively affects gingival wound healing (2). Different cellular responses associated with wound healing, such as cell migration, proliferation, and collagen contraction, have been found to be lower in gingival fibroblasts (GF) derived from aged donors than in those derived from young donors (2). Accordingly, collagen production decreases by more than five-fold depending on the age of the donor (3), while old GF show increased rates of collagen phagocytosis and augmented DNA methylation in the collagen alpha-1 gene, which is followed by a reduction in mRNA levels and collagen type I synthesis (3). Interestingly, TGF-β1 stimulation increased the α-SMA levels in both young and old fibroblasts. However, α-SMA is incorporated in actin stress fibers in young fibroblasts but not in old fibroblasts (2) (Figure 1). One of the proteins that increase its expression during aging in human GF is TMPRSS11a (4), a type II serine protease that induces cellular senescence, a process characterized by stable cell cycle arrest, macromolecular damage induced by cellular impairment, such as DNA damage (4), telomere shortening or dysfunction, epigenetic changes, oncogene activation or loss of tumor suppressor functions, and organelle damage and with the acquisition of a senescence-associated secretory phenotype (SASP) (5). The SASP is characterized by the release of components that directly or indirectly promote inflammation such as pro-inflammatory cytokines, chemokines, growth factors, and proteases (5). This phenotype has been implicated in the recruitment of immune cells (Figure 2), impacting the local oral mucosal microenvironment and affecting cellular function in neighboring cells (6).




Figure 1 | Effects of aging on the periodontium and antimicrobial peptides. Crosstalk between HSV and P.gingivalis with cancer, encephalitis, multiple sclerosis, cardiovascular, Parkinson’s, Alzheimer’s and periodontal diseases. During aging there is an impaired gingival wound healing. Aged gingival fibroblasts show decreased cell migration, proliferation and contraction, and lower α-SMA is incorporated into actin stress fibers and aged macrophages show altered acquisition of functional phenotypes, HSV and P.gingivalis have been associated with periodontal, cardiovascular and Alzheimer’s diseases. AMPs, antimicrobial peptides; ALEO, apical lesions of endodontic origin; hsCRP, high-sensitive C-reactive protein; α-SMA, alpha-smooth muscle actin; OSCC, oral squamous cell carcinoma; ESCC, esophageal squamous cell carcinoma; PDAC, pancreatic ductal adenocarcinoma; HCC, hepatocellular carcinoma; GC, gastric cancer.






Figure 2 | Main cytokines and chemokines elevated in the Senescence-Associated Secretory Phenotype by senescent fibroblasts. Senescent fibroblasts are characterized by cell-cycle arrest mainly related to increased levels of cyclin-dependent kinases inhibitors (p15INK4b, p16INK4a, p21CIP1), decreased levels of lamin B1 and the presence of a SASP characterized by increased levels of cytokines and chemokine such as IL-6, MIF, IL-1α and β which acts as pro-inflammatory cytokines. For example, chemokines such as CXCL-1, CXCL-8, CXCL-5, and CXCL-4 can be chemoattractants for neutrophils. CCL-3, CCL-4, CXCL-12, and CCL-2 can be chemoattractants for monocytes, and IL-8, CXCL-12, and CCL-3 can act as a chemoattractant for T cells. Notably, CCL-2 and CCL-3 can also attract NK cells. MIF, macrophage migration inhibitory factor; MIP1α, macrophage inflammatory protein 1-alpha; MCP-1, monocyte chemoattractant protein 1; CXCL-5, C-X-C motif chemokine 5; PF-4, platelet factor 4; SDF-1, stromal cell-derived factor 1; SAHF, Senescence-associated heterochromatin foci; TAF, Telomere-associated DDR foci; DNA-SCARS, DNA segments with chromatin alterations reinforcing senescence. SA-βGal, Senescence-associated beta galactosidase; GROα, growth-regulated alpha protein.



A study from our group showed that the exposure of young GF to blood serum from middle-aged (30-48 years old) and aged individuals (over 50 years old) increased cellular senescence. Specifically, that study showed that blood serum samples obtained from middle-aged and aged individuals were characterized by an increase in MCP-1 (CCL2) and TNFα levels compared to those in young individuals (6). Interestingly, one longitudinal study quantified physiological deterioration across multiple organ systems with chronological aging, using a 38-year-old, showing that gum health (combined with attachment loss) has a Z score similar to other biomarkers of aging, such as HDL cholesterol and telomeric length in leukocytes (7). Interestingly, the authors used the age of 38-year-old because individuals who were aging more rapidly were less physically able, showed cognitive decline and brain aging and looked older, so they can identify causes of aging and evaluate rejuvenation therapies.

During aging, there is a loss of periodontal attachment and alveolar bone, but these changes do not have a major clinical impact. However, in aged individuals, there is an increased pro-inflammatory state that induces increased susceptibility to autoimmune, inflammatory, or infectious diseases, including periodontitis (8). Furthermore, in the gingival tissues of aged subjects, differences associated with the innate immune system, such as higher neutrophil infiltration in gingiva from old mice (18 months old) compared to young mice, where the reduced expression of Del-1 in the gingiva of old mice was associated with higher neutrophil infiltration relative to young mice (9). The innate immune system plays a critical role in maintaining a symbiotic relationship with the oral microbiome, were observed (1). Thus, alterations in host oral mucosal immunity arise during aging that giving way to the establishment of oral dysbiosis that allows tissue colonization by bacteria such as Porphyromonas gingivalis (P. gingivalis) (1), which increases susceptibility to the development of periodontitis or latent viral infections.



Antimicrobial peptides

Antimicrobial peptides (AMPs) are central players in innate immunity, which depict additional activities beyond their canonical antimicrobial roles, thereby contributing to maintaining tissue homeostasis (10). Within the group of salivary AMPs, histatins stand out, as their concentrations fluctuate in early and middle ages and further decrease in the elderly (11) (Figure 1). Histatins are histidine-rich proteins that elicit a variety of functions, including antifungal, bactericidal, and enamel-protective activities (12). From this family of proteins, histatin-1 and histatin-2 have been extensively studied, as they have been found to maintain oral mucosal homeostasis and promote wound healing by stimulating both tissue re-epithelialization (13) and angiogenesis (14). Particularly, histatin-1 was identified as a potent pro-angiogenic factor that stimulates endothelial cell adhesion and migration, as well as vascular morphogenesis in vitro and in vivo (14), which are thought to contribute to the high efficiency of epithelial repair in the oral cavity. In addition to its effects on wound healing, histatin-1 was also reported to contribute to maintaining periodontal tissue homeostasis, because it restores cell migration in periodontal ligament fibroblasts challenged with nicotine (14). In support of the notion that histatin-1 contributes to oral fibroblast function, this peptide induced myofibroblast differentiation and migration in a non-oral model, thereby contributing to skin wound healing (15).

The spectrum of cell types that respond to histatin-1 has broadened in recent years, as this peptide was shown to induce osteogenic differentiation and stimulate mineralization in pre-osteoblasts and mesenchymal cells derived from the dental pulp and apical papilla (16). Collectively, these findings open new avenues to explore the physiological relevance of the effects of histatin-1 in different cell types residing within the oral cavity. In addition, this scenario provides an interesting opportunity to explore new therapeutic possibilities using this peptide as a co-adjuvant in regenerative therapies. This is relevant in the context of the reported variations in this and other histatins during aging (11).



Periodontal disease

Periodontitis is known to increase in both incidence and severity across a large proportion of the human population with aging (1) and has been associated with other age-related diseases, such as cancer, Alzheimer’s disease (AD), and atherosclerosis (17–19). The etiology of periodontal disease has been commonly associated with bacterial infection solely. However, it has been reported that a severe disease also occurs in the absence of a large bacterial load, indicating an excessive immune response of the host inflammatory cytokine-mediated to subgingival pathogens, where IL-1α plays a major role in periodontal damage (20). Alterations in the components of the periodontium that disrupt its barrier functions can lead to an increase in opportunistic pathogens, causing the development of diseases at both local and systemic levels. It is important to note that the oral microbiome can comprise bacteria, protozoans, fungi, numerous viruses, and archaea; in this review, we focus on discussing P. gingivalis) and herpes simplex virus type 1 and 2 (HSV-1 and HSV-2, respectively).



P. gingivalis in supportive periodontal tissue diseases and systemic implications

P. gingivalis is a gram-negative anaerobic bacillus part of a cluster of oral microorganisms consistently found in severe forms of periodontal disease, classically described as “red complex”: P. gingivalis, Tanerella Forsythia, and Treponema denticola (17). P. gingivalis plays a central role in the etiology and progression of periodontal disease because of the wide range of virulence factors that are associated with the induction of a pro-inflammatory environment in the oral mucosa, leading to the destruction of periodontal tissue, diminishing its barrier function and immunological homeostasis, and hence responses against noxa (8). Inflammation favors the growth of the dysbiotic microbial community. Nevertheless, its disruptive effects on oral mucosal immunity transcend the inflammatory balance, as it also plays a role in mucosal senescence induction (21). Direct cellular invasion by this bacterium has been shown to induce immune senescence in dendritic cells, and paracrine signals amplify senescence through the secretion of inflammatory exosomes (21).

In addition, P. gingivalis can translocate from the oral cavity to the bloodstream and colonize distant organs, invading and surviving within dendritic cells and monocytes/macrophages (19, 21). In this context, P. gingivalis was shown to play a pathogenic role in systemic diseases, such as vascular atheroma, where it is located in atherosclerotic plaques (18). In addition, periodontal disease has been associated with an increased risk of cancers (Figure 1), such as pancreatic cancer, via a mechanism that relies on P. gingivalis, as it was found in pancreatic cancer cells and has been shown to exert direct pro-tumoral effects on enhanced pancreatic tumor cell proliferation through its ability to survive intracellularly (22). However, the conclusive mechanism of invasion in atheroma plaques and pancreatic adenocarcinoma is not completely understood.

Although P. gingivalis has been associated with local inflammation and oral cancer risk, recent evidence suggests that the consequences of oral mucosal imbalance might extend beyond local malignancies. Oral dysbiosis has been shown to increase the risk of oral squamous cell carcinoma (OSCC), and bacterial communities displaying enrichment of genes associated with cell motility and pro-inflammatory processes, such as bacterial chemotaxis and flagella assembly, are significantly increased in OSCC patients (23). P. gingivalis is also associated with other gut cancers, such as esophageal cancer, gastric cancer, and hepatocarcinoma (17).

In contrast, P. gingivalis-derived gingipains and LPS, as well as their DNA, have been found in the brains of individuals with AD, suggesting transneuronal dissemination of this bacterium from the oral cavity (19). Interestingly, P. gingivalis is also present in individuals with AD but without established dementia, suggesting that brain infections are an early event that plays a role in AD pathogenesis (19) (Figure 1). Mechanisms underlying neurodegeneration are related to inflammation mediated by P. gingivalis virulence factors, including LPS, gingipains, cathepsin B, and tau, among others (24), which lead to the accumulation and production of the amyloid plaque component Aβ in the brain and tau-related pathology, as a result of gingipain proteolysis (19), although clinical studies correlating these data are still incipient.

Another prevalent oral disease worldwide that affects periapical supportive tissues and may cause loss of the affected tooth is apical periodontitis (25). It usually presents as an asymptomatic disease that is radiographically detected as an osteolytic area. The etiological factor is a predominantly anaerobic biofilm that triggers an immune-inflammatory response by the host (26), where macrophages play an important role in the hallmark of apical lesions of endodontic origin (ALEOs), such as root resorption. There is evidence that these ALEOs depict a high percentage of extraradicular infections, specifically P. gingivalis and Porphyromonas endodontalis, thus challenging the notion that microorganisms are confined only to the root canal system (27). Furthermore, bacterial DNA has been detected at significantly higher levels in peripheral blood mononuclear cells taken from individuals with apical periodontitis than in healthy controls, suggesting that there might be bacterial DNA translocation from the ALEO onto the systemic circulation, reaching other tissues, such as endothelial cells of blood vessels (27). It has also been shown that Porphyromonas spp. induces autoimmune responses that may contribute to cardiovascular diseases; specifically, P. gingivalis, which can invade endothelial cells (28).

Serum levels of high-sensitivity C-reactive protein (hsCRP), used as a biomarker for a cardiovascular event, are higher in young individuals with AP than in healthy controls, as well as IL-6, matrix metalloproteinase 8 (MMP-8), and soluble E-selectin, which are implicated in atherogenesis (29) (Figure 1). There is even an association of ALEOs with hsCRP levels > of 3 mg/mL, supporting a mechanistic link between this prevalent disease and cardiovascular risk in young individuals (30).



Role of macrophages during aging

Macrophages are phagocytic cells that form the first line of defense against pathogens. These plastic cells can polarize from classically activated M1 macrophages to alternatively activated M2 macrophages in vitro. However, the polarization state of M1 and M2 macrophages in vivo corresponds to a continuum of intermediate phenotypes that can switch from one phenotype to another in response to the cytokine milieu in each tissue microenvironment, whereas an inadequate balance between the polarization states can lead to the development of chronic inflammation and disease (31).

During aging, altered acquisition of functional phenotypes in response to the tissue microenvironment has been reported in splenic macrophages (32) and bone-marrow-derived macrophages (BMMs) (33) obtained from aged mice compared to young mice. The mRNA levels of pro-inflammatory cytokines (i.e. IL-6, TNFα, iNOS, and IL-1β) from aged splenic macrophages were decreased after LPS from Escherichia coli (E. coli) or TNFα/IFN-γ stimulation, as compared with cells derived from younger animals (32). These results are concordant with a reduced amount of pro-inflammatory cytokines, including IL-12, and increased IL-10, produced by splenic macrophages, as previously reported (34). Conversely, aged mouse BMMs from mice showed higher levels of the TNFα transcript and protein secretion after IFN-γ and E. coli-LPS stimulation, respectively (33). However, BMMs challenged with P. gingivalis, a common periodontal pathogen, show attenuated levels of cytokines and chemokines, including TNFα, IL-6, IL-10, and nitric oxide (NO) (35). Furthermore, aged macrophages showed lower levels of TLR4/MD-2, although no changes were observed in their surface density (34).

Macrophages play a role in the innate host response in periodontitis, particularly in oral tissue. Clark et al. (36) reported age-related changes in macrophages associated with a pro-inflammatory and M1-like phenotype (Figure 1), as well as improper polarization, which might be associated with the impaired inflammatory regulatory activity of macrophages in response to microbial plaque and periodontal disease resolution. Likewise, decreased NO production and changes in the expression levels of toll-like receptors (TLRs), together with defects in the signaling pathways in aged macrophages (37, 38), could be related to increased susceptibility to infections in the elderly and chronic disease development such as periodontitis.



Herpes simplex virus infection in periodontal disease and systemic implications

HSV-1 and HSV-2 are two highly prevalent viruses in the human population. It is estimated that approximately 66.6% of individuals worldwide are infected with HSV-1 and 13.2% with HSV-2 (39). Both viruses have been reported to modulate the host´s innate and adaptive immune responses (40, 41). HSVs cause lifelong infections with a wide range of clinical manifestations, from mild to life-threatening. A common primary infection-related clinical manifestation in children is herpetic gingivostomatitis, which consists of oral lesions in the buccal and gingival mucosae as well as the tongue, and is usually self-contained (39).

Importantly, HSV-1 and HSV-2 have been associated with the severity of periodontal diseases, such as chronic inflammatory conditions that affect the supporting tissue of the teeth (42). Notably, HSV DNA has been found in subgingival plaque samples associated with higher clinical attachment loss (≥4 mm) and the presence of bleeding on probing (BOP) (43). Moreover, it has been estimated that 63% of sites with aggressive periodontitis and 45% of sites with chronic periodontitis contained HSV-1 copy counts (44)

The severity of periodontal diseases related to HSV infections may be explained by the fact that herpes simplex viruses infect periodontal tissues (Figure 1), which induces local immune responses and may also serve as cofactors for bacterial virulence determinants in periodontal diseases (43). Interestingly, HSV-1 and HSV-2 DNA have been detected via nested PCR in T cells and monocytes/macrophages in gingival cells obtained from adult individuals with periodontitis (45). Furthermore, it was found that downregulation of periodontal T cell function caused by HSV infection may increase the risk of destructive periodontal disease, as T cells have been suggested to have a protective role in periodontal disease (45).

Importantly, the combination of bacteria associated with periodontitis and HSV infections could lead to an increased likelihood of cardiovascular complications in infected individuals (46). Indeed, HSV-1 and HSV-2 have been associated with several cardiac diseases (Figure 1), such as atherosclerosis, and are considered factors that increase the risk of this disease (47). Noteworthy, two mechanisms have been proposed to explain the association between periodontitis and cardiovascular diseases such as atherosclerosis. Either periodontal pathogens directly invade the bloodstream or indirectly increase the systemic levels of inflammatory mediators (47). Importantly, it has been suggested that improving one of these conditions may positively affect the other diseases (47). However, this potential association requires further investigation.

HSV infections may cause nervous system-related pathologies, such as herpetic encephalitis, meningitis, and Mollaret’s syndrome, and have been associated with several neurodegenerative diseases, such as Parkinson’s disease, multiple sclerosis (MS), and AD (48) (Figure 1). Moreover, several studies have associated HSVs infections with neuronal aging, which, in turn, could lead to AD. For instance, it has been shown both in vitro and in vivo models that HSV-1 infection induces a significant increase in the levels of histone modifications, such as H4 lysine (K) 16 acetylation (ac) (H4K16ac) and histone-modifying factors, such as Sin3 and histone deacetylases (HDAC1), suggesting that neuronal responses to virus latency and reactivation upregulate these aging markers (49). Additionally, upregulation of the histone regulator A (HIRA) during viral latency and its different localization in cortical neurons in HSV-1-infected mouse brains have also been reported (49). Importantly, HIRA is also a key player in aging (49). Thus, HSVs infections are also linked to aging of the nervous system, which is directly related to the development of AD.

Interestingly, the frequency and magnitude of herpesvirus reactivation have been described to be affected by aging. This observation is supported by the detection of increased CD8+ T cells specific for this virus in aged subjects. However, herpesviruses can also reactivate as a result of stress. Further studies are needed to understand the effects of herpesvirus reactivation and its role in healthy aging (50).



Conclusions

There are changes at both immune and non-immune cells of the oral mucosa during aging, that lead to a destabilization of the tissue homeostasis and impaired wound healing. Also, these aging-associated changes coupled with the decrease in AMPs create a permissive environment in the periodontium for both pathogen colonization and reactivation of pre-existing pathogens such as HSV, which may influence the development and severity of oral diseases, such as periodontitis. Interestingly, pathogens involved in the development of this disease, such as P.gingivalis, are also involved in the development of systemic diseases including various cancers and Alzheimer’s disease. Also, HSV infections at other sites than the oral cavity may nevertheless relate to periodontitis and central nervous system diseases, given the potential of this condition to cause systemic diseases. Given this scenario, further studies on these eventual associations may shed light on previously unrecognized relations between cell and tissue aging and oral diseases as well as new insight into their consequences at the systemic level.
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Oral inflammatory diseases, including oral lichen planus (OLP) and recurrent aphthous ulcer (RAU), seriously affect the patient’s quality of life. Due to the lack of ideal disease models, it is difficult to determine whether novel immunotherapy strategies are effective in treating oral inflammatory diseases. Here, we show that the deficiency of Foxp3 or IL-2 caused oral mucosa inflammation in mice, proving that Treg cells are important in maintaining the immune homeostasis in the oral mucosa. Then we determined that adoptive transfer of CD4+CD25-CD45Rbhigh T cells could induce oral inflammation in Rag1-/- mice, and co-transfer of Treg cells together with CD4+CD25-CD45Rbhigh T cells could suppress the development of oral inflammation in this mouse model. Our study showed that adoptive transfer of CD4+CD25-CD45Rbhigh T cells into Rag1-/- mice could be a novel disease model of oral inflammation. Our data provides direct evidence that Treg cell therapy is effective in suppressing oral mucosa inflammation in mice. Therefore, Treg cell therapy may be a promising novel strategy to treat oral inflammatory diseases.
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Introduction

The majority of oral mucosal diseases are inflammatory diseases (1). Inflammatory diseases of the oral mucosa, including oral lichen planus (OLP) and recurrent aphthous ulcer (RAU) have high prevalence and incidence (2, 3). These diseases either exhibit a long disease course or relapse easily, and also seriously affects the patient’s quality of life. Therefore, the prevalence of depression, anxiety, and stress is high in patients with oral inflammatory diseases (4, 5). Although the pathogenesis of these diseases is largely unknown, an increase in various pro-inflammatory cells and cytokines has been shown to be involved in the development and perpetuation of these diseases (6–10). However, the classic immunosuppressive drugs used to treat these patients have quite limited efficacy and may cause many side effects including anxiety, swelling, and weight gain (11). Therefore, the investigation of novel effective strategies to treat inflammatory diseases of the oral mucosa will benefit patients greatly.

CD4+CD25+Foxp3+ regulatory T cells (Treg cells) are a subset of CD4+ T cells that co-express interleukin-2 receptor alpha chain (IL-2Rα, also called CD25) and the transcription factor forkhead box P3 (Foxp3) (12–15). These Treg cells are the key immune cells in maintaining immune tolerance and suppressing inflammation (16). Manipulating Treg cells has been shown to be a promising strategy to suppress and treat autoimmune and inflammatory diseases, including inflammatory bowel disease (IBD), experimental autoimmune encephalomyelitis (EAE), Type I diabetes (T1D), asthma, and arthritis (17–19). The IL-2-CD25 signaling pathway has been determined to be dramatically important for Treg cell generation in the thymus and periphery, as the absence of IL-2-CD25 signaling pathway cause Treg cell deficiency and severe systemic inflammation (20–22).

A number of studies have reported that Treg cells were increased in the sub-epithelial lymphocytic infiltrate of the OLP lesions and in peripheral blood mononuclear cells (PBMCs) (23–26). Our previous study showed that Treg cell frequency was negatively correlated with immune cell activation in OLP lesions (17). These findings suggest that an enhanced Treg cell function or increased Treg cell frequency can suppress oral mucosa inflammation, such as OLP. However, these studies were based only on phenotypic descriptions and speculations, and none of them determined whether Treg cell therapy could treat inflammatory diseases of the oral mucosa. One major difficulty in determining the function of Treg cells in oral mucosal inflammation is that there are no ideal inflammatory disease models of the oral mucosa, making it difficult to perform rigorous pre-clinical studies to determine whether Treg cell therapy is effective in treating inflammation of the oral mucosa. Therefore, it is necessary to develop ideal inflammatory disease models of the oral mucosa and to determine the therapeutic function of Treg cells in oral mucosal inflammation.

Here, we determined that the deletion of IL-2-CD25 signaling causes inflammation of the oral mucosa in mice. Following these findings, we developed an inflammatory disease model of the oral mucosa by adoptively transferring CD4+CD25-CD45Rbhigh T cells into Rag1-/- mice, and determined that Treg cell therapy suppressed inflammation of the oral mucosa.



Methods and materials


Mice

C57BL/6 mice were bred in the animal facility of West China Hospital of Stomatology, Sichuan University under specific pathogen-free (SPF) conditions. Il2-/- mice, Scurfy mice (Foxp3-/- mice), Rag1-/- mice, Foxp3-eGFP mice (C57BL/6 background), and CD45.1 (C57BL/6 background) mice were obtained from The Jackson Laboratory and bred in the animal facility of Sichuan University under specific-pathogen-free (SPF) conditions. All the mice used in the experiments were aged 6–8 weeks. All animal studies were approved on February 26, 2016, by the Animal Care and Use Committees of the West China Hospital of Stomatology, Sichuan University.



Antibodies and reagents

Fluorochrome-conjugated anti-mouse CD45.1 (A20), anti-mouse CD45.2 (104), anti-mouse TCR-β (H57-597), anti-mouse CD4 (RM4-5), anti-mouse CD8α (53-6.7), anti-mouse IFN-γ (XMG1.2), anti-mouse TNF-α (MP6-XT22), anti-mouse IL-17A (eBio17B7), and anti-mouse/rat Foxp3 (FJK-16a) antibodies were obtained from Thermo Fisher Scientific. Foxp3/Transcription Factor Staining Buffer Set (00-5523-00) was obtained from Thermo Fisher Scientific. The BD Golgi-Plug Protein Transport Inhibitor (555029) and BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (554714) were purchased from BD bioscience. PMA (P8319) and ionomycin calcium salt (I3909) were purchased from Millipore Sigma.



T cell adoptive transfer model

The CD4+CD25-CD45RBhi T cell adoptive transfer model was established as previously described (27, 28), with some modifications. CD4+CD25-CD45RBhi T cells were sorted with flow cytometry (FCM) from the spleens and peripheral lymph nodes (PLNs) of CD45.1 mice; then injected these sorted cells into Rag1-/- mice intravenously (0.4 × 106 cells per mouse). Rag1-/- mice received CD4+CD25-CD45RBhi T cells would develop oral mucosa inflammation 8-10 weeks post T cell transfer. In the Treg cell therapy model, CD4+CD25+Foxp3(eGFP)+ Treg cells (0.1 × 106 cells per mouse) sorted with flow cytometry from spleens and peripheral lymph nodes (PLNs) of Foxp3-eGFP mice were co-transferred with CD4+CD25-CD45RBhi T cells (0.4 × 106 cells per mouse) into Rag1-/- mice intravenously to investigate the suppression of oral inflammation.



Flow cytometry analysis

Spleens and lymph nodes were mashed with 40μm filters to get single-cell suspensions. The cell surface staining was performed by staining the cell surface markers with antibody solutions for 20 minutes at 4°C in the dark. The intracellular cytokine staining was performed by culturing the cells with PMA (5 ng/mL), ionomycin (1μM) and Golgi-Plug (1: 1,000 dilutions) at 37°C for 4 hrs. The cultured samples were then stained with cell surface markers (antibody concentration: 1μg/ml), fixed with BD Fixation/Permeabilization buffer solution and stained with antibody solutions (antibody concentration: 2μg/ml) for 40 minutes at 4°C in the dark. The intranuclear transcription factor staining was performed by staining the cells with cell surface markers (antibody concentration: 1μg/ml), permeabilizing with Foxp3/Transcription Factor Staining Buffer Set, and staining with antibody solutions (antibody concentration: 2μg/ml) for 60 minutes at 4°C in the dark. The gating strategies for the flow data are presented in Supplementary Figure 1.



Statistical analysis

Statistical analysis was performed using unpaired two-tailed Student’s t-tests to compare differences between two different groups. Statistical significance was set at p < 0.05.




Results


Treg cell deficiency causes severe inflammation in oral mucosa

Foxp3 is the key transcription factor of Treg cells, and loss of Foxp3 cause the deficiency of Treg cells (13–15). To determine the function of Treg cells in the oral mucosa, we bred Foxp3-/- mice to investigate inflammation development of oral mucosa in these mice. From the histological slides of the oral mucosa of Foxp3+/+ and Foxp3-/- mice, we found that the loss of Treg cells resulted in severe inflammation in the oral mucosa (Figure 1A). Consistent with this, the total cell number of DLNs in Foxp3-/- mice was significantly increased (Figure 1B). To check the immune responses of oral cavity, we investigated the frequencies of IFN-γ producing T cells (Th1 cells) and IL-17 producing T cells (Th17 cells) in the cervical lymph nodes (CLNs), the draining lymph nodes (DLNs) of oral cavity. This revealed that the deletion of Treg cells caused a dramatic increase in Th1 cells and Th17 cells (Figures 1C–E). These data show that Treg cells are important for maintaining the immune homeostasis in the oral mucosa.




Figure 1 | Deletion of Treg cells causes severe inflammation in oral mucosa. Oral tissues and draining lymph nodes (DLNs) of Foxp3+/+ (Foxp3 WT) and Foxp3-/- (Foxp3 KO) mice were harvested from four-week-old mice (n=3). (A) Representative histology images of oral mucosa sections. Scale bars, 300μm. (B) Bar graphs showing total cell numbers in DLNs of the oral cavity. (C-E) Representative flow cytometry plots (C) and bar graphs (D, E) showing frequencies of CD4+ IFN-γ+ T cells (Th1 cells) and CD4+ IL-17A+ T cells (Th17 cells) in DLNs. Data are representative of two independent experiments. Summary data are presented as mean ± SD. ***p < 0.001; ****p < 0.0001, unpaired two-tailed Student’s t-tests.





IL-2-CD25 signaling pathway deficiency causes severe inflammation in the oral mucosa

IL-2 is a vital cytokine for Treg cell development, and the loss of IL-2 causes the deficiency of mature Treg cells (20–22). To further confirm the function of Treg cells in the oral mucosa, we bred Il2-/- mice to investigate inflammation development of oral mucosa in these mice. We confirmed that Treg cell generation in Il2-/- mice was indeed impaired in DLNs of the oral mucosa (Figures 2A, B). The histological slides of the oral mucosa of Il2+/+ and Il2-/- mice revealed that loss of IL-2 caused severe inflammation in the oral mucosa (Figure 2C). Consistent with this, the total cell number of DLNs in Il2-/- mice was significantly increased (Figure 2D), and the frequencies of CD4+ and CD8+ T cells did not change significantly (Supplementary Figures 2A, B). To check the immune responses in the oral cavity, we investigated the frequencies of Th1 cells and Th17 cells in DLNs, and we found that the deletion of IL-2 caused a dramatic increase in Th1 cells and Th17 cells (Figures 2E–G). These data show that deficiency of the IL-2-CD25 signaling pathway indeed causes inflammation in the oral mucosa, further confirming that Treg cells are important in maintaining the immune homeostasis in the oral mucosa.




Figure 2 | Deletion of IL-2 causes severe inflammation in oral mucosa. Oral tissues and draining lymph nodes (DLNs) of Il2+/+ (IL-2 WT) and Il2-/- (IL-2 KO) mice were harvested from four-week-old mice (n=3). (A, B) Representative flow cytometry plots (A) and bar graphs (B) showing frequencies of CD4+ Foxp3+ Treg cells in DLNs of the oral cavity. (C) Representative histology images of oral mucosa sections. Scale bars, 300μm. (D) Bar graphs showing total cell numbers in DLNs of the oral cavity. (E-G) Representative flow cytometry plots (E) and bar graphs (F, G) showing frequencies of CD4+ IFN-γ+ T cells (Th1 cells) and CD4+ IL-17A+ T cells (Th17 cells) in DLNs. Data are representative of two independent experiments. Summary data are presented as mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired two-tailed Student’s t tests.





Adoptive transfer of CD4+CD25-CD45Rbhigh T cells into Rag1-/- mice induces oral mucosal inflammation

Since we determined that impaired Treg cell-mediated immune homeostasis led to inflammation of the oral mucosa; therefore, we surmise that effector T cells will cause inflammation of oral mucosa in the absence of functional Treg cells. To investigate this hypothesis, we transferred CD4+CD25-CD45Rbhigh T cells (naïve T cells) into Rag1-/- mice and allowing the cells to develop into effector T cells. Severe inflammation developed in the oral mucosa of these mice 8-10 weeks after T cell transfer (Figure 3A). To identify the immune responses of oral mucosa in these mice, we investigated the immune responses of T cells in DLNs with FCM. We found that plenty of Th1 cells and Th17 cells were present in DLNs of the oral cavity (Figure 3B), suggesting that the development of the inflammation is due to the activation of naïve T cells and the proliferation and differentiation of effector T cells in the absence of Treg cells. These data show that the CD4+CD25-CD45Rbhigh T cell adoptive transfer model is a good disease model for investigating inflammation of the oral mucosa, as the characteristics of the immune response in this mouse model are very similar to those in patients with oral inflammation (6).




Figure 3 | Adoptively transfer CD4+CD25-CD45Rbhigh T cells into Rag1-/- mice induces oral mucosal inflammation. CD4+CD25-CD45RBhigh T cells sorted by flow cytometry from spleens and peripheral lymph nodes (PLNs) of CD45.1 mice were injected into Rag1-/- mice, and oral mucosa of Rag1-/- mice was harvested 8-10 weeks post T cell transfer (n=3). (A) Representative histology images of oral mucosa sections. (B) Representative flow cytometry plots showing frequencies of Th1 cells, Th17 cells and CD4+TNF-α+ cells in DLNs of the oral cavity in T cell transfer mice. Data are representative of two independent experiments.





Adoptive transfer of Treg cells suppresses inflammation in oral mucosa

The CD4+CD25-CD45Rbhigh T cell adoptive transfer model could be a disease model of oral mucosal inflammation; therefore, we used this model to identify whether adoptive transfer of functional Treg cells could suppress chronic inflammation of the oral mucosa. CD4+CD25-CD45Rbhigh T cells isolated from CD45.1+ mice were transferred into Rag1-/- mice to induce oral inflammation, with or without the co-transfer of CD4+CD25+Foxp3(eGFP)+ Treg cells sorted from Foxp3-eGFP mice. We found that the adoptive transfer of Treg cells suppressed the development of oral mucosal inflammation; the control group (Teff) developed oral mucosa inflammation, whereas the Treg cell-treated group (Teff+Treg) did not 8-10 weeks after T cell transfer (Figure 4A). The changes in immune responses were determined after the mice were euthanized. Treg cell transfer significantly reduced both whole CD4+ T cell frequency and Th1 cell frequency in DLNs (Figures 4B–D). Moreover, the numbers of total immune cells, Th1 cells and Th17 cells in DLNs were also reduced in the Treg cell-treated group (Figures 4E–G). To further confirm that Treg cell therapy can suppress immune responses in the oral mucosa, the immune responses in the oral mucosa were determined by FCM. We found that Treg cell transfer significantly reduced both whole CD4+ T and Th1 cell frequencies in the oral mucosa (Figures 4H–J). Taken together, these data show that the adoptive transfer of Treg cells can suppress the development of inflammation in the oral mucosa.




Figure 4 | Adoptive transfer of Treg cells suppresses inflammation in oral mucosa. CD4+CD25-CD45RBhigh T cells sorted by flow cytometry from the spleens and peripheral lymph nodes (PLNs) of CD45.1 mice were injected into Rag1-/- mice (Teff), and CD4+CD25+Foxp3(eGFP)+ Treg cells of CD45.2 mice were co-transferred to treat the oral inflammation (Teff+Treg) (n=3). (A) Representative histology images of oral mucosa sections. (B-D) Representative flow cytometry plots (B) and bar graphs showing frequencies of CD45.1+ Teff cells (C) and Th1 cells (D) in DLNs of the oral cavity. (E-G) Bar graphs showing the numbers of total immune cells (E), Th1 cells (F) and Th17 cells (G) in DLNs of the oral cavity. (H-J) Representative flow cytometry plots (H) and bar graphs showing frequencies of Th1 cells (I) and total Teff cells (J) in the oral mucosa. Data are representative of two independent experiments. Summary data are presented as mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired two-tailed Student’s t tests.






Discussion

In this study, Treg cell deficiency was shown to cause oral mucosal inflammation in mice. Next, the adoptive transfer of CD4+CD25-CD45Rbhigh T cells into Rag1-/- mice was shown to induce oral mucosal inflammation. By using this model of oral mucosal inflammation, we confirmed that Treg cell therapy indeed can suppress inflammation of oral mucosa. Therefore, we showed that the CD4+CD25-CD45Rbhigh T cell adoptive transfer model, also called the adoptive transfer inflammatory bowel disease (IBD) model, is a good disease model for investigating inflammation of the oral mucosa. Consistent with Treg cell therapy in IBD model (18, 28), the adaptive transfer of Treg cells could also suppress inflammation of the oral mucosa.

Here, we determined that the T cell transfer mouse model of chronic inflammation could be used as a disease model of oral mucosal inflammation, as the immune responses in the oral mucosa of this mouse model are very similar to those in patients with oral inflammation (6, 10, 29, 30). Although the adoptive transfer of CD4+CD25-CD45Rbhigh T cells could result in oral mucosal inflammation, this disease model may develop systemic inflammation. Therefore, this disease model is not an ideal disease model for investigating the immune responses of the oral mucosa. Thus, the development of better models of oral inflammatory diseases remains an important bottleneck to overcome in future studies.

The integrity of the oral mucosa is crucial for defending against foreign antigens and maintaining homeostasis of the oral cavity (31). Treg cells have long been considered to be effective in controlling oral mucosa inflammation; however, no study has ever confirmed it strongly. One study reported that the depletion of Treg cells causes the infiltration of effector T cells that are associated with inflammation of the oral mucosa (31). In the current study, we demonstrated that adoptive transfer of Treg cells could suppress oral mucosal inflammation. Together, these two studies show that Treg cell therapy is a promising novel strategy for the treatment of oral inflammatory diseases.

In summary, our current study shows that the T cell transfer mouse model is a good model for investigating oral mucosal inflammation. More importantly, this study also verified that the adoptive transfer of Treg cells could suppress oral mucosa inflammation, showing that Treg cell therapy could be a promising novel strategy to treat oral inflammatory diseases.
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The oral mucosa is a membranous structure comprising epithelial and connective tissue that covers the oral cavity. The oral mucosa is the first immune barrier to protect the body against pathogens for systemic protection. It is frequently exposed to mechanical abrasion, chemical erosion, and pathogenic invasion, resulting in oral mucosal lesions, particularly inflammatory diseases. Epithelial-mesenchymal transition (EMT) is a crucial biological process in the pathogenesis of oral mucosal disorders, which are classified into three types (types 1, 2, and 3) based on their physiological consequences. Among these, type-2 EMT is crucial in wound repair, organ fibrosis, and tissue regeneration. It causes infectious and dis-infectious immunological diseases, such as oral lichen planus (OLP), oral leukoplakia, oral submucosal fibrosis, and other precancerous lesions. However, the mechanism and cognition between type-2 EMT and oral mucosal inflammatory disorders remain unknown. This review first provides a comprehensive evaluation of type-2 EMT in chronically inflammatory oral mucosal disorders. The aim is to lay a foundation for future research and suggest potential treatments.
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Introduction

In the 1980s, epithelial-mesenchymal transition (EMT) was identified as a feature of embryogenesis (1). Under different stimuli, epithelial cells lose polarity and cell-cell junctions and thus gain the ability to migrate, transforming into spindle-like mesenchymal cells. The reverse process of EMT is known as a mesenchymal-epithelial transition (MET). Both are crucial biological processes in embryonic development and tissue genesis in the dynamic balance of alteration (2). (Figure 1) Whether EMT or MET describes a process, quasi-mesenchymal cells are a type of transitional cell with characteristics of both epithelial and mesenchymal cells. Cancer metastasis and invasion have been linked to hybrid cells. They undergo partial EMT and have unique properties such as collective cell migration (3).




Figure 1 | Three types of EMT. (A) Type-1 EMT is related to the embryogenesis of tissues and organs. (B) Type-2 EMT is related to tissue regeneration and fibrosis. (C) Type-3 EMT is related to tumor development and metastasis. They share a common model of cell activities.



EMT is classified into three types based on the biological environment in which it occurs: types 1, 2, and 3. Types 1 and 2 EMTs are associated with embryonic, regenerative, and pathological processes, respectively, with no abnormal cell proliferation (4, 5). Type-3 EMT is critical for tumor development and metastasis because it allows cancerous cells to generate, develop, and spread (6). (See Figure 2) Most current research focuses on Type-3 EMT, which is responsible for tumor genesis. However, types 1 and 2 EMTs have received little attention. Types 1 and 2 EMTs conclude the biological development of craniofacial tissues and organs from birth and the pathological processes of abnormal transition after the individual fully develops.




Figure 2 | Oral mucosal non-neoplastic diseases were mediated by immune microenvironment.



Fibrosis of the oral mucosa occurs in the inflammatory microenvironment of type-2 EMT. The immune microenvironment regulates cytokines and molecules in some signaling pathways, and the mechanisms are systematically generalized. Scientists have worked on EMT to treat degenerative diseases, repair injuries, rebuild tissue and organs, and delay senescence (7).

This review summarized the function and mechanism of type-1 and type-2 EMTs in oral mucosal nonneoplastic diseases. We proposed potential therapies for EMT-related diseases to lay a foundation for future clinical use in stomatology.



Type-2 EMT in oral mucosa

The oral cavity is protected by oral mucosa, primarily squamous epithelium, an immune system component. This review highlighted the oral mucosa as the human body’s immune barrier to defend against pathogens for systematic protection. Innate and adaptive immunity combine to form oral mucosal immunity. The former includes the physical barrier of mucosal epithelium, which excretes defensin, interleukin (IL)-8, and tumor necrosis factor-α (TNF-α); the normal flora, which alters the surrounding environment to inhibit the growth of potential pathogens; and the innate immune cells such as dendritic, Langerhans, and mast cells. The latter is known as the Mucosal Immune System (MIS). It produces secretory IgA in the Waldeyer’s ring and connects the inducer and effector sites via cell homing. MIS is involved in the local adaptive immune response and can cause mucosal cytotoxicity.

Type-2 EMT occurs in wound healing, tissue regeneration, and organ fibrosis and may result in keloids in the repair of the human epithelium in the inflammatory microenvironment. In the oral mucosa, it has been reported that simple wound healing causes no scar, which differs from the skin (8). However, certain microbiomes and tobacco and alcohol use can cause the pathological formation of fibrosis and keloids in the oral mucosa via EMT, which may delay the ultimate healing of the oral mucosa. There is ample space for further investigation in this area, the details of which remain unknown.


EMT in oral mucosal wound repair and regeneration

When a wound occurs, the skin and mucosa go through hemostasis, inflammation, proliferation, and remodeling. Granulation tissue forms in the inflammatory microenvironment and then progresses to the proliferation stage, where keratinocytes and fibroblasts migrate to the wound bed. The former is in charge of barrier reconstruction, while the latter is in charge of secreting extracellular matrix and remodeling granulation tissue (9).

Oral health has long been closely linked to systemic health but has received little attention. The oral cavity, located at the beginning of the human digestive tract, is critical for mastication, digestion, pronunciation, and aesthetics. Even though the oral mucosa is often exposed to mechanical abrasion and tension, it heals much faster with less scarring than the skin (10). The reason might be that oral mucosal fibroblasts and dermal fibroblasts have different cell behaviors and responses to growth factors. When exposed to transforming growth factor-β (TGF-β1), oral mucosal fibroblasts have a higher average proliferation rate, a lower shrinkage capacity, and synthesize more collagen (11).

Type-2 EMT is an after-birth reactivation recognized as a way to control inflammation and tissue regeneration. In recent decades, scientists have committed to identifying the factors initiating EMT. One explanation for the phenomenon is that in acute and mild trauma, wounded epithelial cells differentiate into fibroblast-like cells to reproduce tissues and organs, which is a reparative biological process (6). However, in the case of long-term continuing inflammation, the keloid is considered pathological fibrosis. It ceases once the repair is completed (12). The interaction between TGF-β1 and pro-inflammatory cytokines can generate a microenvironment for autoregulatory loops to strengthen the EMT. Polyriboinosinic: polyribocytidylic acid (Poly (I: C)) has been shown to accelerate collective HaCaT cell migration via autocrine/paracrine IL-8 secretions and EMT (13). It promotes leukocyte accumulation and improves chemokine expression during wound healing (14). Poly I: C induced IL-8 production by keratinocytes by stimulating Toll-like receptor 3 (TLR3), and TLR3 is a component of wound healing in regulating inflammation, during which NF-κB is activated (15). Poly I: C can stimulate EMT and improve wound healing (16). Interestingly, it has also been found that excessive poly I: C stimulation contributes to delayed wound healing (17). The complicated mechanisms of the double effect of Poly I: C remain to be investigated further. Another explanation for activating EMT during a wound in the mucosa is that the loss of apical-basal polarity can initiate the transition. It has been demonstrated that normal apical-basal cell polarity inhibits EMT via SNAI1 degradation mediated by the PAR complex (18). This points to the potential role of the cell-cell junction in regulating EMT.



EMT with oral mucosal dis-infectious diseases

Pathological processes associated with type 2 EMT include abnormal metastasis, keloid formation, and fibrosis. Scientists have reported the formation of keloids related to TGF-β1, EGF, and fibroblast growth factor (FGF) signaling pathways (19). Keratinocytes and fibroblasts influence the keloid and fibrosis of abnormal tissue, causing oral leukoplakia (OLK) or oral submucous fibrosis (20). Fibrosis has also been linked to inflammation.

Oral leukoplakia (OLK) is the most common underlying precancerous lesion and potentially malignant disorder (21). EMT can cause OLK to progress into oral squamous cell carcinoma (OSCC), linked to smoking (22) and chewing tobacco (23). It has been observed that in non-smokers, OLK occurs in conjunction with an immunosuppressive microenvironment established by activation of the PD-1/PD-L1 pathway and recruitment of CD163+ tumor-associated macrophages (TAMs), which may function in the early and transforming stages of oral tumorigenesis. The findings demonstrate that EGFR and WNT pathway proteins are overexpressed in all OLK samples, triggered by chewing tobacco, and may be a risk factor for the type of proliferation. Remarkably, the lncRNA oral leukoplakia progressed associated 1(LOLA1) has been found to promote oral mucosa epithelial migration, invasion, and EMT via the AKT/GSK‐3β pathway, thereby accelerating the progression of OLK (24). Elevated levels of some novel biomarkers, such as Snail and Axin2, with a high correlation to OLK malignant transformation, can predict oral tumorigenesis (25).

Oral submucous fibrosis (OSF) develops in a constant pro-inflammatory environment and has the characteristics of tissue fibrosis and degeneration diseases in various tissues and organs (26). Patients with OSF have difficulty opening their mouths and have stiff oral mucosa. It is caused by EMT, which causes oral submucous fibrosis (27). Arecoline is known as the pathogenic factor of OSF and has been shown to increase Twist expression (28).Chewing areca causes microtrauma and activates a protective inflammatory response, releasing many growth factors such as TGF-β, platelet-derived growth factor, basic FGF, and cytokines such as IL-6 and TNF-α, which promote fibrosis (29). Hinokitiol has been shown to downregulate Snail, lowering a-SMA expression and myofibroblast properties as an anti-fibrosis agent (30).

The World Health Organization classifies OLP as a premalignant chronic inflammatory disease mediated by T-lymphocytes. Smad 3 expression in OLP is higher and statistically significant than in normal oral mucosa, consistent with apoptosis, inflammation, and EMT functions (31, 32). It has also been reported that in OLP, claudin‐1, claudin‐4, and E‐cadherin are downregulated, disrupting the epithelial barrier and causing T‐lymphocytes to migrate into epithelial cells (33). Furthermore, OLP liquefaction degeneration is an EMT result primarily induced by IFN-γ, which can improve the malignant transition (34). The current studies also illustrated that the submucosal infiltration of T and B lymphocytes is more distinct in OLP than in OLK, and the immunological response is also stronger in OLP (35).



EMT with oral mucosal infectious diseases

The oral cavity is a huge reservoir for microorganisms to grow, develop and manipulate. Millions of viruses, bacteria, and fungi colonize the mucosa epithelium forming a balanced biofilm. Once the equilibrium is disrupted, opportunistic pathogens take over and cause continuous inflammatory reactions. Oral microbiota has been found to manipulate cell migration by modulating the EMT process in such an inflammatory microenvironment. Microbiota degrades epithelial tight junction proteins, improves mesenchymal properties, and induces partial or complete EMT (36). It is frequently associated with oral mucosa infectious diseases such as gingivitis, oral candidiasis, herpes, and others. Pathogens in the oral cavity cause disease via different regulatory mechanisms of the EMT.

Porphyromonas gingivalis (P. gingivalis) degrades E-cadherin to regulate the epithelial function of the barrier (37). NNMT, CCAT1, and GAS6 genes are involved in cell migration and invasion. These gene’s messenger RNA (mRNA) levels are high in P. gingivalis-infected oral epithelial cells (38). It also modulates the β-catenin pathway and uncouples the β-catenin destruction complex in gingival epithelial cells, facilitating nuclear translocation to activate TCF/LEF promoter elements in the following step (39).

Streptococcus gordonii suppresses FOXO1 and activates the TAK1-NLK negative regulatory pathway for ZEB2 induction resistance (40). Upregulation of partial EMT genes has been observed in Fusobacterium nucleatum-infected OSCC cells (41). The signal transducer and activator of the transcription-3 signaling pathway is activated, increasing the expression of EMT-associated genes such as E-cadherin, Snail, and Twist. The EMT has been widely debated over the years, particularly its role in cancer progression. However, the significance of EMT in embryogenesis, tissue regeneration, and fibrosis is rarely discussed. This review discusses the types 1 and 2 EMTs in craniofacial tissues and organs. Related disorders such as palatal cleft, dental defect, OLK, and OSF are also evaluated. There remains a long way to go to reduce the negative effects of EMT, such as the formation of keloid and fibrosis and the facilitation of neoplasm to provide theoretical support for the following research and applications of types 1 and 2 EMTs so that experimental trials of EMT can be used in the clinic and theoretical knowledge can transform from bench to bedside. Certain bacteria, lower PH, signaling molecules, loss of apical-basal polarity, and other approaches have been used to activate EMT. The EMT process, particularly type-2 EMT, strongly correlates with inflammation regulated by the immunological microenvironment. However, there remains a long way to go before determining the complete blueprint of the crosstalk among various cytokines and signaling pathways. As previously stated, we have concluded complicated mechanisms of types 1 and 2 EMTs. Many details of regulation and alteration remain unknown. It may be important for researchers to investigate the differential expression of cytokines and signaling pathways during both biological and pathological processes of EMT activities (Table 1).


Table 1 | The mechanisms of Type-2 EMT in biological and pathological processes.





EMT with immune regulation of the oral mucosa

Oral mucosal disease, particularly oral mucosal precancerous lesions, has been linked to changes in the immune microenvironment. The infiltration of high-grade CD8+ lymphocytes within the epithelium was linked to increased in remission rates (43). Intraepithelial CD8+ lymphocytes are likely to serve as a biomarker of remission and a potential area of biomedical research regarding OLP’s etiology and premalignant potential. The host immune system may bypass PD-L1-expressing dysplastic epithelial and recruited subepithelial cells in oral precancerous lesions. Furthermore, by inhibiting the PD-1/PD-L1 pathways, oral precancerous lesions can be prevented from transforming into cancer, and advanced cancer can be treated (44). According to previous research, OLP lesions are caused by IL-4, which is produced by several factors. It also affects various cells, resulting in OLP lesions (45).

Immune mediators are not only directly linked to precancerous lesions, but they are also indirectly mediated by EMT. It has been reported that activated oncogenic Ras post-transcriptionally enhances premalignant cell mutations, intensifying malignancy and cell invasion. There is a significant change in mRNA levels, which correlates with protein abundance and is consistent with EMT. These proteins also changed following Ras transformation, suggesting that premalignant cells were primed to become malignant. Therefore, Ras-induced EMT-associated invasion in primed premalignant cells via post-transcriptional mechanisms (46). SCC-4 cells synthesize and release IL-6 independently, a process aided by TLR2/TLR6 agonists. In contrast to precancerous human tongue DOK cells, cancerous tongue SCC-4 cells exhibit a classic EMT profile (47). Beyond their immune function, CD4+ T cells are abundant in the dense stroma surrounding ductal epithelium in CP tissues associated with EMT. CD4+ T cells can induce EMT in premalignant cells (48). EMT is also facilitated by abnormal immune mediator expression in precancerous lesions. T cell dysfunction (49) or genetic changes (50) also contributes to developing immunosuppressive microenvironments during the malignant transformation of the oral mucosa by inducing EMT. The TGF-β (51) and PI3K-AKT (19) signaling pathways are critical in this transformation.




Prospect

EMT is a common physiological process during embryogenesis, wound healing, fibrosis, tumorigenesis, and cancer metastasis. It has been artificially divided into three types based on different biological backgrounds, but the boundaries are not always clear. It is recommended to command the differential expressions of EMT in various situations to regulate the microenvironment to maintain equilibrium. EMT has applications in tissue regeneration and fibrosis inhibition, and we propose prospects. Concerning tooth tissue regeneration, two types of cells are indispensable: epithelial stem cells and mesenchymal stem cells (MSCs). They interact with and transform into one another under certain conditions. In dental tissue engineering, epithelial stem cells are primarily derived from embryonic tooth epithelium, while MSCs are derived from tooth germ and bone marrow stem cells.


EMT and traditional approaches to tissue engineering

The interaction between seed cells, scaffold materials, and the microenvironment is central to current tissue engineering. Wang et al. invented the new concept of bio-root and saw it through to completion (52). Fruitful research on tooth regeneration has been published in the last few decades (53), and it is attractive to realize the clinical transformation of bio-root. However, common cell culture approaches are somewhat complicated for incorporating both epithelial stem cells and MSCs into the regenerative system, and increasing the workload. As a result, an EMT-induced culture system might be advantageous. Only one type of seed cell is added, and another type can be transferred from the original one via the regulation of cytokines and other signaling pathways. This method simplifies the operation and may provide a solution to the cell source shortage.

Recent studies on EMT have demonstrated that three-dimensional models can better simulate the extracellular matrix microenvironment, improve cell vitality, and reduce mortality than two-dimensional models, particularly for cartilage formation (54). The hydrogel is a porous, jelly-like structure that provides a biocompatible and non-toxic environment for cell growth, differentiation, and proliferation. It creates an environment for EMT/MET to occur by containing specific biomarkers and nutrient materials. The biocompatibility and histocompatibility of the ECM-derived hydrogel are higher (55). TGF-β1 induces EMT within the three-dimensional system for the decreased epithelial markers (E-cadherin), increased mesenchymal markers (Vimentin and α-SMA), and enhanced migratory and invasion capacity (56). (Figure 3) Furthermore, the treated dentin matrix, hyaluronic acid, PCL, and ceramics are widely used; they can be chosen during various tissue engineering study processes involving EMT (57–61).




Figure 3 | Traditional 2D cell culture system and advanced 3D cell culture system. (A) The schematic diagram of the traditional 2D culturing method, which contains stem cells and necessary cytokines in a culture medium. (B) The schematic diagram of a novel 3D culturing method in which the culture medium is replaced by the biomaterial hydrogel.



However, the use of EMT in traditional tissue engineering is restricted by a lack of experimental conditions, unknown mechanisms, and operating techniques. Moreover, the condition of unclear regulation can contribute to tumor genesis and make the process uncontrollable. There remains much work to be done before we can put these considerations into practice.



EMT in developmental biological regeneration

Unlike traditional tissue engineering, biological regeneration eliminates exogenous scaffolds and stimulates the organism’s regrowth. It is safer, easier, and has fewer side effects (62). On the other hand, the high demands for immunological microenvironments pose challenges. Bacterial pathogens, acid microenvironment, growth factors, proteins of primary signaling pathways, loss of apical-basal polarity, hypoxia, and other factors have all been implicated in the activation of EMT (18, 63–65). For instance, during long-term infection with the opportunistic pathogen P. gingivalis, human primary epithelial cells develop an EMT phenotype (66). Anaerobic periodontal pathogens have been shown to induce EMT in primary oral keratinocytes, destroying the periodontal barrier and contributing to periodontitis (63). EMT-associated transcription factors such as Slug, Snail, and Zeb1 showed significant increases in response to pathogen exposure. The treatment of EMT-related oral diseases may benefit from focusing on critical factors. The key to successful regeneration is determining how to precisely control these variables.

Coffee and EMT research has also received widespread attention. Coffee components can reverse EMT transitions or even rescue the functions of EMT inducers. For instance, Trigonelline extracted from natural coffee beans reduces renal fibrosis by inhibiting EMT (67). Chlorogenic acid derived from coffee has antitumor and anti-metastatic properties by interfering with the NF-κB/EMT signaling pathway (68). They exert pharmacological functions as EMT inhibitors, but more studies for clinical transformation are needed. Furthermore, because low PH promotes EMT, an alkaline diet and anti-acid drugs may effectively prevent EMT in the craniofacial tissues and organs (64).

Different signaling pathways and molecules regulate EMT in various biological or pathological processes. As a result, additional research into the individual mechanisms of each process is required to achieve precise control. Otherwise, it is considering how to find a balance between promoting practical functions and maintaining cell vitality. We are now at tipping in combining EMT and tissue engineering. They mutually aid in the advancement of regenerative medicine. The multi-discipline study is now the mainstream of research and has a promising future (69).



Methods of preventing dysfibrosis

It is challenging to reduce the negative effects of dysfibrosis and keloids. As previously elucidated, oral mucosa has less keloid and fibrosis and heals wounds faster than the skin. The mechanisms of improved mucosal quality are primarily concluded as follows (9, 10): 1. Fewer pro-inflammatory factors and less inflammatory response; 2. Reduced recruitment of neutrophils, macrophages, and T cells after injury; 3. Certain microorganisms activate the immune system for wound healing cascade; 4. the suitable environment of saliva, which provides a biomimetic idea of hydrogel, applies to skin healing to accelerate the process (70). By inhibiting EMT, we may be able to design a type of epithelium with high regenerative capacity and self-repair without many keloids in the future.

The anti-EMT mainstream of reducing fibrosis during tissue regeneration or OSF (71). One solution is to improve EMT inhibitors such as phosphatase and tensin homolog, which inhibits the PI3K/AKT pathway to reduce hypertrophic scar fibroblast proliferation and eliminate keloid and fibrotic scars (72).

Another option is to use MSCs, which have anti-fibrotic, anti-oxidative, and angiogenesis properties, indicating that the cell is an ideal anti-fibrotic target.26 The functioning mechanism is attributed to inhibiting the TGF-β1 pathway via N-cadherin and vimentin downregulation (73, 74). MSCs are produced from epithelial cells through the continuous process of EMT. They have significantly higher levels of expression of several biomarkers, including CD105, CD73, and CD90 (75). Specific induction causes MSCs to differentiate into osteoblasts, adipocytes, and chondrocytes, differentiating into dental pulp stem cells (DPSCs), dental follicle stem cells (DFSCs), periodontal ligament stem cells (PDLSCs), and others. As a result, EMT serves as a unique source of seed cells for tissue regeneration.

MSCs are also critical in halting the process of OSF for immunomodulatory, anti-fibrotic, anti-oxidative, and angiogenic functions. Areca chewing can increase pro-inflammatory cytokines such as TNF-α and IL-6 in response to the microtrauma it causes, thereby promoting fibrosis progression (29). MSCs also suppress TNF-α expression via IL-10 secretion and downregulate TNF- α and IL-6 by inhibiting IFN-γ expression (76). MSCs also suppress the TGF-β pathway by secreting hepatocyte growth factor and TNF-stimulated gene 6 protein, which restores the TGF-β1/TGF-β3 balance for anti-fibrotic microenvironment production (77).

In this review, we present our expectations that in the future, we can apply EMT to regenerative medicine with or without scaffolding materials for profound progress in the following research. We owe the huge leap in the basic study of EMT to the progress made in the past few years. EMT significantly impact on scientific research and clinical transformation once the functional mechanisms are identified. We anticipate developing novel medicines for the treatment of EMT-related diseases in stomatology such as developmental malformation, wound repair, keloid and fibrosis, and other oral mucosa pathological alterations in the future.
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Orofacial clefts (OFC) are frequent congenital malformations characterized by insufficient separation of oral and nasal cavities and require presurgical infant orthopedics and surgical interventions within the first year of life. Wound healing disorders and higher prevalence of gingivitis and plaque levels are well-known challenges in treatment of children with OFC. However, oral inflammatory mediators were not investigated after birth using non-invasive sampling methods so far. In order to investigate the impact of OFC on oral cytokine levels, we collected tongue smear samples from 15 neonates with OFC and 17 control neonates at two time points (T), T0 at first consultation after birth, and T1, 4 to 5 weeks later. The samples were analyzed using multiplex immunoassay. Overall, we found significantly increased cytokine levels (TNF, IL-1β/-2/-6/-8/-10) in tongue smear samples from neonates with OFC compared to controls, especially at T0. The increase was even more pronounced in neonates with a higher cleft severity. Further, we detected a significant positive correlation between cleft severity score and distinct pro-inflammatory mediators (GM-CSF, IL-1β, IL-6, IL-8) at T0. Further, we found that breast-milk (bottle) feeding was associated with lower levels of pro-inflammatory cytokines (IL-6/-8) in neonates with OFC compared to formula-fed neonates. Our study demonstrated that neonates with OFC, especially with high cleft severity, are characterized by markedly increased inflammatory mediators in tongue smear samples within the first weeks of life potentially presenting a risk for oral inflammatory diseases. Therefore, an inflammatory monitoring of neonates with (severe) OFC and the encouragement of mother to breast-milk (bottle) feed might be advisable after birth and/or prior to cleft surgery. 




Keywords: orofacial clefts, cleft lip and palate, neonates, cytokines, oral, oral inflammation, mucosal immunity, mucosal homeostasis



1 Introduction

With an average occurrence of 1 in 700 newborns worldwide, orofacial clefts (OFC) are considered one of the most frequent malformations of craniofacial development (1, 2). OFCs develop between the 5th and the 12th week of embryogenesis due to disturbances in the fusion of the medial/lateral nasal and maxillary processes (3). These defective processes were associated with genetic predisposition (4), e.g., candidate loci 8q24, 1p22 and 10q25 (5, 6), or environmental factors, e.g., maternal smoking, folate deficiency and excessive alcohol consumption (7–9). OFCs present phenotypic variability and severity (10), e.g. unilateral cleft lip and palate (UCLP), bilateral cleft lip and palate (BCLP), isolated cleft palate (CPo) and isolated cleft lip (CLo) (11), leading to altered orofacial anatomical features and functional challenges. Within the first year of life, neonates with OFC require presurgical infant orthopaedics (PSIO), which aims to support preoperative growth of the palatal segments, normalize feeding and reduce asymmetries using palate plates (12, 13) before surgical lip and/or palate repair (12, 13). Even though, feeding difficulties like chronic aspiration and choking can pose a challenge and impede breast-feeding (14, 15) and, therefore, feeding alternatives like Haberman feeders are recommended and applied (16, 17).

In addition to these functional challenges, it is known that infants and adolescents suffer from aggravated oral health compared to controls, e.g., increased plaque levels, enhanced gingival inflammation and deeper periodontal pockets (18). Further, it was recently shown that neonates with OFC suffer from oral dysbiosis with increased levels of potentially pathogenic bacteria, e.g., Enterobacteriaceae (Citrobacter, Enterobacter, Escherichia-Shigella, Klebsiella), Enterococcus, Bifidobacterium, Corynebacterium, Lactocaseibacillus, Staphylococcus, Acinetobacter and Lawsonella (19). In infants and children with OFC, pre- and post-operative oral inflammation pose a main risk for wound healing disorders and failure of surgery (20), yet, preventive strategies, e.g. antibiotics prior to cleft lip surgery, did not achieve the desired results (21). Besides, early life inflammation was shown to increase the risk for other inflammation-associated diseases, e.g. autoimmunity (22). Hence, further knowledge about inflammatory processes associated with clefting are necessary, especially in neonates within the first year of life before surgical cleft closure. However, for investigation of oral local inflammation within the first year of life, solely an invasive method was used for investigation of cytokine levels so far: collection of lip tissue from infants with OFC during cleft surgery (3 to 18 months of age) (23, 24). Interestingly, the authors found positive correlations between certain pro-inflammatory cytokines in lip tissue from neonates with OFC (without a control group) (23). Further,overall higher concentrations of cytokines were found in lip tissue from neonates with OFC compared to a non-age-matched and site-matched control group (tissue from extraction site of adolescents) (24). Since the invasive collection of lip tissue (23, 24) is ethically unacceptable in neonates without OFC, non-invasive methods for oral sample collection in neonates are necessary to ensure an age- and site-matched control group. It was recently shown that non-invasive sampling methods were suitable for cytokine and microbiota analyses in oral niches from adults (smear samples from tongue, hard palate, cheek and sublingual area, spitting method for collection of saliva, plaque sampling and collection of gingival crevicular fluid using paper strips) (25) and non-invasive collection of tongue and smear samples for microbiota analyses in neonates with and without OFC (19). Since smear samples from the cheek presented lowest cytokine concentrations in adults (high saliva flow rate: small salivary grands in the cheek) (25) and since no significant microbial differences were seen between niche tongue and cheek (19), non-invasive sampling of tongue smear samples might be the most suitable representative of the oral cavity for cytokine analyses in neonates.

Therefore, the aim of this study was to prove that a non-invasive collection methodology using tongue smear samples from neonates for investigation of cytokines is applicable. We aimed to analyse distinct cytokines (GM-CSF, INF-γ, TNF, IL-1β/-2/-4/-6/-8/-10), that were shown to have anti- or pro-inflammatory functions in wound healing processes, inflammatory pathways and mucosal immunity (Table 1), in neonates with OFC compared to neonates without OFC at first consultation after birth and 4 to 5 weeks later. Moreover, the impact of cleft phenotype and severity on cytokine levels were determined. The overarching goal was to increase knowledge about inflammatory changes within the first weeks of life and to identify neonates at risk for oral inflammation and wound healing disorders.


Table 1 | Measured cytokines and their main functions in wound healing, inflammatory pathways and in mucosal immunity.





2 Material and methods


2.1 Study design

This study was designed as a prospective, exploratory observational clinical trial and has been approved by the local ethics committee of the Friedrich-Alexander-University Erlangen-Nürnberg (Krankenhausstraße 12, 91054 Erlangen, Vote number: 168_20 B, 28.04.2020) prior to the beginning of the study. The trial was performed in accordance to the declaration of Helsinki. Patients were recruited following predefined inclusion criteria: I) Neonates with non-syndromic orofacial cleft with their first consultation at the Department of Orthodontics and Orofacial Orthopedics within the first days and weeks of life, II) neonates without orofacial cleft (born in the Department of Gynecology and Obstetrics Erlangen with ongoing regular consultations in local pediatric practices) and III) written informed consent by the parents and/or legal guardians. Exclusion criteria were defined as the following: I) Neonates with syndromic cleft lip and palate, II) preterm birth (< 37 weeks gestational age), III) neonates with underweight at birth (<2500g), IV) neonates with systemic and metabolic or autoimmune diseases, V) neonates with antibiotic intake, VI) revoked written informed consent by the parents and/or legal guardians. Two informed consent forms for participation in the trial and for utilization of tongue smear samples, data protection sheets and information material explaining the study in adequate language were provided. Written informed consent forms and data protection sheets by the parents and/or legal guardians were mandatory for enrollment in the trial. Moreover, written questionnaires were given to the parents and/or legal guardian to collect information about neonates’ clinical parameters including weight and height at birth, nutrition protocol, intake of antibiotics and/or supplements as well as to collect information about the mother including information type of birth and intake of antibiotics intrapartum (Table 2). Neonates were included regardless of birth type (vaginal birth or via C-section) and, hence, neonates whose mothers received intrapartum antibiotics due to C-section, were not excluded.


Table 2 | Characteristics of Study population.





2.2 Recruitment

After eligibility screening, a total of 40 study participants were enrolled in this study and diveded into two groups (Figure 1). The study group, neonates (n=18) with orofacial clefts, was recruited at the Department of Orthodontics and Orofacial Orthopedics, Universitätsklinikum Erlangen, Friedrich-Alexander Universität (FAU) Erlangen-Nürnberg. The control group, neonates without orofacial clefts (n=22), was recruited at the Department of Gynaecology and Obstetrics, Universitätsklinikum Erlangen, FAU Erlangen-Nürnberg. Dropouts were registered due to the following reasons: 1) Failure to appear to the consultation and study appointments (n=1), 2) revoke of consent by the parents and/or legal guardians (n=4) or 3) meeting the exclusion criteria during the course of the study (n=3) (e.g. diagnosis of a syndrome or acute systemic or metabolic disease). In total, the dropout rate was 15% (n=8 in total, n=3 CLP patients and n=5 controls) with a final sample size of 15 study participants in the CLP group and 17 study participants in the control group (Figure 1).




Figure 1 | Flow of patients.





2.3 Sample collection

Overall, 132 tongue smear samples were collected during a timespan ranging from June 2020 to June 2021. Tongue smear were obtained using sterile swabs and wiping carefully over the middle and anterior part of the tongue several times for about 10 seconds. Parents were instructed to pause feeding their infants 2-3 hours prior to sample collection and inform the study leader, if medical treatment (e.g., antibiotic treatment) was performed prior to sample collection or during the study course leading to an exclusion of the study participant. For the control group, sample collection was performed during routine appointments at the Department of Gynaecology and Obstetrics, Universitätsklinikum Erlangen, FAU Erlangen-Nürnberg (U2 = T0) as well as at local pediatricians: (U3 = T1). For the OFC group, the sample collection was performed at the Department of Orthodontics and Orofacial Orthopedics during initial consultation (T0) and during regular appointments (T1). For sufficient preservation, samples were stored on dry ice within seconds after sample collection performed on neonates and then either immediately frozen at -80° C or stored in freezers at -20°C for a maximum of 5 days and subsequently transferred to a ultra-low freezing unit at -80°C for definite storage. An uninterrupted cold chain was preserved permanently. Storage as well as further processing was conducted in the research laboratory of the Department of Orthodontics and Orofacial Orthopedics, Universitätsklinikum Erlangen, FAU Erlangen-Nürnberg.



2.4 Study population

Male and female subjects were distributed equally in both groups (Tables 2, 3). The average age at T0 is slightly different between the OFC and the control group since initial clinical surveillance at orthodontists for treatment of OFC neonates is often slightly later than the initial consultation (U2) at gynaecologists (median age OFC neonates = 3 days; control neonates = 2 days) (Tables 2, 3). Samples at T1 were collected at a median age of 32 days (CLP group) and 31 days (control group), hence, there were no differences in the distribution between the two groups (Tables 2, 3). With a median weight of 3480 g, the control group was consistent with the European average 26, whereas orofacial cleft patients’ weight was significantly lower with a median weight of 3120 g (Table 3) which is in line with previous studies presenting evidence for reduced birth weight and height at birth 27 and belated growth and development mostly due to feeding difficulties 28-30. Similarly, there is a mild almost significant difference regarding the height at birth in both groups that is in average 51 cm for orofacial cleft patients and 53 cm for the control group (Table 3). The mode of birth (vaginal and caesarean) and antibiotic intake by mothers intrapartum were equally distributed in both groups (Table 3). However, in contrast to the mainly breast-fed control group, neonates with OFC were mostly fed with bottles (breast milk, mixed nutrition, exclusively formula-fed) and some required tube feeding after birth, which was expected due to the explained feeding issues in neonates with OFCs 14-17. The LAHSHAL classification scheme by Kriens et al. 10 uses letters to describe the cleft phenotype. Based on the LAHSHAL code 10, we created a severity score for subgroup investigations. Capital letters representing complete affection of the anatomical structure 10 were given by the value two (2), while small letters representing incomplete affection 10 were given the value one (1) and minus signs representing not-affected parts 10 were given the value zero (0). At the end, all numbers were summed up for each individual patient and the final sum value was used as severity score (the higher the final number, the more severe was the clefting) (Table 2).


Table 3 | Descriptive statistics and statistical comparisons between CLP group and Control group.





2.5 Cytokine analysis

For the measurement of cytokine concentrations, collected tongue smear samples were isolated from swabs by centrifugation at 21.130 × g (1 minute at 4°C) as previously described by Seidel CL et al. (25). Then the samples’ volume was measured and diluted with diluent 43 (Mesoscale Discovery, R50AG-2) to a volume of >50 µL. A few samples needed to be diluted more than 14-fold, due to their very small initial volume (≤ 4µl). For some of these high diluted samples the cytokine-measurement failed because they resulted below the detection range. These not reliable concentration-values were filtered and excluded from the analysis. In particular, regarding the CLP group at T0, sample 018 was diluted 37-fold and excluded from GM-CSF, IL-10 and IL-4 analysis; sample 015 was diluted 28 times and excluded from IL-4 measurements. In the control group at T0 the sample 008 was diluted 37-fold and excluded from IL-4 measurements. In the control group at T1 the samples 009 and 010, diluted 22-fold, were included only for IL-8 and IL-1ß analysis, 003 was excluded from IL-4, IL-10 and TNF measurement. Cytokine concentrations were analyzed by multiplex immunoassay in 96 well plates with a U-PLEX Biomarker Group 1 (hu) assay (Mesoscale discovery; K15067L-2) on a MESO QuickPlex SQ 120 instrument (Mesoscale discovery). The assay was performed according to the manufacturer’s instructions. The elaboration of the data was made with the Program Mesoscale Discovery Workbench.



2.6 Statistics

The calculation of cytokine concentrations and statistical analyses was done with Microsoft Excel 2016 (Microsoft, Redmond, WA, USA) and GraphPad Prism 9 statistical software (GraphPad Software, San Diego, CA, USA). The data sets were analyzed by using the Mann-Whitney U-test, Chi Square test, Kruskal–Wallis test and Dunn’s multiple comparisons test. Differences were considered significant with p-values ≤ 0.05. Correlations between cytokines and severity-score were calculated with Pearson’s correlation coefficient.




3 Results


3.1 CLP neonates present significantly higher levels of pro-inflammatory mediators compared to controls

The concentration of nine inflammatory mediators (GM-CSF, INF-γ, TNF, IL-1β/-2/-4/-6/-8/-10) in tongue smear samples was measured with multiplex immunoassay in each of the following four groups (Figures 2A–H): CLP patients (CLP) and healthy controls (ctrl) at T0 and T1. TNF, IL1-β, IL-6, IL-8 and IL-10 concentration were significantly higher in the CLP group compared to the control group at both time points (Figures 2C, D, G–I). The concentration of IL-2 and IL-4 was significantly higher in the CLP group, however only at T0 (Figures 2E, F). Considering the CLP group, the concentration of the pro-inflammatory cytokines IL-1β and IL-8 and the anti-inflammatory cytokine IL-4 decreased significantly from T0 to T1 (Figures 2D, F, H). Regarding the control group, the concentrations of pro-inflammatory cytokines (GM-CSF, IL-1β, IL-6 and IL-8) declined significantly from T0 to T1 (Figures 2A, D, G, H), while anti-inflammatory cytokines (IL-2 and IL-4) increased significantly from T0 to T1 (Figures 2E, F) resulting in higher levels of IL-4 at T1 in the control group than in the CLP group (Figure 2F).




Figure 2 | Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1ß/-2/-4/-6/-8/-10) in cleft patients (CLP) compared to controls (Ctrl) at both time points (T0 = after birth, T1 = 4-5 weeks after birth). A color scheme represents each group – time point – combination (CLP-T0: = green, Ctrl-T0 = blue, CLP-T1 = orange, Ctrl T1 = red). Histograms presenting the cytokine concentrations are given for each measured cytokine (A-I), both groups (CLP vs. ctrl) and both time points (T0 vs. T1). Each histogram is a scatter dot plot with the mean and standard error of mean (SEM). The cytokine concentration in pg/ml is given on the Y axis, while the X axis represents the four groups: CLP_T0, Ctrl_T0, CLP_T1, Ctrl_T1. The comparisons were statistically analyzed with t test and Mann-Whitney U-test, statistically significant comparisons are indicated by *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001.



To conclude, a general reduction of cytokine levels was observed in tongue smear samples within the first weeks of life in neonates. Moreover, several pro-inflammatory cytokines showed significantly higher concentrations in the CLP group compared to controls, while controls were characterized by highest levels of anti-inflammatory IL-4 after the first weeks of life.



3.2 Defining a numerical classification scheme to differentiate CLP neonates into low and high cleft severity

In order to investigate the impact of cleft severity numerically, we created a severity score according to the LAHSHAL classification 10 (Table 2, Supplementary Figure 1). The higher the sum of the LAHSHAL code, the more anatomical parts were completely affected by clefting, while low values indicate that solely the lip or the palate were affected by clefting (Table 2, Supplementary Figure 1). A heatmap analyses in accordance to severity score was performed (Figure 3). Interestingly, a trend of higher cytokine concentrations was seen in tongue smear samples from CLP neonates with higher severity score in comparison to CLP neonates with lower severity score at T0 (Figure 3) depicting a visual separation into CLP neonates with severity scores greater than value 7 and neonates with severity scores up to the value 7 (Figure 3 red line). In accordance to the results found in the heat map, we defined a cut-off value dividing CLP patients in high cleft severity (severity score 8-14) and low cleft severity (severity score 2-7) for further investigations.




Figure 3 | Heat map representing the cytokine concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1ß/-2/-4/-6/-8/-10) for each subject in the cleft patients (CLP) group compared to the control (Ctrl) group at both time points (T0 = after birth, T1 = 4-5 weeks after birth). The subjects in the CLP group are organized left to right from the lowest severity score (severity score 2) to the higher (severity score 14). The severity score and the cleft type for each individual subject are ordered horizontally for each patient and are represented by color scheme: severity score is given by a color gradient from low (blue) to medium (green) to highest (yellow) cleft severity; cleft phenotype is given above: Cleft lip only (CLo) =blue letters, Cleft palate only (CPo) = green letters, unilateral cleft lip palate (UCLP) = yellow letters, bilateral cleft lip palate (BCLP) = orange letters. The red line represents the cut-off between low and high severity score. The range of concentration for each cytokine (pg/ml) is given on the right side and the measured cytokines are organized vertically from highest to lowest concentration. A double gradient map represents the levels of cytokines for each subject (yellow = highest concentration, pink = intermediate concentration, dark violet = lowest concentration). The gray squares with X are excluded multiplex-cytokine measurements due to concentrations below the detection range.





3.3 Neonates with high cleft severity present significantly higher levels of pro-inflammatory mediators compared to low cleft severity after birth

Interestingly, significantly higher pro-inflammatory cytokine concentrations (GM-CSF, IL-1ß and IL-8) were seen in tongue smear samples from neonates with high cleft severity compared to low severity at T0 (Figures 4A, D, H). All other measured cytokines (except for IFN-γ) also presented elevated levels in the high severity group compared to the low severity group (Figure 4). Moreover, in CLP neonates with high cleft severity, most measured cytokines (TNF, IL-1β/-2/-4/-6/-8, GM-CSF) showed a significant reduction from T0 to T1 (Figures 4A, C–H), while in neonates with low severity solely IL-6 decreased significantly (Figure 4G).




Figure 4 | Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1ß/-2/-4/-6/-8/-10) in neonates with low cleft severity (Severity 2-7) compared to neonates with high cleft severity (Severity 8-14) at both time points (T0 = after birth, T1 = 4-5 weeks after birth). A colour scheme represents each group – time point – combination (Severity 2-7 T0: = green, Severity 8-14 T0 = blue, Severity 2-7 T1 = orange, Severity 8-14 T1 = red). The concentrations (pg/ml) of the measured cytokines (GM-CSF, INF-y, TNF, IL-1ß/-2/-4/-6/-8/-10) are given from the top left to the bottom right histogram (A-I). Floating bars (max to min) with dots represent the cytokine concentration distributed in two subsets (Severity 2-7 and Severity 8-14) and both time points (T0 vs. T1). The horizontal line in the bars represents the mean. The statistical analysis was made with Mann-Whitney U-Test, *p value ≤ 0.05, **p ≤ 0.01.





3.4 Distinct cytokine correlation clusters were found in each group for each time point

To investigate the relationship between cytokine concentrations in tongue smear samples and orofacial cleft severity, Pearson correlation analysis was performed for both groups (CLP, ctrl) and both time points (T0, T1). Regarding the CLP group at T0, positive correlations were seen for: 1) GM-CSF, IL-2/-4/-8; 2) TNF, IL-1β/-6/-10 (Figure 5A). Considering the control group at T0, the following positive correlations were detected: 1) TNF, IL-6/-8/-10; 2) IL-2/-4/-10; 3) IL-4, IFN-γ; 4) IL-1β/-6 (Figure 5 B). As for the CLP group at T1, IL-8 correlated positively with all measured cytokines (GM-CSF, IFN-γ, IL-1β, -2, -4, -6, -10) except for TNF (Figure 5C) and IL-4 correlated with all measured cytokines (GM-CSF, IFN-γ, IL-1β, -4, -6) except for TNF, IL-2 and IL-10 (Figure 5C). Furthermore, correlations were seen for: 1) TNF, IL-1ß; 2) IL-2/-10 (Figure 5C). Considering the control group at T1, positive correlations were seen for GM-CSF, TNF, IL-2/-4/-10 (Figure 5D), while the pro-inflammatory mediators IL-1β/-6/-8 correlated negatively with all measured cytokines (Figure 5D). Considering the severity score in the CLP group, positive correlations with pro-inflammatory mediators (GM-CSF, IL-1β) were seen at T0 (Figure 4A).




Figure 5 | Pearson correlation matrix between concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interkeukin-1ß/-2/-4/-6/-8/-10) and severity score for cleft patients (CLP) compared to controls (Ctrl) at both time points (T0 = after birth, T1 = 4-5 weeks after birth) The heat maps represent the correlation matrix for the CLP group at T0 (A) and T1 (C) and the controls at T0 (B) and T1 (D). The correlations were calculated between the measured cytokines (GM-CSF, INF-y, TNF, IL-1ß/-2/-4/-6/-8/-10) and the severity score. A color scheme represents the Pearson’s r for each combination of variables. Red presents a perfect positive correlation (r = 1) and blue a perfect inverse correlation (r = -1). No correlation (r = 0) is represented with white color. A statistically significant correlation (p<0.05) is represented by a green circle and a dark green line indicates a tendentially significant correlation (p<0.1).





3.5 Breast-milk (bottle) feeding correlated with reduced levels of pro-inflammatory cytokines IL-6 and IL-8 in neonates with orofacial clefts

In contrast to control neonates, most neonates with CLP suffer from feeding difficulties and require bottle feeding and in very severe cases even postnatal tube feeding after birth. Overall, a trend to higher cytokine levels in tongue smear samples was seen in bottle-fed neonates receiving mixed baby food (MF) and artificial food (AF) compared to the breast-milk (bottle) fed group (BM) at T0, while differences were only significant for IL-8 (Supplementary Figure 3). At T1, IL-6 displayed significantly higher levels in tongue smear samples from neonates receiving artificial baby food compared to breast-milk (bottle) feeding (Supplementary Figure 3). Notably, one neonate (LKG_017) with CPo presented a peak of GM-CSF at T1 (Figure 3), which received AF exclusively (Table 2).




4 Discussion

OFCs present different phenotypes and severities (10, 11) and are characterized by an insufficient separation of oral and nasal cavity (10, 11) hereby presenting a risk for intraoral inflammation (20). However, characterisation of local oral cytokine milieu in non-invasively collected tongue smear samples has neither been performed in healthy neonates nor in neonates with OFC. In order to identify inflammatory alterations and potential risk factors for wound healing disorders, we investigated cytokine concentrations in tongue smear samples from neonates with OFC compared to controls and correlated them with cleft phenotypes and severity.

The non-invasive sampling method using tongue smear samples was chosen due to several reasons. So far, two invasive methods were used to analyse cytokine concentrations in infants with OFC: 1) Two previous studies (23, 24) collected lip tissue during cleft surgery in infants (3-18 months of age) to investigate cytokine concentrations, but lacked an adequate control group since surgical collection of lip tissue from healthy neonates would be ethically inacceptable. 2) One study investigated cytokine concentrations and osteocalcin in peripheral blood samples collected from children with OFC (0-12 months, 1-3 years, 4-9 years, 10-15 years; n=80) compared to an age-matched control group (n=10/per age group) (63). The authors detected significantly higher pro-inflammatory cytokine concentrations in OFC children and distinct age-related correlations between IL-4 and osteocalcin with a focus on immune-skeletal interactions and postnatal osteogenesis (63), however, they did not detect differences between different cleft phenotypes and did not correlate their results to oral parameters. With respect to non-invasive methods to investigate cytokine concentrations in the oral cavity, several methods were used in patients with OFC: 1) Collection of stimulated saliva (64) or unstimulated saliva (65) using the spitting method: patients are asked to collect saliva in their mouth in an upright position with the head slightly tilted forward (unstimulated saliva: without moving the head or regurgitation) and to spit the collected saliva in a sterile tube several times until the required amount of saliva is collected (65); 2) Usage of sterile swabs to collect smear of defined areas, e.g., wiping over the tongue or the palate several times (areas with low saliva flow rate) or wiping over the cheek or sublingual area (high saliva flow rate) (25); 3) Sampling of gingival crevicular fluid by putting sterile paper strips in gingival pockets for a defined amount of time (in dentulous individuals) (25, 66–70); 4) Gathering of dental biofilm [supragingival plaque (25) or subgingival plaque (71)] with sterile dental instruments (in dentulous individuals). Some authors used the term ‘saliva swab’ referring to non-invasive methods described above, e.g., the spitting methods (72, 73), or mixing up different methods, e.g., stimulation of saliva by coughing and wiping over tongue, cheek, palate and gums afterwards (74). A previous study detected distinct differences and similarities between the cytokine concentration in different oral niches and defined immunological metaniches (plaque and gingival crevicular fluid; tongue and hard palate; sublingual area and cheek) (25). We chose tongue smear samples as a representative of the metaniche ‘tongue and hard palate’, since the tooth-associated metaniche ‘plaque and gingival crevicular fluid is cannot be found in neonates and since metaniche ‘sublingual area and cheek’ was characterized by overall lowest cytokine concentrations due to the high saliva flow rate in this area (25). Moreover, neither the collection of unstimulated or stimulated saliva would be possible in neonates due to well-known cooperation difficulties in this age. The advantage of the collection of tongue smear samples is the applicability in neonates, the repeatability due to the defined methodology, the non-invasiveness and the local investigation of cytokine samples in the oral cavity.

As to cytokine detection using tongue smear samples from neonates, all the analyzed cytokines (GM-CSF, INF-γ, TNF, IL-1β/-2/-4/-6/-8/-10) were detected presenting a broad spectrum of concentrations ranging from the highest values represented by IL-8 (10000-40000 pg/ml) to lowest values represented by IL-4 (0.3-0.9 pg/ml). Similarly, a previous study detected highest concentrations of IL-8 and lowest concentrations of IL-4 in tongue samples from young adults with periodontal health (25). Using a more invasive sampling method (collection of lip tissue during cleft surgery) and an elderly study population (4-13 months of age) without a control group, Pilmane et al. (23) found lower concentrations relatively highest concentrations of TNF (36.93 pg/mL) and low cytokine concentrations of all other measured cytokines (IL-2 1.58 pg/mL, IL-4 1.06 pg/mL, IL-6 0.59 pg/ml, IL-10 1.13 pg/mL, INF-γ 0.79 pg/mL, GM-CSF 0.70 pg/mL), which is partly in contrast to our results investigating tongue smear samples. Taken together, our non-invasive sampling method and our measurements were sensitive enough to analyze small sample volumes (with some limitations in volumes below 4 µl requiring high dilution, mostly IL-4 and IL-10) and were able to detect even higher concentrations of cytokines compared to invasive sampling methods (23).

The oral mucosa, including the tongue mucosa, constantly interacts with the external environment and plays a pivotal role in maintaining the tolerance with the local symbiotic bacteria on the one hand and as a defense against pathologic microbes on the other (75). Thereby, epithelial cells of the oral and tongue mucosa and tissue specific immune cells communicate via cytokines and soluble mediators to maintain the physiological oral homeostasis (75) (Table 1). Considering healthy neonates without OFC, we found a similar order of magnitude considering cytokine concentrations at T1 compared to detected cytokines in smear samples from the tongue of orally healthy adults (25): As to longitudinal changes of the cytokine levels in tongue smear samples, we found that the concentration of most measured cytokines decreased significantly from T0 to T1 in both the CLP and the control group. In a mice model, it was reported that the oral epithelium thickened gradually after birth due to keratinization and exhibited adult features within the first month after birth resulting in less permeability and less vulnerability to microbial infections and that saliva flow was upregulated (76, 77). Further, longitudinal changes in microbial alpha diversity [species richness or evenness (78, 79)] and beta diversity [variance in species composition (78, 79)] were observed in neonates within the first weeks of life (19). Notably, while we observed a decline of cytokine levels from T0 to T1 in both groups, alpha diversity increased significantly from T0 to T1 (19). Further, while we found that differences between the OFC and control group regarding cytokine levels were more significant at T0, the distinction between both groups became more evident at T1 regarding beta diversity (19). Hence, the observed reduction of cytokine concentrations in tongue smear samples might be due to a gradual epithelium remodeling process and increased saliva flow rate changes. Interestingly, the observed attenuated immunological reaction from T0 to T1 was contrariwise to reported increased microbial changes from T0 to T1 (19) indicating that postnatal immunological and microbial processes in the oral cavity do not always depend on each other.

Further, a significant increase of IL-2 and IL-4 from T0 to T1 was found resulting in highest levels of IL-4 at T1 in neonates without OFC. Regarding age-related changes of cytokine levels (in peripheral blood), children without OFC were characterized by a significant increase of IL-4 between 1 year and 3 years of age (63). IL-2 is an important regulator in communication of innate and adaptive immunity, e.g., by activation of T/B/NK cells (32); promotes tissue integrity, defense and tolerance in wound healing processes (50) and is a key regulator of regulation of oral mucosal inflammation (51). IL-4 is well-known for antagonistic effects in inflammatory diseases (inhibition of pro-inflammatory cytokines) (61) and enholds anti-inflammatory and immunoregulatory functions in mucosal immune reactivity (60) (Table 1). Further, IL-4 has a main role in wound healing by activation of fibroblasts, keratinocytes, neoangionesis and reepithelization (46) and, notably, high levels of IL-4 (or application of IL-4) were associated with accelerated mucosal wound healing (59, 62), hereby strengthening the wound (Table 1). Contemplating, the increase of IL-2 and IL-4 in healthy neonates might play an important role in maintaining oral mucosal homeostasis within the first weeks of life when neonates cope with an increase of microbiota in the oral cavity (19).

Regarding local cytokine concentrations in tongue smear samples from neonates with OFC, we found significantly higher levels of TNF, IL1-β, IL-6, IL-8 and IL-10 compared to controls at both time points. A study comparing lip tissue from infants with OFC (3-18 months) during cleft surgery compared to mucosal tissue gained during extraction therapy from adolescents with hyperdontia (non-age-matched control) showed a higher concentration of TNF in lip tissue from neonates with OFC compared to adolescent controls without OFC (24). Another study investigating lip tissue from infants with OFC (4-14 months) during cleft surgery without a control group, found overall highest concentrations of TNF compared to other measured cytokines in lip tissue from neonates with OFC (23). Considering systemic cytokine levels (in peripheral blood), infants with OFC (0-12 months) presented significantly increased levels of IL-17 and INF-γ compared to an age-matched control group, however, levels of IL-6 and IL-8 were similar in both groups (63), which is in contrast to our results found in tongue smear samples. TNF is a primary pro-inflammatory cytokine (37) and promotes vasodilatation, edema formation, leukocyte adhesion, regulation of blood coagulation (28). Remarkably, high levels of TNF were associated with surgical site infection (34) and worsening of the mucosal epithelial barrier function (40, 41), while TNF inhibitor treatment was shown to reduce surgical site infection (35, 36) (Table 1). IL1-β triggers primary pro-inflammatory reactions by the innate immune system, e.g., by activation of IL-8 (37), primary host defence responses to injury as well as enhancement of tissue damage in injury-associated mechanisms (44) (Table 1). IL-6 promotes migration of immune cells to damaged sites (45) and increased levels were shown to alter tissue integrity (41) (Table 1). IL-8 is a secondary pro-inflammatory cytokine in inflammatory reactions by the innate immune system stimulated by IL-1β and TNF (37, 38), induces tissue destruction by neutrophil accumulation and granules release (47, 48) and reduced IL-8 production was associated with almost scarless wound healing (49). IL-10 is commonly known as anti-inflammatory cytokine promoting oral tolerance (55), controlling the extend of inflammation in wound healing (52, 53) and down regulation of immune responses to pathogens/microbiota in mucosal inflammation (52), but it was also shown to have pro-inflammatory effects in a compromised immune-environment (54) and was shown to be upregulated during inflammatory processes and gingival inflammation when other pro-inflammatory cytokines increase, e.g. IL-2, INF-γ in gingival crevicular fluid (33, 56, 57) (Table 1). Therefore, higher levels of TNF and IL1-β/-6/-8 found in neonates with OFC might contribute to altered mucosal barrier and tissue integrity hereby increasing the risk for impaired wound healing. Notably, IL-10 seems to be upregulated next to other pro-inflammatory cytokines in the altered oral milieu of neonates with OFC.

Concerning different cleft phenotypes and severities, we detected higher levels of GM-CSF, TNF, IL-1β/-6/-8 in neonates with high cleft severity (complete UCLP/BCLP) compared to low cleft severity (CPo) at T0. Further, neonates with CPo presented significantly lower levels of IL-2 compared to UCLP/BCLP. Differences between different cleft phenotypes and severities diminished at T1 probably due to the significant reduction of cytokine levels in the BCLP group. Pilmane et al. (23) detected higher levels of IL-2, GM-CSF and TNF in lip tissue (collected during lip surgery) of neonates with UCLP/BCLP neonates compared to neonates with CPo, however, those differences were found at a later time point (4-18 months of age) and are not comparably to T0 or T1. As discussed above, both TNF, IL1-β, IL-6 and IL-8 levels were shown to compromise mucosal barrier function (40, 41) and high levels were associated with wound healing disorders (34, 44, 49) (Table 1). GM-CSF is key player in inflammatory signaling and dendritic cell recruitment into mucosa (29) and GM-CSF activated phagocytes cause tissue damage during wound healing (26). IL-2 is an important regulator in the communication of innate and adaptive immunity, holds both anti- and pro-inflammatory functions (32), regulates oral mucosal inflammation and increases migration of immune cells, fibroblasts and capillaries into damaged tissue (hereby strengthening the wound) (45). Interestingly, treatment with IL-2 was shown to promote tissue integrity, defense, tolerance and strengthens the wound (43, 45, 50) (Table 1). Hence, neonates with high severity score and with clefts affecting the lip and alveolus (BCLP/UCLP) presenting higher levels of GM-CSF, TNF, IL-1ß/-6/-8 on tongue smear samples might therefore be more at risk for progression of inflammatory processes than neonates with low severity score or cleft of the palate only (CPo). Whereas in CPo neonates, the lack of IL-2 might be associated to surgical site infection presenting a risk for residual clefts or fistulas in the hard palate. The higher cytokine concentrations found in UCLP/BCLP neonates compared to CPo neonates might be explicated by the affection of extraoral structures hereby leading to an altered microenvironment considering different aspects: 1) The affection of extraoral structures leads to an incompetent mouth closure and increases the airflow in the oral cavity. This might not only lead to altered immune reactions, but also to more ‘evaporation or dehydration’. A previous study investigating the saliva of 5-year-old children with OFC did not detect differences in saliva secretion rate (mL/min) between children with OFC compared to controls without OFC (80), however, so far no study evaluated saliva flow rate in newborns, which is probably due to the missing compliance for usual methods to measure saliva secretion rate (measuring the amount of time for collection of a defined amount of saliva using the spitting method). 2) Differences detected between CPo and UCLP/BCLP neonates regarding cytokine concentrations can be explained by altered oral microbiota in both phenotypes. Significant differences between neonates with high cleft severity (UCLP/BCLP) and low cleft severity (CPo) were found regarding beta diversity, which were more distinct at T1, and alpha diversity, presenting lowest alpha diversity in neonates with high cleft severity (UCLP/BCLP) at T0 (19). Since low alpha diversity is linked to higher inflammation levels, the low alpha diversity in UCLP/BCLP neonates might explain the higher concentrations of pro-inflammatory cytokines in neonates with UCLP/BCLP. Taken together, evaporation might play a role, but the high cytokine concentrations in UCLP/BCLP can also be elucidated by other factors, e.g., the interplay with oral microbiota.

Considering correlations between cytokines in neonates with OFC, we found strong positive correlations between 1) GM-CSF and IL-6/-8, 2) IL-1β and TNF and 3) IL-6/-10 and TNF at T0. Notably, the cleft severity score correlated positively also with GM-CSF, IL-1β and IL-10 at T0. During inflammatory reactions by the innate immune system, GM-CSF is capable to stimulate TNF production (28), while TNF and IL-1ß were shown to stimulate IL-8 production in mucosal cells (38, 39) and IL-6 is produced after IL-1 β, TNF and INF-γ stimulation (32) (Table 1). IL-10 was shown to inhibit the production of IL-1β and TNF (32), however, it holds also pro-inflammatory functions in a comprised micro-environment (54) (Table 1). Similar to a previous study presenting positive correlations between IFN-γ and IL-2 as well as IL-4 with IFN-γ in lip tissue of infants with OFC (23), we also detected positive correlations between IL-2 and INF-γ and between IL-4 and IFN-γ at T1 in OFC neonates. Control neonates were characterized by negative correlations between GM-CSF and all other cytokines at T0 and between IL-1β/-6/-8 with all other cytokines. During inflammation, a stimulation between GM-CSF and IL-1β/-6/-8 (28, 32, 38, 39) was observed (Table 1). Taken together, the cross-upregulation mechanisms between IL-1β/-6/-8 (and IL-10), TNF and GM-CSF might be linked to activation of inflammatory pathways in neonates with OFC shortly after birth, especially in neonates with high cleft severity, while in neonates without OFC a cross-regulation between those primary and secondary cytokines was not observed. Notably, while correlations between cytokine concentrations were mainly seen at T0, a previous study that microbial differences between neonates with OFC compared to controls were more distinct at T1 (19). Hence, we suppose that those cytokine interactions might be linked to prenatal or very early immunological reactions shortly after birth.

With regard to nutrition methods, the control group received breast-feeding only, while neonates with OFC presented individual nutrition modes due to feeding issues (14–17). Different nutrition methods were distributed equally with regard to cleft phenotype and severity (Table 2). Significantly higher pro-inflammatory cytokine levels (e.g., IL-6 and IL-8) were seen in bottle-fed neonates receiving mixed and completely artificial baby food compared to the breast-milk (bottle) fed group (data not shown). Breast milk encloses anti-inflammatory cytokines, e.g., TGF-β, IL-4/10, that can have an effect on oral tolerance and regulate immune responses (81). Hence, a positive impact of breast-milk (bottle) feeding on oral immunity can be supposed, however, larger sample sizes are needed in future studies and eventually further inflammatory mediators should be evaluated.

To conclude, this study showed that the sampling methodology using swabs is suitable for the detection of oral cytokine concentrations in neonates and presents a non-invasive alternative compared to tissue sampling. Further, early life physiological immune responses in the oral cavity seem to be characterized by high levels of oral inflammatory mediators after birth. Within the first weeks of life a significant decrease is detectable probably due to adaptation processes due to gradual epithelium remodeling. While a reduction of cytokine concentrations was found, a previous study detected an increase of microbial alpha and beta diversity was found in neonates within the first weeks of life (19). Hence, future studies should focus on the dissimilarities between the postnatal immunological and microbial reactions in the oral cavity within the first weeks of life and investigate whether possible prenatal immunological alterations might help to explain the presented high cytokine concentrations within the first days after birth. Interestingly, neonates without OFC were characterized by an elevation of IL-2 and IL-4 from T0 to T1 indicating that these patterns might be representable for physiological oral homeostasis (75) and ‘symbiosis’ (58, 82). Our results have high clinical relevance as we found that neonates with OFC (especially with high cleft severity) presented higher levels of pro-inflammatory cytokines. Further, pre-operative oral inflammation was associated with failure of intraoral surgeries (20), hence, the high inflammation found in neonates with OFC in early life might be a major risk factor for pre-operative inflammation prior to lip surgery with 6-7 months of age. Since prophylactic use of antibiotics prior to cleft lip surgery did not reduce the risk for wound healing disorders (21), we assume that preventive strategies to reduce pre-surgical inflammation should start after birth or at least as long as necessary to reduce the inflammatory state. Future studies should investigate oral cytokine concentrations using the non-invasive sampling method described here to investigate cytokine concentrations prior to and after surgical lip and/or palate closure to identify subjects with enhanced risk for wound healing disorders. Further, it would be interesting to analyse whether cytokine levels remain elevated after surgical lip and palate closure since a higher prevalence for gingivitis and periodontitis was found in children and adolescents with OFC (83, 84). In case that those studies would identify neonates at risk for wound healing disorders or an association with oral diseases later in life, new preventive strategies should investigate methods to reduce oral inflammation and to guide oral immune responses towards oral homeostasis. The encouragement of mothers of neonates with OFC to bottle feed their neonates with breast-milk rather than with artificial baby food might also be beneficial especially in severe cleft cases favoring an anti-inflammatory cytokine profile and the development of oral homeostasis.
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Supplementary FIGURE 1 | Schematic drawing of the LAHSHAL classification scheme and different cleft phenotypes is given: a) LAHSHAL scheme, b) Cleft Palate only (CPo), c) unilateral cleft lip and palate (UCLP) and b) bilateral cleft lip and palate (BCLP). The schematic drawing represents a occlusal view on the maxilla and a bottom view of the nose. The nose is presented on top of the scheme, followed by the lip, the vestibulum, the alveolus and the hard and soft palate and the pharynx on the bottom of the scheme. The parts affected by clefting are presented by discontinuities of the presented anatomical parts. The LAHSAL scheme uses letters to describe the affected anatomical parts (L = lip; A = alveolus, H = hard palate, S = soft palate).

Supplementary FIGURE 2 | Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1ß/-2/-4/-6/-8/-10) in different cleft types (bilateral cleft lip palate = BCLP, unilateral cleft lip palate = UCLP, cleft palate only = CPo) at both time points (T0 = after birth, T1 = 4-5 weeks after birth). A color scheme represents each cleft phenotype – time point – combination (BCLP-T0: = blue, UCLP-T0 = dark green, CPo-T0 = light green, BCLP-T1 = red, UCLP T1 = orange, CPo T1 = bright orange). The concentrations (pg/ml) of the measured cytokines (GM-CSF, INF-y, TNF, IL-1ß/-2/-4/-6/-8/-10) are represented in this panel from the top left to the bottom right histogram (a to i). Floating bars (max to min) with dots (row data) represent the cytokine concentration distributed in each CLP subset (BCLP vs. UCLP vs. CPo; n = 4-5) at each time point (T0 vs. T1). The line in the bars represents the mean. The statistical analysis between the subsets at T0 and T1 was made with the Kruskal-Wallis test. The Mann-Whitney U-Test was applied for comparison between the two time points. Differences were considered significant with p-values ≤ 0.05.

Supplementary FIGURE 3 | Concentrations (pg/ml) of measured cytokines (Granulocyte-macrophage colony-stimulating factor = GM-CSF, Interferon gamma = INF-y, Tumor-necrosis-factor = TNF, Interleukin (IL)-1ß/-2/-4/-6/-8/-10) in neonates with orofacial clefts at both time points (T0 = after birth, T1 = 4-5 weeks after birth) considering different nutrition modes (breast-milk (bottle) feeding (BM), mixed baby food (MF), artificial baby food (AF). A color scheme represents each group – time point – combination (BM-T0: = green, MF-T0 = light blue, AF-T0 = dark blue, BM-T1 = orange, MF T1 = rose, AF T1 = red). The concentration of the cytokines GM-CSF, INF-y, TNF, IL-1ß/-2/-4/-6/-8/-10 is represented in this panel from the top left graph to the bottom right. Each histogram, from top to the bottom, shows the concentration of a cytokine (pg/ml) in defined group-time point-combinations. Each histogram has floating bars (mean with max to min). The circles represent the row data. The statistical analysis was made with Kruskal-Wallis test (no statistical significance) and Mann-Whitney U-Test (dotted lines). Differences were considered significant with p-values ≤ 0.05.
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Sjogren’s syndrome (SS) is a chronic autoimmune disease accompanied by multiple lesions. The main manifestations include dryness of the mouth and eyes, along with systemic complications (e.g., pulmonary disease, kidney injury, and lymphoma). In this review, we highlight that IFNs, Th17 cell-related cytokines (IL-17 and IL-23), and B cell-related cytokines (TNF and BAFF) are crucial for the pathogenesis of SS. We also summarize the advances in experimental treatment strategies, including targeting Treg/Th17, mesenchymal stem cell treatment, targeting BAFF, inhibiting JAK pathway, et al. Similar to that of SLE, RA, and MS, biotherapeutic strategies of SS consist of neutralizing antibodies and inflammation-related receptor blockers targeting proinflammatory signaling pathways. However, clinical research on SS therapy is comparatively rare. Moreover, the differences in the curative effects of immunotherapies among SS and other autoimmune diseases are not fully understood. We emphasize that targeted drugs, low-side-effect drugs, and combination therapies should be the focus of future research.
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1 Introduction

Sjogren’s syndrome (SS) is a chronic autoimmune disease associated with functional disorders of the exocrine glands (e.g., parotid and lacrimal glands) and extraglandular manifestations. In 1892, JH Mikulicz reported the first case of SS. In 1933, the Danish ophthalmologist Sjogren reported on 19 female patients with dryness of the mouth and eyes, 13 of whom had rheumatoid arthritis (RA). To distinguish this ailment from xerophthalmia (vitamin A-deficiency-related dryness of the eyes), Sjogren defined the syndrome as keratoconjunctivitis sicca. KJ Bloch presented the clinical features of the currently recognized syndrome and introduced primary Sjogren’s syndrome and secondary Sjogren’s syndrome, which presents without and with an independent connective tissue disease (CTD), respectively (1).

According to a worldwide epidemiological study based on PubMed and Embase data, the incidence rate of SS is 6.92 per 100 000 person-years and the prevalence rate is 60.82 cases per 100 000 inhabitants, or 1 case per 1644 persons. Moreover, the age of patients peaks at 56. In the last 15 years, the disease has affected females more than males (2). Patients with SS experience an enduring and intolerable pain with multiple physical symptoms, such as dental caries, vaginal dryness, and arthralgia (3).

Given the immense social and economic burden caused by SS, we aimed in this review to characterize the current paradigm of the pathogenesis and treatment of SS to motivate and inform the development of efficient treatment strategies, particularly immunological treatments.



2 Brief review of clinical manifestations

Sjogren’s syndrome is a systemic disease with heterogeneous manifestations that involve disorders or damage to the tissues of the exocrine glands (
Figure 1
). The diagnosis of SS is a multistep process, including the evaluation of oral and ocular dryness, detection of anti-SSA/Ro and anti-SSB/La antibodies, and glandular biopsy. Dryness of the eyes and mouth, which is caused by the dysfunction of salivary and lacrimal glands, is the most salient and common clinical symptom. Severe sicca symptoms of the eyes and mouth profoundly impede quality of life. An aqueous-deficient mouth has a severe effect on oral health and is associated with an increased risk of developing caries (4). A recent study reported that the oral microbiome of patients with SS who have salivary hypofunction was under stress and dysregulated; Veillonella parvula is a potential biomarker of Sjogren’s syndrome (5).




Figure 1 | 
Typical glandular and extraglandular manifestations of SS.




Because SS presents with multiple extraglandular manifestations (
Figure 1
), the European Alliance of Associations for Rheumatology (EULAR) developed The EULAR SS disease activity index (ESSDAI) to assess disease activity in patients with sicca symptoms and simplify diagnosis. ESSDAI evaluates the severity of disease within 12 clinical domains (i.e., constitutional, lymphadenopathy, glandular, articular, cutaneous, pulmonary, renal, muscular, peripheral nervous system, central nervous system, hematological, biological), and it aims to obtain a standardized evaluation in clinical trials and practice (6).

The involvement of the nervous system was first reported in the 1980s (7). Several neurological diseases have since been associated with SS (8–12), which indicates the importance of precise neurological diagnostic assessments. Interstitial lung disease (ILD) is the most frequent and severe pulmonary complication of SS and contributes substantially to morbidity and mortality. In an Italian cohort, approximately 20% of patients with comorbid SS presented with ILD, and approximately 10% presented with amyloidosis and primary lung lymphoma (13). Efficient clinical examination, including lung biopsy or screening of serological markers, could assist in the early diagnosis and intervention of SS-ILD (13). Unfortunately, no effective treatment strategy exists for SS-ILD (14). As an autoimmune disease, SS can also lead to synovitis and RA, with the latter causing structural damage. A previous study showed that the medication strategy of RA had some success in SS, but the best-performing regimen is unclear (15).

Renal complications have only been observed in less than 10% of patients with SS. Tubulointerstitial nephritis (TIN), caused by lymphocyte infiltration around the renal tubes, occurs in two-thirds of patients with SS and renal dysfunction (16, 17). However, the low prevalence of renal manifestations may be an artefact of the ineffective diagnosis of TIN (18). Non-Hodgkin’s lymphoma (NHL) is the most severe extraglandular complication of SS, with the B cell type being predominant (occurs in approximately 5% of SS cases) (19). Hypergammaglobulinemia or the aberrant expression of other antigens in the blood stimulate the expansion of rheumatoid factor-reactive B cells (20). Meanwhile, B lymphocyte-activating factor (BAFF) and germinal center (GC)-like structures amplify the activation of B cells (21, 22). Some studies have reported that SS-NHL is also associated with abnormal activation of nuclear factor kappa B (NF-κB) (23, 24). Additionally, a multicenter clinical study showed that more than a quarter of patients with SS presented systemic symptoms beyond the current ESSDAI classification, including cardiovascular; digestive; pulmonary; ear, nose, and throat (ENT); cutaneous; and urological features (25).



3 Pathogenesis


3.1 Brief introduction

In a 2013 review by G Nocturne and X Mariette of the pathogenesis of SS (26), three key steps were identified based on the initial genome-wide association study (GWAS): aberrant activation of the innate immune response, especially through the interferon (IFN) and NF-κB pathways, atypical recruitment to lymphoid follicles mediated by CXCR5, and T cell activation with ascending HLA susceptibility along the IL-12–IFN-γ axis. BAFF was considered to be vital in coordinating the innate and adaptive immune responses to the disease. They also highlighted the pathophysiological role of natural killer (NK) and epithelial cells as well as the dysfunction of the neuroendocrine system.

Mavragani et al. reviewed the treatment strategies and molecular targets of the innate and adaptive immunity pathways (27). Regarding the regulation of innate immunity, previous research focused on inhibiting the production of proinflammatory factors, such as IL-1, IL-6, and tumor necrosis factor-α (TNF-α), which has proven to be effective in other autoimmune diseases. IFN-associated pathway inhibitors were another research topic of interest. For example, downregulating the expression of the primary dendritic cell surface receptor ILT7 to reduce TLR7/9-mediated IFN production was considered a potential treatment route. Regarding adaptive immunity, previous research focused on antigen presentation, co-stimulation, B-cell activation, T-cell proliferation, and germinal center formation. Overall, most strategies were aimed at regulating aberrant inflammation.



3.2 IFN

IFN is an immunoregulatory protein that promotes innate and acquired immunity and antiviral activation. IFN is categorized into three types based on structure and origin, i.e., I, II, and III. In 1981, researchers detected type-I IFN in the blood of patients with autoimmune disease, and linked its expression to the clinical manifestations (28). IFN-I plays an important role in the progression of SS by promoting the activity of immune cells, such as NK cells, CD8+ T cells, and even macrophages. In addition, dendritic cells, the main producers of IFN-I, were observed in the salivary glands of patients with SS, which suggests a role for IFN-I in the formation of salivary gland lesions (29, 30) (31, 32).

IFN activates the overexpression of canonical interferon-stimulated genes (ISGs) through the Janus kinase (JAK)-STAT signaling pathway, which is defined as the “interferon signature.” IFN phosphorylates STAT1, STAT2, STAT3, and STAT5, which activate downstream signals leading to the activation of immune cells (33–35). This signature in gene expression is considered a biomarker of autoimmune diseases (36).

Under physiological conditions, in vitro-derived pathogens or in vivo-derived apoptotic cells can trigger a rapid innate immune response through pattern recognition receptors (PRRs), including TLRs, RLRs, and NLRs (37). PRRs can recognize nucleic acids and induce the production of numerous proinflammatory cytokines and type I IFNs; thus, aberrant activation of the self-antigen recognition Toll-like receptor (TLR) leads to the development of autoimmune disease (38).

Some studies have reported the enhanced expression of the cell adhesion molecules VACM-1, ICAM-1, and programmed death ligand-1 (PD-L1) in patients with SS (39–41). The aberrant expression of these cytokines is mediated by IFN-I and IFN-II through the JAK-STAT pathway (42, 43). A recent study used reactive oxygen species (ROS) and N-acetylcysteine (NAC) to induce or block the expression of ICAM-1 and PD-L1 and revealed that the IFN signature that regulates the expression of ICAM-1 and PD-L1 in SS was related to oxidative stress (43–45).

Several recent studies have suggested that IFN-III contributes to SS. Type III IFNs, which consist of IFN-λ1, IFN-λ2, IFN-λ3, and IFN-λ4, are mainly produced by plasmacytoid dendritic cells (pDCs) (46, 47). pDCs respond to the secretion of IFN-III and show improved survival under stimulation with IFN-III in vitro. IFN-III enhances the production of IFN-I and TNF-α in pDCs and promotes the expression of CD80 and CD86, which contribute to the maturation of pDCs (35). IFN-III regulates the immune response by upregulating the polarization of Th1 and CD8+ T cells and downregulating Th2 cytokines and Tregs (48).



3.3 Genome loci associated with SS

Etiological research has revealed the pathogenesis of SS at the genomic level. A GWAS of autoimmune diseases identified an association between HLA regions and SS, including HLA-DR, HLA-DQB1, and HLA-DQA1 (
Table 1
). The allele with the strongest association was HLA-DQB1*0201 (P
meta = 1.38 × 10–95). All HLA alleles were correlated with the expression of rs115575857. In addition, six non-HLA regions that surpassed the suggestive threshold (P
meta < 5 × 10–5) were also shown to be involved in SS, including IRF5, STAT4, BLK, IL-12A, TNIP1, and CXCR5, with the expression of IRF5 and STAT4 being the most significant contributors after HLA regions (
Table 1
) (
49).


Table 1 | 
Genome loci associated with SS.





3.4 Type 17 helper T (Th17) cells/IL-17

Th17 cells are distinct from Th1/Th2 cells and regulate immune responses independently (50, 51). Th17 cells polarize naïve T cells after stimulation by TGF-β and IL-6 from antigen-presenting cells (APCs). IL-1β secreted from the ductal epithelium and IL-23 secreted from DCs also participate in Th17 cell polarization. IL-17 and IL-22 are produced by and are the main effective cytokines of Th17 cells. Th17 cells mediate inflammation by producing the proinflammatory cytokines TNF-α and IL-6 (52). Previous research revealed that IL-17/IL-23 expression was enhanced in mouse models with SS, indicating that Th17 participated in lymphocytic infiltration of salivary glands and contributed to lesion formation (53, 54). Another study showed that IL-22, IL-23, and IL-17 were increased in the peripheral blood of patients with SS, both at the protein and mRNA levels. Notably, in addition to Th17 cells, NKp44+ NK cells can also produce IL-17 in patients with SS (55). Besides, Th17 cells are potent inducers of matrix metalloproteinase 1 (MMP1) and MMP3 (56), and a study has shown that SS is related to disorders of MMP3/tissue inhibitor of metalloproteinase 1 (TIMP1) and MMP9/TIMP1 ratios (57).

Both Treg and Th17 cells can be induced by TGF-β from activated T cells, indicating that there might be a balance between these opposing inflammation-related cells. An imbalance in the Th17/Treg ratio has been reported in several other autoimmune diseases, including inflammatory bowel disease (IBD) (58, 59), autoimmune thyroid disease (AITD) (60), psoriasis (61), multiple sclerosis (62), and RA (63, 64). In these diseases, function and stability of Treg cells are impaired, and the aberrant induction and proliferation of Th17 cells result in the activation of other immune cells, which then drive an acute autoimmune response. Metabolic pathways play an important role in the regulation of the Th17-Treg cell network. Th17 cells are glycolysis-dependent; thus, by inhibiting the mammalian target of rapamycin (mTOR) pathway with rapamycin, glycolysis is inhibited and the polarization of Th17 cells is decreased, whereas the expression of Treg cells is increased (65). Tregs tend to increase glycolysis and enhance fatty acid oxidation, while Th17 cells rely on fatty acid synthesis (66). However, current metabolic models of Th17/Treg cell regulation through the glycolysis pathway are inconclusive. Fortunately, Compass (67), a powerful algorithm based on scRNA-sequencing and flux balance analysis, was recently produced to predict the relationship between cellular metabolic states and pathogenicity, and has already been utilized in research on the Th17-Treg network.

Type 17 follicular helper T (Tfh17) and IL-17-producing B (B17) cells also contribute to IL-17 production. A recent study revealed that the number of IL-17-producing cells increased in the peripheral blood and spleen of NOD/ShiLtJ mice with STZ-induced type I diabetes and SS. Surprisingly, the infiltration of IL-17-producing cells in the salivary glands increased in metabolically disordered murine models, and was also associated with greater severity of SS (68). It was subsequently found that the aberrant expression of IL-17 induced by metabolic abnormalities contributed to cell lesions and inhibition of tissue recovery in the salivary glands of patients with SS. Furthermore, retinoic A deficiency can exacerbate the imbalance in the Th17/Treg ratio in patients with SS (69).



3.5 TNF/BAFF

TNF-α is predominantly produced by macrophages and T cells in two forms: soluble TNF-α (sTNF-α) and transmembrane TNF-α (Tm TNF-α). sTNF-α is an effective regulator of inflammation and autoimmune diseases (70). TNF-α can bind with TNFR1 or TNFR2 and mediate inflammation by activating the NF-kB pathway and mitogen-activated protein kinases (MAPKs) (71).

BAFF (or BLyS) is a member of the TNF family that plays a vital role in B cell survival. Usually, BAFF is produced by neutrophils, macrophages, monocytes, DCs, and follicular DCs (72). Increased levels of IFN-I, IFN-γ, IL-10, and G-CSF can induce the expression of BAFF, while TLR3, TLR4, or TLR9 participate in BAFF production (73, 74). B cells express BAFF receptors (BAFF-R or BR3), as well as TACI and BCMA. A previous study reported that BAFF binds to BAFF-R and enhances the conversion of NF-κB2/p100 to p52 (75). Additionally, BAFF binds to BAFF-R, activating the PI3K-AKT1 pathway, which regulates the activation of myeloid cell leukemia sequence 1 (MCL1) and inhibits BCL-2-interacting mediator of cell death (BIM). TNF receptor-associated factor 3 (TRAF3) and TRAF2 are intracellular signaling molecules that bind to BAFF-R or TACI. BAFF-R interacts with BAFF and recruits TRAF3, resulting in the degradation of TRAF3 and inhibition of the NF-κB pathway. Nevertheless, the binding of TACI and BAFF results in the recruitment of TRAF2 or TRAF6 and promotes the activation of the NF-κB pathway (72).

BAFF participates in the pathogenesis of various autoimmune diseases, including RA (76), SLE (77), Graves’ disease (78), and anti-GBM disease (79). Overexpression of BAFF elevates MHC-II expression, enhances lymphocytic infiltration, and increases the number of germinal center (GC)-like structures in SS murine models (80). Increased GC-like structures are associated with enhanced production of rheumatoid factor, anti-RO/SSA, anti-La/SSB, and IgG in patients with SS (81). However, another study claimed that BAFF is unable to mediate the differentiation of B cells from GCs, which suggests the involvement of the inhibitory BAFF-TACI pathway (80). Furthermore, BAFF stimulates monocyte through binding with BAFF-R and fosters the production of IL-6, which induces the aberrant production of IgG from B cells in SS (82).



3.6 Wingless/integrated signaling pathway

The Wnt signaling pathway is involved in several biological processes, including cellular migration, proliferation, differentiation, apoptosis, tissue homeostasis and regeneration, and stem cell self-renewal (83). Dysregulation of the Wnt/β-catenin pathway plays a vital role in the pathogenesis of many cancers and autoimmune diseases (84, 85).

The role of the Wnt signaling pathway in T cell differentiation and immune regulation has been elucidated (86–88). The disorder of Wnt signaling inhibitors in autoimmune diseases was also noticed. Proinflammatory cytokines promote bone damage by fostering the production of Wnt signaling inhibitors, including secreted frizzled-related, Wnt inhibitory factor 1, sclerostin, and Dickkopf (DKK) family proteins (89–91). However, it was found that the role of DKK-1 is different in various autoimmune diseases (92). In a clinical study of 98 SS patients and 165 healthy volunteers, three Wnt/β-catenin signaling pathway-related genes, LRP5, FRZB, and ADIPOQ, were shown to increase the risk of SS, although the biological functions of these genes have not yet been established (91). It implicates Wnt pathway might be involved in the pathogenesis of SS. However, not all studies support this idea. A clinical study reported that serum Dkk-1 and sclerostin levels were decreased in SS and SLE, and the Wnt1 and Wnt3a levels had no significant changes (93).



3.7 IL-33/ST-2

The IL-33-ST2 axis participates in the pathogenesis of SS by promoting transcriptional activation of CD86 and CCL2 in salivary epithelial cells and activation of the NF-κB pathway. IL-33, combined with IL-12 and IL-23, participates in the production of CD4+ T cell-derived and NK/NKT-derived IFN-γ (89, 94). An increase in serum levels of IL-33 and ST2 has been reported in patients with SS (95). IL-33 is a member of the IL-1 family and ST2 is one important member of IL-1 receptor family (90). IL-33 induces phosphorylation of the NF-κB pathway and activates MAP kinases by interacting with ST2 to stimulate downstream Th2-related immune responses. A recent review described IL-33 as an alarmin, that is, a DAMP. Local increases in IL-33 expression can induce an immune response and result in organ lesions (91). The IL-33-ST2 axis is a novel mode in the pathogenesis of SS and a potential therapeutic target in related salivary gland disorders.




4 Experimental therapeutic strategies of SS


4.1 Targeting the Treg/Th17

The Treg/Th17 plays a crucial role in the pathogenesis of autoimmune diseases. Various drugs have been designed to target the molecular mechanisms involved in the polarization and activation of the Treg/Th17, including IL-17-related molecules (IL-17, IL-23), transcription factors (RORγt, STAT3, Foxp3, and FoxO1), and intracellular signaling pathways (ROCK and MAPK) (96). However, compared to RA, SLE, IBD, and psoriasis, clinical or preclinical drugs for SS are rare. Nevertheless, previous pharmacological exploration and clinical trials have provided promising results for SS therapy.

IL-38—a member of the IL-1 family and, which was named as IL-1F10 (97)—inhibits the secretion of Th17 cell-related cytokines, including IL-6, IL-8, IL-17, IL-22, and IL-23, by binding with IL-36 receptors (98). A previous clinical study reported a selective anti-IL-17A mAb, secukinumab, that can alleviate the symptoms of psoriasis by blocking the expression of IL-17A, while that of IL-1 receptor antagonist (IL-1ra) and IL-38 was downregulated (
Figure 2
) (
99). A previous study tested the effect of IL-38 treatment on Th17 cell activity and found that the expression levels of IL-17 and IL-23 were decreased in a murine model of SS; IL-38 inhibited IL-17 expression through the NF-κB and MAPK signaling pathways(
Figure 2
). They also found that IL-17 can upregulate the expression of IL-38 (54). This hints at a potential approach for the treatment of SS.




Figure 2 | 
Overview of novel experimental therapeutic strategies of SS. There are various experimental drugs (e.g. JAK inhibitors) or schemes (e.g. targeting Treg/Th17 and BAFF) being investigated for SS treatment. Besides, mesenchymal stem cell treatment is reported to be a promising scheme to treat SS.




mTOR, a member of the phosphoinositol 3-kinase (PI3K) family, is an atypical serine/threonine kinase that plays a vital role in cellular metabolism and activity (100). mTOR likely prevents anergy induction by IL-2 expression in T cells. A previous study found that by blocking mTOR with rapamycin, the cell cycle of clonal T cells was inhibited, while it induced cell anergy even with costimulations (101). In the process of naïve T cell differentiation, mTOR mediates the transformation to Th17 or Treg cells by altering the sensitivity of T cells to TGF-β, which influences the effects of STAT3 signaling (102). The inhibition of different mTOR complexes (including mTORC1 and mTORC2) would activate different pathways of polarization to Th17 cells, whereas a complete inhibition of mTOR can promote polarization to Treg cells (103). mTOR plays a role in Th17/Treg balance, given that mTOR inhibitors interfere with the Th17/Treg ratio, which suggests a potential therapeutic target to ameliorate glandular lesions in patients with SS. Given the anti-inflammatory and immunomodulatory effects of metformin—an AMPK-dependent mTOR-STAT3 inhibitor—researchers examined its therapeutic effect in SS murine models and found that it ameliorated inflammation in the salivary glands and, based on flow cytometry, regulated the Th17/Treg ratio (
Figure 2
) (
104). Yu et al. reported that an alkaloid extracted from the traditional Chinese herbal medicine Stephania tetrandra S. Moore, fangchinoline, can be used to treat SS by inhibiting the Akt/mTOR pathway, which inhibits the proliferation of neoplastic B lymphocytes (
Figure 2
) (
105).

More than that, a recent study reported that SSA/Ro-antigen-specific Treg cells can downregulate the production of CD4+ T cell-derived IFN-γ and suppress inflammatory infiltration of the salivary gland (106). Researchers reported that the combination treatment with anti-CD4 mAb and autoantigen-specific peptide Ro480 induces SSA/Ro-antigen-specific Treg cells in vivo and suppresses CD4+ T cell-related IFN-γ production in salivary glands, providing a potential novel immunotherapeutic strategy for the treatment of SS (
Figure 2
) (
106).



4.2 Mesenchymal stem cell treatment

Mesenchymal stem cells (MSCs) exert immunomodulatory effects on both adaptive and innate pathways. MSC can manipulate the balance between suppressive Treg cells and inflammatory T helper cells (Th1, Th2, Th17, and Tfh) and ameliorate inflammatory infiltration in the salivary glands (107, 108).

Xu et al. revealed that immunomodulatory functions of MSCs are impaired in SS-like murine models, and allogeneic bone marrow mesenchymal stem cells (BMMSCs) infusion can suppress SS-like inflammation, showing therapeutic effects of BMMSCs on SS (109). Furthermore, they also elucidated that the stromal cell-derived factor-1(SDF-1)/C-X-C chemokine receptor 4(CXCR4) axis plays an important role in MSC migration and restoration of salivary glands. More than that, they also treated twenty-four SS patients with umbilical cord-MSCs (UCMSCs), and all patients showed alleviation of SS symptoms and well tolerance of allogeneic UCMSCs (
Figure 2
) (
109).

Zoukhri et al. revealed that a biotherapeutic strategy involving bone-derived MSCs (BDMSCs) alleviated lacrimal glandular manifestation in a SS murine model by inhibiting inflammation and promoting the expression and activation of water channel aquaporin 5 (
Figure 2
) (
110). Li et al. verified the immunomodulatory effects of UCMSCs and found that UCMSCs induced CD4+FoxP3+ Treg cells in vitro and caused anergy of inflammation-related T cells in vivo, accompanied by an increase in Treg cells (111). Hua et al. assessed the effects of labial gland-derived MSCs (LGMSCs) and their exosomes on SS, and found that they ameliorated salivary gland inflammatory infiltration by inhibiting the polarization of Th17 cells and promoting the proliferation of Treg cells (
Figure 2
) (
112). Furthermore, dental pulp stem cells (DPSC) (113), murine embryonic MSCs (MEMSCs) (114), and olfactory ecto-MSCs (OEMSCs) (115) can be used to treat SS by interfering with inflammation-related cytokines (IL-4, IL-6, IL-12, and IL-17a) and suppressive cytokines (IL-10 and TGF-β) (
Figure 2
) (
116).



4.3 Inhibiting JAK pathway

JAK enzymes are involved in the JAK/STAT pathway through the phosphorylation of STAT, which leads to the activation of signals transferred to the nucleus. The JAK family consists of four members, JAK1, JAK2, JAK3, and TYK2 (117). Membrane receptor subunits usually bind to a specific JAK. For example, JAK3 can only selectively binds to the γc chain, which is a common receptor chain of IL-2, IL-4, IL-9, IL-15, and IL-21 (118).

The JAK/STAT pathway regulates the production of ILs, TNFs, GM-CSFs, and IFN-γs, which are associated with inflammation and autoimmunity (119). The JAK inhibitors tofacitinib (120), baricitinib (120), oclacitinib (121), filgotinib (122), and upadacitinib (123) have been applied in the treatment of autoimmune diseases (
Figure 2
). Renaudineau et al. reported that AG490 and ruxolitinib, two JAK1/2 inhibitors, can reverse ROS-induced production of ten-eleven translocation 3 (TET3) and IFNα-mediated DNA hydroxymethylation and could potentially treat SS (
Table 2
) (
45, 132). Tofacitinib is also a candidate drug for SS, given that it can reverse the expression of IL-6 in ATG5-deficient 3D-acini, which leads to the inhibition of inflammation (
Table 2
) (
133).


Table 2 | 
Experimental Biotherapeutic Drugs of SS.





4.4 Targeting BAFF

Belimumab is an anti-BAFF monoclonal antibody and a potential biotherapeutic drug for SLE and SS (
Table 2
) (
125, 135). A bi-centric clinical trial reported that, after a 28-week regimen of belimumab (10 mg/kg, at weeks 0, 2, 4, and then every 4 weeks), 18 out of 30 patients achieved two of five primary endpoints. The mean and standard deviation of ESSDAI and EULAR Sjogren’s Syndrome Patients Reported Index (ESSPRI) were both reduced (
Figure 2
) (
125).

Ianalumab is a BAFF-blocking monoclonal antibody that leads to B-cell depletion (
Figure 2
). A previous clinical study found that, in SS, ianalumab reduced the ESSDAI, ESSPRI, and serum immunoglobulin levels (
Table 2
) (
129).

Besides, Zheng et al. reported a Chinese herb-derived drug, Artemisinin (ART), which is used to treat chloroquine-resistant malaria originally, has immunosuppressive effects in the SS-like murine model (
Figure 2
) (126). The study demonstrated that ART downregulates BAFF-induced NF-κB activity in B cells through targeting TRAF6 ubiquitination, which results in the inhibition of B cell survival and proliferation. Therefore, the levels of B lymphocyte-related immunoglobulin and autoantibody in the SS-like murine model were attenuated and lymphocytic infiltration in the salivary gland was ameliorated (
Table 2
) (126).



4.5 Others

Bortezomib is a proteasome inhibitor used in the treatment of multiple myeloma (
Table 2
). A Mexican case report described a female patient that suffered from SS for 16 years and presented with sicca complex, extreme fatigue, Raynaud phenomenon, generalized arthralgia, and heavy headaches. After ineffective conventional glucocorticoid and rituximab therapy, doctors administered an experimental regimen of bortezomib at a dose of 1.3 mg/m2 (2.0 mg/dose) at days 1, 4, 8, 11, 22, 29, 36, 43, 50, and 57. Surprisingly, the patient’s headaches and fatigue were resolved after three months, and serum globulin levels and viscosity decreased significantly (
Table 2
) (
134). However, the efficacy and safety of bortezomib for the treatment of SS are still unconfirmed (
Figure 2
).

Rituximab—a chimeric monoclonal anti-CD20 antibody—has been reported to induce B-cell depletion and has been used to treat autoimmune diseases (136, 137). It has also been used to treat SS over the last 20 years, but with limited clinical efficacy (
Table 2
) (
124, 138). Researchers have investigated a combination therapy with the anti-BAFF and anti-CD20 [NCT02631538]—belimumab and rituximab. The results of the clinical trial provide evidence that simultaneous targeting of the BAFF axis and B cells is a promising treatment strategy for SS (
Figure 2
) (
139). The drugs in development for SS treatment are summarized in 
Table 2
.

Various biotherapeutic drugs have been used to treat SS experimentally. Some of them have been used to treat other autoimmune diseases (e.g. Rituximab), and the others are novel drugs targeting inflammation-related signaling pathways (e.g. AG490). However, not all of them have prospective effects on treating SS (e.g. Iscalimab, Tocilizumab).




5 Conclusion & discussion

As a systemic autoimmune disease, SS causes multiple organ lesions, especially in salivary and lacrimal glands, which limits endocrine function. Besides focal inflammation in the salivary gland, acinar atrophy, duct dilation, and fibrosis are commonly observed in SS patients. Due to a high disease specificity and limited invasiveness, labial salivary gland biopsy is widely accepted as the best method to diagnose SS currently (140). Lymphocytic infiltration around the striated ducts in salivary glands, or so-called periductal foci, is a critical hallmark for the diagnosis of SS (141). Since adipose tissue replacement in the salivary gland is related to the stages of SS, and adipocytes are detected in IL-6-rich regions, detecting the degree of adipose tissue replacement provides aid to improve diagnosis accuracy (142). In addition, comorbidities, such as secondary pulmonary disease, kidney injury, and lymphoma, further reduce the quality of life of patients. The pathogenesis of SS is characterized by the production of inflammatory cytokines and lymphocyte infiltration. IFN and IL-17/Il-23 play pivotal roles in the formation of inflammatory lesions, and B cells are crucial for infiltrative injury. Th17, B, and dendritic cells play critical roles in the aberrant regulation of the immune system.

Similar to other autoimmune diseases, such as SLE, RA, and psoriasis, the traditional therapeutic strategy for SS is disease-modifying antirheumatic drugs (DMARDs), such as glucocorticoids, while novel biotherapeutic approaches take advantage of neutralizing antibodies and inflammation-related receptor blockers. Compared with the traditional strategy, this new scheme is more targeted, which can promote safety and efficacy. Although considerable progress has recently been made in the treatment of SS, disease-specific drugs are rare. Many SS drugs are currently undergoing clinical trials. As Th17 and B cells play important roles in the pathogenesis of SS, the targeting of Th17 cell- and B cell-related signaling pathways and molecular events has drawn increasing attention.

Research on SS therapies is limited by a lack of systematic clinical trials compared with other autoimmune diseases, such as SLE, RA, and MS. Many potential therapeutic targets have been identified in the pathogenesis of SS, and some targeted drugs have shown reasonable efficacy under experimental conditions in vitro or in vivo. Unfortunately, the translation of these drugs to clinical use is rare. Additionally, it is unclear why immune inhibitors lack pharmacological effect in SS compared to SLE, RA, and MS. Nevertheless, immune inhibitors can be used in the management of complications to improve the prognosis and quality of life of patients with SS. For example, BAFF receptor blockers not only prevent inflammatory lesions but also protect against B-cell lymphoma; however, such therapeutic strategies are rare. Combination therapies have shown some efficacy; however, inappropriate combinations of drugs may cause excessive inhibition of the immune system, resulting in unexpected complications, such as secondary infections. Thus, targeted and low-side-effect drugs should be the focus of future research.
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CLP group (n=15) Ctrl group (n=17) p-value

Age in days, median (IQR):

AtTO 3(2-7.25) 2(2-3) 0.046"

AtT1 32 (24.75-38) 31 (24-35.5) 0.717%
Gender:

Female, n (%) 5(33) 7 (41) 0.789"

Male, n (%) 10 (67) 10 (59) 0.561°
Birth weight (grams) median (IQR): 3120 (2920-3328) 3480 (3165-3870) 0.024°
Birth height (cm) median (IQR): 51 (49.75-51) 53 (50-54) 0.051°
Mode of Delivery:

Vaginal, n (%) 11 (73) 10 (59) 0.659

Caesarean section, n (%) 4(27) 7 (41) 0.485°
Antibiotics:

None, n (%) 9 (47) 10 (59) 0.638"

Mother before birth, n (%) 5(33) 7 (41) 0.718"

Neonate after birth, n (%) 1(7) 0(0) 0.287°
Nutrition:

Breastfeeding, n (%) 2(13) 17 (100) 0.001°

Bottle feeding breast milk, n (%) 3(20) 0 0.065"

Bottle feeding partly breast milk, partly artificial baby food, n (%) 4(27) 0 0.033"

Bottle feeding artificial baby food 2(13) 0 0.132°

Postnatal tube feeding for <1week=T0, n (%) 4(27) 0 0.033°

*Mann-Whitney Test; ®chi-square Test. Bold font = p < 0.05.





OPS/images/fimmu.2022.1044249/utable1.jpg
C R FREERTE”

AT R

B e et e

ol puntene i

cuttpoay

iyt e

ctpceny

.

iyt oy g
o e LA 0

bt

e

[on——

[ ——

ot iy

e

T ————

Cht b sy e

S Pt AN )

[ ——

[ ———

gt





OPS/images/fimmu.2023.1127417/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1127417/fimmu-14-1127417-g001.jpg
Dry eyes

Dry mouth

Sinusitis ——— Lymphoma of B cell
Laryngitis

Cardiovascular Disease
Raynaud phenomenon

Interstitial Lung Disease
Valvular Disease

Digestive features
Dysphagia

Chronic gastritis
Acute pancreatitis

Tubulointerstitial nephritis

Synovitis

Scattered Purpura





OPS/images/fimmu.2022.1044249/fimmu-13-1044249-g004.jpg
CONC [pg/ml]
CONC [pg/mlI]

CONC [pg/ml]

» =2
o o

N
o

A GM-CSF B IFN-y C INF

* 4000 500 *
30001 [ o 400
‘E 1500 E
= S 300
g g
o 1000 O 200
4 4
8 500 Q 8 100 @
0 888 &5 0 » b3
Severity Score/Time Severity Score/Time Severity Score/Time
D IL1-B E IL-2 F IL-4
50 3
40
E 3 E?
g g
O 20 O 1
g g
o 10 o
0
Severity Score/Time Severity Score/Time
G IL-6 1 IL-10
50
40
£
5 30
g
O 20
5
o 10
0
Severity Score/Time Severity Score/Time Severity Score/Time

TO: oSeverity 2-7 o Severity 8-14 T1: o Severity 2-7 © Severity 8-14





OPS/images/fimmu.2022.1044249/fimmu-13-1044249-g005.jpg
e Ctr_TO

IL-10

em-csF

IFN-y

TNF

IL-1B

IL-2

IL-4

IL-6

IL-8

IL-10

Severity Score






OPS/images/fimmu.2022.1044249/table1.jpg
Cytokine
abbreviation

Source

‘pro-inflammatory’ cytokines

Granulocyte-
macrophage
colony-
stimulating
factor
(GM-CSF)
Interferon
gamma
(INF-y)

Tumor necrosis
factor
(TNF)

Interleukin-1B
(IL-1B)

Interleukin-6
(IL-6)

Interleukin-8
(IL-8)

Macro-phages
T cells

B/NK/NKT/T
cells
APCs

Macrophages,
T cells, NK
cells, mast
cells

Monocytes
macrophages

T cells,
macrophages,
mast cells

Phagocytes
mesenchymal
cells

mast cells

Functions in wound
healing

GM-CSF activated phagocytes
cause tissue damage (26)

activation of antimicrobial and
antiviral pathways (30);

increase of inflammation-induced
tissue damage (31)

high levels of TNF were
associated with surgical site
infection (34);

TNF inhibitor treatment slightly
reduced surgical site infection
(35, 36)

Primary host defense, response to
injury, enhancement of tissue
damage in injury-associated
mechanisms (44)

promoting migration of immune
cells to the damaged site/wound
(45); increased levels were shown
to alter tissue integrity (41)

promotion of tissue destruction
(neutrophil accumulation and
granules release) (47, 48);
reduced IL-8 production
associated with scarless wound
healing (49)

‘pro- and anti-inflammatory” cytokines

Interleukin-2
(IL-2)

Interleukin-10
(IL-10)

CD4" T cells

CD4" T cells
B cells
monocytes
dendritic cells

‘anti-inflammatory” cytokine

Interleukin-4
(IL-4)

Mast cells,
CD4" T cells,
Baso-phils,
Eosino-phils

anti-inflammatory: treatment
with IL-2 promotes tissue
integrity, defense, tolerance and
strengthens the wound (43, 45,
50)

anti-inflammatory:

controlling the extend and
duration of inflammation in
wound healing (major suppressor
of immune responses) (52, 53)

important role in wound healing
(activation of fibroblasts,
keratinocytes, neoangionesis and
reepithelization) (46)
application of IL-4 accelerates
wound healing (59)

Functions in inflammatory
pathways

GM-CSF upregulates CCL17 pathway in
inflammation (27)
GM-CSF stimulates TNF production (28)

leukocyte adhesion, differentiation of
immune cells, stimulation of macrophages
(30, 32);

negatively regulated by IL-4/-10 (30)
Primary pro-inflammatory cytokine (37):
vasodilatation, oedema formation, leukocyte
adhesion (28);

cross-regulation between IL-8, IL-1f8 and
TNF (37, 38); stimulated by GM-CSF (28)

Primary pro-inflammatory reactions by the
innate immune system,
activation of IL-8 (37)

high levels (in plasma) were associated with
severity of infectious neonatal diseases (33);
produced after IL-1 B, TNF and INF-y
stimulation (32)

Secondary pro-inflammatory cytokine in
inflammatory reactions by the innate
immune system after IL-1f trigger and TNF
stimulus (37, 38)

important regulator in communication of
innate and adaptive immunity;

activation of T/B/NK cells (32); stimulation
of CD8" cytotoxicity (32);

pro-inflammatory: in a comprised micro-
environment (54), upregulated during
inflammation when other pro-inflammatory
cytokines, e.g, TNF and IL-6, increase (33)
IL-10 inhibits the production of IL-18 and
TNF (32)

high levels (in plasma) were associated with
severity of infectious neonatal diseases (33)

decreased levels of IL-4 were correlated to
progression of inflammatory diseases (60);
antagonistic effects in inflammatory
diseases: IL-4 inhibits TNF and IL-1
production (61)

APG, antigen presenting cell; NK cell, natural killer cell; NKT cell, natural killer T cell; CD, cluster of differentiation.

Functions on mucosal References

immunity

Role in inflammatory signaling and (26-29)
dendritic cell recruitment into

mucosa (29)

weakening of epithelial integrity (30, 31) (33)
(migration of bacteria through

altered barrier) (30, 31)

(28, 34-36,
38, 40, 42)
(43) (37, 39)

Stimulation of IL-8 production by
mucosal neonatal epithelial cells
(39)

high levels were associated with
worsening of the mucosal epithelial
barrier function (40, 41)

Stimulation of IL-8 production by (37, 39, 41,
mucosal neonatal epithelial cells 44)
(39);

capable to compromise mucosal

barrier function (41)

capable to compromise mucosal (32, 41, 46)
barrier function (41) (45) (33)
produced under the stimulus of (32, 38,41,
TNF and IL-1B by neonatal nasal 47-49) (26)
mucosa epithelial cells (39); (39)
capable to compromise mucosal

barrier function (41)

regulation of oral mucosal (32, 43, 45,
inflammation (activation of NF-kB 50, 51)
pathway) (51)

promoting oral tolerance (55) (32, 52, 54,
anti-inflammatory in mucosal 55) (58) (33,
inflammation (down regulation of 54)
immune responses to pathogens/

microbiota) (52)

upregulated during inflammation

when other pro-inflammatory

cytokines increase, e.g. IL-2, INE-y

in gingival crevicular fluid (56, 57)

mucosal wound healing was (32,46, 59—
associated with increased I1L-4 62)

levels (62);

Anti-inflammatory and
immunoregulatory functions in
mucosal immune reactivity (60)
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Characteristics of the control group

# AgeatTO(d) AgeatTl(d) Gender  Weight TO (g)  Height TO (cm) Type of birth PROM* Antibiotics® Nutrition’
001 2 36 f 3350 52 1 0 2 0
002 2 34 m 3800 53 1 0 2 0
003 2 27 m 4120 55 1 0 2 0
004 2 23 f 3150 50 1 1 & 0
005 2 32 m 3340 50 0 0 0 0
008 3 29 f 3180 51 0 1 0 0
009 2 35 m 4030 54 0 0 0 0
010 2 38 m 3640 53 0 0 0 0
011 2 31 m 3050 50 0 1 0 0
012 2 20 f 2930 50 0 1 0 0
013 3 32 m 3670 54 0 1 0 0
015 3 34 f 3200 50 0 1 0 0
016 2 42 m 3940 53 1 1 2 0
018 2 24 f 3570 54 0 0 0 0
020 3 36 f 4200 56 1 0 2 0
021 3 2 m 3480 54 1 0 2 0
022 3 24 m 2950 50 0 0 0 0

Characteristics of the study group (CLP)

# AgeatTO (d)  AgeatTl(d) Gender  Weight TO (g)  Height TO (cm)  Type of birth' PROM* Anti-biotics® Nutrition®
001 7 24 m 2590 48 0 0 ) 2
002 nd. 19 m 3130 44 1 0 1 24
003 3 38 m 3040 51 1 0 1 2
004 5 nd. f 2980 51 0 0 0 0
005 2 37 f 2940 51 0 0 0 1
007 2 29 m 3220 51 0 0 0 1
009 3 29 m 3240 49 0 0 1 3
010 3 38 m 3320 51 1 0 1 34
011 3 34 m 3350 53 0 0 0 1
012 3 25 m 3900 51 0 0 0 24
014 2 31 m 3120 47 1 0 1 4
015 1 2 f 2800 51 0 0 0 2
016 11 39 f 3120 51 0 0 0 14
017 14 40 m 2860 50 0 0 0 3
018 8 34 f 3890 51 0 0 0 0

Special characteristics of the study group: classification, severity, type of treatment

# Etiology” BCLP* UCLP*  CPo* CLo* LAHSHAL Code’  LAHSHAL Severity®  Severity Score” PAM*
001  ps 0 1 0 0 - - - SHAL 0002222 8 1
002 s 0 0 1 0 - -hSh - - 0012100 4 0
003 ps 0 1 0 0 - - - SHAL 0002222 8 1
004 s 0 0 1 0 - -hSh- - 0012100 4 0
005 s 0 0 1 0 -~ HSH - - 0022200 6 1
007  ps 0 1 0 0 - - - SHAI 0002221 7 1
009  ps 1 0 0 0 1AHS - -1 1222001 8 1
010 ps 1 0 0 0 LAHSHAL 2222222 14 1
011 ps 0 1 0 0 LAHS - - - 2222000 8 1
012 ps 1 0 0 0 LAHSHAL 2222222 14 1
014  ps 0 1 0 0 1AHS - - - 1222000 7 1
015 ps 1 0 0 0 laHSHAL 1122222 12 1
016 s 0 0 1 0 --HSH - - 0022200 6 1
017 s 0 0 1 0 - HSH - - 0022200 6 1
018 p 0 0 0 1 ayess sime 1100000 2 0

s, cleft of the secondary palate; p, cleft of the primary palate; ps, cleft of the primary and secondary palate; d, days; g, grams; cm, centimeter; f, female; m, male; n.d., not done

*0,n0; 1, yes; ' v, vaginal; ¢, caesarian.

20 = no antibiotic intake of neonates or mother before birth, 1 = mother before birth, 2 = neonates after birth.

> 0 = breastfeeding, 1 = bottle feeding breast milk, 2 = bottle feeding partly breast milk, partly artificial formula, 3 = bottle feeding artificial formula, 4 = postnatal tube feeding for <1 week
(=T0).

* p = cleft of the primary palate, s = cleft of the secondary palate, ¢ = combined clefting of the primary and secondary palate.

® LAHSHAL Code: minus sign (-) =not affected, small letter = incompletely affected, capital letter = completely affected.

° LAHSHAL Severity: 0 = not affected, 1 = incompletely affected, 2 = completely affected.

7 LAHSHAL Score, sum of the LAHSHAL Severity.
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GWAS among
39439cases and
345587 controls,

10599054 detected
SNPs

7490 m6A-SNPs

30 m6A-SNP associated
with Oral ulcer (p<5.0E-05)

HaploReg
eQTL analysis

25 of Oral ulcer-associated

m6A-SNPs showed
eQTL signals

GEO differential
expression gene

19 of local genes with m6A-
SNP QTL signals were
differentially expressed

(p<0.05)
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Inclusion criteria

Signed informed consent.

Age 18-65 years old, Han nationality.

Clinically:

1. There are bilateral lesions with a certain degree of symmetry.

2. There is a lace-like reticulation (reticular type) composed of gray-white lines slightly above the mucosal surface.

3. It can be manifested as erosive, atrophic, bullous and plaque-type lesions, but there must be a reticular type in other parts of the oral mucosa.

Pathologically:

1. Confined to the surface of the connective tissue, a well-defined band-like cell infiltration area, mainly lymphocytes.

2. Basal cell liquefaction degeneration.

3. No epithelial dysplasia.

Exclusion criteria

Pregnant women, lactating women, women of childbearing age who plan to become pregnant within 1 year.

Patients with obvious other oral mucosal diseases or severe periodontitis (periodontal pocket>6mm, attachment loss>5mm, alveolar bone resorption more than 1/2 of
the root length)

Patients with major infectious diseases (such as AIDS, syphilis, etc.), or other precancerous lesions or tumors.

Patients with a history of immune system disorders (e.g., systemic lupus erythematosus, rheumatoid arthritis, scleroderma, hyperthyroidism, ulcerative colitis, etc.).
Patients who have received immunotherapy within 3 months.

Abnormal liver function: (ALT elevation greater than 1.5 times the upper limit of normal); renal dysfunction (creatinine and/or blood urea nitrogen or urea elevation greater
than 1.5 times the upper limit of normal); hemolytic anemia, thrombocytopenia (PLT < 60 x10%L), white blood cells <3 x 10%L, neutrophils <1.5 x 10%L; central or
peripheral nervous system involvement.

Patients with abnormal ophthalmic examinations (including visual acuity, slit lamp examination, ophthalmoscopy, and visual field examination).

Glaucoma and cataract patients.

Those who are allergic to the ingredients of hydroxychloroquine sulfate tablets.

The lesioned mucosa corresponds to those filled with amalgam in the tooth.

Other factors for which the investigator considered subjects unsuitable for participation in this study.
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features Ik size histological morphology

33 0.792793 1407 lymphocyte infiltration

15 0.652546 1348 lymphocyte infiltration and epithelium
9 0.626349 1542 epithelium and a little lymphocyte infiltration
35 0.588725 213 shape

10 0.57435 2209 muscle and connective tissue

23 0.570966 264 shape

19 0.568363 613 muscle and connective tissue

38 0.568304 694 muscle and connective tissue

26 0.565786 1605 muscle and light-colored connective tissue
1 0.663333 165 shape

18 0.65593 614 muscle and connective tissue

24 0.551183 369 shape

32 0.549619 169 shape

28 0.544116 706 shape

29 0.541248 1078 basal layer (excluding lymphocyte-rich areas)
16 0.53363 238 shape

36 0.528598 813 muscle and loose connective tissue

22 0.526346 1078 light-colored

37 0.524113 1783 muscle and loose connective tissue

5 0.517068 791 muscle and keratinized tissue

6 0.514626 165 keratinized layer

1 0.513952 2218 muscle and connective tissue

14 0.513298 1715 spinous and granular layers

8 0.507854 780 Muscle, adipose and connective tissue
25 0.503648 705 muscle and connective tissue

20 0.496371 719 muscle and connective tissue

3 0.491524 954 Muscle, adipose and connective tissue
12 0.464026 621 muscle and connective tissue

74 0.448971 156 shape

4 0.446255 1748 Muscle, adipose and connective tissue
34 0.430969 221 shape

13 0.429933 217 shape

21 0.416876 212 shape

17 0.364027 149 shape

31 0.361109 177 shape

2 0.299376 1938 areas containing blood vessels

27 0.241073 2144 loose connective tissue

30 0.237406 1289 epithelium and lamina propria (excluding lymphocyte-rich areas)
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and CXCRS) were established as risk loci.
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Type-2 EMT Relative Cytokines Signaling Pathways

Wound repair and tissue TGF-B1 (11), pro-inflammatory cytokines (13),IL-8 (13),SNAIL (18) NE-kB (15), TGE-B (11)
regeneration
Dis-infectious OLK CD163+ TAMs (22, 23), TGF-B1, EGF (19), FGF (19), PD-1/PD-L1 (22, 23), WNT
diseases IncRNA LOLALI (24),Snail (25),Axin2 (25) (42), AKT/GSK-3p (24)
OSF Twist (28),TGF- (29), TNF-0. (29),PDGF (29),bFGF (29), IL-6 (29),Snail
(30),a-SMA (30)
OLP IFN-y (34),Smad3 (31, 32),claudin-1 (33), claudin-4 (33),E-cadherin (33)
Infectious P. NNMT (38),CCAT1 and GAS6 (38), TCF/LEF promoter (39),E-cadherin  B-catenin (39)
diseases gingivalis  (41),Snail (41), Twist (41)
s. FOXOI (40), TAKI-NLK negative regulatory pathway (40)
gordonii
B STAT3 (41)

nucleatum
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Oral Manitestations
diseases
Pyostomatitis ~ Miliary abscess and pustular lesions with white or yellow
vegetans contents
Erythematous and edematous mucosal base
“Snail track” ulcers
Recurrent Recurrent bouts of one or more shallow, rounded, or
aphthous ovoid painful ulcers
ulcer Clear boundaries, red and slightly raised margin, and
covered by yellow or white pseudomembrane
Minor RAU are the most common type in UC
Atrophic Glossy tongue appearance with red background
glossitis Painful, burning sensation of oral mucosa and dry mouth
Burning Burning sensation of the oral mucosa
mouth Dry mouth and taste disturbances
syndrome
Angular Erythema, scaling, rhagades, ulcerations, and crusting of
cheilitis the lip corners along with the adjacent skin

Taste change  Taste change

Halitosis Halitosis

Periodontitis ~ More severe gingival bleeding, fewer teeth, greater pocket
probing depth, and higher frequency of sites with clinical

attachment loss

UC, Ulcerative colitis; RAU, Recurrent aphthous ulcer; ASA, aminosalicylic acid.

Disease
specificity

Specific

Not specific

Not specific

Not specific

Not specific

Not specific
Not specific

Not specific

Treatment

Drug therapy: Topical antiseptic mouthwashes (chlorhexidine),
corticosteroids (triamcinolone acetonide paste or betamethasone mouthwash),
systemic steroid therapy (21, 22)

Drug therapy: Topical steroids, antiseptic mouthwash, nonsteroidal anti-
inflammatory pastes (23)
Non-drug therapy: Laser therapy (24)

Drug therapy: Vitamin and iron supplements (25)

Drug therapy: Anticonvulsants, antidepressants, phytomedicines, saliva
substitute (26)

Non-drug therapy: Food supplements, lower-level laser therapy, transcranial
magnetic stimulation, oral appliances, cognitive behavioural therapy (26)

Drug therapy: Vitamin supplements, 5-ASA mouthwashes, topical steroids
(1% hydrocortisone), intra-lesional steroids (27)

Drug therapy: Iron, zing, or vitamin supplements (28)

Drug therapy: Topical mouthwash (29)

Non-drug therapy: Tongue brushing (29)

Drug therapy: Antibiotics (30)

Non-drug therapy: Supragingival scaling and root planning, periodontal
surgery (30)
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References Oral manifestations Research type GRADE classification

Vavricka 2011 (16) RAU Cohort study Moderate
Vavricka 2015 (18) RAU Cohort study Moderate
Kamal 2020 (19) PSV Case report Very low
Lourengo 2010 (20) PSV Case reports Very low
Zeng 2022 (32) PSV Case report Very low
Hou 2022 (33) PSV Case report Very low
Ruiz-Roca 2005 (35) PSV Case report Very low
Kumar2018 (36) RAU Case-control study Low
Yasuda 2008 (39) PSV Case report Very low
Werchniak 2005 (40) PSV Case report Very low
Goldinova 2020 (41) RAU, BMS, AC, dry mouth Cohort study Low
Elahi 2012 (42) RAU, taste change, halitosis Case-control study Low
Khozeimeh 2021 (48) RAU Cross-sectional study Low
Habashneh 2012 (49) RAU, periodontitis Case-control study Low
Laranjeira 2015 (50) RAU Case-control study Low
Klichowska-Palonka 2021 (56) AC Case-control study Low
Melis 2020 (28) Taste change Case-control study Low
Katz 2003 (57) Halitosis Case-control study Low
She 2020 (60) Periodontitis Meta analysis Moderate
Zhang 2021 (61) Periodontitis Meta analysis Moderate
Lorenzo-Pouso 2021 (62) Periodontitis Meta analysis Moderate
Papageorgiou 2017 (63) Periodontitis Meta analysis Moderate
Schmidt 2018 (64) Periodontitis Case-control study Low
Vavricka 2013 (65) Periodontitis Cohort study Moderate
Koutsochristou 2015 (66) Periodontitis Case-control study Low
Grossner-Schreiber 2006 (67) Periodontitis Case-control study Low
Tan 2021 (68) Periodontitis Case-control study Low

GRADE, Grading of Recommendations Assessment, Development and Evaluation; PSV, pyostomatitis vegetans; RAU, Recurrent aphthous ulcer; BMS, burning mouth syndrome; AC,
angular cheilitis.
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Age-related or Study type Circulating increased SASP factors Eftects on oral health
ARD-related

Age-related Cross-sectional study IL-6, TNF-0,, 1. Recruitment of immune cells: chemokines (CCL3, CCL4)
(65) CCL3, CCL4, 2. Matrix remodeling: MMPs (MMP9)
GDF15, ACTIVIN A, TNFRI, FAS 3. Fibrosis: growth factors (TGF-B)
ARDs Diabetes Case-control study (67) IL-6 4. Senescence re-enforcement: cytokines (IL-6, TNF-at, IL-
10)
Cohort study (68) IL-6, TNF-o.
Cancer Systematic review (69) 1L-6, TGF-B, IL-10
Cardiovascular Case-control study (70) ~ MMP9
disease

Systematic review (71)  IL-6

ARD, age-related disease; SASP, senescence-associated secretory phenotype; GDF, Growth/differentiation factor; TNER, tumor necrosis factor receptor; CCL, CC chemokine ligand; TNE,
tumor necrosis factor; TGF, transforming growth factor; MMP, matrix metalloproteinase.
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SASP factors

Cytokines

Growth factors

Proteases

Lipid metabolites

Extracellular vesicles

Chemokines

Others

Cell types

Pluripotent stem cells
Immunocytes

Fibroblasts

Pluripotent stem cells
Fibroblast

Other cells

Tumor cells

Pluripotent stem cells
Immunocytes

Epithelial or endothelial cells
Other cells

Immunocytes

Other cells

Epithelial or endothelial cells
Fibroblasts

Tumor cells

Osteocytes

Pluripotent stem cells
Pluripotent stem cells
Tumor cells

Fibroblasts

This table shows the top 3 cell types that are most strongly affected by each type of SASP.

Rank

1

ond
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Cell type Senescence trigger SASP factors involved Ret.
Dental-derived cells Human dental pulp cells H,0,-induced ICAM-1, VCAM-1, PPAR-g (58)
Human dental pulp stem cells p-cresol-induced 1L-6 (33)
Dental follicle stem cells LPS-induced TGF-B2, IL-6, IL-8, IL-1B (37)
Periodontal -derived Human periodontal ligament Replicative and radiation-induced MMP2 (38)
cells fibroblasts
human periodontal ligament stem TGF-B-induced IL-8, IL-18, IL-6 (39)
cell
Human gingival fibroblast Replicative IL-6, IL-8 (40)
Replicative IL-6, IL-8, TNF, TIMP-1 (41)
Replicative MMP3, MMP12, IL-10. (42)
Alveolar osteocyte LPS-induced ICAM-1, IL-1B, IL-6, IL-8, MCP-1, MMP12, MMP13 (43)
Oral mucosa cells Human oral keratinocytes Bisphosphonates-induced IL-8, IL-6, MMP3 (59)
Replicative IL-1B, IL-10t, IL-8, IL-6 (46)
Replicative IL-1B, MMP3, PGF, CTGF, VEGF, MMP1, TIMP2, IL-8,  (44)
MMP9,
Replicative IL-1B, IL-10,, IL-8, IL-6, TNF-a, G-CSF, GM-CSF, GROa. ~ (47)
High glucose-induced IL-1B, IL-6, TNF-a. (60)
Cancer cells Cal27, HSC3 and HSC6 cell lines LY2835219-induced IL6, IL8, MCP1, CXCL1, CXCL2, CXCL3 (51)
CAF from OSCC Cisplatin-induced MCP-1, IL-6 (61)
H,0,-induced TGF-, MMP2 (62)
Co-culture with OSCC cells IL-6, CXCL1 (52)
The progression of oral submucous MMP1, MMP2 (53)
fibrosis
Oral submucous fibroblasts High glucose-induced IL-1, IL-6, TNF-0., MMP-2, and MMP-8 (54)
Immunocytes Macrophage Pgand Aa-induced IL-1B, TNF-0,, IL-6, IL-23 (55)
Monocytes LPS, Pg, Aa and zymosan A-induced  IL-8, MMP-9 (56)
Neutrophils Replicative MMP2, MMP9, CTSK, TNF-o. (57)
And Periodontal pathogens-induced
B cells/plasmacytes Pg-induced IL-17A, TEN-y (63)

CAF, cancer-associated fibroblast; OSCC, oral squamous cell carcinoma; LPS, lipopolysaccharide; ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion molecule; PPAR,
peroxisome proliferator-activated receptor; IL, interleukin; MCP, monocyte chemoattractant protein; MMP, matrix metalloproteinase; TNF, tumor necrosis factor; PGF, placental growth
factor; CTGF, connective tissue growth factor; VEGF, vascular endothelial-derived growth factor; TIMP, tissue inhibitor of metalloproteinases; G-CSF, granulocyte colony-stimulating
factor; GM-CSE, granulocyte-macrophage colony-stimulating factor; GROO(CXCL1), C-X-C motif chemokine ligand 1; Pg, Porphyromonas gingivalis; Aa, Aggregatibacter
actinomycetemcomitans.
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Diseases

Prevalence

Oral mucosal lesions

Cutaneous lesions

Histopathological
features

Immunopathological
features

Prognosis

DLE

OLP

Young and middle-aged women

Unilateral affecting mainly on the hps. may exceed the vermilion and
reach the skin; erythema or erosion surrounded by radiolucent fine and
short white lines

Localized to head, face, auricles and sun-exposed areas: telangiectasia;
hypopigmentation; butterfly-shaped arythema on the face

Incomplete keratinizantion of the epithelium: prominently hyperplasia of
the prickle cell layer; liquefied degeneration of the basal lamina; scattered
infiltration of lymphocytes of the lamina propria; dense lymphocytic
infiltration around the blood vessels, predominantly T cells

DIF: linear emerald green flourescent band or continuous IgG, IgM, IgA,
C3 and fibrinogen deposition at BMZ, with or without IgM, IgG-positive
cytiods bodies

IIF: negative

Bilateral affecting mainly on the buccal area; irregularly shaped pearly
white stripes or plaque with or without erosion and ulceration

Bilateral affecting flexors of the extremities; light purle polygonal flat
papules with waxy sheen

Incomplete keratinization of the epithelium; atrophy of the prickle
cell layer; liquefied degeneration of the basal lamina; dense
lymphocytic infiltration of the lamina propria with a predominance
of T cells; little lymphocytic infiltration around the blood vessels

DIF: granular or shaggy deposit of fibrin, fibrinogen,
immunoglobulin, and C3 at BMZ. With or wothout IgM-positive
cytoid bodies

IIF: negative

Precancerous conditions

OLP, oral lichen planus; DLE, discoid lupus erythematosus; DIF, direct immunofluorescence; IIF: indirect immunofluorescence; BMZ, basement membrane zone
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Characteristic OLP (n = 247)

Mean age (years) 4521 + 12.72

Sex
Male 61 (24.70%)
Female 186 (75.30%)

Other systemic diseases 111 (44.94%)
Hypertension 11 (4.45%)
Diabetes 5 (2.02%)
Thyroid disorders except HT 51 (20.65)
Others* 44 (17.82%)

Medication history

Yes 16 (6.48%)
No 231 (93.52%)

Data are presented as mean + standard deviation unless specified otherwise.

*Others: included hepatitis, gallstone, gastritis, gastric ulcer, rectal cancer, nephritis,
prostatitis, pulmonary cyst, fibroid, breast nodule, cervical carcinoma, anemia

OLP, oral lichen planus; HT, Hashimoto’s thyroiditis.
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Characteristic

HT

With (%)
Without (%)

TPOAb
Positive (%)
Negative (%)

TgAb
Positive (%)
Negative (%)

OLP, oral lichen planus; HT, Hashimoto’s thyroiditis; TPOAb, thyroperoxidase antibodies; TgAb, thyroglobulin antibodies.

Male (n = 61)

12 (19.67)
49 (80.33)

12 (19.67)
49 (80.33)

4 (6.56)
57 (93.44)

Female (n = 186)

86 (46.24)
100 (53.76)

73 (39.25)
113 (60.75)

47 (25.27)
139 (74.73)

Total

98
149

65
182

51
196

0.000

0.005

0.002
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Clinical manifestations With HT (%) ‘Without HT (%) Total P

OLP scoring 0.877
1 37 (37.76) 69 (46.31) 106
2 18 (18.38) 17 (11.41) 35
3 8 (8.16) 12 (8.05) 20
4 9 (29.59) 36 (24.16) 65
5 6 (6.11) 15 (10.07) 21
OLP clinical type 0.306
Reticular type 37 (37.76) 69 (46.31) 106
Atrophic type 26 (26.53) 29 (19.46) 55
Erosion type 35 (35.71) 51 (34.23) 86

OLP, oral lichen planus; HT, Hashimoto’s thyroiditis.
OLP scoring: 0 = no lesion, normal mucosa; 1= mild white striae only, no atrophic areas; 2 = white striae with atrophic areas < 1 cm* 3 = white striae with atrophic areas > 1 cm? 4 = white
striae with erosive areas < 1 cm% and 5 = white striae with erosive areas > 1 cm>.






OPS/images/fimmu.2022.967988/table4.jpg
Clinical manifestation

OLP scoring

T

5
OLP clinical type

Reticular type
Atrophic type
Erosion type

OLP, oral lichen planus; HT, Hashimoto’s thyroiditis; TPO, thyroid peroxidase; Tg, thyroglobulin.

Ig TPO level

1.38
1.63
1.39
1,53
145

1.38
1.55
1.51

0.864

0.243

Ig Tg level

137
1.55
1.48
1.54
1.46

137
1.53
1.52

0.745

0.142

OLP scoring: 0 = no lesion, normal mucosa; 1= mild white striae only, no atrophic areas; 2 = white striae with atrophic areas < 1 cm? 3 = white striae with atrophic areas > 1 cm® 4 = white

striae with erosive areas < 1 cm? and 5 = white striae with erosive areas > 1 cm2.
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