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A keloid is a fibroproliferative disorder of unknown etiopathogenesis that requires ill-defined treatment. Existing evidence indicates that the immune system plays an important role in the occurrence and development of keloid. However, there is still a lack of research on the immune-related signatures of keloid. Here we identified immune-related signatures in keloid and explored their pathological mechanisms. Transcriptomic datasets (GSE7890, GSE92566, and GSE44270) of keloid and normal skin tissues were obtained from the Gene Expression Omnibus database. The overlap of differentially expressed genes and immune-related genes was considered as differentially expressed immune-related genes (DEIGs). Functional analysis, expression, and distribution were applied to explore the function and characteristics of DEIGs, and the expression of these DEIGs in keloid and normal skin tissues was verified by immunohistochemistry. Finally, we conducted interactive network analysis and immune infiltration analysis to determine the therapeutic potential and immune correlation. We identified four DEIGs (LGR5, PTN, JAG1, and DKK1). In these datasets, only GSE7890 met the screening criteria. In the GSE7890 dataset, DKK1 and PTN were downregulated in keloid, whereas JAG1 and LGR5 were upregulated in keloid. In addition, we obtained the same conclusion through immunohistochemistry. Functional analysis indicated that these four DEIGs were mainly involved in stem cell, cell cycle, UV response, and therapy resistance. Through interactive network analysis, we found that these DEIGs were associated with drugs currently used to treat keloid, such as hydrocortisone, androstanolone, irinotecan, oxaliplatin, BHQ-880, and lecoleucovorin. Finally, many immune cells, including CD8+ T cells, resting memory CD4+ T cells, and M1 macrophages, were obtained by immune infiltration analysis. In conclusion, we identified four immune signaling molecules associated with keloid (LGR5, PTN, JAG1, and DKK1). These immune-related signaling molecules may be important modules in the pathogenesis of keloid. Additionally, we developed novel therapeutic targets for the treatment of this challenging disease.




Keywords: immune, signature, keloid, GEO, immune infiltration



Introduction

Keloid, one of the benign dermal tumors, is a pathological scar caused by abnormal hyperplasia of the connective tissue in the skin. It is a special type of skin scar; the specific formation mechanism is unclear, but it only occurs as a result of long-term abnormal wound healing (1, 2). Relevant literature shows that susceptibility to keloid formation occurs predominantly in Africans and Asians (1, 3). Keloid generally occurs between 10 and 30 years of age and affects both sexes equally. Keloid may grow slowly for weeks, months, or years, and it can gradually increase and invade the normal skin beyond the edge of the original wound, showing invasive growth, which is the most important feature of keloid (4). They eventually stop growing but do not disappear on their own. Once a keloid develops, it is permanent unless removed or treated successfully (5).

In addition to keloid, hypertrophic scar is another type of abnormal scar on the skin (6). A hypertrophic scar is a wide, thickened, and often raised scar that develops at the site of skin injury and that can be itchy and typically does not show invasive growth. Over time, it extends beyond the boundary of the scar and gradually becomes mature and flat, which is very original wound (7). A leading cause of hypertrophic scar formation is the mechanical tension on the wound (8), but a hypertrophic scar ceases to grow and spontaneously regresses without treatment ranging from months to years (6, 9), which are different from what occurs in keloid (10, 11). From an aesthetic point of view, keloid is thought of as unpleasant, and from a functional point of view, they cause pain and itching. At present, keloid treatment mainly includes surgical and non-surgical treatments, which include laser treatment, radiotherapy, pressure therapy, and hormone therapy. Surgical resection of keloid is the most direct method. Recent literature reports that fat transplantation and botulinum toxin A have certain effects on keloid treatment (12, 13). However, recurrence after conservative treatment or surgical resection is very common, causing a psychological burden on the patients (14, 15).

Inflammation is a defensive response of the human body to damage caused by various inflammatory irritants. The exudation stage includes hemodynamic changes, increased vascular permeability, and inflammatory cell response and limits. It eliminates and rejects foreign pathogenic factors and cells killed by injury through local tissue degeneration, exudation, and proliferation. After the wound is healed (usually 1 to 3 months), scars begin to proliferate on the edge of the wound, sometimes with dilated capillaries and rough surface accompanied by discomfort such as itching and pain. This stage is the collagen stage. Usually, the keloid growth reaches a peak at about 6 months, and then the keloid gradually matures and softens. The first sign of a mature keloid is a change in color, from bright red to dark red, then to purple or brown, and finally to the color of the skin around the keloid; wrinkles appear on the surface of the keloid, and capillaries are reduced until they disappear, the hardness softens, the thickness becomes thinner, and the pain symptoms eventually disappear, but the itching can persist for a long time until the keloid is fully mature (16). The maturation process of keloid is relatively slow; usually it takes half a year to 2 years, and in some patients it can take as long as 3 and 4 years, and the length of time for a keloid to mature in different parts is different (17). The treatment of a keloid needs to be comprehensively considered according to the patient’s age and its nature, size, anatomical location, and distribution as well as the existence of infection foci and function and other factors to establish an individualized treatment plan that suits a patient’s condition (18–20). A treatment plan for keloid includes an injection of corticosteroids, surgical removal (keloid surgery), pressure earring, dressing or garment, laser treatment, silicone sheets and gels, cryotherapy, radiation treatments, and ligature, but these treatments are based on appearance or symptoms. The lack of an exact treatment is mainly due to the unclear specific pathogenesis of keloid, and early literature reports showed that the levels of IgG, IgA, and IgM in keloid were higher than those in normal skin, indicating that keloid formation is a local immune response (21, 22). Moreover, the number of T cells, Langerhans cells, mast cells, and macrophages in keloid is higher than those in normal tissues, which is related to skin fibrosis (23, 24). The levels of circulating immune complexes and cells in patients with keloid are significantly higher than those in normal individuals. All the above-mentioned results show that keloid growth is closely related to immunity. Therefore, it can be inferred that immune treatment methods may have significant prospects in keloid (25).

Inflammation and immune responses have dramatic impacts on the pathogenesis of keloid, and there is a theory that the formation of a keloid is due to the abnormal response of fibroblasts to inflammation (11, 26). A previous study performed nine-color flow cytometry with computational analysis to detect recurrence-related epidermal cellular subsets in keloid (27), further confirming the importance of the immune system. Immune-related genes are helpful in the prognosis and mechanisms of various diseases (28–31). However, little research has been conducted on keloid. Currently, bioinformatic analysis is an important tool for analyzing expression data and screening for target genes in many diseases. Here we first explored the differentially expressed immune-related genes (DEIGs) among different keloid datasets, conducted multiple functional enrichment analyses, constructed a protein–protein interaction (PPI) network, and explored immune infiltration in the keloid microenvironment. Through immunohistochemical verification of keloid and normal skin tissues, we identified immune-related features. Finally, four genes related to keloid (LGR5, PTN, JAG1, and DKK1) were identified, and we further studied keloid pathogenesis, which may provide new ideas and insights for keloid treatment. The design and workflow of this study are shown in Figure 1.




Figure 1 | Design and workflow of this study.





Materials and methods


Data acquisition

Three public datasets, GSE7890 (32), GSE92566 (33), and GSE44270 (34), from the Gene Expression Omnibus database (35) were retrospectively analyzed to obtain the corresponding data, as described previously (36). GSE7890 and GSE92566 were regarded as the training cohort, and GSE44270 was considered as the validation cohort (Table 1). Moreover, hallmark gene sets (37), which are coherently expressed signatures derived by aggregating many gene sets to represent well-defined biological states or processes, and immunologic signature gene sets (38), which represent cell states and perturbations within the immune system, were downloaded from the Molecular Signatures Database (version 7.4) (37, 39). Immune-related genes were obtained from ImmPort (40) (Supplementary Table S1).


Table 1 | Details of cohorts.





Identification of differentially expressed genes (DEGs)

We preprocessed the original data of the training and validation cohorts using the affy package (version 1.68.0) (41) in R (version 3.6.2) to generate the corresponding gene expression profiles. DEGs between the keloid and normal groups were obtained using the limma package (version 3.46.0) (42) with a threshold of log2|fold change| > 1 and P <0.05. The pheatmap package (version 1.0.12) and the ggplot2 package (version 3.3.3) were used for visualization.



Identification of DEIGs

The DEGs obtained from the training cohort were crossed with immune-related genes to obtain the DEIGs. In addition, we computed the semantic similarity among Gene Ontology patterns to evaluate the functional enrichment similarity among DEIGs using the GOSemSim package (version 2.16.1) (43). At the same time, the STRING database (version 11.0) (44) was used to construct the protein–protein interaction (PPI) network. Moreover, we used the MCODE plug-in (version 1.32) (45) in Cytoscape (version 3.8.2) (46) to identify densely connected networks, as described previously (47, 48).



Enrichment analysis

Each training cohort was divided into high and low groups according to the median expression of DEIGs, and the limma package was used for differential analysis. The clusterProfiler package (version 3.18.1) (49) was used for gene set enrichment analysis (50), disease ontology (51), gene ontology (52), and Kyoto Encyclopedia of Genes and Genomes (53) enrichment analysis to understand the biological processes involved in these DEIGs.



Expression and distribution

We analyzed the expression and distribution of each DEIG based on the Human Protein Atlas (54) and Gene Expression Profiling Interactive Analysis (55) to gain a deeper understanding of each DEIG.



Interactive network analysis

Furthermore, the interaction networks of DEIGs was analyzed from three aspects: DEIG–transcription factor, DEIG–microRNA (miRNA), and DEIG–drug through CHIP-X Enrichment Analysis Version 3 (56), Encyclopedia of RNA Interactomes (57), and Drug Gene Interaction Database (58), respectively. The interaction networks were visualized by Cytoscape (46).



Immune infiltration analysis

We conducted immune infiltration landscape analysis based on CIBERSORT (59) to estimate the abundance of member cell types in a mixed keloid cell population using DEIG expression data in the training and validation cohorts.



Clinical validation

Fifteen patients with keloid were enrolled for clinical validation. Keloid and adjacent normal skin tissue samples were collected. The study was approved by the ethics committee of Foshan First People’s Hospital (Foshan, China), and the patients provided signed written informed consent before enrollment. Immunohistochemistry assay was conducted according to the standard procedure (60, 61). The antibodies used were as follows: anti-JAG1 (1:150, SAB, United States), anti-DKK1 (1:150, SAB, United States), anti-PTN (1:150, SAB, United States), anti-LGR5 (1:1050, Affinity, United States), and secondary antibody conjugated with horseradish peroxidase (1:500, Affinity, United States). The process of histological scoring and analysis was conducted as described in our previous study (62).




Results


Identification of DEIGs

We included nine keloid samples and 8 normal samples in the training cohort and 18 keloid samples and 14 normal samples in the validation cohort, respectively (Table 1). There were 48 upregulated and 157 downregulated DEGs in GSE7890 (Figures 2A, B) as well as 801 upregulated DEGs and 908 downregulated DEGs in GSE92566 (Figures 2C, D). A total of 1,793 immune-related genes were obtained from ImmPort, and four DEIGs (LGR5, PTN, JAG1, and DKK1) were obtained by crossing the DEGs from the training cohort (Figure 3A). Detailed information on the four DEIGs is presented in Table 2. Despite the functional enrichment similarity, we found that the score of each DEIG was more than 0.5, and JAG1 had the highest score (Figure 3B). The PPI network with 94 nodes and 1,402 edges indicated the interaction of these genes (Figure 3C), and DKK1 may be the most important gene among these genes (Figure 3D). Moreover, using the MCODE plug-in, we observed DKK1 in a densely connected network with 35 nodes and 570 edges (Figure 3E).




Figure 2 | Differential expression analysis in three datasets. (A) Heat map of DEGs in GSE7890. (B) Volcano plot of DEGs in GSE7890. (C) Heat map of DEGs in GSE92566. (D) Volcano plot of DEGs in GSE92566.






Figure 3 | Principal component analysis and identification of differentially expressed immune-related gene (DEIGs). (A) Intersection of differentially expressed genes and immune-related genes. (B) Summary of the functional similarities of four DEIGs. (C) protein–protein interaction (PPI) network sized by degree. (D) PPI network colored by degree. (E) MCODE.




Table 2 | Details of DEIGs.





Enrichment analysis

The gene set enrichment analysis indicated that four DEIGs were mainly involved in stem cells and the cell cycle in GSE7890 (Figure 4) and UV response and therapy resistance in GSE92566 (Figure 5). Meanwhile, we conducted disease ontology, gene ontology, and Kyoto Encyclopedia of Genes and Genomes functional analyses in GSE7890 (Figure 6) and GSE92566 (Figure 7). The results indicated that DKK1, JAG1, LGR5, and PTN were enriched in immune-related terms (Figures 6, 7).




Figure 4 | Gene set enrichment analysis in GSE7890. (A–D) DKK1, (E–H) JAG1, (I–L) LGR5, and (M–P) PTN.






Figure 5 | Gene set enrichment analysis in GSE92566. (A–D) DKK1, (E–H) JAG1, (I–L) LGR5, and (M–P) PTN.






Figure 6 | Disease Ontology, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes functional analysis in GSE7890. (A–C) DKK1, (D–F) JAG1, (G–I) LGR5, and (J–L) PTN.






Figure 7 | Disease Ontology, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes functional analysis in GSE92566. (A–C) DKK1, (D–F) JAG1, (G–I) LGR5, and (J–L) PTN.





Expression and distribution

Through the Human Protein Atlas, we found that LGR5, PTN, JAG1, and DKK1 were expressed in the skin (Figures 8A–D).




Figure 8 | Expression of four differentially expressed immune-related genes. (A) DKK1 in the Human Protein Atlas. (B) JAG1 in the Human Protein Atlas. (C) LGR5 in the Human Protein Atlas. (D) PTN in the Human Protein Atlas.





Interactive network analysis

The DEIG–drug network showed that JAG1 was involved in hydrocortisone, and DKK1 and LGR5 were involved in fluorouracil (Figure 9A). Besides this, DKK1 was also involved in androstanolone, irinotecan, oxaliplatin, BHQ-880 (anti-DKK1 mAb), and lecoleucovorin (Figure 9A). The DEIG–transcription factor network indicated that the four DEIGs had the same transcription factors (Figure 9B). The DEIG–miRNA networks also demonstrated the same miRNAs (Figures 9C–F).




Figure 9 | Interactive network analysis. (A) Differentially expressed immune-related gene (DEIG)–drug network; (B) DEIG–transcription factor network. (C) DKK1–miRNA network. (D) JAG1–miRNA network. (E) LGR5–miRNA network. (F) PTN–miRNA network.





Immune infiltration analysis

Using CIBERSORT, we found that CD8+ T cells infiltrated the low-DKK1 group, resting memory CD4+ T cells infiltrated the high-DKK1 group, and M1 macrophages infiltrated the low-DKK1 group in GSE7890 (Figure 10A). CD8+ T cells infiltrated the high-JAG1 group, resting memory CD4+ T cells infiltrated the low-JAG1 group, and M1 macrophages infiltrated the high-JAG1 group in GSE7890 (Figure 10B). CD8+ T cells infiltrated the high-LGR5 group, resting memory CD4+ T cells infiltrated the low-LGR5 group, and M1 macrophages infiltrated the high-LGR5 group in GSE7890 (Figure 10C). CD8+ T cells infiltrated the low-PTN group, resting memory CD4+ T cells infiltrated the high-PTN group, and M1 macrophages infiltrated the low-PTN group in GSE7890 (Figure 10D). Interestingly, similar results were obtained for GSE44270 and GSE92566 (Figures 10E–L).




Figure 10 | Immune infiltration analysis. (A) DKK1 in GSE7890. (B) JAG1 in GSE7890. (C) LGR5 in GSE7890. (D) PTN in GSE7890. (E) DKK1 in GSE44270. (F) JAG1 in GSE44270. (G) LGR5 in GSE44270. (H) PTN in GSE44270. (I) DKK1 in GSE92566. (J) JAG1 in GSE92566. (K) LGR5 in GSE92566. (L) PTN in GSE92566.





Preliminary immunohistochemistry validation

Through immunohistochemistry staining, we found that the expression of DKK1 and PTN was lower in the keloid (Figures 11A, B), while JAG1 and LGR5 showed a higher expression in the keloid (Figures 11C, D). In the keloid tissue, the brownish-yellow particles with a positive expression of the four molecules were mainly distributed in the nucleus and cytoplasm of fibroblasts. In the normal tissues, the brownish-yellow particles with positive expression of the four molecules were mainly distributed in the nucleus and cytoplasm of fibroblasts (Figure 11).




Figure 11 | Immunohistochemistry staining and histologic scoring. (A) Expression of DKK1 in normal tissue and keloid. (B) Expression of PTN in normal tissue and keloid. (C) Expression of JAG1 in normal tissue and keloid. (D) Expression of LGR5 in normal tissue and keloid.






Discussion

Keloid is formed from collagen that is produced during a protracted wound healing process (63). They can be divided into the exudation, collagen, and maturation stages (64). In the exudation stage, necrotic tissue is cleared through phagocytosis, removal, and absorption, and the wound is bonded together by the network structure formed by cellulose. In the collagen fiber stage, fibroblasts polymerize to form collagen fibers with the participation of glycine, hydroxyproline, and other substances, which increase the tensile strength of the wound. In the mature stage, collagen fibers are continuously synthesized. At the same time, they are constantly decomposed under the action of collagenase, resulting in degenerative changes in skin scars. Most previous studies have focused on fibroblasts and collagen, but few have emphasized the importance of immunity in keloid Despite intensive research, treatment remains empirical and unsatisfactory. Therefore, it is necessary to identify diagnostic markers that inhibit keloid proliferation and reduce keloid formation. We conducted a comprehensive bioinformatics analysis of 27 keloid samples and 22 normal tissue samples and finally determined that four immune-related signatures were closely related to keloid, and these signatures were related to immunity, stress, and inflammation. A previous study demonstrated that immune-related cells, such as T cells, Th2 cells, and Th1 cells, were upregulated in lesional versus normal skin (65). Here we aimed to explore the potential pathogenesis of keloid-associated immune molecules. We further explained the important role of immunity in keloid through multiple dataset analyses. We found that the expression of DKK1 and PTN was downregulated, while the expression of JAG1 and LGR5 was upregulated in keloid. We obtained the same conclusion through immunohistochemistry. This provides an important reference for future scientific research. We can promote or inhibit the expression of these four molecules through corresponding mechanisms to inhibit the growth of keloid, which will contribute to follow-up clinical research.

The immune system plays an important role in preventing pathogen infiltration, inducing inflammation, initiating downstream processes, and recruiting fibrocytes in keloid (66, 67). Keloid formation is usually considered to be the result of long-term proliferation and a delayed remodeling stage, which is caused by increased fibroblast proliferation and excessive collagen deposition (68, 69). In the dermal thickening of keloid, versican, syndecan-1, fibronectin, thrombospondin-1, tenascin C, CD44, integrin β1, and N-cadherin were immunolocalized in the elongated fibroblasts that were close to the immune cell infiltrate, attached to collagen bundles, and around the microvasculature as well as in some immune cells. Galectin-1/3 was present in the cytoplasm and along the cell membrane of some immune cells and fibroblasts, suggesting that galectin-1/3, in concert with some of the extracellular matrix molecules, was produced to counteract the immune response in keloid. Recent studies have found that the degree of CD3+ cell infiltration in keloid tissue was higher (70). The number of T cells in the tissue is significantly higher than that in peripheral blood and is related to the size of the keloid, suggesting that the occurrence of a keloid is closely related to the role of T cells (71, 72). Macrophages also play an important role in keloid formation. There are two types of macrophages: M1 and M2. M1 plays a role in the early stages of keloid formation, while M2 plays a role in the late stages of keloid formation. In the process of keloid formation, M1 constantly transforms into M2, resulting in the accumulation of a large number of collagen fibers; however, the specific mechanism needs to be further clarified (12). At the same time, we often use glucocorticoids, such as triamcinolone acetonide, locally to treat keloid. Triamcinolone acetonide inhibits the migration of inflammatory cells and reduces fibroblast activity. Most importantly, it can induce lymphocyte DNA degradation and induce lymphocyte apoptosis, thus playing an immunosuppressive role (71, 72). In conclusion, the immune system plays an indispensable role in keloid development. Additionally, keloid formation is closely related to inflammatory responses, especially inflammation-related factors, such as interleukin 6, transforming growth factor-β, and tumor necrosis factor-α and inflammation-related cells, such as neutrophils, mast cells, and lymphocytes (73). The inflammatory response is an adaptive response to adverse stimuli. It can promote fibroblast proliferation and collagen synthesis and eventually develop into a keloid. However, the relationship between inflammatory response and keloid is still in the scientific research stage, and research on the specific mechanism and transformation of the clinical application needs to be further explored.

Here we first focused on immune-related genes and obtained four DEIGs after merging them with the DEGs of GSE7890 and GSE92566, namely LGR5, PTN, JAG1, and DKK1. LGR5 encodes a component of the Wnt receptor complex, which specifically acts as a receptor for a family of Wnt signal agonists named R-spondins. LGR5 is a newly discovered Wnt signal transduction target gene. It is considered a tumor stem cell marker. It is often overexpressed in tumor cells and is strongly associated with tumor formation and development. However, the specific mechanism between LGR5 and the immune-related tumor microenvironment is unclear (74–76). Through the study of keloid in the immunosuppressive microenvironment, exogenous TGF-β1 was induced and LGR5 was highly expressed, but the specific mechanism was not further confirmed. However, this is a potential emerging research direction, which provides new insights for targeted immunotherapy in the future (77). PTN is a member of the heparin-binding cytokine family, which is highly conserved, secretes proteins related to the extracellular matrix, and plays a significant role in cell growth and survival, cell migration, angiogenesis, wound healing, and tumorigenesis (78–80). PTN combined with midkine inactivates the phosphatase activity of receptor protein tyrosine phosphatase to trigger immune responses (81). Huang et al. found that PTN is one of the seven significantly dysregulated genes, which is downregulated in human keloid, but most other genes, such as TGF-β1, TGF-β3, and various collagens, are upregulated in keloid (82, 83). Lee et al. further found that, in keloid, not only the expression of PTN decreased but also the expression of its functional receptor RPTPB/F and upstream regulators was decreased, including PDGF-B, PDGFR-A, and PDGFR-B, which may be a potential novel treatment for keloid in humans (32, 84). JAG1, a ligand for the Notch1 receptor, is involved in Notch signaling. JAG1 participates in the regulation of homeostasis in human tissues and plays an important role in the proliferation, migration, and invasion of fibroblasts (85–87), which can lead to changes in Notch receptor expression in keloid (88). It was found that JAG1 was significantly overexpressed at the mRNA and protein levels in keloid as well as in immune cells. More than 30 years ago, Russell et al. used quantitative real-time polymerase chain reaction to detect the expression level of keloid tissue and normal skin tissue at the same site; increased JAG1 expression was observed in the fibroblasts of keloid nodules (89). Resistance to related drugs, such as hydrocortisone, can be observed in fibroblasts of keloid nodules, which can change the chemistry and morphology of connective tissue cells and hinder the production of intercellular substances, such as collagen fibers. Hydrocortisone can be used to treat keloid by targeting JAG1 (90, 91). DKK1 is an inhibitor of the Wnt signaling pathway, which can regulate Wnt through negative feedback and participates in tumor cell proliferation, apoptosis, migration, and angiogenesis (92, 93). DKK1 binds to the LRP6 co-receptor and inhibits β-catenin-dependent Wnt signaling, and the downregulation of β-catenin is crucial to human immune function (94, 95). Furthermore, DKK1 can regulate immune cells and suppress immune reactions through the GSK3β/E2F1/T-bet axis in CD8+ T cells (96, 97). In a series of studies, it was found that the expression of DKK1 decreased in tumor cells. Keloid is benign skin tumor; therefore, it can be inferred that DKK1 is present at a low level in keloid, which was also confirmed by our previous data analysis and experimental detection (98–100). Moreover, DKK1 regulates the activity of immune cells and participates in T-cell differentiation. Therefore, DKK1 is a promising target for keloid immunotherapy. DKK1 has attracted extensive attention as a mechanism for keloid and immune cells (101). Moreover, in immune infiltration, we identified some immune cells, which were consistent with the available source (67, 102, 103). In a word, we established that four DEIGs played a vital role in the pathogenesis and treatment of keloid; however, the specific mechanism of these four genes in keloid has not been studied. Therefore, it is necessary to conduct further analyses to evaluate the effects of these genes.

The current study has several highlights. First, few studies have linked keloid to immune-related molecules. The expression profiles of normal skin and keloid tissues help us gain a comprehensive understanding of their pathological processes and identify keloid diagnostic biomarkers. Second, DEGs are used to screen immune molecules, which have special advantages in gene expression datasets because they can estimate the connectivity between modules and clinical features. However, our study had some limitations. First, even though we included three datasets, the sample size was small. The data used in this study was obtained from different platforms. Despite the fact that homogenization was conducted, the source bias still be ignored. Finally, this was an in silico analysis, and there is an urgent need for molecular biology experiments and prospective, well-designed, multicenter studies to verify these findings. The specific role of these biomarkers in keloid, their specific association with clinical features (keloid in different periods), and their diagnostic role require further investigation and verification in a large number of clinical patients.
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