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Fibroblasts are the chief effector cells in fibrotic diseases and have been discovered
to be highly heterogeneous. Recently, fibroblast heterogeneity in human skin has been
studied extensively and several surface markers for dermal fibroblast subtypes have
been identified, holding promise for future antifibrotic therapies. However, it has yet
to be confirmed whether surface markers should be looked upon as merely lineage
landmarks or as functional entities of fibroblast subtypes, which may further complicate
the interpretation of cellular function of these fibroblast subtypes. This review aims to
provide an update on current evidence on fibroblast surface markers in fibrotic disorders
of skin as well as of other organ systems. Specifically, studies where surface markers
were treated as lineage markers and manipulated as functional membrane proteins
are both evaluated in parallel, hoping to reveal the underlying mechanism behind the
pathogenesis of tissue fibrosis contributed by various fibroblast subtypes from multiple
angles, shedding lights on future translational researches.

Keywords: fibroblast subtypes, fibroblast heterogeneity, fibrosis, surface marker, antifibrotic therapy

INTRODUCTION

Fibroblast (Fb), as a vital interstitial cell, is involved in a wide variety of biological functions such as
conferring structural support to tissues, secreting extracellular matrix (ECM), participating in tissue
damage repair and immune responses (Lynch and Watt, 2018). Besides, Fb is also the chief effector
cell in fibrotic diseases. Abnormal Fb function, such as cellular hyperproliferation and excessive
extracellular matrix deposition, can directly mediate tissue fibrosis (Jiang and Rinkevich, 2020). Fb
has always been thought to be stable and unitary in terms of its composition and function. In the
past, based on the histological characteristics of the skin, Fb was mainly classified into three types,
namely papillary layer, deep reticular layer, hair shaft and papillary region of the hair follicle (Lynch
and Watt, 2018). Unfortunately, due to the lack of surface markers that can effectively distinguish
different fibroblast subtypes, accurate separation of different fibroblast subtypes has always been an
obstacle, and has greatly restricted the further in-depth study of the functional characteristics of
this complex cell population.

In recent years, development of omic sequencing technology, especially in single-cell omics,
has enabled people to understand the phenotype and functional characteristics of cells on the
single-cell level, thereby increased the depth and accuracy in our understanding of the complex cell
populations (Prakadan et al., 2017). With the help of omics technology, fibroblast subpopulations
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were studied in detail and were found to be highly heterogeneous
in their compositions. Previously characterized papillary and
reticular Fb were demonstrated to contain a complex population
of cells that do not share a specific marker (Ascensión et al.,
2020; Vorstandlechner et al., 2020). At present, several studies
have been performed to uncover the Fb heterogeneity in normal
human skin tissues. Tabib et al. (2018) discovered that dermal
Fb can be divided into two main subpopulations characterized
by SFRP2 and FMO1; and into several subpopulations according
to their expression of CRABP1, COL11A1, FMO2, PRG4, and
C2ORF40. Philippeos et al. (2018) performed transcriptome
sequencing on the papillary and reticular dermal tissues, and
revealed several pan-Fb markers, including CD90, platelet-
derived growth factor receptor (PDGFR, including PDGFRα

and PDGFRβ). Besides, CD39, COL6A5, COL23A1, APCDD1,
HSPB3, and WIF1 were found highly expressed in papillary
Fb, while CD36 was specifically highly expressed in reticular
Fb (Philippeos et al., 2018). Using flow cytometry, Korosec
et al. (2019) found that Fbs characterized by fibroblast activation
protein (FAP) positive and CD90 negative phenotype are
enriched in the papillary dermis and expressed both PDPN and
NTN1, displayed active proliferation, and are relatively resistant
to adipogenic differentiation. On the other hand, FAP-CD90+
Fbs expressed high levels of ACTA2, MGP, PPARγ, and CD36 and
possessed a higher adipogenic potential, contributing to features
of reticular Fbs.

The research on Fb heterogeneity in healthy skin is still very
much in its infancy. Based on currently available evidence, it is
acknowledged that pan-Fb surface markers of human skin Fb are
CD90, PDGFR α and PDGFRβ, while the surface markers of Fb
subtypes are FAP, CD26, CD36, and CD39. These surface markers
hold the promise of future antifibrotic therapies by targeting Fb
subtypes with small molecule inhibitors or inhibitory antibodies.
However, evidence regarding the functional characteristics and
dynamic alteration of Fb subtypes in both healthy or fibrotic skin
is still scarce. More importantly, there is a discrepancy between
Fb surface markers as lineage markers or as functional entities in
the previous studies, which further complicates the interpretation
of cellular functions, hampering future development of targeted
therapy (Jacob et al., 2012). In this review, we aim to summarize
the current evidence of Fb surface markers in fibrotic disorders
of skin as well as of other organ systems. Specifically, we would
like to compare the role of these surface markers in fibrotic
diseases as lineage markers or as functional membrane proteins.
Besides, antifibrotic therapies targeting certain Fb subtypes or
particular surface marker proteins would be evaluated, hoping
to shed light on the significance of these Fb subtypes during the
fibrotic process, and to provide some valuable insights for future
translational research.

PAN FIBROBLAST SURFACE MARKERS

CD90
CD90, also known as Thy1, is a glycosylphosphatidylinositol-
anchored glycoprotein that is expressed on the surfaces of T
cells, neuronal cells, endothelial cells, mesenchymal stem cells

and fibroblasts (Jiang and Rinkevich, 2018). CD90 regulates cell
adhesion and migration, and plays an important role in the
processes of axon growth, T cell activation, cell proliferation
and apoptosis regulation, and tumor cell migration (Shaikh
et al., 2016). In human dermis, it was shown that CD90 is
widely expressed in all skin layers, including papillary dermis,
reticular dermis and hypodermis, thus it is also known as a
pan-Fb surface marker (Driskell et al., 2013; Philippeos et al.,
2018). However, Korosec et al. (2019) stated that the uppermost
papillary Fbs possessed a CD90 negative phenotype. Besides,
CD90 cannot clearly distinguish between dermal mesenchymal
stem cells and dermal Fbs, suggesting that CD90 alone is not
an accurate marker to define Fbs in general or its subtypes
(Jiang and Rinkevich, 2018).

CD90+ Fbs were found to be accumulated in the collagen
packed loci of several fibrotic diseases, including systemic
sclerosis (Nazari et al., 2016), cholestatic liver injury (Katsumata
et al., 2017), pathological scarring (Ho et al., 2019) and contracted
capsule induced by tissue expander implantation (Hansen et al.,
2017). Moreover, the expression level of CD90 in Fbs was
positively correlated with the severity of tissue fibrosis (Nazari
et al., 2016; Katsumata et al., 2017), suggesting the positive role
of CD90+ Fbs in the pathogenesis of these diseases. CD90+ Fbs
were also regarded to be functionally activated as myofibroblast
marker α-smooth muscle actin (αSMA) and ECM related genes
were both highly expressed (Hansen et al., 2017; Ho et al., 2019).
Besides, CD90+ Fbs inhibited ECM degradation through the
upregulation of Tissue Inhibitors of Metalloproteinases-1 (TIMP-
1) (Katsumata et al., 2017).

However, CD90 exerted contradictory functions in different
disease models. For instance, the depletion of CD90 would halt
fibrosis in prosthesis-induced scar formation (Hansen et al.,
2017) and idiopathic pulmonary fibrosis (IPF) (Fiore et al., 2015).
These antifibrotic effects may be attributed to the inhibition of
the association between CD90 and the αvβ3 integrins upon CD90
depletion, further blocking Src family kinase recruitment and
Rho signaling activation (Gerber et al., 2013; Fiore et al., 2015).
In contrast, in IPF, CD90 was found to be lowly expressed in
the fibroblastic foci (Sanders et al., 2008). Also, Lung Fbs from
CD90 knockout mice showed increased cell proliferation and
collagen deposition, revealing antifibrotic properties of CD90
(Nicola et al., 2009). The inconsistencies across studies suggested
that: (1) CD90+ Fb may act differently during fibrosis formation
depending on the organ system involved; (2) CD90 is widely
expressed in multiple mesenchymal cells, thus global depletion
of CD90 cells may not be limited to just CD90+ Fbs, but
also other CD90+ cells, thereby significantly complicating the
interpretation of results (Rege and Hagood, 2006).

Small molecular compounds such as OSU-CG5 and
monoclonal antibodies targeting CD90 have already been
used to inhibit CD90+ tumor cells in solid or hematological
malignancy (Ishiura et al., 2010; Chen et al., 2015). However,
to date none has been tested for treatment of fibrotic diseases.
Apart from directly targeting CD90 per se or CD90+ cells,
other treatment options which inhibits the differentiation of
endothelial cells into CD90+ Fb (Wei et al., 2020) or disrupts
the interaction between CD90 and integrin αν (Tan et al., 2019),
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might also achieve desirable therapeutic effects on tissue
fibrosis (Figure 1).

Platelet-Derived Growth Factor Receptor
(PDGFR)
Platelet-derived growth factor receptor belongs to the receptor
tyrosine-specific protein kinase family. It possesses intrinsic
kinase activity and is widely expressed in Fbs, endothelial cells
and myoepithelial cells (Lynch and Watt, 2018). The binding
of PDGF isoforms to PDGFR dimers αα, αβ, ββ would trigger
autophosphorylation of PDGFRs on different tyrosine residues
and subsequent activation of downstream signaling pathways,
regulating cell proliferation, apoptosis, differentiation, migration,
and angiogenesis (Östman, 2017; Klinkhammer et al., 2018). It
plays important roles in physiological processes including growth
and development, and wound repair; as well as in pathological
processes such as tumorigenesis (Pietras et al., 2003).

In normal human skin, PDGFRα and PDGFRβ are
indiscriminately expressed in the papillary and reticular
dermis (Philippeos et al., 2018). It has been reported that upon
muscle and skin injury, a lineage of ADAM12+ cells would be
induced into a distinct subset of PDGFRα+ cells, namely the
ADAM12+ PDGFRα+ Fbs which mediates scarring repair by
producing collagen (Dulauroy et al., 2012). Similar fibrogenic
potential of PDGFRα+ cells has also been observed in other
organs. It has been reported that PDGFRα+ progenitor cells give
rise to major matrix-producing Fbs in tendon repair (Harvey
et al., 2019), liver fibrosis (Ramachandran et al., 2019), and
kidney and heart ischemic injury (Santini et al., 2020). PDGF-
enriched microenvironment would also contribute to tissue

fibrosis as seen in Duchenne muscular dystrophy (DMD), where
PDGFRα+ Sca1+ CD45−mesenchymal progenitor cells would
be activated into tissue remodeling cells after receiving PDGF-
AA ligands from the surrounding muscle cells (Ieronimakis
et al., 2016). Besides, PDGFRα, which is also expressed in the
adipose precursor cells (Driskell and Watt, 2015; Marcelin et al.,
2017), would be activated, resulting in the transformation of
cells into PDGFRα + CD9high Fbs that act as the pivotal cells
in tissue metabolism and white adipose tissue (WAT) fibrosis
(Marcelin et al., 2017).

Profibrotic effect of PDGF signaling pathway has been
evaluated in multiple organs including liver (Hayes et al., 2014;
Ramachandran et al., 2019), skin (Olson and Soriano, 2009),
kidney (Ostendorf et al., 2003) and heart (Pontén et al., 2003).
Other than activating the classic fibrogenic ERK, AKT, and
NF-κB pathways which ultimately resulting in excessive tissue
fibrosis (Kocabayoglu et al., 2015; Higashi et al., 2017), PDGFR
signaling, specifically PDGFβ signaling is also accountable for
functional activation of Fbs as shown by upregulation of αSMA
and profibrotic cytokines such as matrix metalloproteinases
(MMPs) and TIMPs (Czochra et al., 2006). In addition, PDGF-
BB is involved in promoting the secretion of extracellular vesicles
containing PDGFRα, which in turn facilitates the activation of
cellular function of hepatic stellate cells, promoting liver fibrosis
(Kostallari et al., 2018).

As the critical role of PDGF/PDGFR signaling in promoting
tissue fibrosis has been well documented, numerous antifibrotic
approaches targeting this pathway have been developed
(Papadopoulos et al., 2018). Basically, these treatment strategies
are mainly divided into three categories (Papadopoulos et al.,
2018): (1) sequestering PDGF ligands or inhibiting their binding

FIGURE 1 | Schematic graph showing potential antifibrotic therapies targeting CD90. (RLD, RGD-like tripeptide).
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to their respective receptors using neutralizing antibodies or
aptamers, which are single-stranded DNA or RNA molecules
that possess selective binding affinity to the PDGF ligands,
consequently blocking the activation of PDGFRs; (2) inhibiting
ligand-receptor interactions by blocking the extracellular
domain of PDGFR with antibodies or small molecular drugs;
(3) blocking the activation of intracellular tyrosine kinase or
downstream pathways of PDGFR signaling with low molecular
weight inhibitors.

Hao et al. (2012) demonstrated that PDGF-B kinoid
immunogen, a kind of PDGF-B-derived epitope-carrier protein
heterocomplexes, would elicit the production of neutralizing
anti-PDGF-B autoantibodies responsible for the suppression of
proliferation and activation of the hepatic stellate cells (HSCs),
which would ultimately inhibit liver fibrosis. Similar antifibrotic
effects can also be achieved through direct administration of
PDGF-BB specific neutralizing antibody (MOR8457) (Yoshida
et al., 2014; Kuai et al., 2015) or soluble dominant negative
PDGFRβ (Borkham-Kamphorst et al., 2004), as demonstrated
in mice model of hepatic fibrosis. For small molecular drugs,
tyrosine kinase inhibitors (TKIs) have been proven to be one
of the most promising antifibrotic therapies that target the
enzymatic activity of PDGFR (Papadopoulos et al., 2018), such as
in hepatic (Liu et al., 2011; Shaker et al., 2011) and pulmonary
(Vuorinen et al., 2007; Fleetwood et al., 2017) fibrosis. With
respect to skin fibrosis, Imatinib inhibited the proliferation
and production of ECM, including collagen 1 and fibronectin
in vitro in dermal Fbs obtained from systemic sclerosis patients
(Distler et al., 2007; Soria et al., 2008). In vivo, Imatinib
administration reduced dermal thickening and prevented the
differentiation of resting Fbs into myofibroblasts in TSK-1 mice
and bleomycin-induced dermal fibrosis (Akhmetshina et al.,
2009). Similar protective effects on dermal fibrotic diseases
would also be observed with Sunitinib, Dasatinib, and Nilotinib
in vivo (Akhmetshina et al., 2008; Kavian et al., 2012). However,
clinical trials evaluating the therapeutic efficacy of Imatinib
on systemic sclerosis gave multifarious results (Khanna et al.,
2011; Spiera et al., 2011; Prey et al., 2012; Fraticelli et al.,
2014; Gordon et al., 2014). Kay and High (2008) first reported
progressive improvement of skin thickening and tethering
following initiation of Imatinib in two patients with nephrogenic
systemic fibrosis. However, recurrence of skin lesions were
observed shortly after therapy withdrawal (Kay and High, 2008).
In 26 systemic sclerosis interstitial lung disease, the use of
low dose Imatinib (200 mg/day) for 6 months was associated
with good drug tolerance and stabilized lung function, however,
without significant effects on skin lesions (Fraticelli et al., 2014).
Another phase 2 trial showed that the use of Imatinib 400 mg/day
would improve both forced vital capacity and skin thickening
(Spiera et al., 2011; Gordon et al., 2014). Yet, using similar
dose of Imatinib (400 mg/day), Prey et al. (2012) failed to
demonstrate therapeutic efficacy of Imatinib in regards to impact
on dermal thickness, pulmonary function and quality of life. By
further increasing the dose to 600 mg/day, Khanna et al. (2011)
only reported a trend toward improved lung function and skin
thickness, but were associated with significant adverse effects.
The reasons for the inconsistencies between these studies are

unclear, but may be due to drug dosage, treatment duration, and
patient groups and thus requires further investigation (Khanna
et al., 2011). In conclusion, the curative effect of TKIs in the
treatment of fibrotic disease requires further studies to confirm
its effectiveness (Figure 2).

It has been reported that the auto-phosphorylated PDGFR
and downstream activation of Ras, RAF pro-oncogene
serine/threonine protein kinase (RAF-1), mitogen-activated
protein kinase (MEK) and extracellular signal-regulated protein
kinase (ERK) signaling pathways facilitate the progression of
hepatic fibrosis (Ying et al., 2017). Sorafenib, a potent inhibitor of
PDFGRβ and RAF kinase, has been demonstrated to effectively
reduce the portal pressure and portosystemic collaterals in a
rat model of portal hypertension, thereby reducing the level of
intrahepatic fibrosis (Figure 2) (Mejias et al., 2009).

SURFACE MARKERS FOR FIBROBLAST
SUBTYPES

Fibroblast Activation Protein (FAP)
Fibroblast activation protein is an integral membrane
glycoprotein of the serine proteases family, possessing dual
collagenase and dipeptidase activities, which aids in the
degradation of gelatin, type I collagen and a variety of dipeptides
(Kelly, 2005). Although FAP and CD26 both belong to the same
S9B prolyl oligopeptidase subfamily and are highly homologous,
they are not interchangeable (Kelly, 2005). Previous studies
reported that FAP was highly expressed in the cancer associated
fibroblasts (CAFs), which in turn mediated cancer invasion
and metastasis through the degradation of extracellular matrix
(Kalluri and Zeisberg, 2006).

In normal human skin, FAP + CD90- Fbs are commonly
regarded as the papillary Fbs, which showed increased
proliferation potential and lower adipogenic differentiation
as compared to the reticular Fbs (Korosec et al., 2019). FAP is
also found to be highly expressed in the collagen-accumulated
loci of several fibrotic diseases including keloid (Dienus et al.,
2010), liver fibrosis (Levy et al., 2002), myocardial infarction
(Tillmanns et al., 2015), lung fibrosis (Acharya et al., 2006),
Crohn’s disease (Truffi et al., 2018), and arthritis (Croft et al.,
2019). FAP+ Fbs generally highly express αSMA as observed
in infarcted heart tissues of human and mice model, suggesting
these Fbs express an activated contractive phenotype (Tillmanns
et al., 2015). Further, Avery et al. found that the expression of
FAP and αSMA is regulated by ECM composition, elasticity and
transforming growth factor-β (TGF-β) signaling (Avery et al.,
2018). In fibronectin-enriched matrix, TGF-β preferentially
upregulates the expression of FAP; whereas in Collagen 1-
enriched matrix, αSMA is induced instead (Avery et al., 2018).
FAPHiαSMAlow and FAPlowαSMAHi Fbs displayed distinct
functional differences in that the former has a higher capacity
of ECM deposition, while the latter showed a more contractive
potential (Avery et al., 2018). In addition, FAP has been reported
to be vital for various cellular functions like cell proliferation
(Croft et al., 2019), migration (Wang et al., 2005; Dienus et al.,
2010), invasion (Wang et al., 2005; Dienus et al., 2010), apoptosis
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FIGURE 2 | Schematic graph showing potential antifibrotic therapies targeting PDGFR. (nAb, neutralizing antibody; TKI, tyrosine kinase inhibitor; RAFi, Raf kinase
inhibitor; LBP, lipopolysaccharide-binding protein; TNF-α, tumor necrosis factor-α; iNOS, inducible nitric oxide synthase; IL-1β, interleukin-1β; PI3K, phosphoinositide
3-kinase; Akt, also known as PKB, protein kinase B; VEGF, vascular endothelial growth factor; VEGFR-2, vascular endothelial growth factor receptor-2; TIMP-1,
tissue inhibitors of metalloproteinases-1; MMP-2, matrix metalloproteinase-2; αSMA, α-smooth muscle actin; ECM, extracellular matrix).

(Wang et al., 2005) and production of profibrotic proteins (such
as TIMPs) (Truffi et al., 2018). The therapeutic effects of FAP
targeted approaches are partly attributed to the regulation of
cellular functions of the culprit FAP expressing cells. However, it
has been noted that the choice of animal model or intervention
approach would influence the final interpretation of therapeutic
effect by targeting the FAP+ Fbs (Kimura et al., 2019). For
instance, FAP+ cell depletion by T cells expressing FAP chimeric
antigen receptors or global FAP knockout showed increased
level of pulmonary fibrosis in bleomycin-induced lung fibrosis,
but had only minimal effects on the Ad-TGFβ induced model
(Kimura et al., 2019). These phenomena highlight the fact that
different fibrosis models may have distinct mechanisms of action
upon initiating insults and that FAP+ Fbs may have adapted to
different functions throughout the fibrotic processes.

Although various FAP targeting strategies have been
established, including inhibition of enzymatic activity of FAP,
depletion of FAP expressing cells and targeted delivery of
cytotoxic compounds, their applications in fibrotic diseases have
been limited so far (Figure 3) (Busek et al., 2018).

Targeted inhibition of FAP using H2N-Gly-Pro
diphenylphosphonate, an irreversible inhibitor of FAP (Gilmore
et al., 2006), has been shown to impair the invasiveness of keloid
Fbs in vitro (Dienus et al., 2010). Similarly, Talabostat mesylate
(PT-100), an extracellular dipeptidylpeptidases inhibitor, would
reduce bleomycin-induced lung injury by downregulating FAP
and MMP-12 expression and increasing macrophage activation

(Egger et al., 2017). Moreover, oral administration of L-glutamyl
L-boroproline (PT-630), a more specific FAP inhibitor, in murine
model of rheumatoid arthritis has found to exert inhibitory
effects on the invasiveness of synovial Fbs (Ospelt et al., 2010).
However, PT-630 which is relatively non-selective often inhibits
both CD26 and FAP activities, thus the development of more
selective FAP inhibitors is warranted, as well as the assessment
of their antifibrotic activity in preclinical and clinical trials
(Jacob et al., 2012). Recently, chimeric antigen receptors (CARs)
engineered T cells that specifically target the FAP have been
demonstrated to prevent cardiac fibrosis and improve cardiac
function in vivo, suggesting a novel direction to develop anti-FAP
therapies (Aghajanian et al., 2019) (Figure 3).

CD26
CD26 (also known as dipeptidyl peptidase IV, DPP IV) is a
highly conserved type II transmembrane serine exopeptidase
that hydrolyzes proline or alanine from the N-terminus of a
broad range of polypeptides (Hu and Longaker, 2016). CD26 is
widely expressed in a variety of cells and tissues, and participates
in the regulation of nutrient absorption, tumor invasion and
metastasis, and many other physiological and pathological
processes (Ibegbu et al., 2009).

The role of CD26 in renal fibrosis (Takagaki et al., 2017),
cardiac fibrosis (Bando and Murohara, 2016), hepatic fibrosis
(Itou et al., 2013), wound healing and cutaneous diseases (Hu and
Longaker, 2016; Patel et al., 2020) has been extensively discussed
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FIGURE 3 | Schematic graph showing potential antifibrotic therapies targeting FAP. (CAR-T, chimeric antigen receptors engineered T cell; MMP, matrix
metalloproteinase; ECM, extracellular matrix).

by recent reviews. Here, we would like to mainly address
the advances of CD26 in skin fibrosis. The profibrotic nature
of CD26 can be inspected from two intriguing observations:
Dipeptidyl Peptidase-4 inhibitors (DPP4-Is) are novel oral
hypoglycemics drugs used in clinical practice that work by
blocking the enzymatic function of DPP-4 (Panchapakesan and
Pollock, 2015). In a retrospective study, the occurrence rate of
pathological scars (keloids and hypertrophic scars) after median
sternotomy was significantly reduced in patients who have
received DPP4-I treatment (Suwanai et al., 2020). Furthermore,
CD26+ Fb population appeared more abundant in the human
skin than in the gingiva, which may be associated with a
better regeneration and less scarring property of gingiva (Mah
et al., 2017). During the scarring process, fewer CD26+ Fbs
was found in the regenerated gingival wounds as compared
to the hypertrophic-like scars (Mah et al., 2017). Through
rigorous lineage tracing experiments, Rinkevich et al. (2015)
demonstrated that Engrailed-1 lineage-positive Fbs are the major
cells responsible for matrix deposition in wound healing in
mice skin. Moreover, cytometric screening identified CD26 as a
surface marker for 94% of Engrailed-1 lineage-positive Fbs, and
inhibition of CD26 with Diprotin A has resulted in mitigation of
skin scarring (Rinkevich et al., 2015).

In contrast to the mice skin, studies of CD26 in human skin are
relatively inconsistent (Philippeos et al., 2018; Tabib et al., 2018;
Korosec et al., 2019; Vorstandlechner et al., 2020). Tabib et al.
(2018) and Vorstandlechner et al. (2020) proposed that CD26+
Fbs that accumulate in both papillary and reticular layers have

been demonstrated to be the major Fb subpopulation responsible
for ECM assembly in normal skin and healing wounds in humans
(Vorstandlechner et al., 2020; Worthen et al., 2020). In contrast,
Philippeos et al. (2018) showed that CD26+ Fbs are enriched
in the reticular dermis; while Korosec et al. (2019) believed that
CD26+ Fbs are located in the papillary dermis but are also
detectable in other dermal layers. Although consensus on the
localization of CD26+ Fbs in human skin has yet to be reached,
CD26+ Fbs derived from keloid, a typical fibrotic skin disorder
after injury, demonstrated markedly elevated ability of cell
proliferation and migration; greater expression of inflammatory
and fibrotic factors such as TGF-β1, insulin growth factor-1 (IGF-
1), and interleukin-6 (IL-6); and increased production of ECM
components such as collagen 1, collagen 3 and fibronectin (Xin
et al., 2017). In systemic sclerosis, CD26+ Fbs expressed high
level of myofibroblast marker αSMA and collagen (Soare et al.,
2020). The functional status of CD26 decides on the regulation
of a series of cellular functions like cell proliferation, migration
and collagen production. CD26 inhibition by genetic knockout or
DPP4-I exerted potent antifibrotic effects in bleomycin-induced
skin fibrosis (Soare et al., 2020).

It has been reported that the inhibition of CD26 exerted
hypoglycaemic, anti-inflammatory, and antifibrotic effects
(Panchapakesan and Pollock, 2015). The mechanism behind the
antifibrotic role of CD26 is complex and has been investigated
in several aspects. Primarily, it has been reported that CD26
blockage using established small molecular drugs would
abrogate the classic TGF-β1 signaling pathways in hepatic
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(Kaji et al., 2014; Zhang et al., 2019; Khalil et al., 2020),
pulmonary (Xu et al., 2018), renal (Seo et al., 2019; Kim et al.,
2020), and adipose tissue (Marques et al., 2018) fibrosis. In
high glucose culture environment, DPP4-I would decrease the
expression of phosphorylated protein of the IGF/Akt/mTOR
signaling pathway in hypertrophic scar-derived Fbs, inhibiting
their trans-differentiation into myofibroblasts (Li et al., 2019).
In addition, DPP4-I would reduce the level of inflammatory
signals including NLR Family Pyrin Domain Containing 3
(NLRP3) inflammasome, endoplasmic reticulum (ER) stress
and proinflammatory cytokine including IL-1β, IL-6, and tumor
necrosis factor α (TNF-α) in the mice model of renal (Seo
et al., 2019) and hepatic fibrosis (Jung et al., 2014). Apart from
mediating the fibrotic and inflammatory pathways, DPP4-I
also attenuated fibrogenesis by modulating the cellular status
and phenotype including lipotoxicity-induced apoptosis (Lee
et al., 2020) and endothelial–mesenchymal transition (EndMT)
(Kanasaki et al., 2014; Suzuki et al., 2017; Xu et al., 2018). Aroor
et al. (2015) reported the use of DPP4-I as a therapeutic rescue
in patients with hepatic steatosis through the enhancement
of mitochondrial glucose utilization and triacylglycerol
secretion/export, thereby suppressing the accumulation of
hepatic triacylglycerol and diacylglycerol. Taken together, these
suggest that the metabolic regulation property of DPP4-I would
be one of the main factors accounting for its antifibrotic effect.

Until now, DPP4-I has been proven to exhibit prominent
anti-fibrotic effects on liver (Jung et al., 2014; Kaji et al., 2014;
Aroor et al., 2015; Zhang et al., 2019; Khalil et al., 2020; Lee
et al., 2020), lung (Suzuki et al., 2017; Xu et al., 2018), kidney
(Kanasaki et al., 2014; Gangadharan Komala et al., 2016; Uchii
et al., 2016; Seo et al., 2019; Kim et al., 2020), adipose tissue
(Marques et al., 2018) and skin (Long et al., 2018; Li et al.,
2019; Soare et al., 2020). These studies signify the potential use
of DPP4-I in combating fibrotic diseases (Figure 4). However,
further clinical trials are still required to verify its effect. What’s
more, the comparison of different types of DPP4-I regarding
their antifibrotic effectiveness on various organ system is scarce
in current researches. In addition, a more detailed knowledge
concerning the dosage and adverse effects of a particular type of
DPP4-I may be beneficial for future clinical application.

CD36
CD36 (also known as scavenger receptor B2), is identified
as a single chain transmembrane glycoprotein with two
transmembrane domains and an extracellular region (Yang et al.,
2017). The versatile function of CD36 is attributed to its wide
range of ligands, which mainly includes the long-chain fatty acids,
oxidized lipids and phospholipids, advanced oxidation protein
products (AOPPs), thrombospondin and advanced glycation
end products (AGEPs) (Yang et al., 2017). This ligand-receptor
complex on the response element suggested the important
role of CD36 in lipid metabolism, immunological response,
inflammatory stress response, fibrosis and angiogenesis and
arthrosclerosis (Febbraio et al., 2001; Sweetwyne and Murphy-
Ullrich, 2012).

CD36 is expressed in multiple cells including renal tubule
epithelial cells, podocytes, macrophages, microvascular

endothelial cells and dermal Fbs (Febbraio et al., 2001;
Philippeos et al., 2018). It has been reported that Lin-
CD90 + CD36+ Fbs, which mainly located in the reticular
dermis, possessed an inflammatory phenotype that included
higher expression of αSMA, MGP, PPARγ; greater secretion
of ECM and inflammatory factors; increased sensitivity upon
interferon-γ (IFN-γ) stimulation; and stronger adipogenic
differentiation (Philippeos et al., 2018; Korosec et al.,
2019). In IPF, a group of CD36 + CD97+ Fbs has been
identified in the remodeled areas of IPF tissue but with low
expression of αSMA and ECM, suggesting that these Fbs are
quiescent and are non-ECM producers in pulmonary fibrosis
(Heinzelmann et al., 2018).

Although CD36 + Fbs have not shown fibrogenic phenotype,
CD36 receptor would, however, associate with thrombospondin-
1 (TSP-1)/latent TGFβ1 (L-TGFβ1) and facilitate the release of
mature TGF-β1, initiating tissue fibrotic response (Yehualaeshet
et al., 2000). The inhibition of this CD36/TSP-1/L-TGFβ1
regulatory pathway has been demonstrated to exert antifibrotic
effects in lung (Yehualaeshet et al., 2000; Wang et al., 2009)
and kidney (Yang et al., 2007; Pennathur et al., 2015) fibrotic
diseases. On the other hand, the lipid transportation function
of CD36 also contributed to tissue fibrogenesis. In tubular
epithelial cell-specific CD36 overexpressed transgenic mice
model, Kang et al. (2015) discovered the association of the
increased long-chain fatty acid transportation with increasing
αSMA and collagen 1 expression, which then facilitates the
development of renal fibrosis. On the contrary, Rabinowitz
and Mutlu (2019) and Zhao et al. (2019) found that the
transplantation of CD36-overexpressed fibroblasts into the
mouse skin would effectively reduce the radiation-induced skin
fibrosis by activating fatty acid utilization while inhibiting
glycolysis pathway. Therefore, there remains controversies
concerning the relationship between fatty acid transportation
function of CD36 and fibrosis as the choice of animal models
and interventions would lead to completely distinct outcomes.
On the other hand, the inflammation regulatory role of CD36
has also been reported in the CD36 expressing macrophages
that have been reported to promote chronic kidney fibrogenesis
by facilitating the activation of nuclear factor-κB (NF-κB)
signaling and increasing oxidative stress (Okamura et al., 2009).
The binding of lipoproteins, a biological ligand, to CD36
allows the activation of Toll-like receptors (TLRs), Sodium–
Potassium Adenosine Triphosphatase (Na+/K+ ATPase), the
NLRP3 inflammasome, protein kinase C-nicotinamide adenine
dinucleotide phosphate oxidase (NAPDH) oxidase, Src-family
kinases (Scr/Lyn/Fyn), mitogen-activated protein kinases, and
TGF-β signaling pathways (Yang et al., 2017). As such,
synthetic amphipathic helical peptides (SAHPs) can mimic the
domain of lipoprotein and bind to the CD36 without exerting
activation effects (Souza et al., 2016). In mice models of
nephrectomy and angiotensin II-induced chronic renal fibrosis,
SAHP 5A decreased the expression of inflammation-associated
genes and attenuated the progression of glomerular sclerosis
and interstitial fibrosis, thereby providing renal protection.
However, due to the relatively low selectivity of SAHP 5A
which also targets other scavenger receptors (SR BI/II), a
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FIGURE 4 | Schematic graph showing potential antifibrotic therapies targeting CD26. (DPP4-I, dipeptidyl peptidase-4 inhibitor; SDF-1α, stromal cell-derived factor
1α; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix).

FIGURE 5 | Schematic graph showing potential antifibrotic therapies targeting CD36. (AOPPs, advanced oxidative protein products; AGEPs, advanced glycation
end products; SAHP 5A, synthetic amphipathic helical peptides 5A).
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TABLE 1 | The function of Fb subtypes in tissue fibrosis.

Fb subtypes Models and diseases description Effect

CD90 + CD34− Human scars (Ho et al., 2019) Colocalize with αSMA and procollagen-1 Fibrogenic

CD90 + podoplanin + CD34− Human SSC (Nazari et al.,
2016)

Expanded cell population Fibrogenic

CD90 + CD45− Murine cholestatic liver injury
(Katsumata et al., 2017)

High level of expression of αSMA, collagen-1 and TIMP-1 Fibrogenic

PDGFRa + CD9high Murine obesity-induced WAT
fibrosis (Marcelin et al., 2017)

Give rise to profibrotic cells; modulate omental WAT fibrogenesis Fibrogenic

PDGFRα + TPPP3+ Murine tendon injury (Harvey
et al., 2019)

Fibrotic scars formation in healing tendons Fibrogenic

PDGFRα+ Human cirrhotic liver; murine
CCl4-induced liver fibrosis
(Ramachandran et al., 2019)

Expanded cell population in fibrotic niche Fibrogenic

PDGFRα+ Murine ischemic injury (Santini
et al., 2020)

Promotion of skeletal muscle fibrosis upon ischemic injury. Fibrogenic

PDGFRα + Sca1 + CD45− Murine DMD (Ieronimakis et al.,
2016)

Expanded cell population; major matrix-forming Fbs Fibrogenic

PDGFRα + ADAM12+ Murine muscle and skin injury
(Dulauroy et al., 2012)

Major fraction of collagen-overproducing cells Fibrogenic

FAP + CD90− Human skin (Korosec et al.,
2019)

High proliferative potential; low adipogenic potential; enriched in the
papillary dermis

Non-fibrogenic

FAP+ Human and rat myocardial
infarction (Tillmanns et al.,
2015)

Located in peri-infarct area with co-expression of prolyl-4-hydroxylase β,
αSMA, and vimentin

Fibrogenic

CD26 + Sca1− Murine skin (Driskell et al.,
2013; Philippeos et al., 2018)

Papillary Fbs with upregulation of Wnt pathway related genes (Philippeos
et al., 2018); large fraction of dermal Fbs in adult mice (Driskell et al., 2013)

Non-fibrogenic

CD26+ Murine (Rinkevich et al., 2015)
and human wound
(Vorstandlechner et al., 2020;
Worthen et al., 2020)

Major scar-forming Engrailed1+ Fbs (Rinkevich et al., 2015); main
ECM-producing Fbs during the remodeling phase of wound healing
(Vorstandlechner et al., 2020; Worthen et al., 2020)

Fibrogenic

CD26+ Human keloid (Xin et al., 2017) Expended cell population; upregulated proliferation, invasion and
expression of profibrotic genes

Fibrogenic

Lin-CD90 + CD36+ Human skin (Philippeos et al.,
2018; Korosec et al., 2019)

Localize in lower reticular dermis and hypodermis; high adipogenic
potential; high expression of ECM and inflammatory related genes

Inflammatory

CD36 + CD97+ Human IPF (Heinzelmann et al.,
2018)

Low cell proliferation rate; low expression of αSMA and ECM Non-fibrogenic

Lin-CD90 + CD39+ Human and mice skin
(Philippeos et al., 2018;
Korosec et al., 2019)

Enriched in papillary dermis; low adipogenic potential; low expression of
ECM and inflammatory related genes

Non-fibrogenic

SSC, systemic sclerosis; WAT, white adipose tissue; DMD, duchenne muscular dystrophy; IPF, idiopathic pulmonary fibrosis.

more specific CD36 binding SAHP, namely ELK-SAHPs, has
been synthesized (Yang et al., 2017). Among them, ELK-
B has been shown to improve lung function in the mice
model of sepsis by effectively reducing pulmonary infiltration
(Bocharov et al., 2016). Another strategy to inhibit the function
of CD36 is by using hexapeptide growth hormone-releasing
peptides (GHRPs) analog, namely EP 80317. EP 80317 has
been found to protect against atherosclerosis progression
(Marleau et al., 2005) and myocardial ischemia/reperfusion
injury (Bessi et al., 2012). Nevertheless, the above therapies
targeting the CD36 are currently under preclinical animal
studies and have only been validated in inflammatory and
fibrotic diseases of the kidney, lung and heart. Further studies
are warranted to verify the anti-fibrosis effect of targeting
CD36 in fibrotic diseases of other organ systems (Figure 5).
Considering the pleiotropic effects of CD36, a deeper knowledge
regarding the cellular specificity of CD36 function would be

necessary for a better development of pharmaceutical strategy
(Yang et al., 2017).

CD39
CD39 (also known as ectonucleoside triphosphate
diphosphohydrolase-1, ENTPD1) is an integral cell membrane
glycoprotein that exhibit extracellular nucleotide hydrolase
activity (Faas et al., 2017). CD39 converts extracellular adenosine
triphosphate (ATP) to the adenosine monophosphate (AMP),
which is then converted to adenosine (ADO) by CD73 (Faas et al.,
2017). The phosphohydrolysis of ATP to AMP is a rate-limiting
step in ADO generation (Faas et al., 2017). Philippeos et al.
(2018) first uncovered the use of CD39 as a marker for papillary
Fb subtype and demonstrated that CD39+ Fbs exhibited higher
proliferation rate and can better support epidermal growth
in comparison with CD36+ reticular Fbs. On the contrary,
papillary CD39+ Fbs showed lower expression level of ECM and
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TABLE 2 | The function of surface markers per se in tissue fibrosis.

Markers Diseases Intervention and models Mechanism Effect

CD90 Periprosthetic capsular (Hansen et al.,
2017)

Lentiviral depletion; scar-derived
Fbs

Collagen production; myofibroblast activation Profibrotic

IPF (Fiore et al., 2015) Plasmid overexpression and
lentiviral knockdown; human and
mice lung Fbs

CD90 and αvβ3 integrins interaction; mechanosensitive Rho
signaling pathway

Profibrotic

Lung development (Nicola et al., 2009) Thy-1−/− transgenic mice Cell proliferation; production of collagen and elastin; TGF-β signaling
pathway

Antifibrotic

IPF (Sanders et al., 2008) DNA methyltransferase Inhibitors;
rat and human lung Fbs

Methylation-regulated expression of CD90; myofibroblast activation Antifibrotic

PDGFRα/β Systemic fibrosis (Olson and Soriano,
2009)

PDGFRα knockin mice in
Ink4a/Arf-deficient background

Growth of connective tissue; collagen production Profibrotic

Liver fibrosis (Hayes et al., 2014) PDGFRα GFP reporter mice;
PDGFRα heterozygous mice

Expression of PDGFRα and fibrogenic genes; collagen deposition Profibrotic

Liver fibrosis (Kocabayoglu et al.,
2015)

PDGFRβfl/fl : GFAPCre;
PDGFRβbetaJ/+ : GFAPCre

Expression of collagen and αSMA; ERK, AKT, and NF-kB signaling
pathways

Profibrotic

Liver fibrosis (Czochra et al., 2006) Transgenic mice overexpressing
PDGF-B in the liver

Myofibroblast activation; collagen deposition; production of MMP-2,
MMP-9, and TIMP-1

Profibrotic

FAP Lung fibrosis (Kimura et al., 2019) FAP targeting CAR-T cells; FAP
knockout mice

Collagen production; myofibroblast activation; leukocyte infiltration Contradictory

Crohn’s disease (Truffi et al., 2018) FAP targeting antibody; primary
mucosal myofibroblasts

Collagen and TIMP-1 production; myofibroblast migration Profibrotic

Liver injury (Wang et al., 2005) Plasmid overexpression; HSC cell
line

Cell adhesion, migration, invasion and apoptosis Profibrotic

CD26 Systemic sclerosis (Soare et al., 2020) DPP4-knockout and DPP4-I;
murine model of
bleomycin-induced fibrosis

Cell proliferation and migration; expression of collagen and
contractile proteins; TGF-β/ERK signaling pathway

Profibrotic

Hypertrophic scar (Li et al., 2019) DPP4-I; HSF Myofibroblast differentiation; IGF/Akt/mTOR signaling pathway Profibrotic

Keloid (Thielitz et al., 2008) Lys[Z(NO2 )]-thiazolidide and
Lys[Z(NO2 )]-pyrrolidide;
keloid-derived Fbs

Cell proliferation; expression of TGF-β and procollagen type I;
mitogen-activated protein kinases pp38 and pERK1/2 signaling
pathway

Profibrotic

Diabetic Wound Healing (Long et al.,
2018)

DPP4-I; human fibroblast cell line;
murine model of diabetic wounds;
patients with refractory ulcers

Collagen deposition; SDF-1α production; keratinocyte EMT Profibrotic

CD36 Pulmonary fibrosis (Yehualaeshet
et al., 2000)

CD36 inhibitory peptide; rt model
of bleomycin-induced fibrosis

Production of TGF-β1, inflammatory factors, and ECM profibrotic

Skin fibrosis (Rabinowitz and Mutlu,
2019; Zhao et al., 2019)

Transplantation of CD36high Fb or
CD36KO Fb; murine model of
radiation-induced skin fibrosis

Fatty acid oxidation; degradation of collagen-1; ECM accumulation Antifibrotic

Renal fibrosis (Kang et al., 2015) Pax8rtTA/TRE-CD36
double-transgenic mice

Intracellular lipid accumulation; expression of collagen-1 and αSMA Profibrotic

Renal fibrosis (Souza et al., 2016) CD36 antagonist (apolipoprotein
AI-mimetic peptide 5A); murine
model of unilateral ureteral
obstruction

Macrophage infiltration; expression of inflammasome genes;
interstitial fibrosis

Profibrotic

Renal fibrosis (Okamura et al., 2009) CD36−/− transgenic mice Regulation of oxidative stress; myofibroblast activation; NF-κB
signaling pathway

Profibrotic

Chronic kidney injury (Pennathur et al.,
2015)

CD36-deficient mice Production of intracellular bioactive oxidized lipids, TNF-α and
TGF-β1

Profibrotic

Renal tubule fibrosis (Yang et al., 2007) siRNA knockdown; LLCPK1 cell
line

Albumin production; expression of TGF-β1 and fibronectin Profibrotic

Lung fibrosis (Wang et al., 2009) Lentiviral depletion; rat silicosis
model

Activation of L-TGF-β1; production of hydroxyproline and ECM Profibrotic

CD39 Chronic renal Fibrosis (Roberts et al.,
2017)

CD39 over-expressing transgenic
mice

Adenosine generation Profibrotic

Skin fibrosis (Fernández et al., 2013) CD39 knockout mice Adenosine generation; production of collagen and profibrotic
cytokines; myofibroblast activation

Profibrotic

Pancreatitis (Künzli et al., 2008) CD39-null mice; PSC with CD39
depletion

Cell proliferation; expression of procollagen-α1 and IFN-γ Profibrotic

Chronic renal injury (Wang et al., 2012) CD39 over-expressing transgenic
mice

CD25+ Treg cells; production of urinary protein and serum creatinine
level

Antifibrotic

Chronic kidney injury (Roberts et al.,
2016)

CD39 over-expressing transgenic
mice

No protective effects on renal fibrosis Non-effective

Sclerosing cholangitis (Rothweiler
et al., 2019)

Global or myeloid-specific
CD39-deficient mice

Collagen production; expression of profibrotic genes Tgf-β1, Tnf-α,
and α-Sma

Antifibrotic

IPF, idiopathic pulmonary fibrosis; HSC, hepatic stellate cells; PSC, pancreatic stellate cells; HSF, hypertrophic scar-derived fibroblasts; EMT, epithelial-
mesenchymal transition.
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inflammatory cytokine, lower adipogenic capacity and are less
responsive to inflammatory signals such as IFN-γ, as compared
to CD36+ reticular Fbs (Philippeos et al., 2018).

At present, such studies investigating the cellular function
of CD39+ Fbs are scarce, especially regarding their role in
the process of tissue fibrosis. However, the role of CD39
protein per se in fibrotic diseases have been studied and
showed competing results. On one hand, CD39 hyperfunction
caused the accumulation of extracellular ADO and facilitated
the activation of ADO signaling pathway, resulting in tissue
fibrosis (Roberts et al., 2017). In renal ischemia-reperfusion
injury models, overexpression of CD39 in the transgenic mice
showed significantly more severe renal fibrosis via upregulating
ADO and stimulating profibrotic downstream pathways through
interaction with adenosine A2B receptors (Roberts et al., 2017).
Consistently, antifibrogenic effects of CD39 depletion have been
observed in bleomycin-induced skin fibrosis (Fernández et al.,
2013) and cyclosporin-induced pancreatitis (Künzli et al., 2008)
models, probably through modulating the accumulation of ADO
(Fernández et al., 2013) and the expression of profibrotic factors
(Fernández et al., 2013)and pro-collagen proteins (Künzli et al.,
2008). However, other studies argued that the fibrogenic nature
of CD39 appeared to be quite inconsistent between organ
systems and fibrosis induction methods (Wang et al., 2012;
Roberts et al., 2016; Rothweiler et al., 2019). For instance, in
the Adriamycin-induced nephropathy model, transplantation of
CD39 overexpressing CD25+ regulatory T cells showed renal
protective effects by attenuating ATP-induced cell apoptosis
and inflammation (Wang et al., 2012). Moreover, global CD39
overexpression showed no difference in fibrotic parameters in the
unilateral ureteric obstructive mice model, which is inconsistent
with that reported in the renal ischemia-reperfusion injury
mice models (Roberts et al., 2016; Roberts et al., 2017). Similar
discordance has also been observed in hepatic and biliary
system where global CD39 depletion attenuated pancreatitis

related fibrosis (Künzli et al., 2008) yet exacerbated 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) induced biliary
fibrosis (Rothweiler et al., 2019).

The reason for the inconsistency between these studies may
be various: (1) Firstly, CD39-mediated purinergic signaling
pathway is relatively intricate. Both P1 receptor sensing ADO
and P2 receptor sensing ATP have been reported for their pro-
fibrotic role (Burnstock et al., 2012; Ferrari et al., 2016). The
hyperfunction of CD39 would result in decreased ATP signaling
and enhanced ADO signaling, so the outcome in different tissues
or cells is reliant on the superposition of the activation states of
the two kinds of receptors (Roberts et al., 2016); (2) Secondly,
due to the diverse distribution patterns of P1 and P2 receptors
and their subtypes in different tissues, the functional changes of
CD39 would serve different outcomes in different tissues (Ferrari
et al., 2016); (3) Finally, the underlying pathogenesis of fibrotic
diseases in different organ systems are distinct, and CD39 may
not necessarily be crucial for every type of tissue fibrosis.

To date, several components are available for CD39 targeting,
which include the small molecular drugs ARL 67156 trisodium
salt and POM-1 (Fang et al., 2016; Yang et al., 2020), and
the monoclonal antibody IPH5201 (Perrot et al., 2019). These
targeted treatments have shown promising safety profile and
therapeutic potential in the regulation of inflammatory response
and tumor microenvironment (Fang et al., 2016; Perrot et al.,
2019; Yang et al., 2020). However, there is still a lack of studies
evaluating their application in fibrotic process, and is definitely
worthy of further exploration (Figure 6).

SUMMARY AND PERSPECTIVES

The advances of high-throughput sequencing technologies
have greatly facilitated the investigation on tissue fibrosis, a
multiplexed process involving different cell types and factors.

FIGURE 6 | Schematic graph showing potential antifibrotic therapies targeting CD39. (ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; ADO, adenosine).
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In this review, we focused on several surface markers of
human dermal Fbs identified in recent years and discussed
their respective roles as lineage markers or functional entity
in fibrotic diseases. Since the initial discovery, more references
are available concerning the role of Fbs defined by CD90, FAP,
PDGFRα/PDGFRβ and CD26 solely, or in combination with
other markers. However, only Fbs defined by PDGFRα/PDGFRβ

or CD26 showed consistent fibrogenic potential between studies
and appeared in accordance with the molecular function of
surface markers per se (see Tables 1, 2). As there are limited
literatures on the more recently identified Fb markers like CD36
and CD39, this demands further researches to investigate their
respective roles in fibrotic diseases. Moreover, the function of
both of these membrane bound proteins showed comprehensive
regulatory network in tissue fibrosis and distinct results
across different organs, complicating the interpretation of their
biological functions. Surface membrane proteins are considered
as the ideal therapeutic targets as they own extracellular domains
for ligand binding (Bansal et al., 2016). However, the surface
marker does not necessarily account for all of the functional
dysregulation of certain Fb subtype. Therefore, an in depth
profiling to investigate the key functional targets that characterize
Fb subtypes is still required to provide a better and more effective
targeting strategy.

At the same time, there are also some methodological
and technical difficulties at this stage: (1) Most Fb subtype
surface markers are co-expressed, thus it is challenging to
manipulate and to perform research on a specific group of
Fbs (Ascensión et al., 2020). (2) It has been suggested that
the phenotype of Fb subtypes requires a specific in vivo
microenvironment (Korosec et al., 2019),which is, however, hard
to maintain after in vitro culture, indicating that functional
profiling directly after cell isolation might provide more
reliable information than in vitro experiments. (3) Many newly
discovered Fb subtypes still lack verification on their selective
tissue localization. Emerging techniques like imaging mass
cytometry and spatial transcriptomics (Giesen et al., 2014;
Vickovic et al., 2019) can provide the possibility for combined
analysis of functional sequencing and spatial profiling data. (4)
Since most of mechanistic studies of Fb subtypes so far are
based on animal models, in view of the limited conservation
of Fb subtypes between human and mice skin (Philippeos
et al., 2018), verification of the function of Fb subtypes or
related therapies using human samples, cells or humanized
animals is undoubtedly essential and should be the main focus

in upcoming studies. (5) The investigation on Fb subtypes
in human subjects would definitely be a challenge due to
the multifactorial causation of the disease development and
tremendous heterogeneity that exists among patients. Thus, it
is suggested to pay particular attention on strict selection of
homogeneous clinical samples. Besides, analyzing samples from
different points in the disease course to reduce bias caused
by focusing only on the healthy and diseased states, might
provide additional hints on disease progression (Shaw and
Rognoni, 2020). (6) The current understanding of the origin
of different Fb subtypes remains incomplete. Recent studies
demonstrated the conversion of circulating myeloid cells to
Fbs during wound healing, indicating a dedicate regulation of
Fb fate switching (Sinha et al., 2018; Guerrero-Juarez et al.,
2019). Further investigation into the evolution of Fb subtypes
and factors influencing the Fbs plasticity could facilitate the
development of potential therapeutic approaches in treating
fibrotic diseases.

In the future, a more comprehensive transcriptomic,
proteomic or genome-wide epigenetic profiling of Fb subtypes
defined by different surface markers would be instrumental for
a more in-depth understanding of the evolution and functional
characteristics of each Fb subtype in tissue fibrosis. Hopefully,
a more precise dissection of phenotype features and functional
regulation of Fb subtypes would bring greater clinical insights for
targeted treatment strategies for fibrotic diseases.
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