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Purpose of review

The cellular pathogenesis of fibrotic disorders including systemic sclerosis (SSc) remains largely speculative.
Currently, the altered function of endothelial cells and fibroblasts under the influence of an inappropriate
immune response are considered central pathogenic events in SSc. Adding to this complexity, novel
evidence here reviewed suggests that keratinocytes may concur in the development of skin fibrosis.

Recent findings

Epidermal equivalents (EE) generated from primary SSc keratinocytes display a distinct gene expression
program when compared to healthy donor (HD) EE. SSc-EE, among others, exhibited enhanced oxidative and
metabolic response pathways. Immunohistochemical studies demonstrated similarities between SSc-EE and SSc
epidermis including altered keratinocyte differentiation, enhanced expression of activation markers, and
reduced rate of basal keratinocytes proliferation. SSc-EE supernatants more than HD-EE modified the
inflammatory and extracellular matrix deposition/resorption program of dermal fibroblasts. Further evidence
indicated that the relative lack rather than the excess of interleukin-25 in keratinocytes may contribute to
enhanced dermal fibrotic changes. Overall, these data support keratinocyte-intrinsic SSc-related modifications.

Summary

Improved methods for engineering epidermal and skin equivalents are helping to address the question
whether keratinocyte alterations in SSc are primary and capable to dysregulate dermal homeostasis or
secondary following dermal fibrotic changes.
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INTRODUCTION alterations showed that compared to healthy donor
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The potential contribution of the epidermis and in
particular of keratinocytes to the pathogenesis of
dermal fibrosis has been neglected for long time.
Recent work, however, has shown that the homeo-
static relationships normally regulating the cross-
talk between epidermal and dermal cell constituents
is altered in scleroderma, thus reinforcing the con-
cept that keratinocytes may take part to scleroderma
pathogenesis. Previous work, exploring physiologi-
cal conditions, demonstrated that keratinocytes
stimulate fibroblasts, mainly through the produc-
tion of interleukin (IL)-1, inducing in fibroblasts the
production of keratinocyte growth factor (KGF) also
known as fibroblast growth factor 7. In turn, fibro-
blasts affect keratinocyte viability, proliferation, and
differentiationmainly by producing KGF. This inter-
relationship is modulated by a variety of other
factors which participate to homeostatic crosstalk
between keratinocytes and fibroblasts reviewed in
[1]. Importantly, healthy keratinocytes were known
to affect extracellular matrix (ECM) deposition
and resorption by influencing fibroblasts, favoring
resorption over deposition. Under this perspective,
previous work addressing SSc-specific epidermal
uthor(s). Published by Wolters Kluwe
(HD), SSc keratinocytes conditioned media increase
type-I collagen (Col-I) production by enhanced
oncostatin M (OSM) production [2], an effect inde-
pendent from transforming growth factor (TGF)-b
[3], favoring enhanced IL-1-dependent gel contrac-
tion in which both TGF-b and endothelin-1 (ET-1)
were needed [4]. By enhanced connective tissue
growth factor (CTGF) and S100A9 production, SSc
keratinocyte could also favor fibroblast production
of Col-1 as well as fibroblast migration and
r Health, Inc. www.co-rheumatology.com
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KEY POINTS

� Morphology and function distinguish systemic sclerosis
(SSc) from healthy epidermis and are recapitulated in
epidermal equivalents generated from primary
SSc keratinocytes.

� Altered SSc keratinocyte functions impact dermal
characteristics by affecting the inflammatory response
as well as the rate of ECM deposition and resorption.

� Technical advances allow to engineer SSc skin, thus
permitting the in vitro testing of novel hypothesis and
therapeutic approaches.

� The question whether the alterations observed in SSc
keratinocytes are primary or secondary remains open.
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proliferation [5]. Interestingly, SSc fibroblasts were
reported to respond to keratinocyte conditioned
medium with higher production of Col-I and a
similar production of matrix metalloproteinase-1
(MMP-1), resulting in an increased ratio of col-I over
MMP-1, suggestive of decreased ECM turnover [6].
PROGRESS IN RECONSTITUTED SKIN
MODELS

Whenaddressingthe roleof theepidermisanddermis
in SSc pathogenesis, it has to be taken into consid-
eration that these anatomical structures arenot faith-
fully reproduced in in vitro systems in which both
keratinocytes and fibroblasts are cultured in 2D sys-
tems andwhen the respective conditionedmedia are
used to stimulate the cell counterpart. Although a
method for isolating and culturing skin cells, includ-
ing endothelial cells, fibroblasts, keratinocytes, and
melanocytes from small SSc skin biopsies has been
published [7], increased efforts in the field of tissue
engineering have recently led to the development of
3D humanmodels with improved intercellular inter-
actions and tissue microenvironment observed in
skin fibrosis [8]. Self-assembled or scaffold-based
models exploit the ability of fibroblasts to generate
3Ddermal-likeconstructs,producing theirownECM.
The additionof TGF-bor other pro-fibrotic regulators
is a simple mean of inducing fibrotic shift [9]. Incor-
poration of SSc fibroblasts results in a model with
altered collagen structure, characterized by a more
mature and aligned fibrillar structure, leading to
increased stromal rigidity and upregulation of innate
immune signaling genes [10]. The layering of kerati-
nocytesonoverlappingsheetsof self-assembledfibro-
blasts, followed by exposure to air–liquid interphase,
leads to the formation of a fully stratified epidermis
(i.e. containing basal, spinous, granular and corneal
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layers),making thesemodels appropriate formimick-
ing the interaction between the dermal and epider-
mal compartments [11]. Of interest, immune cells
may be included within self-assembled skin (saS)
models. Thus, peripheral blood monocytes incorpo-
rated in skin equivalents – generated from SSc
fibroblasts and SSc keratinocytes – differentiated into
M2-like cells and resulted in increased thickness and
stromal rigidity. Of interest, greater numbers of M2-
like macrophages populated SSc-saS compared with
HD-saS, thus suggesting a reciprocal activation
between macrophages and fibroblasts resulting in
increased tissue thickness and stiffness [12

&&

]. Decel-
lularization of living tissue is also a promising
approachandaporcine,decellularized, intestine scaf-
fold has been exploited to reconstruct human skin
equivalent by the sequential seeding of endothelial
cells, fibroblasts and keratinocytes resulting in a fully
polarized epidermis, dermis and a functional vascu-
lature. This model recapitulated key features of SSc
skin upon TGF-b stimulation, including the trans-
differentiation of fibroblasts intomyofibroblasts and
excess ECM deposition and was sensitive to ninteda-
nib treatment [13]. Additional models have been
established in the recent past. One consisted on
human skin equivalents fully generated fromhealthy
or SSc donor skin cells in vitro then grafted onto SCID
mice. This model allowed the replication of the
fibrotic phenotype when grafted tissues were of SSc
origin. Interestingly, in this in vivo model the gener-
ated skin from healthy donors acquired bona fide
SSc characteristics when humanized monoclonal
antibodies specific for the platelet derived growth
factor (PDGF) receptor were injected into the graft
[14]. An additional model was based on the organo-
typic cultureofhealthy, full, human skinobtainedby
esthetic surgery which showed enhanced collagen
and reducedMMP-1 production under the influence
ofTGF-b. In thismodel, theexposure to IL-17 resulted
in enhanced production of MMPs counteracting the
profibrotic activity of TGF-b [6]. Future expected
developments in tissue engineering potentially use-
ful to address pathophysiological aspects of skin fib-
rosis including the influence of keratinocytes on the
development or resolution of dermal fibrosis could
be based on the use of induced pluripotent stem cells
(iPSCs) [15] or organ-in-chip technologies [16]. Thus,
future efforts will help in investigating the subtle
modification governing and altering the crosstalk
between epidermis and dermis in fibrotic conditions.
KERATINOCYTES IN DERMAL FIBROSIS

A powerful method to test whether ex vivo SSc may
differ from HD keratinocytes would be the study of
differentially expressed genes detected by gene
Volume 34 � Number 6 � November 2022
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arrays or RNA sequencing in bioptic tissues or single
cell preparations. However, such studies have prin-
cipally focused on fibroblast, endothelial cells,
and inflammatory infiltrating cells rather than on
keratinocytes. This notwithstanding by comparing
genes differentially expressed in full skin biopsies
from 61 SSc from the Genetics vs. Environment in
Scleroderma Outcome Study cohort to 36 HD, it
was found among others that enriched pathways
included ‘keratinocyte differentiation’ in the sub-
group of SSc individuals positive for anticentromere
antibodies [17]. In another study, by comparing the
signature scores in early vs. late diffuse disease, the
keratinocyte signature was higher in late disease
[18]. When performing consensus clustering and
meta-analysis on three genome-wide datasets, a
community containing modules enriched for kera-
tinocyte-specific processes was found to make con-
tact with the inflammatory module [19]. Thus,
while sparse, unbiased analytical approaches based
on gene expression are hinting to keratinocyte alter-
ations in SSc. Future keratinocyte-centered studies
should provide stronger evidence of their poten-
tially dysregulated genes in SSc epidermis.
Systemic sclerosis epidermal equivalents

Engineered epidermal equivalents (EE) were used by
us to investigate whether keratinocyte activation
and differentiation as well as gene expression could
distinguish EE generated by using primary SSc ker-
atinocytes from their HD counterpart [20

&&

]. Inter-
estingly, SSc-EE exhibited aberrant differentiation,
enhanced expression of activation markers, and a
lower rate of basal keratinocytemitosis, reproducing
most of the abnormalities histologically detected in
SSc epidermis. RNA sequencing analysis revealed
that, compared to HD-EE, SSc-EE were characterized
by lower expression of homeobox gene familymem-
bers. Using the Hallmark gene set from the Molec-
ular Signatures Database both metabolic and
oxidative stress molecular pathways resulted to be
enhanced in SSc-EE. This is in agreement with pre-
vious abundant experimental data supporting a role
of oxidative stress in the pathogenesis of SSc [21].
We went further and could demonstrate that con-
ditioned medium generated from EE enhanced the
production of IL-6, IL-8, MMP-1, Col-I, and fibro-
nectin by fibroblasts. Notably, this effect was two-
fold higher in the presence of conditioned medium
generated form SSc EEs (with the exception for Col-I
and fibronectin). These data support the notion that
SSc keratinocytes have an intrinsically altered differ-
entiation program, which is maintained when ker-
atinocytes adapt to in vitro conditions, while
proliferating and generating a stratified epidermis
1040-8711 Copyright © 2022 The Author(s). Published by Wolters Kluwe
in the absence of cues derived from other cell types
or from structured dermis [20

&&

]. Further work
should test whether epigenetic mechanisms may
be involved.
Less is more

The interesting, understudied possibility that the rel-
ative lack rather than the excess of a particular soluble
mediator of inflammation could be involved in the
pathogenesis of scleroderma received recent atten-
tion. Starting fromthehypothesis that IL-25 (member
of the IL-17 family, known also as IL-17E), acknowl-
edged for being produced by epithelial cells, could be
involved in fibroticprocesses,weassessed its presence
in SSc skin and found that its expression was reduced
in SSc compared to HD epidermis. In EE generated
using primary HD keratinocytes IL-25 regulated sev-
eral molecular pathways related to wound healing
and ECM remodeling and the conditioned medium
from IL-25-primed keratinocytes enhanced the fibro-
blast productionofMMP-1, IL-6, IL-8, butnot ofCol-I
nor fibronectin.However, IL-25 significantly reduced
the production of Col-I when applied directly to
fibroblasts. This evidence was supportive for the role
of IL-25 in participating to skin homeostasis and its
decreased expression in SSc could contribute to skin
fibrosis by favoring ECMdeposition over degradation
[22

&

]. Similarly, fromthe functionalpoint of view, the
EBI3 (constituting IL-35 in conjunction with p35)
expression was found by others to be decreased in
keratinocytes of the SSc epidermis compared to HD.
Of interest, the injection of EBI3 in the skin of mice
enhanced fibrosis. Indeed, EBI3 was able to down-
regulate theprotein andmRNAexpressionof type I or
type III collagen, in the presence or absence of TGF-b,
by reducing collagen mRNA stability [23]. Thus, the
keratinocyte-specific decrease of two distinct cyto-
kines characterizes SSc epidermis. This decreased
expression appears to have functional consequences
in homeostatic processes regulating dermal ECM
turnover favoring fibrosis. Future studies should
address the therapeuticpotentialof targetedtherapies
aiming at increasing the keratinocyte production of
such cytokines.
Keratinocytes in additional models of skin
fibrosis

There are some similarities between SSc and the
sclerodermatous chronic form of the graft versus
host disease (cGVHD) in terms of skin fibrosis. A
major difference may be due to the mechanism of
damage of the epidermis which may be mediated by
allogenic CD8þ T cells in cGVHD. In this respect, a
recent publication reports an increased production
r Health, Inc. www.co-rheumatology.com 339
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ofTGF-bbyepidermal cells, especiallyof thebasal cell
layer, in samples from patients with cGVHD com-
pared to acute GVHD and HD. By establishing a
model of cGVHD-like sclerodermatous changes in
genetically modified mice transferred with cytotoxic
CD8T cells specifically targeting keratinocytes,
these authors observed reduced fibrosis when
CD8T cells were interferon-gamma (IFN-g) deficient.
The reduced fibrotic reaction correlated to a lower
expression of TGF-b by keratinocytes undergoing
apoptosis. These results indicate that keratinocytes
producehigher amounts of TGF-b1 in the presence of
IFN-gwhenundergoing apoptosis, thus participating
to sclerodermatous changes [24].

Taking advantage from the integration of single-
cell and bulk transcriptome data among the dys-
functional cell types expressed in hypertrophic
scars, a fibroproliferative skin disorder characterized
by excessive ECM deposition, the proportion of a
particular subtype of keratinocytes named by the
authors KC-2 was reduced when compared to
healthy skin. Cell-cell communication analysis
revealed intercellular contacts between some fibro-
blast types and KC-2. Interestingly, syndecan 4
(SDC4), a receptor expressed also in KC-2 which
could bind multiple ligands, was downregulated
in hypertrophic scars, suggesting that the reduced
proportion of KC-2 and apoptotic phenotype of KC-
2 might be associated with the downregulation of
SDC4 [25]. In summary, evidence gathered in exper-
imental models of fibrotic skin diseases highlight
the role of keratinocytes and their involvement in
processes associated to dermal fibrosis.
ARE ABNORMALITIES IN SYSTEMIC
SCLEROSIS KERATINOCYTES PRIMARY
OR SECONDARY?

The question arises whether the morphological and
functional alterations described in SSc keratino-
cytes and skin are secondary to pathological events
arising elsewhere, in particular in the dermis or
whether they are not the consequence but rather
the cause of other pathologic features, including
increased ECM deposition (Fig. 1). Or as a further
possibility whether these abnormalities arise in
parallel under the influence of factors driving ker-
atinocyte, fibroblast, and other cell types altered
activities. No firm answer is available to this ques-
tion at the time being. Nonetheless, we would like
to stress evidence generated in animal models
which may support the contention of a primary
role of keratinocytes in the cascade of pathogenic
events leading to SSc.

The first report addressing this issue took
advantage from gene silencing of the transcription
340 www.co-rheumatology.com
factor Friend leukemia virus integration 1 (Fli1) in
keratinocytes [26]. Fli1 was known to be constitu-
tively suppressed in dermal fibroblasts, dermal
microvascular endothelial cells, and perivascular
inflammatory cells in lesional and nonlesional SSc
skin, therefore implicated in SSc pathogenesis. The
authors generated keratin 14 (K14) – expressing
epithelial cell-specific Fli1 knockout mice, which
spontaneously developed dermal and esophageal
fibrosis with epithelial activation. Furthermore,
these mice developed autoimmunity and interstitial
lung disease, thus demonstrating the potential
instructive role of ‘‘altered’’ keratinocytes in SSc
pathogenesis. As a note of caution in interpretating
these findings, the authors were able to demonstrate
that Fli1 directly regulated AIRE expression in epi-
thelial cells including in the thymus and its absence
resulted in down-regulation of autoimmune regu-
lator (AIRE), a transcription factor involved in cen-
tral tolerance. This leaves open the door on whether
thymic abnormalities were also mechanistically
responsible of the scleroderma-like phenotype
developing in keratinocyte Fli1 KO mice [26].

Second, a manuscript recently deposited in bio-
Rxiv shows that the transcription factor Snail is over-
expressed in the epidermis of SSc patients and a
transgenic mouse in which Snail is specifically
hyper-expressed in keratinocytes under the K14 pro-
moter is sufficient to induceseveral featuresofhuman
SSc.Mechanistically, theauthors showthat thematri-
cellular protein Mindin is produced by Snail trans-
genic skin keratinocytes and favor fibrogenesis by
inducing inflammatory cytokines and collagen pro-
duction in resident dermal fibroblasts [27].

Additional work should clearly provide further
data in favor of an instructive role of keratinocytes
in directing dermal fibrosis. Nonetheless, the evi-
dence here summarized provides ground to address
this interesting question.
CONCLUDING REMARKS

The observations that SSc epidermis has an abnor-
mally increased number of stratified keratinocytes,
that the expression of several keratinocyte products
distinguish SSc from HD, that epidermal equivalents
generated from primary SSc keratinocytes display a
distinct gene expression program compared to the
HD counterpart, that primary SSc keratinocytes cul-
tured in vitro responddifferently toexogenous stimuli
compared to HD are all pieces of evidence indicating
that SSc-specific molecular cues characterize kerati-
nocytes and epidermis. These peculiarities may be
primarily or secondarily part of wider SSc dysfunc-
tions resulting, among others, in abnormal ECM
deposition and fibrosis. Future work should address
Volume 34 � Number 6 � November 2022



FIGURE 1. Potential interactions relevant to keratinocyte and fibroblast dysregulation in SSc. (a) Keratinocyte precedes and
modulates fibroblast dysregulation. (b) Fibroblast precedes and modulates keratinocyte dysregulation. Dashed lines indicate
processes. The changes in the color of the nuclei indicate differential gene expression programs.
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the question whether cell-autonomous keratinocyte
abnormalities may drive secondary abnormalities in
cells populating the dermis or whether they respond
to cues generated in the SSc-dermis whether due to
cell signals or structural constrains associated with
fibrosis and increased dermal stiffness. Single cell
gene expression studies investigating SSc in compar-
ison toHD epidermis as well as improvedmethods of
epidermis and skin in vitro engineering using primary
cell lines generated from individuals affected by var-
ious clinical forms of early or late SSc should bring
solid answers to these questions. In any case, it
remains an attractive perspective the possibility of
targeting keratinocyte abnormalities to harness clin-
ical scleroderma, which continues to be an incurable
disease.
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