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Abstract

The primary forms of cicatricial (scarring) alopecia (PCA) are a group of inflammatory, irreversible hair loss disorders characterized by
immune cell infiltrates targeting hair follicles (HFs). Lichen planopilaris (LPP), frontal fibrosing alopecia (FFA), and centrifugal cicatricial
alopecia (CCCA) are among the main subtypes of PCAs. The pathogenesis of the different types of PCAs are poorly understood, and
current treatment regimens yield inconsistent and unsatisfactory results. We performed high-throughput RNA-sequencing on scalp
biopsies of a large cohort PCA patients to develop gene expression-based signatures, trained into machine-learning-based predictive
models and pathways associated with dysregulated gene expression. We performed morphological and cytokine analysis to define
the immune cell populations found in PCA subtypes. We identified a common PCA gene signature that was shared between LPP, FFA,
and CCCA, which revealed a significant over-representation of mast cell (MC) genes, as well as downregulation of cholesterogenic
pathways and upregulation of fibrosis and immune signaling genes. Immunohistological analyses revealed an increased presence of
MCs in PCAs lesions. Our gene expression analyses revealed common pathways associated with PCAs, with a strong association with
MCs. The indistinguishable differences in gene expression profiles and immune cell signatures between LPP, FFA, and CCCA suggest
that similar treatment regimens may be effective in treating these irreversible forms of hair loss.

Significance Statement:

This study provides valuable insight into the gene expression profiles of major PCA variants, lichen planopilaris (LPP), frontal
fibrosing alopecia (FFA), central centrifugal cicatricial alopecia (CCCA), and provides evidence that all three variants share similar
pathogenic pathways involving mast cells (MC). These data can be leveraged to design novel therapeutic strategies for PCA patients
targeting chlosterogenic pathways, reducing fibrosis, and targeting MCs.

Introduction
Primary Cicatricial Alopecias (PCAs), commonly referred to as
scarring alopecias, are a collective group of inflammatory disor-
ders with distinctive pathological features that include the de-
velopment of fibrosis, permanent destruction of the piloseba-
ceous unit of the hair follicle (HF), and irreversible hair loss
(1). These disfiguring conditions have profound detrimental ef-
fects on the psychological health and overall quality of life of af-
fected patients (2–4). The most common PCAs, including Lichen
Planopilaris (LPP), Frontal Fibrosing Alopecia (FFA), and Central
Centrifugal Cicatricial Alopecia (CCCA), affect mainly women
of various demographic groups, and are managed clinically by
different treatment regimens. FFA was under-recognized prior
to a recent increase in incidence potentially associated with
the use of skin care products, leading to the hypothesis that
environmental factor(s) may be involved (1, 5). Although LPP,
FFA, and CCCA are all classified as PCAs due to the scarring,
their clinical presentations are distinct. This common pathogenic

feature raises the question that they share underlying molecular
pathways.

Studies of PCAs revealed abnormal inflammatory cell infil-
trates around the mid HF concentrated around the epithelial stem
cell (bulge) region (mixed lymphocytes including Th1, Th2, and
mast cells), sebaceous gland, and the infundibulum compartment
of the HFs, potentially involving destruction of sebaceous gland,
and the development of fibrosis (1, 6–11). This pathological feature
is found in all three subtypes of PCAs, therefore, one of the most
common initial treatments for PCAs consists of topical and/or in-
tralesional injection of corticosteroids (anti-inflammatory), and
oral antibiotics (such as doxycycline for its anti-inflammatory
properties) (1, 12, 13). There are also some differential treatments
for LPP, FFA, and CCCA that are specific to each subtype. For ex-
ample PPARg agonists have been used for LPP, but not FFA and
CCCA. Hormone modulators are used in FFA patients, but not in
LPP (12, 13). These treatments have variable rates of success in
slowing the disease process, and are not effective in stimulating
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hair regrowth in areas where fibrosis is already present. Thus, it is
crucial that the pathobiology of the PCAs is elucidated, to develop
new treatment targets for evidence-based randomized clinical tri-
als (12, 13). Genetic studies have been limited and recent GWAS
studies on FFA patients revealed susceptibility loci including HLA-
B∗07:02 (14), whereas a variant in PADI3 was identified in a subset
of CCCA patients that may affect hair shaft formation (15).

Here, we used bulk RNA-sequencing-based (RNAseq) transcrip-
tomics to ask whether there are shared transcriptomic signatures
among LPP, FFA, and CCCA and also to determine the degree of as-
sociation with different immune cell types. We analyzed unique
gene expression signatures of each of these PCA subtypes, fol-
lowed by immunophenotyping techniques and pathway analysis-
based methods. Further, we developed an unsupervised clustering
training–validation prediction pipeline and supervised machine-
learning-based predictive models to classify the PCAs based on
the gene expression signatures of LPP, FFA, and CCCA patients. We
discovered several core molecular processes among PCAs, which
revealed common immunological and mechanistic pathways. The
shared pathogenesis suggests unifying molecular mechanisms for
therapeutic targeting that could potentially benefit all subtypes of
PCA via refined targets and specific immune cell types.

Materials and Methods
Patient demographics
We collected scalp tissue samples from a cohort of 30 LPP, 36 FFA, 9
CCCA patients, and 12 normal controls (NC). A more complete de-
scription of our study population, including disease status, treat-
ment history, comorbid conditions, concurrent medications, sex,
and age is provided in Table S1 (Supplementary Material).

Ethics statement
All studies were approved by the Institutional Review Board at the
Columbia University Irving Medical Center and conducted under
the Declaration of Helsinki Principles. Informed consent was re-
ceived from participants prior to enrollment in the study.

Human biosample collection and processing
A volume of 4 ml punch biopsies were taken from lesional and
nonlesional scalp sites as identified by the treating dermatologist.
NC samples were donated by healthy volunteers from other stud-
ies as part of our normal scalp database. Specimens were fixed in
PAXgene Tissue Containers and bisected. One half of the sample
was processed for RNA extraction and the other was formalin-
fixed and paraffin embedded (FFPE) for immunohistochemistry.
Plasma from each subject was preserved for cytokine profiling.

High-throughout RNA-sequencing
RNA extracted from skin biopsies was used for high-throughput
bulk RNAseq (GENEWIZ). A standardized RNA-seq pipeline was
performed with Illumina HiSeq, 2 × 150 bp (paired-end sequenc-
ing with 150 base pairs from each end) and 20 to 30 million reads
per sample. PolyA-selection was used to select mRNA and remove
rRNA. Briefly, the initial quality control of reads was performed
using fastQC and the QC passed Fastq files were used for gene
count estimation (transcript per million [TPM]) estimation using
Kallisto tool (16) followed by TXTimport (17). All of the samples
we submitted for RNAseq met the required quality (RIN score > 7)
and amount (> 250 ng). Samples that did not meet this cut-off
were not used.

Differential gene expression, pathway analysis,
and predictive models
The unique gene hit counts from TXTimport were fed to the down-
stream differential gene expression (DGE) analysis using DESeq-
DataSetFromTximport function in DESeq2 package in R (18) (Fig. 2B).
Utilizing the DGE from bulk RNAseq, we aimed to differentiate the
PCAs from NC samples in two ways: (i) PCAs versus NCs and (ii)
a multiclass based predictive model to differentiate the different
forms of PCA such as (LPP, FFA, and CCCA) versus NCs.

We first implemented an unsupervised training–validation ma-
chine learning pipeline on the PCA and NC RNA-seq samples to
identify the expression of signature genes associated with each
form of PCAs. The training data set (i.e. the cohort used to de-
fine an initial novel list of features) consisted of eight NC and
nine PCA patients (three LPP and six FFA; Fig. 1B), CCCA pa-
tients were not used in the development of the original train-
ing dataset. The algorithm was executed without prior informa-
tion on the diagnosis of individuals (LPP/FFA or NC) to sort all
samples based on their raw similarity to/or divergence from each
other.

The differentially expressed genes (DEGs) identified in PCAs
(alpha = 0.05, P-value < 0.05, FDR < 0.05) were validated in the
next step by projecting the DEGs onto an independent RNA-seq
dataset (14 LPP, 18 FFA, and 12 NC) to ascertain the fidelity of
the initial biomarker set in a new set of samples. The validated
samples were not used to define the initial signature (Fig. 1C and
D). Finally, we applied the biomarker signature to the combined,
complete cohort (addition of 16 LPP, 18 FFA, and 9 CCCA) to
assess the robustness of the biomarker signature across a total
of 30 LPP, 36 FFA, 9 CCCA patients, and 12 NC (Fig. 1E; Figure S2,
Supplementary Material). The unsupervised pipeline was able to
differentiate PCAs versus NCs, but failed to differentiate between
different PCA subtypes.

To classify the different forms of PCAs including LPP, FFA, and
CCCA based on gene-expression signatures, we implemented a su-
pervised machine learning pipeline on the transcriptomic profiles
of RNAseq datasets. This algorithm was also executed without a
priori information on the diagnosis of individuals (LPP/FFA/CCCA
or NC) to sort all samples based on their raw similarity to/or di-
vergence from each other. To develop the pipeline, MLSeq (19), an
R package with multiple machine learning techniques (MLTs) was
used to train the transcriptomic features from RNAseq datasets
of PCAs (LPP, FFA, and CCCA) versus NCs. We utilized MLTs
such as support vector machines (SVM) and voom-based near-
est shrunken centroid (voomNSC). These algorithms are based
on the principle of pattern-recognition in the given dataset dur-
ing training, and predicts the test-set based on these patterns.
We used radial basis function (RBF) kernel having kernel width
parameter (gamma, g) and regularization parameter (c) to build
the SVM-based models (see Supplementary Method section 1.7
and Tables S4 and S5 (Supplementary Material) for algorithm
details).

Luminex multiplex ELISA and MC tryptase ELISA
assay
A comparison of cytokine production from plasma samples
from 18 LPP, and 24 FFA patients with a cohort of 10 NCs was
performed via a Luminex Multiplex ELISA platform. The Luminex
panel is a customized 36-plex array that contains inflamma-
tory cytokines secreted by CD8, Th1, Th2, Th17, and mast cells
(ThermoFisher Scientific; Table S3, Supplementary Material). A
separate single-analyte ELISA was performed to measure the
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Fig. 1. LPP, FFA, and CCCA share a gene expression profile compared to controls. RNA-seq followed by principal component analysis (PCA) using
variance stabilized transformed (VST) values of lesional biopsies from LPP (blue), FFA (green), and CCCA (red), showed no independent clustering,
indicating no discernible difference in their transcriptomic profiles while NC biopsies (purple) showed clear segregation from LPP, FFA, and CCCA
lesions (A). Identification of unique gene sets representative of LPP and FFA with a training set of three LPP and six FFA lesional biopsies compared to
eight NC biopsies (B). This unique gene signature was validated with larger cohorts of LPP (C) (n = 14) or FFA (D) (n = 18) samples compared to 12 NC
samples and showed high reproducibility. The training–validation set workflow is a novel and robust approach to identify or differentiate unique gene
signatures of disease entities. When applying the signature to the complete cohort (E) (30 LPP, 36 FFA, 9 CCCA, and 12 NC), we saw no observable
differences between PCA subtypes in molecular analysis.

plasma level of mast cell (MC) tryptase (RayBiotech Inc). Luminex
assays and MC tryptase ELISA were performed and analyzed
by the Columbia Biomarkers Core Laboratory following the
manufacturer’s protocol.

Histology and immunohistochemistry
Tissue blocks from five LPP, five FFA, five CCCA patients, and five
NC were selected for histological and IHC analyses. H&E stain-
ing and Toluidine Blue staining was performed following pre-
viously established protocols (20). IHC analyses for CD4, CD8,
macrophages, dendritic cells, and MCs were performed using the
dilutions described in Table S2 (Supplementary Material).

Statistical analysis
DGE analysis was performed using the hit count data and the DE-
Seq2 package in Bioconductor, which estimates variance-mean
dependence in count data and tests for differential expression
based on a model using the negative binomial distribution. The
molecular pathways represented by the DGEs were determined
using the TCGAbiolinks package (21) to detect functional enrich-
ment of our gene list based on ontologies and top pathways with
FDR < 0.05 displayed.

Immune deconvolution scores were inferred directly from
RNAseq data on whole skin biopsies (22). Representative marker
transcripts for each immune cell type were quantified for rel-
ative differential expression. Scores were created via Fisher’s



4 | PNAS Nexus, 2022, Vol. 1, No. 3

integration of the differential expression and corresponding P-
values and the figure arrays these scores in a 2D semi-log graph.

Results
LPP, FFA, and CCCA share an indistinguishable
gene expression profile
We first compared the global RNA-seq expression data between
LPP, FFA, CCCA, and NC scalp and expected to observe discrete
clustering into four groups. Unexpectedly, the overall gene expres-
sion profile of all PCA subjects (LPP, FFA, and CCCA) did not show
any distinguishable differences and principal component analy-
sis (PCA) did not show any distinct separation of the LPP, FFA, and
CCCA cohorts, indicating that differences in gene expression in
the scalp was negligible among all PCAs (Fig. 1A). The NC samples
formed a distinct cluster away from lesional skin of LPP/FFA/CCCA
(Fig. 1A). In addition, we found that the gene expression signatures
for LPP, FFA, and CCCA patients were highly similar to each other
and robustly separated from the NC subjects (Fig. 1E).

The lack of differences in the gene expression profile is sup-
ported by several recent studies that investigated gene expres-
sion and histological presentation of LPP, FFA, and CCCA patients
(7, 8). The similarity in gene expression profile suggests shared
molecular drivers despite differences in the clinical presentation
of hair loss among PCAs. Notably, we found that the gene expres-
sion profiles in lesional scalp biopsies was highly similar to the
corresponding nonlesional scalp biopsies from the same patient
(Figures S1A and S5, Supplementary Material ).

Training dataset of LPP and FFA revealed a gene
signature in separate validation datasets
To classify the LPP, FFA, and CCCA from NCs, we implemented
an unsupervised hierarchical clustering algorithm (Fig. 1B), which
identified a unique set of genes that were differentially expressed
between the lesional PCA samples and NCs (alpha = 0.05, P-
value < 0.05, and FDR < 0.05). However, unsupervised clustering
failed to differentiate the LPP, FFA, and CCCA signatures from one
another, which further corroborated our PCA (Fig. 1A).

Using unsupervised clustering, we identified a unique set of
genes that were differentially expressed between the lesional PCA
samples and unaffected controls from a training data set con-
sisted of eight NC and nine PCA patients (three LPP, six FFA;
FDR < 0·05; Fig. 1B). In addition, we found the gene signature for
LPP and FFA patients was highly similar and distinctly separated
from the NC subjects. When applying the gene signature from
the training step to our second cohort of subjects (14 LPP, 18 FFA,
and 12 NC), we achieved a high degree of segregation of LPP and
FFA patients from NC (Fig. 1C and D). With a combined analysis
of the complete cohort (30 LPP, 36 FFA, 9 CCCA, and 12 NC), we
still observed a distinct segregation of PCA patients from the NCs
while showing no differences among PCA types (Fig. 1E). In these
exercises, the training gene expression profile was independently
validated in LPP or FFA cohorts separately, reflecting that the al-
gorithm was able to identify and segregate the patient samples
from NCs using a single, highly generalizable panel of biomark-
ers (also supported by unsupervised hierarchical clustering; Fig-
ure S2, Supplementary Material). CCCA samples were included in
the final combined analysis, since the number of samples was not
sufficient for inclusion in both the training and validation analy-
ses. The unsupervised training validation analysis robustly segre-
gated the PCAs from NCs, but did not separate the transcriptomic
signatures to classify PCA subtypes.

LPP, FFA, and CCCA gene expression profiles
revealed shared molecular pathways
Downregulation of cholesterogenic genes
Our computational analysis revealed a core set of DEGs in-
volved in cholesterol biosynthesis, fatty acid biosynthesis and
metabolism pathways (Fig. 2A–C, red bars). These differentially
regulated pathways were found when we conducted pathway
analysis of lesional skin RNA-seq compared to NC biopsies (FC
+/− 1·5, FDR ≤ 0·05). Individual analysis of LPP (Fig. 2A), FFA
(Fig. 2B), or CCCA (Fig. 2C) compared to NC showed similar differ-
entially regulated pathways. Notably, the cholesterogenic genes
found in these pathways were mainly downregulated in lesional
skin, suggesting a decrease of cholesterol biosynthesis, which
likely reflects the loss of sebaceous glands and/or decreased se-
bum production.

Upregulation of fibrotic signature genes
Pathway analysis also revealed upregulation of many genes in-
volved in fibrosis (Fig. 2A and B, green bars), especially for LPP and
FFA. These genes are classified under the category of “hepatic fi-
brosis” by the database of TCGAbiolinks. The development of fi-
brosis is one of the defining features in PCAs and is postulated to
be the cause of permanent loss of HF bulge stem cells (12, 13). The
fibrosis pathway in CCCA was also increased, but did not reach
statistical significance (not shown). The abundance of fibrotic tis-
sue was corroborated using hematoxylin and eosin (H&E) stain-
ing of lesional skin (especially in LPP and FFA), where we observed
densely packed extracellular matrix fibers (Fig. 4A).

Over representation of MC signature
To develop a gene expression profile reflecting different immune
cells, we previously generated an immunopanel algorithm to de-
convolute defined immune cell signatures (23) from RNA-seq per-
formed on whole biopsies (22). We previously validated this al-
gorithm while analyzing the inflammatory infiltrate in alopecia
areata (AA), which showed a high CD8+ T cell and Th1 score (24).
The differential distribution of each immune cell type is repre-
sented in a 2D array comparing the relative consensus differen-
tial expression of unique markers and the P-value of the differen-
tial expression (22). In PCAs, the immunopanel analysis revealed
a striking and highly significant MC signature (represented by
TPSAB1, MS4A2, and CMA1), in LPP, FFA, and CCCA lesions (Fig. 3A–
C) a Th1 signature (CD4, IFNg, STAT4, and IL12). Notably, the x-axis
(representing P-values) is shown in log scale, indicating that each
step toward the right of the x-axis represents a 10-fold increase in
significance. Thus, the significance of MC score is in the range of
log P-value = 10–11 to 10–15.

Immunohistological analysis of PCAs revealed
infiltration with MCs
Immunohistological analysis of PCA biopsies for the presence of
immune cells such as CD4/CD8 T cells, macrophages (CD68), and
dendritic cells (CD209) showed similar staining patterns between
lesional (Fig. 4A) and nonlesional skin (Figure S1B, Supplemen-
tary Material). In addition, we observed strong positive staining
for MCs (MC tryptase and Toluidine Blue) in LPP, FFA, and CCCA
around the sebaceous gland and within fibrotic tissue (Fig. 4A).
In contrast, in NC skin, we did not detect a large number of MCs
in the bulb and sebaceous gland region, consistent with the over-
representation of the MC signature in RNAseq in PCAs. We also
found positive staining for MHC Class I and II, consistent with
the elevated Th1 signature as represented by genes such as IFNg,
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Fig. 2. Pathway analysis of LPP, FFA, and CCCA revealed shared
dysregulated pathways in cholesterol biosynthesis and fibrosis. Pathway
analysis of significantly DEGs between LPP lesions (A), FFA lesions (B),
CCCA lesions alone (C), when compared to NCs. Pathway analysis
revealed core shared pathways among LPP, FFA, and CCCA such as
pathways involved in fatty acid and cholesterol biosynthesis (red bars)
and immune response and signaling (blue bars). Fibrosis pathway is also
shared between LPP and FFA (green bar) and CCCA (not shown in top 20).
Black bars represent other pathways. Top 20 representative pathways
are shown. Analysis was performed with R package TCGA Biolinks with
access to The National Cancer Institute (NCI) Genomic Data Commons
(GDC).

Fig. 3. Deconvolution of immune cells revealed over-representation of
MC signature. Immune deconvolution scores were inferred from the
RNA-seq data and revealed the association of different immune cells
that were not detected by standard pathway analysis. By deconvoluting
the immune cell scores, over-representation of a MC signature was
identified in LPP lesional skin (A) as well as in FFA (B), and CCCA (C)
lesions compared to NC. The x-axis represents log10 of the adjusted
P-value (FDR) with each step toward the right represent a 10-fold
increase in significance.
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Fig. 4. Presence of MCs by histology and multiplex ELISA. Histological analysis of LPP, FFA, and CCCA skin revealed a high number of MCs in the
peri-follicular area of the HFs in PCAs that were not present in NC (A). There were a relatively small number of CD4+ and CD8+ T cells around the
sebaceous gland and a very small number of macrophages and dendritic cells in LPP, FFA, and CCCA lesional samples. The inflammatory infiltrates in
PCA lesions are found near the sebaceous gland and isthmus region and showed no differences compared to nonlesional skin from the same patient
(Figure S1B, Supplementary Material). The plasma level of MC markers (MC tryptase, CD117, CD23, and Endothelin-1) showed no significant difference
between NC, LPP, FFA, and CCCA, suggesting MC activation is restricted to the skin (B).
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STAT4, and IL12. The presence of sebaceous glands (HSD3B1) was
observed (Figure S3, Supplementary Material).

To ask whether involvement of MCs revealed by RNA-seq and
IHC analysis extended beyond the skin, we measured the level of
tryptase in the plasma of LPP and FFA patients (Fig. 4B). In addi-
tion, we performed a multiplex ELISA (Luminex) which included
three additional MC markers (CD117, CD23, and Endothelin-1) on
plasma samples of 23 LPP, 23 FFA, and 9 NC subjects (Fig. 4B). We
found that plasma MC marker levels were similar among the dif-
ferent disease groups, suggesting that MC activity is primarily re-
stricted to the skin and not a systemic feature of PCAs. The levels
of additional inflammatory cytokines in plasma are shown in Fig-
ure S4 (Supplementary Material). There were no significant differ-
ences in the levels of these cytokines among LPP and FFA patients.

Discussion
Previously, it was widely believed that the subtypes of PCA; LPP,
FFA, and CCCA were distinct disease entities. However, reports
of patients switching PCA phenotypes between clinical subtypes
have been reported in the literature, and the histopathology of
PCA variants is highly similar (11), suggesting that phenotypic
overlap may be driven by shared mechanisms, though these re-
mained undefined.

Our study was driven by an analytic pipeline that has not been
implemented in the study of PCAs. Instead of a traditional ex-
ploratory gene expression analysis, we first identified a gene sig-
nature from an initial cohort of patients (training set), and then
validated the association in an independent cohort with a super-
vised analysis (validation sets). This is the gold-standard valida-
tion of machine-learning classification studies, and establishes
significant evidence to the robustness of our PCA gene signatures
and their association to the disease.

We found striking similarity among the gene signatures in the
skin of LPP, FFA, and CCCA, which showed virtually no differences
between all three classifications of PCAs. Pathway analyses and
immunopanel on these gene signatures revealed changes in three
main pathways: (1) cholesterogenesis; (2) fibrosis; and (3) MCs.

Scarring and the development of fibrotic tissue in the skin is
one of the distinguishing clinical features of PCAs. Pathway anal-
ysis of PCAs showed a strong association of hepatic fibrosis path-
way in the lesional skin of LPP and FFA, as well as CCCA to a lesser
extent (Fig. 2A and B). ICAM1, MMP2, MMP13, LEP, COL1A1, and
COL1A2 are some of the genes involve in the development of fi-
brosis and are significantly elevated in PCAs. Histologically, fibrotic
tissue was also observed around the infundibulum region of the
HF, near the sebaceous glands of PCA patient scalp (Fig. 4A). The
same fibrosis pathway and histological presentation can be found
in LPP, FFA, and CCCA, which further supports a shared mecha-
nism that may lead to permanent hair loss through the replace-
ment of the HF by fibrous tissue.

Our immunohistological analyses also demonstrated a
mixed inflammatory infiltrate within and around the sebaceous
gland/isthmus region of the HF in PCAs. We located some seba-
ceous glands in the lesional skin of most PCA patients, since the
biopsy site was near the edge of the lesion. However, prominent
inflammation was observed around the SGs in both lesional as
well as nonlesional skin and the changes in gene expression may
precede loss of the sebaceous glands even before overt hair loss
is visible.

We observed a significant downregulation of cholesterol
biosynthesis genes such as CYP51A1, DHCR7, and MSMO1 in
the PCA biopsies. These genes are involved in different stages of

cholesterol biogenesis, lipid synthesis and even drug metabolism.
The defect in cholesterol biosynthesis may result in accumulation
of sterol intermediates which can initiate inflammatory responses
(25, 26).

Unexpectedly, we identified a distinct and highly significant
MC gene signature in PCA patients, which was subsequently con-
firmed by a larger patient cohort in the validation dataset and
supported by the detection of elevated MC markers by immuno-
histochemistry. The presence of MCs suggests a possible trigger
of innate immune responses in PCA potentially involving allergic
mechanisms, in addition to the involvement of Th1 cells, as previ-
ously reported in FFA (7). MCs play a key role in inflammation and
immediate allergic reaction such as contact with external anti-
gens and allergens (27, 28). The sustained activation of MCs could
also result in the development of fibrosis (29, 30), however, the
causes of MC activation and its relationship to the development
of fibrosis in PCAs invite further investigation.

The potential association of PCAs with environmental triggers
has been a focus of several recent studies. The questionnaire-
based study focused on FFA patients found a possible association
with leave-on facial skin care products, including sunscreens (5,
31). In a study of the main ingredients in sunscreen (such as oxy-
benzone), the authors found 87 out of 100 products tested con-
tained at least one potential allergen identified in previous patch
testing results of FFA patients (32). In a case series study in Brazil
involving patch and photopatch testing of 63 FFA patients, 59%
of subjects had at least one positive test (33). While it is possi-
ble that certain compounds often used in fragrances like Myrox-
ylon pereirae (balsam of Peru) and linalool lhydroperoxide may
increase predisposition to allergy and immune-mediated FFA (5),
the underlying mechanisms remain to be determined. In our pa-
tient cohort, 55% of patients (16/30 LPP, 20/36 FFA, and 0/9 CCCA)
self-reported to have allergic reactions or allergy to some sub-
stance/allergen (not limited to facial products; Table S1, Supple-
mentary Material). Taken together, these lines of evidence may
further support the role of environmental factors such as aller-
gens in the pathogenesis of PCAs.

In addition to their immune functions, MCs have also been im-
plicated in fibrosis, including some skin models such as graft-
versus-host disease and wound healing (29, 30), and modulating
MC activation may have therapeutic benifits in preventing fibrotic
processes (34). A recent study also found a high number IL-17A
positive MCs in LPP lesions and suggested autoactivation of the
IL-23/IL-17 axis (35).

While there are immune infiltrates around the HF and
immune-mediated pathways were observed in our gene expres-
sion data, mainstream immune-modulating treatments such as
corticosteroids are not always effective in PCAs and may intro-
duce side-effects (12, 13). We recently evaluated the efficacy of
JAK inhibitors (36, 37) in PCAs, which resulted in a decrease of LPP
activity Index in 8 out of 10 patients (38). Therefore, while JAK in-
hibition may be a promising treatment for PCAs, further study on
the mechanisms of action is required, since MCs are also a target
of JAK inhibitors, and JAK inhibitors, such as ruxolitinib, alone can
also inhibit MC degranulation (39). Inhibiting JAK–STAT signaling
in conjunction with MC stabilizers may be an effective combina-
torial regimen in treating PCAs. We also compared the results to
another form of inflammatory hair loss condition, AA, we found
lesional biopsies have different immunohistological features and
gene expression profile as PCA lesions (Figure S6, Supplementary
Material).

In summary, we discovered a set of common pathways through
gene expression analyses. Immunophenotyping of LPP, FFA, and
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CCCA patients revealed a striking presence of MC associated
genes. These findings support the potential role of environmental
factors such as allergens (such as facial products and sunscreens)
in the immunopathogenesis of PCAs. In conjunction with the iden-
tification of decreased cholesterogenic genes (decreased sebum
production) shared among different PCAs, treatments involving
modulation of MCs numbers/activity to reduce fibrosis and/or up-
regulation of cholesterol biosynthesis pathways invite future clin-
ical investigation to improve clinical outcomes in the treatment of
PCAs.
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