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Volume 25

Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

Fibroblasts are vital structural cells of the human body with core roles in tissue
homeostasis and disease. While primarily recognised as producers of extracellular
matrix and central effectors in wound healing, using them as a feeder layer in cell cul-
turing sheds some understanding on their nurturing roles for other cell types. Recent
years have brought remarkable advances in molecular and functional characterisation
of fibroblasts, decoding their organ and sub-tissular niche specificity, anatomical
sub-specialisation, reactivity, heterogeneity and plasticity across the human body

in health and disease. This knowledge substantially changed our conventional view
about fibroblast roles in human disease. In 2021, fibroblasts are being widely recog-
nised for their active contribution to chronicity, recurrence, progression and thera-
peutic resistance against many human pathologies, including chronic inflammatory
and systemic autoimmune diseases and cancer.

This book provides essential insights into shared and unique characteristics of
fibroblasts and mesenchymal stem cells across the body and their crosstalk with the
innate and adaptive immune systems, other tissue-resident cells and cancer cells. The
book explains the roles of fibroblasts and mesenchymal stem cells in shaping tissue
microenvironments and structural immunity and discusses the recent discoveries
about their pathogenic actions in tissue remodelling, repair, inflammation, angio-
genesis or lymphangiogenesis, particularly in autoimmune diseases and cancer. The
first two chapters uncover the general principles of fibroblast and mesenchymal stem
cell biology and pathobiology, followed by a focused insight into shared and unique
characteristics of exocrine, vascular, synovial and salivary gland fibroblasts in the
following four chapters.

Chapter 1, Organ- and Site-Specific HOX Gene Expression in Stromal Cells, delves into
the embryonically imprinted positional memory of tissue-resident fibroblasts with

a principal focus on the coding and non-coding genes in the HOX clusters. Professor
Ospelt and colleagues discuss the contribution of epigenetic mechanisms to the
location-specific fibroblast imprinting across the human body and furthermore,
review the implication of site-specific fibroblast memories for organ-specific tropism
of human pathologies, such as arthritis and cancer—the seed and soil principle. In
Chapter 2, Mesenchymal Stem/Stromal Cells and Fibroblasts: Their Roles in Tissue Injury
and Regeneration, and Age-Related Degeneration, Assistant Professor Zupan introduces
and aligns the characteristics of tissue-resident fibroblasts and tissue-derived
mesenchymal stem cells in homeostatic and pathological conditions, including injury
and age-related tissue degeneration. Both cell types crucially control and contribute
to the regeneration of skin, ligaments, joints, bone and other tissues and have potent
immunomodulatory roles, enabling a successful cessation of the inflammatory process.
Boosting the complementary roles of mesenchymal stem cells and fibroblasts could
be therapeutically exploited for tissue regeneration. Chapter 3, The Role of Fibroblasts
in Atherosclerosis Progression, offers further insights into the associations between
stem cells and fibroblasts from a perspective of an arterial wall. Professor Semrl and



colleagues discuss a challenging delineation between stem cells and fibroblasts at the
adventitia/media niche and summarise the heterogeneity of vessel wall fibroblasts.
Adventitial fibroblasts, populating healthy vessel walls, characteristically migrate

to and invade the media and intima of the injured or stress vessels. These cells then
drive neointima formation, can transdifferentiate into extracellular matrix-depositing
myofibroblasts, promote adventitial neovascularisation and regulate immune cell
infiltration, thus crucially contributing to vascular pathologies, such as atherosclerosis
and pulmonary artery hypertension. In Chapter 4, Heterogeneity of Fibroblasts in
Healthy and Diseased Kidneys, the book’s focus steers from the vascular towards
kidney fibroblasts and their pronounced regional and functional heterogeneity.

A small subset of corticomedullary fibroblasts that express erythropoietin and
control erythropoiesis exemplifies this regional specialisation of kidney fibroblasts.
Professor Yanagita and colleagues re-examine the dual roles of kidney fibroblasts,
particularly their contribution to renal tubule regeneration contrasted by their
pathogenic roles in kidney fibrosis and inflammation, and discuss fibroblast roles

in the formation of the tertiary lymphoid structures in chronic kidney diseases and
rheumatoid arthritis, and Sjégren’s syndrome as part of the succeeding chapter. In
Chapter 5, Fibroblast-Like Synovial Cell Subsets in Rheumatoid Arthritis, Associate
Professor Kragstrup and colleagues present the recent discoveries about the diversity
of fibroblast-like synoviocytes/synovial fibroblasts in rheumatoid arthritis based on
single-cell RNA-sequencing studies. Synovial fibroblast functions in the initiation
and persistence of synovial inflammation and joint destruction are illuminated. The
authors review the evidence about the roles of lining CD55+ synovial fibroblasts

in cartilage and bone destruction, depict the enrichment of the proinflammatory
sublining THY1+ synovial fibroblasts in rheumatoid arthritis and propose potential
fibroblast markers for the development of targeted treatments. Moving from the
autoimmune diseases of the synovial joints to the autoimmune diseases of the exocrine
glands, Chapter 6, Fibroblasts in Sjogren’s Syndrome, emphasises the inflammatory,
immunomodulatory and regenerative functions of salivary gland fibroblasts in
Sjoégren’s syndrome, a chronic inflammatory autoimmune disease of the exocrine
glands. The chapter describes specific fibroblast subsets that drive the formation of
tertiary lymphoid structures associated with disease severity and risk of lymphoma
development. Dr. Klein wraps up the chapter with the recently introduced concept of
an inflammatory fibroblast phenotype shared across many chronic immune-mediated
inflammatory diseases. This concept excellently repercusses the overall book’s goal

of utilising expanding fibroblast knowledge to develop the pathology-based patient
classification and propose novel therapies beyond disease boundaries.

Mojca Frank Bertoncelj
BioMed X Institute,
Heidelberg, Germany

Katja Lakota

Department of Rheumatology,

University Medical Centre (UCM) Ljubljana,
Ljubljana, Slovenia
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Chapter1

Organ- and Site-Specific HOX
Gene Expression in Stromal Cells

Masoumeh Mirrahimi and Caroline Ospelt

Abstract

HOX genes are a group of evolutionarily conserved genes that encode a family of
transcription factors that regulate early developmental morphogenetic processes and
continue to be expressed into adulthood. These highly conserved HOX factors play an
unquestioned crucial role as master regulators during embryonic vertebrate develop-
ment and morphogenesis by controlling the three dimensional body plan organiza-
tion. HOX genes specify regions of the body plan of an embryo along the head-tail
axis. They encode proteins that specify the characteristics of ‘position} ensuring that
the correct structures form in the correct places of the body. Expression of HOX is
known to persist in many tissues in the postnatal period suggesting the role of these
genes not only during development but also for the functioning of tissues throughout
life. The tissue-specific pattern of HOX gene expression is inherent in stromal/stem
cells of mesenchymal origin, such as mesenchymal stromal cells, fibroblasts, smooth
muscle cells, and preadipocytes, enabling them to memorize their topographic
location in the form of their HOX code and to fulfill their location-specific functions.
In this chapter, we focus on the expression and potential role of HOX genes in adult
tissues. We review evidence that site-specific expression of HOX genes is connected to
location-specific disease susceptibility and review studies showing that dysregulated
expression of HOX genes can be associated with various diseases. By recognizing the
importance of site-specific molecular mechanisms in the organ stroma, we gain new
insights into the processes underlying the site-specific manifestation of disease.

Keywords: Fibroblasts, HOX genes, site-specific gene expression, embryonic
development, disease locations

1. Introduction

In vertebrate animals, the stromal compartment of organs is composed of extra-
cellular matrix and mesenchymal cells. Fibroblasts are one of the most abundant and
principal stromal cell types and have a variety of vital, locally specialized functions
in tissue repair and homeostasis. Primarily, they are the main source of extracellular
matrix (ECM) proteins, which, in addition to providing a structural scaffold for cells,
play critical roles in determining cell phenotype and function. Fibroblasts produce
and secrete all components of the ECM, including structural proteins, adhesive
proteins, and a space-filling ground substance composed of glycosaminoglycans and
proteoglycans [1].
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Furthermore, as a result of their reciprocal interaction with epithelial cells,
fibroblast cells play an important role during development and morphogenesis of
tissues and organs including the skin, eyes, lung and other visceral organs. The organ
stroma provides a structural framework and guidance for blood and lymphatic ves-
sels, nerves and leukocytes and is critically involved in the regulation of physiological
organ function.

During stress, fibroblasts respond by sending signals to help the surrounding
tissue to adapt to changes in the environment [2]. The phenotype of fibroblast can
transform and provides the necessary components to replace wounded tissue. During
pathologic states, however, ECM can be generated in excessive quantities, leading
to irreversible organ dysfunction caused by collagen deposition in a dysregulated
manner [3].

Given the wide variations of gene expression and strikingly different responses to
extracellular signals among fibroblasts from different organs, these fibroblast popula-
tions should be considered as distinct cell types. Human fibroblasts obtained from
vocal fold, trachea, lung, abdomen, scalp, upper gingiva, and soft palate, displayed a
phenomenon of global topographic differentiation across all anatomic site domains
with the specialized genotype of the vocal fold fibroblast uniquely characterized to
achieve homeostasis under complex mechanobiological requirements [4].

During development of multicellular organisms, developmental control genes are
critical for pattern formation and cell fate specification in specific spatiotemporal
patterns [5]. Most of these genes encode transcription factors acting in cascades and
networks, regulating the expression of further developmental control genes and
ultimately organ-specific ‘effector’ genes, which control patterning, morphogenesis
and differentiation of tissue-specific functions and specific body parts [6]. The wide
range of organ specific differences in fibroblast function is complemented by distinct
and characteristic gene expression patterns depending on their anatomic site of origin
[7]. Examples include HOX genes, which can lead to the transformation of specific
body segments when mutated [8], Pax6, which controls eye development [9] and
MyoD, which is crucial for muscle formation [10].

Functional diversity of fibroblasts is not only important during embryonic devel-
opmental and physiologic specialization of many tissues, but might also influence
site- and organ-specific differences in the susceptibility of different tissues to disease
development [11, 12].

2. Site-specific regulation of gene expression by HOX genes

Spatial organization of cellular differentiation is achieved by a unique local devel-
opmental specification of cell types. This can be reinforced by the cells’ interpretation
of environmental signals specific to their position in the body. HOX genes are known
to be master regulators of body pattern formation during embryogenesis, activating
other genes to specify positional identities in development.

In humans, there are 39 HOX genes organized into 4 distinct clusters. The 4
clusters map to 4 different chromosomes and contain between 9 and 11 genes. These
clusters, labeled HOXA, HOXB, HOXC and HOXD, are located on chromosomes 7p14,
17q21, 12q13 and 2q31, respectively [13, 14]. HOX proteins are transcription factors
that are bound by different protein cofactors. The analysis of HOX protein binding
activity showed that the homeodomain, a highly conserved 60 amino acid helix-turn-
helix motif, is a DNA-binding protein that recognize AT rich short DNA motifs, often
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with a core of TAAT [15]. In several cases, functional specificity of the different HOX
proteins could be attributed to the homeodomain itself [16, 17]. The homeodomains
showed distinct protein- and/or DNA-binding activities, suggesting that variation in
sequence recognition may be a factor in their functional diversity.

In vertebrates, the different sets of HOX genes are expressed in parallel [15].
Thus, site- and/or organ-specific fibroblast phenotypes are shaped by a combinato-
rial expression of genes from the four HOX clusters. Genome-wide gene expression
profile of 47 fibroblast populations from 43 anatomic sites spanning the human body,
including arm, leg, trunk, foreskin and internal organs, analyzed by unsupervised
hierarchical clustering revealed a specific code of HOX genes according to their
position in the human body. Fibroblasts from the same topographic site, independent
from which organ they were isolated, expressed the same, site-specific, unique “HOX-
code”, which resulted in grouping of the cells from the same site together, based solely
on the expression pattern of the HOX genes. This suggests that the expression of a
specific set of HOX genes is connected to the cells’ location in the body, potentially
conferring important site-specific functions needed in a particular location [18].

Thus, site-specific variations in the gene expression programs of fibroblasts are
not random but are systematically related to their positional identities along the major
anatomical axes, which are formed during embryogenesis.

3. The role of HOX genes in embryonic development

In many animals, especially vertebrates, various HOX gene paralogues are
located genetically close to each other in clusters [19]. The order of the genes on the
chromosome corresponds to the expression of the genes in the developing embryo
[14, 20, 21]. Thereby, the genes in the 5" genetic locus are expressed in the anterior
end or distal parts of the developing organism and the genes in the 3’ locus are
expressed in the posterior end or proximal parts - a phenomenon known as spatial
colinearity [22]. In addition, there is a temporal sequence of activation of HOX genes
in vertebrate. 5’ genes are expressed later, whereas 3’ genes are expressed earlier in
embryonic development [18, 19]. The unique orderly arrangement of the genes in the
genome is related to the activation of HOX genes in a temporal sequence by gradual
unpacking of chromatin along a gene cluster, thereby controlling the expression of
the right HOX gene at the right location at the right time in embryogenesis [23]. The
temporal and spatial tightly controlled expression of HOX genes in mesenchymal cells
can thus explain how genetic information is translated to the spatial organization of
various cells in the body (Figure1).

Over the past years, gain-of-function and loss-of-function approaches in chick and
mice together with studies of mutations, indicated the essential role of HOX genes
in proper vertebrate limb growth and organization of the structures within both the
anterior-to-posterior axis and the proximal-to-distal axis. The resultant phenotypes
typically follow the expected spatio-temporal expression of HOX genes with more 3’
genes causing malformations in more anterior and proximal areas and more 5’ genes
causing defects in more posterior, distal body segments and organs. For instance,
Hoxal3 and Hoxd13 have been identified to be involved in endochondral bone
formation [24]. HOXD13 is mutated in synpolydactyly, and HOXA13 is mutated in
Hand-Foot-Genital syndrome [22]. Overexpression of Hoxal3 affects the expression
of Enpp2, an enzyme produced in precartilaginous condensations that modulates cell
motility [25]. Loss-of-function of Hoxal3 was also reported to modulate expression of
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Figure 1.

The spatial organization of the Hox genes in the various genomic Hox clusters (Hox-A, Hox-B, Hox-C and
Hox-D) is tightly linked to the pattern of their expression in the embryo (mouse embryo shown here). The same
pattern of HOX gene expression that formed during embryonic development can still be found in stromal tissues
(fibroblasts, endothelial cells) in the adult human body. The picture was taken from the course ‘Homeotic genes’
by the Khan Academy. Note: All Khan Academy content is available for free at www.khanacademy.org.

bone morphogenetic proteins like BMP2 and BMP7 [26]. Hoxal3 regulated expression
of BMP2 and BMP7 was shown to control distal limb morphogenesis [27].

Temporal and spatial dynamic regulation of gene expression is a hallmark of
developmental control genes, since they have to act locally in order to affect specific
developmental processes [28]. By linking differentiation programs to specific cell
positions, selected cells can be programmed to develop similarly in a defined region.
While spatial boundaries are first defined during embryonic development, these
spatial patterns of cellular specialization also need to be maintained throughout
adulthood as the tissues undergo continuous self-renewal.

4. Epigenetic regulation of HOX gene expression

Epigenetic mechanisms have an important role in the regulation of HOX gene
expression in embryonic development and in differentiated cells. The established
expression patterns of HOX genes must be precisely and clonally maintained through-
out development. Epigenetic regulation of gene expression by chromatin structure is
defined by a set of posttranslational modifications of histones, such as methylation,
acetylation and phosphorylation. Furthermore, gene expression can be epigenetically
regulated by DNA methylation.

In totipotent embryonic stem cells, HOX genes are silenced and then rapidly acti-
vated during embryogenesis. In drosophila and vertebrates, repressive Polycomb and
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Trithorax group complexes regulating histone methylation control the proper main-
tenance of HOX gene expression during this process [29]. Tight temporal and spatial
control of HOX gene expression in this phase is essential. In vertebrates, dynamic
changes in histone methylation are observed during the sequential activation of HOX
genes in the embryo, suggesting that progressive change of epigenetic modifications
regulate collinear gene activation in these loci [29]. Based on the presence of retinoic
acid response elements (RAREs) in the regulatory region of many of the HOX genes,
it was shown that that retinoic acid is a crucial factor in the epigenetic regulation of
histone methylation of the clustered HOX genes [30].

During developmental stages, the genetic loci of the 4 HOX clusters carry
so-called “bivalent chromatin tags”, like many other key developmental genes in
embryonic stem cells [31]. This means that the HOX clusters possess at the same time
“active” (i.e., trimethylation of histone 3 at lysine 4 -H3K4me3) and “inactive” (i.e.,
trimethylation of histone 3 at lysine 27 -H3K27me3) histone marks. In the presence of
the right trans-acting factors, these bivalent tags can rapidly change to allow binding
to cis-elements and initiation of transcription [32].

Epigenetic modifications also regulate tissue specific expression of HOX genes
and mesenchymal cell differentiation [33]. In a study of genome-wide differential
DNA methylation by reduced representation bisulfite sequencing (RRBS), the HOX
gene clusters were highly overrepresented among the genes with hypermethylation
in the skeletal muscle lineage [34]. Analysis of DNA methylation of HOX genes in
myoblasts, myotubes and adult skeletal muscle tissue revealed that myogenic DNA
hypermethylation of promoters and enhancers of HOX genes helps to fine-tune HOX
gene expression in cellular differentiation [34].

HOX loci contain many noncoding transcripts. Long non-coding RNAs (IncRNAs)
represent a class of noncoding RNAs that are longer than 200 nucleotides without
protein-coding potential. They have been found to function as master regulators
of gene expression in health and in various human diseases. LncRNAs can regulate
biological functions in cis and in trans [35]. For instance, they can recruit histone
modifying enzymes to specific genomic sites and serve as scaffolds for gene expres-
sion modulating enzymes [36].

HOX antisense intergenic RNA (HOTAIR) is a IncRNA that is encoded in the
HOXC locus and that mediates the placement of repressive H3K27me3 marks. HOTAIR
expression has been shown to repress the expression of genes in the 3 HOXD locus
and thus was suggested to be an important epigenetic regulator of site-specific HOX
expression during embryonic development [37]. However, these data is debated and
the full role of HOTAIR in embryonic development is not yet understood [38].

HOXA transcript at the distal tip (HOTTIP) is a 3764 nucleotide IncRNA encoded
from a genomic region in the 5’ tip of the HOXA locus, regulating the expression
of HOXA13 [39]. By binding the adaptor protein WD repeat-containing protein 5
(WDR5) and interaction with mixed lineage leukemia (MLL), HOTTIP can catalyze
methylation of histone H3 lysine K4 (H3K4). H3K4 methylation is associated with
increased gene transcription and MLL-WDRS5 complexes were shown to occupy
transcriptional start sites of various HOXA genes.

To date, the complex epigenetic patterns of cellular specialization in adult verte-
brates and the mechanisms of their maintenance are not well understood. Epigenetic
conservation of region-specific HOX gene expression in human adult fibroblasts
suggests that they serve to maintain the differential patterns of the stroma during
homeostasis and regeneration [40].
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5. HOX gene expression in specific fibroblast populations
5.1 Skin fibroblasts

Epithelial tissues such as skin demonstrate remarkable anatomic differences
leading to diversity on their structure and function. Genome-wide studies in skin
fibroblasts demonstrated that site-specific HOX expression in these cells can define
and maintain skin positional identity [41]. Analysis of genome-wide patterns of gene
expression in cultured fetal and adult human skin fibroblasts at different anatomical
sites showed distinct and characteristic site-specific transcriptional patterns, suggest-
ing that fibroblasts at different locations in the body possess specialized functions [7].
The maintenance of region-specific HOX gene expression in adult fibroblasts may
serve as a source of positional memory for skin during homeostasis and regeneration.

For instance, HOXA13, a gene that is preferentially expressed at distal body parts such
as hands and feet, remains essential for maintaining the distal-specific transcriptional
program in adult fibroblasts by inducing the expression of WNT5A, which is crucial for
distal organ development [41]. Furthermore, reduction of HOXA13 abrogates the ability
of distal fibroblasts to produce epidermal keratin 9, a distal-specific gene. Keratin 9 has
been shown to be important for maintaining the mechanical integrity of palmar and plan-
tar skin [42]. Together these observations suggest that HOXA13-regulated gene expres-
sion in adult human fibroblasts provide the specific functions of plantar and palmar skin.

5.2 Synovial fibroblasts

Synovial fibroblasts are crucially involved in inflammation and joint destruction in
chronic joint inflammation (arthritis) [43]. Synovial fibroblasts isolated from differ-
ent joint locations show substantial differences in their transcriptome and function,
in particular a site-specific HOX gene signature was found [44]. Adult human and
mouse SFs from different anatomical locations exhibit joint-specific HOXA and
HOZXC signatures that are maintained over several passages in cell culture conditions,
are arthritis independent and reproduced in whole synovial tissues.

This HOX gene signature was shown to be epigenetically imprinted by DNA
methylation and histone modifications [44, 45]. The joint-specific HOX expression
in mouse and human synovial fibroblasts and synovial tissues reflected the pattern
of HOX gene expression during embryonic limb development [44]. Only few stud-
ies explored the functional role of different HOX proteins in synovial fibroblasts.
HOXD10 silencing downregulated the p38/c-Jun N-terminal kinase signaling path-
way, and suppressed the migration of synovial fibroblasts [26]. HOXD9 was found to
modulate proliferation of synovial fibroblasts [46]. During development of the distal
limb mesenchyme, Hoxd13 is the most strongly expressed HoxD gene, with a progres-
sive decline in expression levels of Hoxd12 to Hoxd9 [47]. Moreover, in tetrapods,
coordinated expression of the 5’ located Hoxd genes is essential for the development
of digits [48]. Thus, site-specific expression of HOXD genes in distal joints (hands
and feet) [44] might influence the activation of pro-inflammatory pathways and the
migratory and proliferative capacity of synovial fibroblasts. Notably, distal joints are
the first and most severely affected joints in patients with rheumatoid arthritis (RA).

Other HOX genes may also play a critical role in the pathogenesis of RA. One study
showed that basic fibroblast growth factor (bFGF) affects the expression and tran-
scriptional regulation of HOXC4 and via this pathway promotes hyperplasia of the
synovium in RA [49].
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Several studies suggest epigenetic changes as determinants of a persistent acti-
vated phenotype of synovial fibroblasts in RA [43]. RA synovial fibroblasts display
wide-spread changes in DNA methylation causing up-regulation of disease relevant
genes such as growth factors, adhesion molecules and matrix-metalloproteinases
(MMPs) [50-52]. The tight epigenetic regulation of site-specific HOX gene expression
might thus be disturbed in RA synovial fibroblasts, leading to aberrant expression of
HOX genes at sites where they are normally repressed. The expression of HOXD10
for instance was found to be higher in knee synovial fibroblasts from patients with
rheumatoid arthritis (RA) compared to osteoarthritis (OA) [26].

The IncRNA HOTTIP, encoded in the HOXA cluster, was shown to play a crucial
role in the persistent activation of myofibroblasts promoting chronic inflammation
and collagen deposition [53]. Silencing of HOTTIP reduced inflammation in a mouse
model of arthritis and modified synovial fibroblast function by DNA demethylation
of the locus encoding SFRP1 (Secreted Frizzled Related Protein 1), a modulator of the
Wnt signaling pathway [54].

5.3 Gastrointestinal fibroblasts

The adult gastrointestinal tract was shown to keep the position-specific expression
pattern of HOX genes along the anteroposterior axis of embryonic development, reca-
pitulating the expression pattern in the embryonic gastrointestinal tract [55]. HOX
gene expression varied over 11 different measured gastrointestinal sites and clearly
separated segments of the upper gastrointestinal tract from segments of the lower
gastrointestinal tract. Accordingly, differences in HOX gene expression were found by
comparing the gene expression profile of gastrointestinal fibroblasts isolated from the
stomach, ileum and the colon. In particular, HOX paralogs with lower numbers (e.g.
HOXA2, HOXD3) were preferentially expressed in the esophagus and stomach, while
HOX paralogues with higher numbers (e.g. HOXA10, HOXD10) tended to be more
expressed in the cecum and rectum. Using hierarchical clustering analysis, different
subgroups of gastrointestinal fibroblasts were identified based on differences in tran-
scriptional regulation, signaling ligands, and extracellular matrix remodeling [56].

Gastrointestinal fibroblasts play a pivotal role in gastrointestinal epithelial renewal
by supporting epithelial cell differentiation, and they have been described to contrib-
ute to gastrointestinal inflammation and fibrosis [57, 58]. Furthermore, gastrointes-
tinal fibroblasts are strongly involved in the initiation, progression and metastasis of
gastrointestinal cancer [59]. For instance, increased expression of HOXA13, HOXB13
and HOXC13 was found in esophageal pathologies such as esophageal squamous
cell cancer, Barrett’s esophagus or esophageal adenocarcinoma [60, 61]. Aberrant
expression these HOX paralogues, which are normally less expressed in upper gas-
trointestinal parts might contribute to the activation of pathogenic processes at this
site. Together these observations suggest that HOX genes might play a role in steering
position-specific processes during gut inflammation and cancer development [62].
Unfortunately, up to know functional studies are lacking that analyzed the impact of
site-specific HOX expression on gut homeostasis and disease development.

6. HOX genes in hematopoietic cells

Apart from stromal cells, HOX genes are expressed in hematopoietic stem cells
and progenitors in early development, with a pattern characteristic of the lineage
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and stage of differentiation of the cell. Using gene targeting technology and gain-of-
function and loss-of-function mutations, the function of HOX genes in hematopoiesis
has been extensively investigated [63].

For example, HOXB3, HOXB4 and HOXAJ are highly expressed in uncommitted
hematopoietic cells, whereas HOXB8 and HOXA10 are expressed in myeloid commit-
ted cells. The different HOX clusters also have specific patterns of lineage-restricted
expression, whereby HOXA genes are expressed in myeloid cells, HOXB genes in
erythroid cells and HOXC genes in lymphoid cells. Intriguingly, the HOXD genes are
not expressed in hematopoiesis despite having similar regulatory regions to the other
clusters [64-66].

These observations indicate that modulation of the expression of a particular HOX
gene can alter cell phenotype and suggest a causal relationship for lineage-specific
patterns of HOX gene expression [67].

7.HOX genes in disease
71 HOX genes in cardiovascular disease

Steadily increasing evidence supports the idea that gene expression diversities in
the vascular system are a major contributing factor in determining region-specific car-
diovascular disease susceptibility. The regionally distinct and topographic expression
patterns of HOX transcription factors in embryonic development is remembered in
vascular smooth muscle cells [68] as well as in endothelial cells [7, 18, 69]. The persis-
tent topographic expression patterns in post-natal vascular tissues suggest that HOX
genes play a critical role in maintaining vessel wall homeostasis in a region-specific
manner [70]. Intriguingly, in adult mice, high-throughput mRNA profiling revealed
that HOX paralogues 6-10 (Hox6-10) are higher expressed in the thoracic aorta, which
is resistant to atherosclerotic lesions, than in the aortic arch, which is highly athero-
susceptible [68]. In humans, the differential expression of HOXA9 gene contributed to
phenotypic differences in smooth muscle cells from athero-resistant compared athero-
susceptible regions, which might be connected to the site-specific development of
atherosclerotic plaques. For example, region-specific reciprocal interactions of HOXA9
with the pro-inflammatory transcription factor NF-«kB have been demonstrated. In
general, genetic regulatory networks of cardiovascular diseases processes implicated
genes of various functional categories such as ECM remodeling, transmembrane sig-
naling, cell cycle control, and inflammatory response as potentially HOX-dependent.

Ectopic activation of HOXC10 and HOXC9 in atherosclerotic coronary arteries
has been found to be associated with loss of DNA methylation within the HOXC11/
HOZXC9 genomic interval [34, 71]. These data define epigenetic mechanisms control-
ling HOX expression as critical in aberrant expression of HOX and HOX-target genes
in cardiovascular disease [72].

7.2 HOX genes in solid cancers

In embryogenesis, a fine balance between cell proliferation and differentiation is
essential for normal development of the fetus, but in cancer, the balance between the
two processes is impaired [63, 73].

Studies suggest that the expression of HOX genes becomes dysregulated dur-
ing development of various solid tumors, including colon, breast, prostate, lung,
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glioblastomas, thyroid, bladder, ovarian, melanoma, and kidney cancers [74, 75]. In
fact, the specific pattern of change in HOX gene expression is dependent on cancer
type, tumor stage, and, in certain cases, on anatomic location [76].

HOX genes have been identified to be important regulators of cancer stem cells
(CSCs) which are critical for initiation and progression of solid tumors [33, 74]. These
genes act as transcriptional activators as well as transcriptional repressors in cancers
[77]. Studies show that the expression of specific HOX genes in cancers tends to differ
based on tissue type and tumor site. HOXA genes were often reported to have altered
expression in breast and ovarian cancers, HOXB genes in colon cancers, HOXC genes
in prostate and lung cancer and HOXD genes in colon and breast cancers. This pattern
can be linked to the embryonic origin of tissues. For example, colon, prostate, and
lung, originating from endodermal, showed relatively similar HOXA and HOXB fam-
ily gene expression patterns compared to breast tumors arising from mammary tissue,
which originates from the ectoderm [74].

The differential expression of HOX genes in various solid tumors provides an
opportunity to advance our understanding of cancer development and to develop
new therapeutic agents. Specific methylation profiles in HOX clusters or in HOX-
associated histones are recognized as potential biomarkers in several cancers and
can be exploited in cancer therapy. The use of epigenetic drugs affecting generalized
or specific DNA methylation profiles is a promising approach in cancer therapy in
the near future. However, since the generalized effect of epigenetic drugs may lead
to secondary malignancies, the development of drugs targeting specific epigenetic
alterations, including those related to HOX genes, could advance this therapeutic
approach [78].

HOX genes are recognized as potential therapeutic targets in adrenocortical
tumors. Understanding the pathway being regulated by the transcription factor
HOXB9, which promotes adrenal tumor progression through an increase in the
expression of cell cycle genes, including Ccnel, could help to development potential
drug targets for adrenocortical carcinoma [79]. Moreover, HOX peptide inhibitor
showed a promising effect on cell survival in mice and could be used as peptide-based
cancer therapeutics [80].

Analyses of HOX gene expression in normal breast tissue and primary breast
cancers [81] showed that several HOX genes are differentially expressed in breast
cancer compared to normal breast tissues, with different breast cancer tissues and cell
lines showing high variability in the pattern of HOX gene expression [81]. Thus, these
studies support the idea that aberrant expression of HOX genes is involved in the
development of breast cancer and in the malignant behavior of cancer cells, but shows
that, at least in breast cancer, there is no uniform pattern of HOX gene alterations that
lead to malignant growth of cells.

The stroma surrounding solid tumors is built from cancer-associated fibroblasts
(CAFs) which are recognized to play a significant role in tumor growth. Interestingly,
it could be shown that CAFs predominantly develop from local fibroblasts at the site
of the tumor [82]. Therefore, site-specific differences in local fibroblasts surround-
ing the tumor might be crucially involved in tumor development and invasiveness.
Furthermore, site-specific differences in fibroblasts might be connected to the site-
specific distribution of cancer metastases in certain organs [83]. This would support
the “seed and soil” hypothesis, which states that the distribution pattern of metastases
is highly dependent on the microenvironment of the organ in which the metastases
are located [84]. Unfortunately, an analysis of the expression and influence of HOX
genes in CAFs from different tumor sites is missing up to now.
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7.3 HOX genes in joint and bone disease

Mammalian HOX genes are critical for proper development of skeletal morphol-
ogy during embryogenesis. The continuous function of HOX genes in the skeleton
after the establishment of skeletal morphology has been determined using genetic
tools in mouse models [85]. The generation of a conditional Hoxd11 allele that can be
deleted at adult stages after normal development and growth of the skeleton was used
to show that Hox genes in the adult skeleton regulate the differentiation of skeletal
stem cells into bone cells [86]. These data convincingly showed that Hox gene func-
tion in the skeleton is not restricted to development and that Hox genes play a crucial,
functional role in adult bone homeostasis.

Furthermore, functional importance of Hox genes in the regulation of chondro-
cyte differentiation has been demonstrated [85, 87]. Hox genes are involved in the
regulation of the progression of cells along the chondrogenic differentiation pathway
after the initial formation of the cartilage anlagen. However, overexpression of a
Hoxc8 transgene caused cartilage defects whose severity depended on the dosage of
the transgene [85]. The abnormal cartilage was characterized by an accumulation of
proliferating chondrocytes and reduced maturation. These results suggest that Hoxc8
continues to regulate cartilage homeostasis after development, presumably by con-
trolling the progression of cells along the chondrocyte differentiation pathway. Their
capacity for regulation of cartilage differentiation suggests that HOX genes could also
be involved in human chondrodysplasias or other cartilage disorders [85].

Arthritic joints are characterized by rearrangements and dysregulated gene expres-
sion of bone, cartilage and synovial tissues [88, 89]. The exact molecular and cellular
events leading to the development of the different kinds of arthritis still remain elusive,
but involvement of HOX gene regulation in the key tissues affected by rheumatic mus-
cular-skeletal diseases indicate a potential link between arthritis development and HOX
transcription factors. HOX genes were for instance associated with the onset and devel-
opment of osteoarthritis (OA) (e.g. HOXA9 in hip OA) and as mentioned above with
pathogenic important joint-specific functions of synovial fibroblasts in RA [45, 90, 91].
However, it has not been clarified up to know whether changes of expression of HOX
genes in OA are specific for a specific joint region or a common feature of disease.

Like a number of human diseases, rheumatic diseases include characteristic pathol-
ogies in specific anatomical locations [21, 44]. For example, ankylosing spondylitis
is a chronic inflammatory disease affecting the spinal vertebrae and sacroiliac joints,
causing debilitating pain and loss of mobility [92]. Joints in the hands, are commonly
involved in RA and OA [93]. Reactive arthritis is a rheumatic condition that causes
inflammation particularly in knees [94]. Several mechanisms might be involved in this
susceptibility of specific joints for developing specific forms of arthritis. In addition to
and maybe in combination with local mechanic factors, site-specific gene expression of
local cell types (bone, cartilage, synovium), potentially regulated by HOX genes, might
be crucially involved in the development of specific arthritides in specific joint loca-
tions. Furthermore, disease-specific systemic triggers, such as specific auto-antibodies
or cytokines might preferentially affect local cell types at a specific anatomic sites [95].

8. Conclusions

HOX genes, a family of homeodomain transcription factors, guide embry-
onic development by encoding positional information during axis formation,
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determining site specificity of the body plan and regulating formation of structures
along the various body axes.

Like other transcription factors, HOX genes control the establishment and main-
tenance of specific cell states by regulating distinct sets of downstream genes. Despite
their similar DNA-binding properties, they have highly specific effects on the tran-
scriptome. This genetic control results in functional diversity of various body parts.
Cells such as fibroblasts thus develop not only an organ-specific but also a site-specific
transcriptional program. Intriguingly, these HOX regulated transcriptional programs
are epigenetically maintained in adult cells.

Several studies endorse that regulation of site-specific gene expression by HOX
genes contribute to the development of a broad range of diseases (Figure 2). The
site-specific environment created by the expression of specific HOX genes might
promote or prevent the development of diseases at specific locations, in line with
the ‘seed and soil’ hypothesis. Furthermore, activation or repression of HOX expres-
sion during disease development, potentially by modulation of the epigenetic
mechanisms regulating the HOX loci, might further influence site-specific disease
processes.
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Figure 2.

Summary of diseases that have been associated with HOX gene expression. In some cases (blue letters) regular
site-specific expression of HOX genes has been connected to disease development based on the functions of the
respective HOX genes (below in italics). In other cases, aberrant expression of HOX genes (red letters) was
associated with the development of diseases (below in italics). SF = synovial fibroblasts. The figure was created
with Biorender.
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Therefore, a better understanding of site-specific cellular and molecular mecha-
nisms underlying regional appearance of disease is essential for understanding
disease development and designing new therapeutic approaches.
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Chapter?2

Mesenchymal Stem/Stromal Cells
and Fibroblasts: Their Roles in
Tissue Injury and Regeneration,
and Age-Related Degeneration

Janja Zupan

Abstract

Mesenchymal stem/stromal cells (MSCs) and fibroblasts are present in normal
tissues to support tissue homeostasis. Both share common pathways and have a
number of common features, such as a spindle-shaped morphology, connective tissue
localization, and multipotency. In inflammation, a nonspecific response to injury,
fibroblasts and MSC are the main players. Two mechanisms of their mode of action
have been defined: immunomodulation and regeneration. Following tissue injury,
MSCs are activated, and they multiply and differentiate, to mitigate the damage.
With aging and, in particular, in degenerative disorders of the musculoskeletal system
(i.e., joint and bone disorders), the regenerative capacity of MSCs appears to be lost
or diverted into the production of other nonfunctional cell types, such as adipocytes
and fibroblasts. Fibroblasts are stromal cells that provide the majority of the struc-
tural framework of almost all types of tissues; i.e., the stroma. As such, fibroblasts
also have significant roles in tissue development, maintenance, and repair. In their
immunosuppressive role, MSCs and fibroblasts contribute to the normal resolution
of inflammation that is a prerequisite for successful tissue repair. In this chapter,
we review the common and opposing properties of different tissue-derived MSCs
and fibroblasts under physiological and pathophysiological conditions. We consider
injury and age-related degeneration of various tissues, and also some immunological
disorders. Specifically, we address the distinct and common features of both cell types
in health and disease, with a focus on human synovial joints. Finally, we also discuss
the possible approaches to boost the complementary roles of MSCs and fibroblasts,
to promote successful tissue regeneration.

Keywords: Mesenchymal stem/stromal cells, fibroblasts, tissue injury, age-related
tissue degeneration, tissue regeneration
1. Introduction

Mesenchymal stem/stromal cells (MSCs) represent tissue-resident progenitor cells
with multi-differentiation potential i vivo (stem cells) and in vitro (stromal cells) [1].

21 IntechOpen



Fibroblasts - Advances in Inflammation, Autoimmunity and Cancer

Although MSCs were first described several decades ago [2, 3], their nature, roles,
definitions, and even name remain to be fully defined. The largest bone of conten-
tion lies in their designation as stem cells. Even Arnold Caplan, who first coined the
term ‘mesenchymal stem cells’ [4], has suggested recently that it is time to change the
name, to avoid unprecedented expectations of regrowth of new tissues and organs
[5]. About 15 years ago, the International Society for Cellular Therapy set up minimal
criteria for the definition of MSCs iz vitro, which include plastic adherence, trilineage
differentiation, and a set of negative and positive markers [6]. These initial efforts
were further up-graded as the knowledge of the in-vitro properties of MSCs accumu-
lated, in particular for their role in immunomodulation [7].

Great advances have been made in the in-vivo identification of human skeletal stem
cells (SSCs). Following their identification in mouse bone marrow, Chan et al. unrav-
eled the hierarchy of positive markers (i.e., podoplanin, CD73, CD164) and negative
markers (i.e., CD146) of the self-renewing, multipotent human SSCs. These cells can
be isolated from human fetal and adult adipose stroma following treatment with bone
morphogenetic protein 2, and they can undergo local expansion in response to acute
skeletal injury [8]. In addition, the same group recently identified a way to boost the
endogenous SSCs to aid in the repair of worn out cartilage in osteoarthritis [9].

In contrast to the huge advances made in the field of bone-marrow-derived MSCs,
the identity and role of MSCs resident in other tissues are still largely unknown.
Initially, MSCs were believed to be common progenitors of all musculoskeletal tissues.
On this basis, several hypotheses on the developmental origins of MSCs were put
forward. The pericyte hypothesis, for example, suggested that MSCs are pericytes
and are thus common to every vascularized tissue [10]. However, Guimardes-Camboa
et al. rejected this theory, and revealed that pericytes do not behave as stem cells
during aging and injury [11]. They traced transcription factor Tbx18 (as a selective
marker of pericytes and vascular smooth muscle cells) to follow the fate of these cells
in aging and in injury models in multiple adult organs. In this way they showed that
pericytes maintained their identity through aging and in diverse pathological set-
tings, and hence did not significantly contribute to other cell lineages [11]. Currently,
what we do know is that MSCs are tissue-specific progenitors that can differentiate
into their tissue of origin [12, 13] and exhibit tissue of origin-specific profiles and
response to inflammatory stimuli [14]. Although MSCs have already been used in
clinical practice in the form of cell injections for treatment of several degenerative
disorders, unfortunately much of their reported anti-aging and regenerative potential
remains unsupported [15, 16]. Hence, their potential in regenerative medicine is still
largely underexploited.

Fibroblasts are historically even ‘older’ than MSCs, as they were first described
over a century ago [17]. However the criteria for their definition is even more poorly
established than that for MSCs [18-20]. Fibroblasts constitute the majority of the
cells of the structural framework, or stroma, of almost all types of tissues [20].

Their main role is the secretion of extracellular matrix molecules, such as collagen,
proteoglycans, and others. As the different types of collagen are the major component
of tissues such as bone, cartilage, and skin, fibroblasts also have significant roles in
tissue development, maintenance, and repair. Fibroblasts from different tissues were
long considered as functionally homogenous cells, however significant differences in
transcriptome, epigenome and function were demonstrated for synovial fibroblasts
from different anatomical locations in joints [21]. Under certain conditions, fibro-
blasts can also transform into more aggressive phenotypes and contribute to disease
pathophysiology, such as in cancers and rheumatoid arthritis [22].
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Mesenchymal stem/stromal cells and fibroblasts share numerous common
features, as has been reviewed elsewhere [20, 23]. As these cells participate in the
common pathways of tissue development, maintenance and healing, either working
together or in opposition, this chapter provides an overview of recent studies on these

PubMed search
mesenchymal stem
cells[Title/Abstract]) AND
(fibroblasts[Title/Abstract]

l

1736 results

Filters applied
in the last 5 years AND
Humans AND English

398 results

Focus
injuries AND/OR degeneration
of various tissues

39 original
research papers
and reviews

Figure 1.
The approach used to search and select the papers included in this review.
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shared and opposing properties of MSCs and fibroblasts with a focus on tissue injury
and age-related tissue degeneration, in particular in joint health and disease.

For the purpose of this review, we performed a literature search in PubMed
according to the search terms and filters shown in Figure 1. To focus on human stud-
ies carried out in the past 5 years, we excluded all studies dealing with tumor research,
which covers a particularly large research area. We included only those studies dealing
with tissue injuries and regeneration, and age-related degeneration. Finally, we also
discuss the options for diverting tissue healing processes toward morphological and
functional regeneration, rather than the creation of poorly functioning scar tissue to
cover such defects.

2. MSCs and fibroblasts in general: their common and distinct
properties

A summary of the recent studies that have compared various tissue-derived MSCs
and fibroblasts face to face is provided in Table 1. A schematic representation of the
distinct and common features of MSCs and fibroblasts in health and disease, with a
focus on human synovial joints is shown in Figure 2.

2.1 Common properties: tissue remodeling and immunomodulation

In contrast to the extremely rare status of MSCs in almost all adult connective
tissue (i.e., from 1 to 25 cells per 1,000,000 cells in bone marrow are MSCs [32, 33]),
fibroblasts are the most abundant cell type in connective tissue [22]. Fibroblasts
are the maintainers of extracellular matrix turnover, and they regulate several
physiological processes. In contrast, MSCs are quiescent most of the time, but have
self-renewing capacity. However, in response to certain stimuli, such as tissue injury,
MSCs respond promptly, resulting in their activation and proliferation, and their
differentiation into the terminal cell types that are required for regeneration follow-
ing an injury [8, 33]. Both cell types can provide the stroma, in particular as collagen
for tissues during injury and wound healing. However, it appears that the repair
processes that result in formation of a functional tissue, such as collagen type Il in
cartilage injury, is a feature of MSCs, and particularly for those of the synovium [34].
Fibroblasts or other tissue-derived MSCs (e.g., bone marrow) might be responsible
for the filling of defects in cartilage injury with only fibrous tissue; i.e., the fibrocar-
tilage, which is a nonfunctional tissue [9, 35]. Although some early studies showed
efficacy for fresh human skin allografts in the treatment of diabetic ulcers, severe
burns, and other such injuries, recent studies have instead suggested that fibroblasts
are more likely contaminants in such cell therapies, and thus they should be depleted
so as not to impede the rejuvenation effects of stem cells [36]. There is also evidence
that fibroblasts can undergo aggressive transformation in response to the tumor
microenvironment, and thus contribute to disease pathophysiology, such as in
cancers [22].

Immunomodulation is a fundamental characteristic of all stroma, which includes,
in particular, immunosuppressive effects [37]. Jones et al. showed that stromal cells
(e.g., chondrocytes, fibroblasts from synovial joints, lung, skin) can inhibit prolifera-
tion of peripheral blood mononuclear cells following polyclonal stimuli. In contrast
to parenchymal cells, stromal cells showed antiproliferative functions, irrespective of
their differentiation potential and/or content of progenitor cells [37].
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Reference  Source of MSCs  Source of Methods Findings
fibroblasts
[24] MSCs (Lonza) Normal dermis Inflammatory Induction of the secretion
stimulation and of cytokines, proteases,
subsequent treatment  and other inflammation
with dexamethasone; agonists and pro- and
multidimensional anti-inflammatory
molecular profiling eicosanoids; dexamethasone
down-regulated most
cytokines and proteases, and
pro- and anti-inflammatory
eicosanoids; similar profiling
for fibroblasts and MSCs
[25] Thoracic aorta; Dermis (healthy Immunophenotyping;  All cells expressed CD44 and
femoral artery donor); immunomodulation FSP; similar expression of
Prostatic stromal (PBMC activated with ~ CD90 and CD105 between
myofibroblast PHA assay); angio-, MSCs and myofibroblast;
cell line (ATTC, adipo- and osteo- dermal fibroblasts
CRL-2854) genesis in vitro completely negative; MSC
unique anti-inflammatory
and wound healing capacities
[26] Bone marrow, Three different Genome-wide Three skin fibroblast types
fat, amnion, human skin dermis transcriptome form clearly distinct group
chorion, layers (dermo- profiling from five tissue-derived MSC
umbilical cord hypodermal types
junction,
intermediate
reticular dermis,
superficial papillary
dermis)
[27] Bone marrow Dermis (ATTC, Next generation RNA Different molecular
(ATTC, PCS-201-012) sequencing signatures between MSCs
PCS-500-012) and fibroblasts; homeobox
genes with important roles
in embryonic development
were predominantly
expressed in MSCs
[28] Bone marrow; Endometrium and Immunophenotyping;  Both types of MSCs have
endometrium FACS-isolated cells cell proliferation and similar stem cell surface
and FACS- (PDGFR}* and migration; cytokine/ markers, and higher
isolated cells CD146") chemokine secretion proliferation and migration
(PDGFRB* and profiling (+/-LPS) potential compared to
CD146%) fibroblasts; bone-marrow-
derived MSCs showed
greater cytokine secretion
after stimulation with
LPS, in comparison to
endometrium-derived MSCs
and fibroblasts
[29] Adipose tissue Discarded material Extracellular matrix Adipose-derived MSCs
from discarded  from three different production i vitro; produce more fibronectin-
material donors undergoing immunofluorescence and collagen-containing
from three elective surgery for collagentypeland  dermal matrix upon
different donors fibronectin; ELISA stimulation with ascorbic
undergoing quantification of acid, compared to fibroblasts

elective surgery

collagen I
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Reference  Sourceof MSCs  Source of Methods Findings
fibroblasts
[30] Umbilical Dermis of healthy Cell proliferation; MSC-treated group showed
cord blood- and diabetic adults collagen and significantly higher
derived MSCs glycosaminoglycan collagen synthesis and
(Medipost Co levels glycosaminoglycan levels
Ltd.) than fibroblast-treated group
[31] Bone marrow Male foreskin Metabolically and Both conditioned media
(CD105 and hypoxia conditioned have high concentrations
CD2717) mediafromMSCand  of angiogenic factors;
fibroblast migration fibroblast-derived media
assays attracted MSCs as efficiently

as media produced by MSCs

ATTC, American Type Culture Collection; FACS, fluorescence activated cell sorting; LPS, lipopolysaccharide, PBMC,
pevipheral blood mononuclear cells, PHA, phytohemagglutinin; FSP, fibroblast-specific protein; PDGFRp, platelet
derived growth factor receptor .

Table1.
Overview of recent studies with face-to-face comparisons of various tissue-devived MSCs and fibroblasts.

[ Distinct features ] Common features

e M g =

Different molecular signatures [27]
MSCs are rare, fibroblasts are abundant Tissue remodelling [19, 20, 23]
[23, 32] Immunomodulation [37]

MSCs are quiescent and self-renewing, Angiogenesis and cell migration
fibroblasts are constantly active to N\ [31, 47]

\regulate ECM turnover [19, 20, 23] I-ie;althy Y,

Filling up the defect [9,35]
Co-transplantation of MSCs and
fibroblasts reduces scarring of
wounds [43]

Homing and migration activities
are unique to MSCs [28]

\
AN

-

Exhaustion of the regenerative and
immunosupressive capabilities of MSCs
[40, 59]

Hyperproliferation of fibroblasts and
fibrosis [23]

- ‘/J

\

Formation of non-functional
tissue [9,35]

\ \
Age-related tissue degeneration -/

Figure 2.
Schematic representation of the distinct and common features of MSCs and fibroblasts in health and disease, with
a focus on human synovial joints. ECM, extracellular matrix.

During inflammation, proteins and lipids secreted by various cells act in a con-
certed fashion. Tahir et al. analyzed the formation of the most relevant inflamma-
tion mediators, including proteins and lipids, in human fibroblasts and MSCs upon
inflammatory stimulation and subsequent treatment with dexamethasone [24]. They
showed that fibroblasts and MSCs have similar secretion profiles for stimulation and
modulation of inflammation [24].
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In contrast, there are also studies that have provided evidence of greater anti-
inflammatory and wound-healing features of MSCs in comparison to other stromal
cells [25]. In an array of in-vitro tests to compare human artery-wall-derived MSCs
with dermal fibroblasts and myofibroblasts, Pasanisi et al. showed some profound
differences in the immunomodulatory properties between these cell types [25]. Both
the dermal fibroblasts and myofibroblasts expressed very low levels of immunomodu-
latory and inflammation-related genes, and had lower immunosuppressive potential
for proliferation of peripheral blood mononuclear cells in comparison to the femoral
artery MSCs. They also suggested that the two highly sought after translational
abilities, as anti-inflammatory and wound healing activities, are unique features of
MSCs [25].

Although MSCs and fibroblasts share common sources for their isolation, such
as adipose tissue, muscle, and skin, most recent studies have used bone marrow
as the source of MSCs and skin as the source of fibroblasts. Following their plastic
adherence after isolation and in-vitro culture expansion, fibroblasts are morphologi-
cally indistinguishable from MSCs, as they both have a spindle-shaped morphology
[20]. They also both express the same positive mesenchymal markers, and both lack
hematopoietic markers [19]. They also both show trilineage differentiation; i.e.,
adipogenesis, osteogenesis, and chondrogenesis [36]. Hence, the minimal criteria set
by the International Society for Cellular Therapy to define MSCs [6] can also define
fibroblasts [20]. Despite great effort, the lack of a specific marker to distinguish
between MSCs and fibroblasts represents a major limit in the study of these cells [25].

2.2 Distinct properties: transcriptome profile and migration capacity

Haydont et al. recently performed a wide comparison of skin fibroblasts from
three different locations in the deep dermis and hypodermis with five different
tissue-derived MSCs [26]. Using genome-wide transcriptome profiling, they showed
a clear ‘fibroblast’ molecular identity that did not segregate with the MSCs. The
molecular signature that identified the fibroblasts comprised transcripts associated
with hyaluronic acid, aggrecan, collagen processing, collagen fibril anchorage points,
the elastic networks, and some others [26]. Similarly, using next-generation RNA
sequencing, Tagkiran and Karaosmanoglu showed that human primary bone marrow
MSCs and human primary dermal fibroblasts have different molecular signatures
[27]. In particular, a large group of genes that have important roles in embryonic
development were highly expressed in MSCs; e.g., the homeobox genes. Aristaless-
like homeobox family member ALX1 and distal-less homeobox DXL1, 5, and 6 are
involved in craniofacial development, while short stature homeobox (SHOX) regu-
lates expression of early osteogenic genes during cell differentiation. Tagkiran and
Karaosmanoglu suggested that MSCs are more appropriate for developmental and
differentiation studies, compared to dermal fibroblasts [27].

Another feature that appears to be more attributed to MSCs is homing through
migration. Intrinsic inflammatory characteristics have a pivotal role in stem-cell
recruitment [28]. Bone marrow-derived MSCs have been demonstrated to migrate
to the endometrium to contribute to the stem-cell reservoir and the regeneration of
endometrial tissue [28]. Khatun et al. compared inflammation-driven migration of
human bone-marrow-derived MSCs to MSCs and fibroblasts derived from the same
niche (i.e., the endometrium). They showed that similar to bone-marrow-derived
MSCs, endometrial MSCs showed high migration activity. However, the differentia-
tion process toward stromal fibroblasts resulted in minimal migration [28].
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3. MSCs and fibroblasts: their roles in tissue injury

A schematic representation of the interactions between MSCs and fibroblasts
is shown in Figure 3. Following tissue injury through bone fracture, joint trauma,
muscle tears, and skin wounds, for example, a well-orchestrated series of time-
dependent and overlapping events takes place, including coagulation, inflammation,
new tissue formation, and injury resolution. Each phase needs to be efficiently carried
out to allow the further progression toward tissue regeneration.

MSCs can secrete a variety of cytokines and growth factors that have immunosup-
pressive and antifibrotic properties, which can have beneficial influences in the heal-
ing process [38]. The failure of tissue regeneration most commonly results in chronic
inflammation and/or fibrosis, which leads to damage of the adjacent tissues and/or
formation of inferior nonfunctional tissue. Some tissues have poor healing capacities
if a wound extends beyond the epidermis, such as skin and cartilage, in particular. It is
not entirely clear whether this is due to the absence or ‘exhaustion’ of the endogenous
MSCs in these tissues, due to disease or age [39, 40]. Fibrosis, or scarring, is defined as
accelerated accumulation of extracellular matrix factors, as predominantly collagen
type I, which can prevent regeneration of tissue. This can occur in virtually any tissue
as aresult of trauma, inflammation, immunological rejection, chemical toxicity, or
oxidative stress [38]. Following cartilage surface injury, the hyaline cartilage that is
predominantly collagen type II is replaced by collagen type I, which lacks the func-
tional properties of cartilage, such as shock absorption and reduction of friction in
the joint.

MSCs inhibiting fibroblasts
[42, 45-48]

Fibroblasts inhibiting MSCs
[56, 58]

77]

MSCs support fibroblasts
via exosomes [50]

Fibroblast-derived ECM
support MSCs [76]

Transdifferentiation of : @
MSCs to fibroblasts [28, M‘
I i [

Figure 3.
Schematic representation of the interactions between MSCs and fibroblasts as observed in the in vitvo studies.
ECM, extracellular matrix.
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The antifibrotic effects of MSCs are not entirely understood, and they are likely
to overlap with the MSC anti-inflammatory and angiogenic properties [38, 41].
However, MSCs secrete several cytokines and growth factors that inhibit fibroblasts
[42]. Hepatocyte growth factor released by MSCs has been shown to down-regulate
the expression of transforming growth factor-p1 (TGF-p1) and collagen type I and III
by fibroblasts, and on the other hand, to up-regulate expression of matrix metallo-
proteinases 1, 3, and 13 in fibroblasts, thereby promoting turnover of the extracellular
matrix [42]. In agreement with this, Yates et al. showed that co-transplantation of
MSCs and fibroblasts reduces scarring of wounds [43]. They transplanted xenogeneic
MSCs and showed that these augmented fibroblast proliferation and migration,
and the extracellular matrix deposition that is critical for wound closure; this co-
transplantation also reduced inflammation following wounding, an effect that was
greater than seen for MSCs or fibroblasts alone. These data suggested complementary
roles of MSCs and fibroblasts to normalize matrix regeneration during healing, and
they demonstrated that even transiently engrafted cells can have a long-term impact
via matrix modulation and ‘education’ of other tissue cells [43].

Domaszewska-Szostek et al. recently reviewed the available data on the efficiency
of cell therapies for the treatment of chronic wounds, with these therapies including
fibroblasts, keratinocytes, fibroblasts and keratinocytes together, bone-marrow-
derived MSCs, and adipose tissue cells [44]. They showed that the majority of reports
were on fibroblasts and keratinocytes, which included cell-based products that are
already on the market. Based on the knowledge at the time, Domaszewska-Szostek
et al. suggested that cell therapies in the treatment of chronic wounds showed
immense potential. However, much is yet to be determined from both sides, in terms
of both patients and cell therapies [44].

3.1 Skin injuries

While fibroblast-based substitutes have already been used in regenerative
medicine, and in particular in regeneration of skin, a recent study by Paganelli et al.
suggested that adipose-tissue-derived MSCs might represent a better alternative to
fibroblasts in full-thickness skin injuries [29]. They showed that in-vitro adipose-
tissue-derived MSCs produce a collagen- and fibronectin-containing dermal matrix
that is more abundant than for fibroblasts [29]. Moreover, adipose-tissue-derived
MSCs also served as modulators in the regeneration of tissue that was inflamed or
scarred secondary to injuries such as burns or trauma. Liu et al. investigated the
effects of adipose-tissue-derived MSCs on keloidal disease, which is a particular type
of scarring that is considered to arise from excessive proliferation of fibroblasts and
extracellular matrix deposition [45]. They used a starvation-induced conditioned
medium from adipose-tissue-derived MSCs to treat human keloid-derived fibro-
blasts, and evaluated the fibroblast in-vitro proliferation, migration, and apoptosis.
These human keloid-derived fibroblasts showed inhibited proliferation and collagen
synthesis. They also used a keloid xenograft implantation animal model to assess the
paracrine effects of conditioned medium from adipose-tissue-derived MSCs in vivo.
They noted reduced inflammation and fibrosis in an in-vivo keloid model, which was
seen as keloid shrinkage and reduced inflammatory cell accumulation, blood vessel
density, and collagen deposition [45].

Han et al. took things a step further, and included a photobiomodulation pre-
treatment of adipose-derived MSCs before collection of their conditioned medium.
Photobiomodulation is a laser treatment that uses low power and energy, but has been
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shown to induce positive photobiological processes in cells, such as regulation of cell
secretion, and promotion of cell proliferation, differentiation, and migration, with
enhanced immunological functions, and therefore, accelerated tissue repair [46].
However, when they cultured hypertrophic scar and keloid fibroblasts in conditioned
medium from adipose MSCs pretreated with photobiomodulation therapy for 12, 24,
and 48 h, there was inhibition of proliferation of these fibroblasts, and down-regu-
lation of their profibrotic growth factors and collagen synthesis. They also suggested
that the mechanism for this inhibition was related to down-regulation of TGF-f1 and
Notch-1 expression [46].

In addition to adipose-tissue-derived MSCs, bone-marrow-derived MSC have
shown benefits for keloids and hypertrophic scars. Fang et al. showed that bone-
marrow-derived MSCs use a paracrine signaling mechanism to attenuate the fibro-
blast proliferative and profibrotic phenotypes derived from hypertrophic scars and
keloids, and to inhibit extracellular matrix synthesis [47]. Using conditioned medium
from bone-marrow MSCs, they showed significant inhibition of proliferation and
migration of the fibroblasts from hypertrophic scars and keloids, in comparison with
the use of conditioned medium from normal skin fibroblasts. Furthermore, they also
reported that for conditioned medium from bone-marrow-derived MSCs, for both
of these types of fibroblasts, there was decreased expression of profibrotic genes,
including those for connective tissue growth factor, plasminogen activator inhibi-
tor-1, TGF-p1, and TGF-f2, and increased expression of antifibrotic genes, including
those for TGF-f3 and decorin. Moreover, they reported decreased expression of
collagen I and fibronectin and low levels of hydroxyproline in the cell culture super-
natant, which suggested that the conditioned medium from bone MSCs suppressed
the synthesis of extracellular matrix in these fibroblasts [47].

Similar data were reported by Sato et al. for amnion-derived MSCs. Following
harvesting of keloid, mature and normal fibroblasts, and their stimulation with TGF-
B, they showed that conditioned medium obtained from the amnion-derived MSCs
prevented proliferation and activation of the keloid fibroblasts [48].

Tooi et al. used a similar study design; however, they used conditioned medium
from human placenta-derived MSCs to harvest exosomes, and examined their effects
on normal adult dermal fibroblasts iz vitro [49]. Exosomes contain nucleic acids,
proteins, and lipids, and function as an intercellular communication vehicle for
mediation of the paracrine effects of MSCs [49]. They reported positive effects of
this treatment, and in particular, significant up-regulation of stemness-related genes,
such as octamer-binding transcription factor 4 (Oct4) and NANOG homebox gene,
and differentiation competence of fibroblasts to adipocytes and osteoblasts [49].

Hu et al. investigated the roles of exosomes derived from adipose MSCs in cutane-
ous wound healing [50]. In vitro, they showed that these exosomes can be taken up
and internalized by fibroblasts, to stimulate cell migration and proliferation, and
collagen synthesis, in a dose-dependent manner. Iz vivo, they demonstrated that these
exosomes can be recruited to soft tissue wound areas in a mouse skin incision model,
and that they significantly accelerated cutaneous wound healing. Following systemic
administration of exosomes, they reported increased collagen I and III production in
the early stage of wound healing, and inhibited collagen expression in the late stage,
which might be favorable to reduce scar formation. Based on these results, they sug-
gested that exomes can be used to facilitate cutaneous wound healing via optimizing
the characteristics of fibroblasts [50].

Li et al. explored the paracrine effects of conditioned medium from umbilical-
cord-derived MSCs on dermal fibroblasts [51]. They showed that this treatment
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increased the proliferation and migration of fibroblasts. Moreover, they also reported
on their transition into a phenotype with a low myofibroblast formation capacity,

a decreased ratio of TGF-p1/3, and an increased ratio of matrix metalloproteinase/
tissue inhibitor of metalloproteinases. They also performed in-vivo wound healing
assays. Full thickness skin excisional wounds treated with conditioned medium from
umbilical-cord-derived MSCs showed accelerated healing, with fewer scars seen.

Pan et al. investigated the effects of conditioned medium derived from human
amniotic MSCs on hydrogen-peroxide-induced senescence of human dermal
fibroblasts. They showed that the conditioned medium derived from these cells
significantly decreased senescence-associated f-galactosidase activity, and promoted
proliferation of senescent human dermal fibroblasts [52]. Interestingly, they also
showed the same effect using conditioned medium from human amniotic epithelial
cells. These cells were isolated from the same amniotic tissue, and characterized by
their similar immunophenotype to the MSCs, except for stage-specific embryonic
antigen-4 as specific to MSCs, and their cobblestone-like morphology, in contrast to
the MSC fibroblast morphology [52].

Gabrielyan et al. directly compared metabolically conditioned medium and
hypoxia-conditioned medium derived from bone-marrow MSCs and skin fibroblasts,
and evaluated their attraction of bone-marrow MSCs in two-dimensional migration
assays [31]. They reported that the conditioned media from both types of cells had high
concentrations of the angiogenic factors that are important for angiogenesis and cell
migration. Having shown that both of the conditioned media produced by human skin
fibroblasts attracted MSCs as efficiently as conditioned medium produced by human
bone-marrow MSCs, these authors favored fibroblasts-derived metabolic conditioning
as providing easier, cheaper, and faster access to chemoattractive agents [31].

3.2 Diabetic wounds

There are also several studies that have suggested superior effects of MSCs
compared to fibroblasts for the stimulation of diabetic wound healing [30, 53]. Jung
et al. compared the treatment effects of human umbilical-cord-blood-derived MSCs
with those of fibroblasts on diabetic wound healing in vitro [30]. Using co-culture of
diabetic fibroblasts with either healthy fibroblasts or umbilical-cord-blood-derived
MSCs over 3 days, they measured cell proliferation and collagen synthesis and
glycosaminoglycan levels, which are the major contributing factors to wound healing.
The group treated with the umbilical-cord-blood-derived MSCs showed significantly
greater collagen synthesis and glycosaminoglycan levels than the fibroblast-treated
group [30]. Saheli et al. also focused on the interplay between MSCs and fibroblasts
in diabetic wound healing, in both in-vivo and in-vitro diabetic models [53]. In vivo, in
the group of diabetic wounds treated with MSC-derived conditioned medium, they
demonstrated significantly greater wound closure, less pronounced inflammatory
responses in the granulation tissue, better tissue remodeling, and more vasculariza-
tion, compared with the nontreated diabetic wounds [53]. Iz vitro, they cultured
human dermal fibroblasts in a high-glucose medium. When these fibroblasts were
incubated in the presence of MSC-derived conditioned medium, they showed up-
regulation of the genes encoding epidermal growth factor and basic fibroblast growth
factor (bFGF), in addition to significantly greater cell viability/ proliferation, and
migration. Based on these findings, they suggested that MSC-derived conditioned
medium improves the activity of the fibroblasts in the diabetic microenvironment,
and thus might promote wound repair and skin regeneration [53].
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3.3 Ligament injuries

Similar to cartilage, ligaments have poor healing capacity due to hypocellularity
and lack of cellular components for self-regeneration. Li et al. investigated differ-
entiation of human amnion-derived MSCs into human anterior cruciate ligament
fibroblasts iz vitro using a Transwell co-culture system and induction with bFGF and
TGF-p1 [54]. Following an array of gene and protein expression for ligament-specific
molecules, they suggested Transwell co-cultures as an optimal system for differentia-
tion of amnion-derived MSCs into ligament fibroblasts [54].

3.4 Periodontal disease and jaw injuries

Osteoradionecrosis of the jaw is a severe chronic adverse effect of ionizing radia-
tion therapy to the head and neck region. It is manifested as soft tissue fibrosis,
chronic inflammation of the bone, and osteonecrosis of the maxillofacial region, with
histopathological formation phases that are very similar to those of chronic wounds
[55]. Zhuang and Zou reported inhibitory effects of irradiation-activated-gingival
fibroblasts on osteogenic differentiation of human bone-derived MSCs [56]. They
showed that exosome-mediated delivery of miR-23a from irradiation-activated
fibroblasts inhibited osteogenesis of bone MSCs via directly targeting C-X-C motif
chemokine ligand 12 (CXCL12) [56]. Under this pathological condition, rather than
working hand in hand, fibroblasts and MSCs appeared to be on opposing sides of the
tissue healing process.

A similar situation has been reported for periodontal diseases. These encompass
a wide variety of chronic inflammatory conditions in the gingiva (i.e., soft tissue
surrounding the teeth) and the periodontal connective tissues, such as the bone and
ligaments [57]. Periodontal disease begins with gingivitis, as localized inflammation of
the gingiva that is initiated by bacteria in the dental plaque. If untreated, gingivitis can
progress to loss of the gingiva, bone and ligaments, which creates the deep periodontal
‘pockets’ that are a hallmark of this disease, and which can eventually lead to tooth
loss [57]. Periodontal ligaments have MSCs that can form fibroblasts, cementoblasts,
and osteoblasts, and can thus be used for periodontal regenerative therapy. However,
the fate of their differentiation is under the control of the periodontal cells, either
via direct contact or via secretion of humoral factors. Kaneda-Ikeda et al. clarified
the regulatory mechanism for MSC differentiation by humoral factors from gingival
fibroblasts [58]. They indirectly co-cultured human ilium-derived MSCs with human
gingival fibroblasts under osteogenic or growth conditions. Interestingly, they reported
that humoral factors released by gingival fibroblasts suppressed osteogenesis of MSCs.
This effect was regulated by miRNAs and undifferentiated MSC markers [58].

4. MSCs and fibroblasts: their roles in age-related tissue degeneration

With aging, and in particular with degenerative disorders of the musculoskeletal
system such as osteoarthritis and osteoporosis, MSCs appear to be ‘exhausted’ with a
lack of regenerative potential [33, 40, 59], or their regenerative potential is diverted
from functional to production of nonfunctional cell types, such as adipocytes and
fibroblasts [60, 61]. Fibroblasts, on the other hand undergo hyperproliferation
resulting in age-related fibrosis of many tissues and organs, in particularly skin, lung,
kidney, liver and heart [23].

32



Mesenchymal Stem/Stromal Cells and Fibroblasts: Their Roles in Tissue Injury and Regeneration...
DOI: http://dx.doi.org/10.5772/intechopen.100556

4.1 Intravertebral disc degeneration

Degeneration of the intervertebral discs is strongly implicated as a cause of lower
back pain, which has been shown to affect up to 85% of people at some point dur-
ing their lives [62]. Although it is most commonly manifested in adulthood and its
progression is closely linked to aging, changes in the cellular microenvironment of the
discs can begin as early as a few years after birth [62]. Inflammation has been corre-
lated with degenerative disc disease, but its role in discogenic pain and hernia regres-
sion remains controversial. Inflammatory responses might be involved in the onset of
the disease, although it is also crucial for maintenance of tissue homeostasis [63].

Clinical studies that have used autologous or allogeneic MSCs to treat patients with
back pain have reported some encouraging results [64]. There is also evidence that
fibroblasts injected into the degenerated discs remain viable, and thus might repre-
sent an effective therapy for prevention or for delay of degenerative diseases of the
discs. However these data were obtained in animal models only [65].

Shi et al. showed that transplantation of human dermal fibroblasts into degen-
erating intervertebral discs of rabbits can significantly increase the markers of disc
regeneration (e.g., disc height, collagen type I and II gene expression, proteoglycan
content). In comparison to transplantation of rabbit dermal fibroblasts, these results
showed similar regenerative trends, but these trends did not reach significant differ-
ence. This study also showed that the human cells transplanted into rabbit discs did
not induce immune response in the rabbit cells [66].

4.2 Bone degeneration

In addition to disc degeneration, most elderly people develop bone loss with age [54].
The most common clinical manifestation of bone loss is osteoporosis associated with an
increased risk of fractures, which can also lead to death. In 2017, new fragility fractures in
the EU6 were estimated at 2.7 million, with an associated annual cost of €37.5 billion and a
loss of 1.0 million quality-adjusted life years [67]. As osteoblasts have a central role in the
process of bone formation, the direct reprogramming of fibroblasts into osteoblasts might
be a new way to treat bone fractures in elderly individuals. Chang et al. recently reviewed
alarge body of literature and proposed several clinical applications of a direct conver-
sion method for generating osteoblasts in patients [68]. Successful direct conversion of
fibroblasts into osteoblasts was reported previously in 2015, using defined transcription
factors, such as Osterix, runt-related transcription factor 2 (Runx2), Oct3/4, and L-myc
[69]. Despite this, Chang et al. concluded that more work is needed to determine the best
way to directly reprogram somatic cells into osteoblasts for optimal clinical use. They also
suggested that in addition to successful fibroblast-to-osteoblast conversion, future studies
will need to consider the optimal cellular microenvironment to promote osteoblast sur-
vival and bone formation in patients [68]. The microenvironment is a common compo-
nent and factor with immense importance for efficacy of cell therapies of any kind [70].

5. MSCs and fibroblasts: their roles in immunological disorders

5.1 Rheumatoid arthritis

Under normal conditions, the joint membrane, i.e. synovium represent the site of
the two closely related cell types: i.e., fibroblast-like synoviocytes and synovial MSCs.
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These can work hand in hand as immunomodulatory cells to control the magnitude of
immune responses. Rheumatoid arthritis is a chronic autoimmune disease that mani-
fests as polyarthritis with joint destruction [71]. The main pathological characteristic
of this rheumatic disease is increased proliferation of fibroblasts and accumulation of
inflammatory cells, which results in the formation of the ‘pannus’ Interestingly, based
on the evidence from animal models, Matsuo et al. suggested that resident fibroblasts
account for the pathology of rheumatoid arthritis, and not bone-marrow-derived

and circulating cells [71]. In addition, genetic lineage tracing studies have suggested
that fibroblasts in rheumatoid arthritis originate from local proliferation of resident
fibroblasts, differentiation of pericytes and MSCs, and transition of endothelial cells
[71]. The main targets in this disease are thus inflammatory cytokines and leukocytes.
As MSCs are immunosuppressive, they have great potential in therapies for this
inflammatory disease [72]. However, it appears that the swamping of the microenvi-
ronment in rheumatoid arthritis with inflammatory cells and cytokines causes loss of
efficacy in the responses of the endogenous joint-resident MSCs to the exaggerated
immune response. In addition, synovial fibroblasts are likely to derive from synovial-
membrane-derived MSCs, which can also to give rise to fibroblast-like synoviocytes,
as key players in perpetuation of joint inflammation and destruction in rheumatoid
arthritis [73].

5.2 Systemic sclerosis

Systemic sclerosis is a rare autoimmune rheumatic disease that is characterized by
excessive production and accumulation of collagen in different tissues. The physiopa-
thology of systemic sclerosis has still not been completely elucidated, although roles
for fibroblasts, endothelial cells, immune cells, and oxidative stress have been demon-
strated [74]. Several studies have established the beneficial effects of administration
of MSCs from various tissue sources in different preclinical models that are character-
ized by local or systemic fibrosis. Clinical studies are, however, still falling behind.
On the other hand, MSCs from patients with systemic sclerosis have been shown to
constitutively express factors that stimulate fibrotic and angiogenic processes. This
might indicate that MSCs are altered by the environment secondary to the onset of
the disease, or that they might participate in the physiopathology of the disease [75].
Hence, the rationale for using allogenic MSCs in systemic sclerosis (as well as in other
autoimmune diseases) is based on the possibility that autologous MSCs will be altered
in these diseases [74].

6. MSCs and fibroblasts: how to boost their complementary tissue
regeneration

6.1 In-vitro approaches

As MSCs represent rare cell populations iz vivo, their in-vitro expansion is an
often-unavoidable step in the preparation for these cell therapies. Currently, MSC
expansion is most commonly achieved via cultivation on tissue culture plastics
with the addition of 10% fetal bovine serum. Van et al. investigated the feasibility
of human fibroblast-derived extracellular matrix as an alternative for in-vitro cell
expansion [76]. Such fibroblast-derived extracellular matrix was obtained from decel-
lularized extracellular matrix derived from in-vitro-cultured human lung fibroblasts.
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Using umbilical-cord-blood-derived MSCs, they directly compared cell cultivation
on tissue culture plastics, fibronectin-coated tissue culture plastics, and human
fibroblast-derived extracellular matrix. They showed that the last of these, the human
fibroblast-derived extracellular matrix, improved cell proliferation, migration, and
osteogenesis, as well as the expression of stemness and engraftment-related markers
of MSCs. Furthermore, they showed superior in-vivo effects of MSCs pre-conditioned
on human fibroblast-derived matrix in an emphysema animal model (i.e., a lung
disease). Based on this, they suggested that human fibroblast-derived matrix repre-
sents a naturally derived biomimetic microenvironment with potential for practical
applications in regenerative medicine [76].

Adipose-derived MSCs represent the preferable autologous source of MSCs in
regenerative medicine in general, due to their indispensability in adults. Sivan et al.
standardized their in-vitro culture conditions for differentiation of adipose-derived
MSCs into dermal-like fibroblasts, which can synthesize extracellular matrix proteins
[77]. Given that adipose-derived MSCs are multipotent in nature and might develop
into undesirable tissues upon transplantation, the diverting of these MSCs to a more
committed, fibroblast lineage appears like a better option in skin tissue engineering.
To promote commitment of these MSCs into fibroblasts, they used a special biomi-
metic matrix composite that was pre-coated with fibrinogen, fibronectin, gelatin,
hyaluronic acid, and human platelet growth factors. When MSCs were cultured on
this composite with the presence of differentiation medium supplemented with
fibroblast-conditioned medium and growth factors, they showed up-regulation
of fibroblast-specific protein-1 and a panel of extracellular matrix molecules that
were specific to the dermis, such as fibrillin-1, collagen I, collagen IV, and elastin.

As fibroblasts derived from adipose MSCs can synthesize elastin, this is an added
advantage for successful skin tissue engineering, compared to fibroblasts from skin
biopsies [77].

To boost the combined tissue-healing effects of MSCs and fibroblasts, several
tissue engineering approaches are being investigated. To enhance resistance to
oxidative stress and the paracrine potential of MSCs, Costa et al. formulated MSC
spheroids encapsulated in alginate microbeads [78]. This three-dimensional formula-
tion showed increased angiogenic and chemotactic potential relative to encapsulated
single cells. As the encapsulated MSCs promoted formation of tube-like structures
and migration of fibroblasts into the wounded area, these authors suggested that such
a model setting can be used for wound repair and regeneration processes [78].

As oxygen represents an important factor in tissue healing, hyperbaric oxygen ther-
apy is an effective adjunct treatment for ischemic disorders, such as chronic wounds.
Engel et al. showed beneficial effects of hyperbaric oxygen therapy on mono-cultures
and co-cultures of human adipose-derived MSCs and fibroblasts [79]. The results of
this study suggested that hyperbaric oxygen therapy leads to immunomodulatory and
proangiogenetic effects in a wound-like environment, where adipose-derived MSCs
and fibroblasts collaborated toward efficient wound healing [79].

In addition to cell therapies where formulation for clinical use still represents
immense challenges, great hope has also been put into the cell-free formulations for use
in regenerative medicine. Several studies have explored the effects of conditioned media
from various tissue-derived MSCs on fibroblasts (as described in 3.1). Conditioned
medium is a cell-free formulation, and it basically defines the adult stem-cell secretome.
The majority of studies that used conditioned medium to enhance fibroblast properties,
harvested the medium from two-dimensional cultures of MSCs from various tissue
sources. Using a polystyrene scaffold, Kim et al. created a three-dimensional culture
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of perivascular cells, which represented a more physiologically appropriate system to
harvest conditioned medium [80]. They used this medium to investigate the effects on
the migration and proliferation of human keratinocytes and fibroblasts. The migra-
tion of both of these types of cells, and also the proliferation of keratinocytes, were
significantly greater with the conditioned medium from this three-dimensional culture
system. They also reported greater expression of type I collagen, specific expression of
some other factors (e.g., thioredoxin), and more small particles such as CD63-positive
extracellular vesicles, which were shown to stimulate keratinocyte migration. Based on
these data, the three-dimensional cultures have the potential to be considered as future
wound-healing remedies.

An in-vivo alternative to conditioned medium produced by in-vitro cultured
MSCs was tested by Cerny et al. [81]. They used wound fluid samples from fingertip
injuries and split skin donor sites under occlusive dressings, to evaluate the effects
of paracrine factors in the wound fluid (secretome) on migration and proliferation
of MSCs and fibroblasts. Under these conditions, MSCs showed significant increases
in both migration and proliferation, while fibroblasts showed a significant increase
in migration only. Hence, the paracrine factors in the wound fluid can modulate the
wound-healing process, and can reduce scar-tissue formation [81].

6.2 In-vivo approaches

When it comes to in-vivo approaches to stimulate endogenous MSCs and fibro-
blasts, platelet-rich plasma has been widely studied and is used in clinical practice.
Platelet-rich plasma contains higher concentrations of platelets than whole blood,
as typically three-fold to five-fold higher compared with normal plasma (normal:
150,000 to 300,000 platelets per microliter) [82]. This platelet concentrate has
been shown to have anti-inflammatory effects through growth factors, such as
TGF-p and insulin-like growth factor 1, and also stimulatory effects on MSCs and
fibroblasts [82].

Stessuk et al. evaluated the combined effects of platelet-rich plasma and condi-
tioned medium from adipose-derived MSCs on fibroblasts and keratinocytes in vitro.
They showed significant proliferation of both cell types, and also significant migra-
tion of fibroblasts treated with both components, which suggested the potential of
this combination for healing and re-epithelialization of chronic wounds iz vivo [83].

The major issue of unpredictable and difficult-to-replicate in-vivo effects of
MSC therapies is most probably the microenvironment that these cell injections are
delivered into. In healthy tissues, stem cells reside within a complex microenviron-
ment that comprises cellular, structural, and signaling cues that collectively maintain
stemness and modulate tissue homeostasis [70]. Following tissue injury, substantial
changes are made to this unique cell environment, which will influence the regula-
tion of stem-cell differentiation, trophic signaling, and tissue healing. Bogdanowicz
and Lu reviewed recent studies on how microenvironmental cues modulate MSC
responses following connective tissue injury, and how this microenvironment can be
programmed for stem-cell-guided tissue regeneration [70]. Based on their revised
data, these authors suggested that the cell microenvironment should be conducive to
stem-cell lineage commitment, biomimetic tissue regeneration, and ultimately, resto-
ration of physiological functions. In this light, specific attention should be directed to
methods for standardization of experimental conditions both iz vitro and in vivo, and
in particular to optimization of cell seeding densities and cell sources [70].
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To mimic the optimal microenvironment for MSCs, several novel technological
approaches are being developed. Combining human fibroblast-derived matrix and the
biocompatible polymer hydrogel (i.e., polyvinyl alcohol), Ha et al. demonstrated cyto-
compatibility with human MSCs [84]. Moreover, this advanced wound healing therapy
was shown to be efficient in full-thickness wound repair in a preclinical model [84].

6.3 Converting fibroblasts to MSCs

When it comes to vascular damage, vascular-wall-derived MSCs might be par-
ticularly well suited for resolution of such injuries. Recently, Steens et al. developed
amethod for direct conversion of human skin fibroblasts into vascular MSCs. They
directed cell-fate conversion through induction of ectopic expression of the highly
vascular MSC-specific HOX genes, including HOXB7, HOXC6, and HOXCS8, while
bypassing pluripotency. The converted MSCs showed classical multipotent MSC char-
acteristics in vitro (i.e., multipotency, clonogenicity), and were selectively associated
with vascular structures iz vivo. With respect to their therapeutic potential, these cells
suppressed lymphocyte proliferation iz vitro, while in a mouse model of radiation-
induced pneumopathy iz vivo, they protected the mice against vascular damage, as
also for ex-vivo cultured human lung tissue [85]. These data suggested an efficient
strategy for treatment of vascular diseases, such as hypertension, ischemic diseases,
vascular lesions, and others.

In addition to genetic manipulation to convert fibroblasts to MSCs, there is also
a chemical method available to convert primary human dermal fibroblasts into
multipotent, induced MSC-like cells. Using a defined cocktail of small molecules and
growth factors, (six chemical inhibitors, plus TGF-f, bFGF, and leukemia inhibitory
factor), Lai et al. converted human fibroblasts into inducible MSCs in a monolayer
culture over 6 days, with 38% conversion rate [86]. The inducible MSCs behaved like
primary bone-marrow-derived MSCs in terms of their multipotency, clonogenicity,
molecular signatures, and surface marker expression profile. Moreover, these MSCs
were as effectively as bone-marrow-derived MSCs in their significant protection
against fatality with endotoxin-induced acute lung injury in a mouse model. Based on
these data, the authors suggested that this chemical conversion of fibroblasts to MSCs
is superior to the genetic approach, as this latter might have the risk of insertional
mutagenesis [86].

7. Conclusions

The relative failure of decades-long endeavors to establish a clear definition for
both MSCs and fibroblasts appears to be a result of the complementary and overlap-
ping roles these cells have in cell homeostasis and tissue development and injury.
Indeed, due to the similarities in their morphologies, immunophenotypes, and
connective tissue stroma formation, MSCs and fibroblasts are indistinguishable in
most in-vitro settings. However, in-vivo studies, and in particular recent studies using
modern analytics such as next-generation sequencing, have indicated that a line can
be drawn to distinguish between MSCs and fibroblasts. On the other hand, several
studies have demonstrated that it is the cellular therapies that combine both of these
cell types that represent the optimal approach for future development of tissue-
regenerating strategies.
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Chapter 3

The Role of Fibroblasts in
Atherosclerosis Progression

Tadeja Kuret and Snezna Sodin-Semrl

Abstract

The following chapter addresses vascular fibroblasts in a healthy, quiescent state,
as well during vascular inflammation, focusing on atherosclerosis. The development
of atherosclerosis, an inflammatory disease of medium- and large-sized arteries, has
traditionally been viewed as an “inside-out” mechanism, with prominent roles of
the innermost layer of the artery, consisting of endothelial cells. However, emerging
evidence suggests a new paradigm of “outside-in” mechanism, including an earlier
role for fibroblasts, constituents of the outermost adventitial layer of the artery.
Phenotypic and functional changes of fibroblasts in adventitia may even occur prior
to, or alongside endothelial activation. Activated adventitial fibroblasts, implicated
in atherosclerosis progression, begin to transform into myofibroblasts, upregulate
production of different proinflammatory cytokines, chemokines, growth factors,
proteolytic enzymes, extracellular matrix proteins and reactive oxygen species,
leading to extensive matrix remodeling, chemotaxis and recruitment of immune cells.
Due to their suitable location for drug delivery systems, preventing fibroblast activa-
tion, modulating their activity or inducing myofibroblast dedifferentiation could
represent a promising therapeutic approach for atherosclerosis regression.

Keywords: atherosclerosis, fibroblasts, inflammation, disease progression

1. Introduction

Fibroblasts are mesenchymal cells that are morphologically characterized as
adherent, flat, elongated (spindle-shaped) cells with leveled, oval nuclei. One of their
major roles is to produce and integrate structural proteins, such as collagen, elastin,
and proteoglycans into the extracellular matrix (ECM) of most mesenchymal tissues
and thus maintain their structural integrity [1].

In healthy arteries, fibroblasts can be found in the adventitia, the outermost layer
of the vessel wall. Adventitial fibroblasts display numerous subtypes, even in a quies-
cent state, however, very little is known about their exact involvement in atheroscle-
rosis development and progression [2]. Most of the attributed functions of adventitial
fibroblasts have been largely extrapolated from findings describing fibroblasts in
different tissues and organs, such as the skin. However, fibroblasts from different
anatomic sites and tissues are functionally and phenotypically distinct. For example,
cultured fetal and adult human skin fibroblasts derived from different anatomical
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sites expressed distinct transcriptional patterns of genes involved in extracellular
matrix synthesis, lipid metabolism, and cell signaling pathways regulating pro-
liferation, cell migration and fate determination [3]. The discovered topographic
differences of fibroblasts might be connected to the positional memory since adult
fibroblast maintain key features of the HOX gene pattern expression, established dur-
ing embryogenesis. Indeed, many HOX genes that encode a family of evolutionarily
conserved transcription factors, are differentially expressed in fibroblasts derived
from different anatomical sites, indicating that fibroblasts from each topographic site
express a unique HOX gene expression pattern [3, 4].

Fibroblasts are metabolically active cells that play a central role in, not only matrix
maintenance and remodeling and regulating ECM, but also in managing interstitial
fluid volume and pressure, new tissue formation and wound healing. They have been
found to be associated with many connective tissue pathologies, either due to their
direct implication in the disease mechanism or due to the resulting fibrosis associated
with damage in other cell types [5]. Recently, novel mechanisms proposed a promi-
nent role of fibroblasts also in the development and progression of atherosclerosis.
Atherosclerosis is a chronic, fibro-proliferative disease of the arterial vessel walls that
underlies the development of many cardiovascular diseases (CVDs) and affects the
structure and function of the involved arteries [6].

Vascular inflammation, leading to atherosclerosis, has been traditionally viewed
as an “inside-out” response, beginning with the activation of endothelium and an
inflammatory response that spreads outwards, from the intima towards media and
adventitia, ultimately forming fibrous plaque and damaging all three vessel wall lay-
ers [7, 8]. The classical mechanism of atherogenesis has been challenged recently with
emerging evidence supporting a new hypothesis of an “outside-in” mechanism, in
which vascular inflammation actually begins in the adventitia and progresses inward
towards the media and intima [8, 9], suggesting a more prominent role of fibroblasts
than previously thought.

So, in order to pinpoint, the potential role of fibroblasts during atherosclerosis
progression, we need to first look at the arterial wall composition and function.

2. Vessel wall structure and fibroblasts
2.1 Arterial vessel wall structure

Characterization of the resident, stromal cell populations and subpopulations in
a blood vessel is an important step in understanding cellular contribution to vascular
development and disease. Since atherosclerosis is prevalently a disease of large- and
medium-sized arteries [10], we will focus here on the description of the structure of
these vessels and corresponding vascular stromal cell populations.

The walls of large- and medium-sized arteries are a heterogeneous three-layered
structure consisting of the tunica intima, media and adventitia. Each layer is unique
in its histologic, biochemical and functional properties and is differentially involved
in maintaining vascular homeostasis and regulating the vascular response to stress or
injury [8]. The tunica intima or innermost layer represents a monolayer of endothelial
cells, which are in direct contact with the blood flow. The intima is separated from
the tunica media by a basement membrane and an internal elastic lamina. The tunica
media consists of multiple layers of vascular smooth muscle cells (VSMC). The tunica
adventitia or the outermost layer is separated from the media by an external elastic
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lamina and represents the most complex layer of the blood vessel [11]. The adventitia
is composed primarily of fibroblasts in a loose connective tissue matrix, and it also
contains resident immune cells (e.g. dendritic cells, macrophages, mast cells), peri-
cytes, small blood vessels with endothelial cells (vasa vasorum), several progenitor
cells and adrenergic nerve cells (Figure 1) [13].

For many years, adventitial cells were thought to have a limited physiological
“static” function serving as structural support to the blood vessel, supplying oxygen
and nutrients to the media of large vessels, and sustaining sympathetic innervation
of the vessel wall [14]. However, latest in vivo and in vitro studies have shown that the
adventitia represents a dynamic microenvironment that regulates both structural and
functional properties of all three arterial layers [15]. The adventitia is an important
source of cells that migrate towards the intima and media. For example, stem and
progenitor cells that function and reside in the adventitia can transform into medial
and intimal cells, such as VSMCs, and endothelial cells [16-18]. The adventitia of
coronary arteries also contains cholinergic nerve terminals that release acetylcho-
line, diffusing to the intima layer of endothelium, where it induces the release of
nitric oxide, causing VSMC relaxation and vasodilatation [19]. After stimulation
with angiotensin II, adventitial fibroblasts can synthesize and release endothelin-1
(ET-1) that is important in mediating VSMC contraction [20]. The important role
of adventitia is further supported by the role of vasa vasorum network, serving as a
pipeline for inflammatory cell infiltration during vascular inflammation. In athero-
sclerosis, inflammation contributes to increased neovascularization and enhanced
permeability of the adventitial vasa vasorum, allowing more inflammatory cells to
enter the atherosclerotic plaque. Indeed, by suppressing the neovascularization of
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Figure 1.

Heterogeneous cellular composition of the vascular adventitia. Compared to arterial intima and media, which are
composed of endothelial and smooth muscle cells, respectively, the arterial adventitia is composed of a variety of
heterogeneous cell populations, including fibroblasts, immunomodulatory cells (e.g. dendritic cells, macrophages),
vasa vasorum, pericytes and adrenergic nerves. The figure was adapted from [12] and created using Biorender.
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vasa vasorum, Moulton et al. [21] observed reduction in numbers of macrophages in
atherosclerotic plaques and inhibition of atherosclerosis progression in experimental
mice models [21]. Additionally, adventitial resident cells participate in initiation and
regulation of vascular development, response to injury and tissue repair and thus,
importantly contribute to disease development, especially intimal hyperplasia. This is
mediated by their ability of responding to external physiological stress with intensive
tissue repair or arterial remodeling [9, 16, 22]. Importantly, resident adventitial cells
(e.g. fibroblasts) are often the first cells in the vascular wall to become activated in
response to hormonal and inflammatory stimuli, as well as environmental stress, such
as hypoxia/ischemia and hypertension [8, 15].

2.2 Fibroblasts in healthy arterial vessel walls

Understanding the role of fibroblasts in normal and pathologic conditions is often
obstructed by the lack of reliable and specific markers. The fibroblast is therefore still
one of the most difficult cell types to define iz vivo, likely due to their heterogeneity
(multiple subtypes) and plasticity [23].

In a healthy artery, adventitial fibroblasts are found in a non-active, quiescent
state, and are usually defined by their location in the vessel wall since they can be
separated from the more generally recognized smooth muscle cell layer by an external
elastic lamina [24, 25]. All currently used markers to identify fibroblasts, including
vimentin, platelet derived growth factor receptor a (PDGFRa), fibroblast specific
protein 1 (FSP1), discoidin-domain receptor, and prolyl-4-hydroxylase, are poten-
tially problematic, as they are also expressed in other cell types and are not present in
all fibroblasts [3, 26, 27]. Therefore, to identify fibroblasts, investigators have to rely
on the lack of markers for other cell lineages (e.g. non-lymphoid, non-endothelium,
and non-epithelium), along with morphologic, functional, and biochemical charac-
teristics [3].

Adventitial fibroblasts show differences in morphology, size, function and activity
in the healthy, as well as stressed conditions or disease states [15]. For example, An
et al. [28] found two major fibroblast subpopulations in the adventitia of rat thoracic
aorta. The two populations were described as epithelioid-like cells and spindle-like
cells, however only epithelioid-like fibroblasts were sensitive to stimulation with
angiotensin II, a hormone involved in the development of hypertension and athero-
sclerosis [28]. Studying fibroblasts from the adventitia of bovine pulmonary artery,
Das et al. [29] concluded that numerous phenotypically and biochemically distinct
fibroblast subpopulations can be found and only a selective increase in the number
of resident fibroblast subpopulations with enhanced growth capability was observed
under hypoxic conditions [29].

With the development and increasing popularity of single cell RNA sequencing
technology, it might now be possible to find markers, specific to adventitial fibro-
blasts, as well as to characterize in depth, their subpopulations in normal and diseased
states [30]. Kalluri et al. [31] explored the cellular atlas of healthy mice aortas using
single cell RNA sequencing. They showed that fibroblasts represent approximately
33% of all aortic cells and were defined by higher expression of PDGFRa and col-
lagens/collagen-binding proteins (e.g. Collal, Colla2, Dcn, Lum) whereas the
expression of VSMC-associated contractile proteins (e.g. Myh11, Cnnl) was reduced.
These fibroblasts clustered into two subpopulations and are probably derived from
the adventitia, however their exact location needs to be confirmed by immunohisto-
chemistry or in-situ hybridization [31]. Another study using the high resolution single
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cell analysis approach, was performed by Gu et al. [32] in aortic adventitial cells from
wild type and apolipoprotein E-deficient (ApoE-/-) mice. They determined four
heterogeneous mesenchymal populations with differential gene expression suggesting
potential functions in ECM organization, immune regulation and bone formation.
Furthermore, interaction of resident, mesenchymal cells with immune cells was
enhanced in the adventitia of ApoE-/— mice. These data revealed a heterogeneous cel-
lular landscape of the adventitia and confirmed fibroblast variability present already
in the healthy, quiescent state [32].

3. Adventitial fibroblasts in vascular pathology
3.1 Contribution of adventitial fibroblasts to vascular pathology

In response to injury or environmental stress, adventitial fibroblasts can become
activated, displaying altered phenotypic and functional properties. Activated fibro-
blasts intensely proliferate and increase production and deposition of ECM proteins, as
well as proinflammatory cytokines, chemokines, adhesion molecules, matrix metallo-
proteinases (MMPs) and tissue inhibitors of MMPs (TIMPs), and growth factors, such
as vascular endothelial growth factor (VEGF) [12, 33]. These molecules directly affect
the phenotype of other resident cells in the vessel wall, such as VSMC and endothelial
cells, promote neointima formation, regulate vasa vasorum expansion and affect the
recruitment of infiltrating immune cells [8, 24]. Despite an excessive proliferation
of activated fibroblasts, no hyperplasia of adventitia is usually observed in vascular
pathologies. It is likely that many different mediators can also activate replication
repressor signals in fibroblasts to limit or control replication. For instance, protein
tyrosine phosphatases that regulate growth factor signaling in vascular remodeling, are
upregulated in adventitial fibroblasts in response to vascular injury presumably to mit-
igate proliferative responses [34]. It was also demonstrated that adventitial fibroblasts
under hypoxic conditions activate protein kinase C-zeta and MAPK phosphatase-1 that
repress proliferative signals and limit the proliferation of fibroblasts [35, 36].

Vascular fibroblasts may also produce large amounts of reactive oxygen spe-
cies (ROS) that seem to regulate their proliferation and ECM deposition [37, 38].
Activated fibroblasts increasingly interact with other cell types in the arterial wall,
such as endothelial cells and VSMC and regulate their functions, as well as recruit
immune cells into the vessel wall [39]. After their activation, some fibroblasts dif-
ferentiate into myofibroblasts that contain bundles of stress fibers and can be identi-
fied by expression of contractile proteins, such as a-smooth muscle actin (aSMA).
Multiple stimuli in the microenvironment, such as mechanical stress, growth fac-
tors (e.g. TGF-p), proinflammatory cytokines (e,g, IL-1f, IL-6, TNF-a), adhesion
molecules, and ECM molecules can cause differentiation of a fibroblast towards the
myofibroblast phenotype. Myofibroblasts contribute to extensive remodeling, intimal
hyperplasia, and luminal stenosis due to their invasion and migration into the intima
and increased production and secretion of ECM proteins [40-43].

The recognition that fibroblasts are not only able to generate, but also to sustain
inflammatory responses, provides insight into why vascular inflammatory responses,
in certain situations, fail to resolve. It is suggested that chronic inflammation occurs
due to dysregulated fibroblast activity in which they fail to switch off their inflam-
matory programme, leading to the inappropriate survival and retention of leukocytes
within inflamed tissue [44]. It is also clear that the activated adventitial fibroblasts
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play an important role in regulating vasa vasorum growth, which can contribute to
ongoing vascular remodeling by acting as a conduit for delivery of inflammatory and
progenitor cells [45].

Recent studies shed light on the implication of adventitial fibroblasts in different
vascular pathologies, characterized by arterial remodeling and neointimal formation
[43]. One of the most persistent findings in experimental iz vitro and in vivo models
is intensive adventitial remodeling, found very early in response to vascular injury
or stress [46-48]. Adventitial remodeling in the vasculature has been characterized
by increased proliferation of fibroblasts, which appear to be the first cells in the
vessel wall that respond to different stimuli by their activation [49]. Direct evidence
of fibroblast migration into the intima was provided in a study, performed by Li
etal. [50], in which primary syngeneic adventitial fibroblasts were transduced with
B-galactosidase (LacZ) and introduced into the adventitia of rat carotid arteries
immediately after baloon injury. MRNA expression of LacZ and in situ enzymatic
activity of p-galactosidase were detected in the media and the neointima, 7 days
after injury. On the contrary, in the arteries that were not injured, the expression of
LacZ and enzymatic activity of p-galactosidase were restricted to the adventitia [50].
Similar findings were later reported by Han et al. [51] showing that adventitial fibro-
blasts migrated to the media and intima on seventh day after balloon injury in the rat
carotid artery. The results were obtained by direct labeling of adventitial fibroblasts
using in vivo gene transfer technique, as well as transmission electron microscopy
[51]. Furthermore, Dutzmann et al. [52] discovered that early activation of adventitial
fibroblasts after wire-induced injury in C57BL/6 mice stimulated their proliferation
and release of proinflammatory cytokines and growth factors, and the subsequent
proliferation of VSMC, resulting in neointima formation [52].

Pulmonary artery hypertension (PAH) is one of the vascular pathologies, charac-
terized by extensive arterial remodeling and neointima formation, in which fibro-
blasts were shown to play an important role [53]. For example, in the neonatal bovine
hypoxic PAH model, adventitial fibroblasts were found to undergo the earliest and
most significant increases in proliferation, among all the vascular wall cell types [54].
Fibroblasts derived from experimental hypoxia-induced PAH and patients with PAH,
display a hyperproliferative, apoptosis-resistant, and proinflammatory phenotype,
defined by increased production of IL-6, IL-1p, CCL2/MCP1, CCL12/SDF1, VCAM1
and osteopontin [12, 55]. Moreover, when naive bone marrow derived macrophages
were exposed in vitro to conditioned medium generated by adventitial fibroblasts
from human PAH patients and hypoxia induced PAH animals, they increased the
transcription of several markers of activation (e.g. Cd163, Cd206, Il4ra and Socs3)
[56]. These findings suggest that activated adventitial fibroblasts in PAH secrete vari-
ous soluble factors required for macrophage activation and polarization leading to the
propagation of inflammation from adventitia towards media and intima, supporting
the “outside-in” hypothesis [53].

3.2 The role of fibroblasts in atherosclerosis and potential fibroblast-targeted
therapy

Several findings suggest a role of fibroblasts in all stages of atherosclerosis, from
initial phase to fibrous cap and plaque formation. It is becoming evident that adventi-
tial cells, including adventitial fibroblasts are one of the first cells to respond to injury
and become activated in the initial stage of atherosclerosis, even before the formation
of atherosclerotic lesions, supporting the new “outside-in” hypothesis [46, 48].
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Studies have shown that in various presentations of CVDs, the adventitia becomes
heavily populated with multiple immune cell types, including monocytes, macro-
phages and T-cells, while adventitial fibroblasts proliferate increasingly and dif-
ferentiate into myofibroblasts [33, 57-59]. Furthermore, several studies reported on
increased vasa vasorum neovascularization in early atherosclerosis prior to the devel-
opment of endothelial dysfunction [60, 61]. Neovascularization may act as a pipeline,
allowing the entry of immune cells into the site of injury, as the density of vasa
vasorum is highly correlated with the extent of inflammatory infiltrates in ApoE-/-
mice [21]. These studies indicate that increased neovascularization of vasa vasorum
in adventitia, that promotes inflammatory response and plaque angiogenesis, can
occur before the endothelial activation and dysfunction in the intima [8]. Adventitial
fibroblasts can regulate the growth and neovascularization of vasa vasorum through
the release of soluble angiogenic growth factors, such as VEGF, TGF-p and platelet-
derived growth factor (PDGF). Furthermore, with the release of chemokines, such as
monocyte chemoattractant protein (MCP1), fibroblasts facilitate infiltration of circu-
lating leukocytes, further increasing the growth of the vasa vasorum and perpetuating
the inflammatory response [37].

Xu et al. [62] investigated the role of adventitial fibroblasts in atherosclerotic
lesion formation by comparing the characteristics of adventitial fibroblasts from
ApoE-/- and wild type mice. They found aSMA expressing adventitial fibroblast
in ApoE-/- mice, but not in wild type mice. The gene expression of collagen I and
collagen III was upregulated in adventitial fibroblasts from ApoE-/- mice, compared
to the wild type mice. Furthermore, adventitial fibroblasts from ApoE-/- mice
synthesized more TGF-$, MCP1, and PDGFp and exhibited proliferatory and migra-
tory properties [62]. MCP1 is important in regulation of migration and infiltration
of monocytes into the vessel wall, which differentiate into macrophages, form foam
cells and importantly contribute to fatty streak formation [63]. The effects of adven-
titial fibroblasts are also ascribed to ROS produced by adventitial fibroblast NADPH
oxidases that play important roles in neointimal formation and growth in vascular
pathologies, including atherosclerosis [37]. Xu et al. [64] studied ROS production
and expression of NADPH oxidase subunit p47phox in the hyperlipid diet-induced
atherosclerosis in the ApoE-/- mouse model. The activated fibroblasts from aortas
of ApoE-/- mice displayed upregulated NADPH oxidase activity, augmented ROS
production, and increased p47phox levels, compared with wild-type mice. ROS
production was also associated with the increased proliferation and migration of
adventitial fibroblasts. In addition, silencing of p47phox decreased the proliferation
and migration of fibroblasts from ApoE-/- mice [64]. Fibroblasts, in response to ROS
proliferate and release a number of growth factors and other mediators that influence
vascular function, including ET1, PDGF, endothelial growth factor (EGF), fibroblast
growth factor2 (FGF2), prostaglandin H2 (PGH2), and cyclophilins [65, 66]. In addi-
tion, ROS can also stimulate phenotypic switch of VSMC from the contractile to the
proliferative and migratory one, suggesting that fibroblasts can indirectly influence
other cell types inside the vessel wall [38].

In the initial phase of fibrosis, injured arteries start with tissue remodeling,
and the formation of initial fibrous plaque actually represents a protective process;
however, as in all chronic inflammatory conditions, fibrotic components in the plaque
produce surplus levels of cytokines and proteolytic enzymes, causing excessive
remodeling and tissue damage [59]. In advanced stages of atherosclerosis, fibrosis
plays a central role and fibroblasts are the major cell population involved in remodel-
ing of ECM in the fibrous plaque [59]. The most important functions of fibroblasts

55



Fibvoblasts - Advances in Inflammation, Autoimmunity and Cancer

in progressed atherosclerosis include regulation of the inflammatory response, ECM
protein production, and maintenance of the structural integrity of the plaque as
well as regulated balance of MMP production, to enable beneficial tissue remodel-
ing, alongside preventing plaque rupture, for instance [59, 67]. The potential role of
fibroblasts in the development of atherosclerosis is shown in Figure 2.

Regulation of fibroblasts activities might be beneficial in controlling or reversing
the progression of atherosclerosis, hence, the adventitial fibroblast may be an attrac-
tive target for therapeutic intervention. Furthermore, the location of the adventitia as
the outermost arterial layer makes it suitable for drug delivery and gene therapy [24].
It has already been shown that local adventitial drug delivery into coronary arteries
results in better efficiency compared to luminal or intimal delivery methods [71]. Low
efficiency of gene transfer to cells in adventitia by intraluminal administration has been
reported and efficient transfection of these cells is achieved only when endothelium
is denuded or damaged. In atherosclerotic arteries, intimal hyperplasia might present
an additional barrier for intraluminal delivery. To overcome these problems, delivery
from the adventitial side might be considered. On the other hand, numerous attempts
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Thge potential role of fibroblasts during atherosclerosis progression. Emerging evidence suggests that adventitial
fibroblasts ave activated in the initial stage of atherosclerosis, supporting the new “outside-in” hypothesis, which
proposes that vascular inflammation begins in the adventitia and progresses inward towards the media and
intima. In contrast, the original “inside-out” hypothesis of atherosclerosis proposes that the inflammatory response
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matrix; LDL, low density lipoprotein; ROS, reactive oxygen species; VSMC, vascular smooth muscle cells.
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to transfect or deliver the therapeutic agents to the media from the adventitial side of
large blood vessels have failed because of the impenetrable nature of the external elastic
lamina, separating adventitia from the media layer. This barrier hence allows for selec-
tive adventitial delivery and specific targeting of cells residing in adventitia [72].

Perivascular delivery of an adenoviral vector expressing a NADPH oxidase inhibitor
in the rat carotid artery adventitia significantly reduced neointimal formation after
balloon angioplasty. This specific vector targeted adventitial fibroblasts, and it did not
affect VSMC in the media [73]. Targeting proteins, expressed by activated fibroblasts
could attenuate vascular inflammatory responses and ameliorate vascular disease,
including atherosclerosis. Recently, it was discovered that inhibition of expression or
activity of fibroblast activation protein (FAP), that is expressed in activated but not in
quiescent fibroblasts and was found to be associated with atherosclerotic plaques, can
attenuate progression of atherosclerosis by increasing plaque stability in experimental
mice models of atherosclerosis [74]. Reports on animal models of cardiomyopathy
have indicated that reversibility of fibrosis was possible, with losartan (a selective
angiotensin II type 1 receptor antagonist), which suppressed TGF-f expression [75, 76].
However, angiotensin II type 1 receptor is expressed also on VSMC and TGF-f can be
produced by multiple cell types, in addition to fibroblasts.

A substantial number of adventitial fibroblasts can differentiate into myofibro-
blasts during initial stages of atherosclerosis, upon the influence of proinflamma-
tory cytokines, chemokines adhesion molecules, growth factors and ECM proteins
[33, 77]. For example, TGF-p induces the transition of a fibroblast into the myofibro-
blast by stimulating xSMA expression and collagen production [41, 42]. These highly
proliferative aSMA-positive cells were found to be widely distributed in atheroscle-
rotic plaques [24]. However, myofibroblasts in the atherosclerotic plaques can derive
from multiple other sources, including VSMC [39], the endothelial to mesenchymal
transition [78], as well as resident macrophages [79] (Figure 3). Myofibroblasts
can contribute to changes in the function and structure of the vessel wall that occur
during atherosclerosis (i.e arterial remodeling) due to their contractile properties and
enhanced ECM protein production [80]. Myofibroblasts migrate from the adventitia
to the media and intima and contribute to intimal hyperplasia [81, 82].

Although myofibroblasts were previously considered to be terminally differenti-
ated cells, their capacity for dedifferentiation, defined as the loss of aSMA, is now
well recognized and necessary to resolve idiopathic pulmonary fibrosis [83]. Several
factors, such as prostaglandin E2 (PGE2), nuclear factor erythroid 2-related fac-
tor2 (Nrf2) and FGFs have shown the ability to dedifferentiate established lung and
corneal myofibroblasts and might be promising therapeutic targets also for adventitial
myofibroblasts in atherosclerosis [84]. For example, treatment with PGE2 was shown
to inhibit proliferation and collagen I expression in fibroblasts extracted from his-
tologically normal lung tissue [85]. In TGF-p or ET-1-activated lung myofibroblasts,
treatment with PGE2 induced a dose-dependent decrease in aSMA and collagen I
expression that was associated with inhibition of focal adhesion kinase signaling [86].
Sulforaphane, a Nrf2 activator, induced myofibroblast dedifferentiation in cultured
lung fibroblasts from patients with idiopathic pulmonary fibrosis, as well as inhibited
TGF-B-mediated profibrotic effects [87]. Corneal myofibroblasts that were grown
in the presence of FGF1 or FGF2 and heparin reduced expression of «SMA, TGF-f
receptors, and cadherins, thus promoting the quiescent fibroblast phenotype [88].
FGF21 has been shown to induce angiotensin-converting enzyme 2 (ACE2), and thus
inhibit vascular remodeling, hypertension and fibrosis, and when stimulating with
adiponectin, FGF21 may inhibit aortic inflammation in atherosclerosis, as well as
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Various cells from the arterial wall can differentiate into myofibroblasts in atherosclerosis. Macrophages,

resident fibroblasts, smooth muscle cells and endothelial cells can differentiate into myofibroblasts, depending

on tissue microenvironment and inflammatory mediators. Myofibroblasts are characterized by increased
expression of o-smooth muscle actin and synthesize and release large amounts of ECM proteins, growth factors,
proinflammatory cytokines, proteolytic enzymes and their inhibitors, as well as reactive oxygen species. They are
responsible for extensive ECM remodeling, increased chemotaxis and recruitment of immune cells and provide
signals for further myofibroblast differentiation. The figure was adapted from [41] and created using Biovender.
Legend: aSMA: a-smooth muscle actin; ECM: extracellular matrix; EMT, endothelial mesenchymal transition
FGF: fibroblast growth factor; IL: interleukin; NOS: nitric oxide synthase; MIMPs: matrix metalloproteases; ROS:
reactive oxygen species; TGF-p: transforming growth factor-p; TIMPs: tissue inhibitors of MMPs; VEGF: vascular
endothelial growth factor.

decrease cardiac dysfunction in myocardial infarction, attenuate smooth muscle cell
proliferation and migration and lower macrophage oxidizes low-density lipoprotein
uptake [89]. In addition, Fgf21 knock-out mice have been reported to show impaired
lipid metabolism [90]. So, FGF21 has shown promise, as a potential therapeutic

for atherosclerosis, but would need further investigation in regard to its effects on
leukocytes and activities of its receptors.

3.3 The origin of fibroblasts in atherosclerosis

Fibroblast heterogeneity in quiescent and diseased state might be a result of their
various origins, as well as plasticity, since they can transform into different cell types,
subsequently to their adaptation to stress or injury. Evidence suggests that fibroblasts
involved in atherosclerosis may originate from different adventitial mesenchymal
stem/progenitor cells, however, recent studies revealed they can also originate from
VSMC or endothelial cells [30].

Several distinct progenitor/stem cell populations with the capacity to differentiate
into endothelial cells, VSMC, fibroblasts, and macrophages reside in a specialized
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niche in the adventitia at the media-adventitia border [91]. A population of vascular
progenitor cells in the aortic adventitia of ApoE-/- mice expressing the stem cell
markers Scal and CD34 was described that might differentiate to vascular fibroblasts
[92]. However, the exact identity of adventitial progenitor/stem cells is still controver-
sial, since fibroblast also have the ability to acquire stem cell properties by upregulat-
ing Scal [93-95]. Moreover, mesenchymal stem cells and fibroblasts are similar in
terms of morphology and share the expression of a number of surface markers, such
as CD90, CD73, CD105, vimentin and FSP1. Some researchers therefore suggest that
these adventitial stem cells positive for Scal are actually fibroblasts [30, 93]. For
example, Tang et al. [96] showed that 40% of Scal-positive adventitial stem cells
also express PDGFRa, found to be expressed on the surface of fibroblasts [96]. Using
single cell RNA sequencing, Gu et al. [32] identified four mesenchymal clusters in
the aortas of ApoE-/-, as well as wild type mice, but did not annotate them as stem
or progenitor cells. However, one of the clusters displayed high expression of Scal
indicating stem cell properties [32]. The separation between adventitial fibroblasts
and progenitor/stem cells seem to be much smaller than previously thought and cell
transition of stem cells into fibroblasts or vice versa appears to be common in athero-
sclerosis [30]. It would be interesting to further investigate how this transdifferentia-
tion would affect the pathological process of atherosclerosis and whether it could be
targeted to reverse atherosclerosis progression.

The evidence that fibroblasts might originate from VSMC came from Wirka
et al. in 2019 [97]. They reported that VSMC can transform into fibroblast-like cells
(termed “fibromyocytes”), found in the arteries of ApoE-/- mice, as well as athero-
sclerotic human coronary arteries. Fibromyocytes expressed lower levels of VSMC
differentiation markers and increased expression of genes, associated with fibroblast
cluster, such as lumican, decorin and biglycan. However, fibromyocytes were tran-
scriptionally different from the fibroblasts indicating that either they will further
dedifferentiate into fibroblasts or they might represent another distinct population of
fibroblasts [97]. Furthermore, it is currently still unclear, whether fibroblasts might
also transform into VSMC.

Endothelial cells can serve as a possible source of atherosclerotic fibroblasts since
they can undergo endothelial-mesenchymal transition, promoting atherosclerosis pro-
gression [98]. This was elegantly shown in 2016 by Evrard et al. [78] using a tamoxifen-
inducible endothelial lineage tracking system in ApoE-/- mice. After 8 weeks of high fat
diet, the mouse atherosclerotic plaques consisted of one third endothelial-derived cells
positive for FAP and a range of other fibroblast markers. These cells further expanded in
number in advanced atherosclerotic plaques. Iz vitro modeling confirmed that endothe-
lial-mesenchymal transition is driven by TGF-p signaling, oxidative stress and hypoxia
that are all characteristic for atherosclerosis. Furthermore, the extent of this transition
correlated with an unstable plaque phenotype in humans, driven by altered collagen and
MMP production that might be associated with clinical events [78].

Whether functional differences between fibroblasts, originating from different
sources exist and what is their exact contribution to development and/or progression
of atherosclerosis, still remain two important and open questions.

4, Conclusions

Recently, the well-established “inside-out” hypothesis of atherosclerotic develop-
ment and progression has been revitalized to involve an “outside-in” component,

59



Fibroblasts - Advances in Inflammation, Autoimmunity and Cancer

including an earlier role for fibroblasts in the tunica adventitia layer. It is now thought
that early “outside-in” events, with more prominent roles of fibroblasts in adventitia
may even occur prior to, or alongside endothelial activation. Adventitial fibroblasts
involved in atherosclerosis comprise a very heterogeneous population, due to their
differential origins (mesenchymal stem/progenitor cells, smooth muscle cells,
endothelial cells, macrophages) and an extensive repertoire of possible cell transitions
into aSMA" myofibroblasts, or even back to stem cells. It is thought that when resident
fibroblasts begin to transform into xSSMA* myofibroblasts, this allows for intense
release of VEGF, TGF-p, collagens, IL-1, IL-6, MMPs, ROS and angiotensin II, among
other factors, that could lead to perpetual autocrine differentiation and inflammatory,
proliferative states, responsible for ECM remodeling, chemotaxis and recruitment of
immune cells. Their heterogeneity and consequently, a general lack of specific mark-
ers, both contribute to difficulties in studying their exact phenotypes and functions in
atherosclerosis. The recent development and accessibility of single cell RNA sequenc-
ing technology provides new opportunities to find answers to the remaining ques-
tions in an unbiased manner. Furthermore, modulating fibroblast activity, preventing
their activation or inducing myofibroblast dedifferentiation in atherosclerotic arteries
could represent a promising therapeutic approach for atherosclerosis regression. The
plasticity of the atherosclerotic plaque may reform and dynamically remodel many
times, before either rupturing or, on the other hand, stabilizing with a plaque cap or
even regressing, depending on, among many factors, also molecules in the microenvi-
ronment (micro-exoproteome) and presence of certain cellular profiles that may help
lean the process either way.
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Heterogeneity of Fibroblasts in
Healthy and Diseased Kidneys
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Abstract

Chronic kidney disease (CKD) is a worldwide health problem affecting 9.1% of
the world’s population. The treatments to prevent the progression of CKD remain
limited, however. Resident fibroblasts in the kidneys play crucial roles in the patho-
logical conditions commonly recognized in CKD, such as renal fibrosis, renal anemia,
and peritubular capillary loss. Fibroblasts in the kidney provide structural backbone
by producing extracellular matrix proteins and produce erythropoietin for normal
hematopoiesis under physiological conditions. In the diseased condition, however,
fibroblasts differentiate into myofibroblasts that produce excessive extracellular
matrix proteins at the cost of the inherent erythropoietin-producing abilities, result-
ing in renal fibrosis and renal anemia. Pericytes, which are mesenchymal cells that
enwrap peritubular capillaries and highly overlap with resident fibroblasts, detach
from peritubular capillary walls in response to kidney injury, resulting in peritubular
capillary loss and tissue hypoxia. Several reports have demonstrated the beneficial
roles of fibroblasts in the regeneration of renal tubules Renal fibroblasts also have the
potential to differentiate into a proinflammatory state, producing various cytokines
and chemokines and prolonging inflammation by forming tertiary lymphoid tissues,
functional lymphoid aggregates, in some pathological conditions. In this article, we
describe the heterogenous functions of renal fibroblasts under healthy and diseased
conditions.

Keywords: chronic kidney disease, erythropoietin, renal anemia, fibrosis,
myofibroblast, tertiary lymphoid tissue

1. Introduction

Chronic kidney disease (CKD) is a worldwide public health problem. In 2017,
the prevalence of CKD was estimated to be 9.1% in the world’s population, and has
increased by 29.3% from 1990 to 2017 [1]. The prevalence of CKD in elderly individu-
als over 65 years old is especially high and is predicted to increase further as a result
of the increasingly aged society [2]. CKD is a risk factor for end-stage renal disease
(ESRD) and is also recognized as an independent risk factor for cardiovascular
diseases and their associated mortality [3]. Patients with ESRD need renal replace-
ment therapies such as dialysis and renal transplantation to survive. The cost of these
therapies is enormous and the financial burden is a critical problem for patients
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and society [4]. Nevertheless, treatment to prevent the progression of CKD and the
occurrence of CKD-associated complications remain limited.

Fibroblasts are distributed in various organs throughout the body and contribute
to both homeostasis and disease. In the kidney, resident fibroblasts play crucial roles
in both health and disease, and their phenotypes are heterogenous and plastic [5].
Under physiological conditions, renal fibroblasts provide structural support for
the entire kidney architecture and produce erythropoietin (EPO). In contrast, in
diseased kidneys, fibroblasts lose these physiological functions and transdifferenti-
ate into myofibroblasts. These phenotypic changes result in fibrosis, renal anemia,
and peritubular capillary loss, all of which are common pathological conditions of
CKD, irrespective of the etiology [6]. Renal fibroblasts also act as inflammatory cells
and produce proinflammatory cytokines and chemokines under some pathological
conditions [5, 7]. In aged injured kidneys, fibroblasts play a crucial role in prolong-
ing inflammation by inducing tertiary lymphoid tissue (TLT) formation [8]. These
features highlight the importance of understanding the behavior of fibroblasts in the
kidney in order to identify efficient therapeutic strategies to prevent CKD progres-
sion. In this article, we describe the current understanding of the heterogeneous
functions of fibroblasts in healthy and diseased kidneys.

2. Fibroblasts in the kidney
2.1 Characteristics and functions of resident fibroblasts in kidneys

Renal resident fibroblasts are spindle-shaped cells that exist in the interstitial
space, which is defined as the area between nephrons. Nephrons are functional units
of the kidney and are composed of glomerular and tubular cells. Fibroblasts provide
the structural backbone of the kidney by producing extracellular matrix (ECM)
proteins and interact with surrounding cells to maintain the homeostatic state in
healthy kidneys. Identification of resident fibroblasts is performed based on their
location, shape, and positive expressions of several fibroblast markers such as CD73
and PDGFR [9]. As these markers are neither homogeneously positive nor specific
for resident fibroblasts, confirming the negative expression of other cell-lineage
markers such as CD45, a hematopoietic cell marker, is also necessary to identify renal
resident fibroblasts.

In addition to the role of structural cells, fibroblasts have unique organ-specific
functions. In the kidney, small subset of the renal resident fibroblasts residing in
the corticomedullary area produces Epo, a hormone essential for erythropoiesis in
response to hypoxia [10]. Although there are few Epo-producing cells and they exist
only in the deep cortex in the physiological state, under severe hypoxic conditions
such as severe anemia, the number of Epo-producing cells increases and they can be
detected in the cortical area [11]. The increase in the number of Epo-producing cells
under hypoxic conditions is likely due to the increase in the number of the cells that
have acquired Epo-producing ability but not to cellular proliferation, because Epo
production is activated in anemic mice under administration of a cell cycle inhibitor
or y-ray irradiation [10]. Interestingly, while other growth factors for hematopoietic
cells (such as granulocyte colony-stimulating factor) are produced in bone marrow,
where hematopoietic cells are generated and the growth factors are required, EPO
is produced from the kidney. One possible explanation for this is that kidneys are
physiologically hypoxic compared with other organs, which allows them to be more
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sensitive to small changes in oxygen delivery than other organs and is advantageous
to the production of EPO in response to hypoxia [12]. Another explanation is that
kidneys function as a “critmeter,” with the ability to set hematocrit within the normal
range by regulating plasma volume and the red blood cell mass in a common site [13].

2.2 Origin and heterogeneity of fibroblasts in the kidney

In 1974, Le Douarin et al. reported that, in transplantation experiments of quail
neural tubes to chicks, quail neural crest-derived cells were identified in the renal
interstitial space [14]. Consistently, we found that fibroblasts in neonate kidneys
express p75 neurotrophin receptor (p75NTR), a neural crest marker [15]. Moreover,
Epo-producing cells express neuronal markers such as microtubule-associated protein
2 and neurofilament light polypeptide [10]. Based on these previous findings, we
conducted a lineage tracing study using myelin protein zero (P0)-Cre mice, which
label neural crest—derived cells, and found that resident fibroblasts in the cortex and
corticomedullary area are lineage-labeled with PO-Cre [15]. We also demonstrated
that, in embryonic kidneys, PO-Cre lineage-labeled cells appeared in the interstitial
space along the outer capsule and ureter from E13.5 and more than 99% of the
resident fibroblasts in the cortex and outer medulla were labeled with PO-Cre in adult
kidneys. Consistently, Epo-producing fibroblasts were also labeled with PO-Cre in
the experiment using PO-Cre:R26R:EPO-GFP mice [15]. In contrast, renal fibroblasts
in the medulla are not labeled with PO-Cre. Wnt4 expression is identified in the
medullary stromal mesenchyme in embryotic kidneys and reactivated in medullary
fibroblasts after renal injury [16, 17]. These findings suggest the regional heterogene-
ity of fibroblasts and their origin in the adult kidney. The functional heterogeneity of
PDGFRp* Epo-producing cells was also reported. Precise histological analysis showed
that different subpopulations of fibroblasts produce Epo responding to different
stimuli [18].

2.3 Pericytes in kidneys

Pericytes are mesenchyme-derived cells that enwrap capillaries with their pro-
cesses embedded in the vascular basement membrane. Resident fibroblasts and
pericytes share several characteristics, including their interstitial location and cell
surface markers such as CD73 and PDGFR, and, as such, these two types of cells
are often confused. Pericytes support the capillary structure and regulate vascular
tone with their contraction force [19]. Moreover, they interact with endothelial cells
to maintain capillary homeostasis [6]. Humphreys et al. reported that the origins of
pericytes in the kidneys were FoxD1-expressing cells in an experiment using FoxD1-
Cre mice [20]. On the other hand, it was reported that PO-Cre lineage-labeled cells in
E13.5 embryonic kidneys transiently expressed FoxD1 [15]. Based on these findings,
it is assumed that resident fibroblasts and pericytes are highly overlapped populations
in the kidneys.

3. Renal fibrosis as a hallmark of CKD

Renal fibrosis is a common pathological condition of CKD, irrespective of the etiol-
ogy. It is defined as excessive accumulation of ECM such as collagen and fibronectin in
the interstitial space and is recognized as a predictive indicator of renal prognosis [21].
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Previous studies have shown that dysfunction of the renal fibroblasts can induce sev-
eral pathological conditions associated with CKD, such as renal fibrosis, renal anemia,
and peritubular capillary loss. Against this background, renal fibroblasts have been
focused on as hopeful therapeutic targets for CKD and its complications.

3.1 Myofibroblasts in kidneys and their origin

Myofibroblasts are recognized as the main contributor to fibrosis in multiple
organs. They are characterized by dense endoplasmic reticulum and contractile
microfilament bundles [22]. Their most prominent feature is the expression of
a-smooth muscle actin (a-SMA) that forms myofilament bundles and promotes their
high contractility [23]. Although myofibroblasts are almost undetectable in healthy
kidneys, they expand dramatically in diseased kidneys and drive fibrosis by produc-
ing a large amount of ECM proteins and through their own proliferation. The origin
of myofibroblasts has been discussed for decades, and several genetic lineage tracing
studies recently revealed that resident fibroblasts and pericytes are the main sources
for myofibroblasts [9]. We reported that PO-Cre lineage—labeled cells, which were
progenitors of resident fibroblasts (as mentioned above), could differentiate into
myofibroblasts in several kidney injury models [15]. Humphreys et al. reported that
FoxD1-Cre lineage-labeled pericytes are the main sources for myofibroblasts [20].
These studies demonstrated that most myofibroblasts are derived from these renal
fibroblasts and pericytes. Although several studies have reported other types of cells
as progenitor cells for myofibroblasts, such as epithelial cells, endothelial cells, and
hematopoietic cells, recent lineage tracing experiments demonstrated that tubular
epithelial cells do not become myofibroblasts in vivo [20, 24, 25]. The endothelial-
to-mesenchymal transition, in which endothelial cells transdifferentiate into myofi-
broblasts, was also reported to contribute less to myofibroblast pools than resident
fibroblasts [24]. Additionally, Kramman et al. used single-cell RNA sequencing
(scRNA-seq) and parabiosis techniques to demonstrate the limited contribution of
circulating monocytes to myofibroblast pools with very few matrix genes expression
in murine fibrotic kidneys [25].

Notably, although genetic lineage tracing is not feasible in humans, a recent study
utilizing scRNA-seq of human kidney samples supports the notion that these findings
in mice appear to be conserved in humans. Kuppe et al. conducted scRNA-seq on
human kidneys in patients with CKD and demonstrated that Notch3" pericytes and
Meg3" fibroblasts were the main sources for highly ECM-producing myofibroblasts
using pseudo-time trajectory analysis and diffusion map analysis [26]. These studies
support the idea that most renal myofibroblasts derive from renal resident fibroblasts
or pericytes.

3.2 Progenitor of myofibroblasts; Glil* fibroblasts in the perivascular niche

Mesenchymal stem cells (MSCs) are defined as cells with self-renewal and clo-
nogenic capacity. Glil* fibroblasts are MSC-like cells that reside in both the pericyte
niche and the adventitia of larger vessels across multiple organs, including the kidney,
and exhibit trilineage differentiation potential in vitro [27, 28]. A fate tracing study
utilizing Gli1-CreERt2:td Tomato reporter mice revealed that, although Gli1* fibro-
blasts represented only 0.2% of the PDGFRp" renal fibroblast population in healthy
kidneys, after renal injury, they proliferated dramatically, mainly in the medulla
and inner cortex, and differentiated into xSSMA" myofibroblasts. Additionally, using
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Gli1-CreERt2:iDTR (inducible diphtheria toxin receptor) mice, the ablation of Glil*
cells by diphtheria toxin (DT) administration dramatically reduced renal fibrosis

by approximately 50% after unilateral ureteral obstruction (UUO), which is an in
vivo experimental model of renal fibrosis. These data suggested that Glil* fibroblasts
predominantly proliferated and contributed to renal fibrosis, suggesting the hetero-
geneity of the potential to transdifferentiate into myofibroblasts among PDGFRp"
fibroblasts in the kidney.

3.3 The roles of proximal tubule injury in CKD progression

Acute kidney injury (AKI) is a highly prevalent disorder and is one of the risk
factors for the progression of CKD [29]. The underlying molecular mechanisms for
CKD transition after AKI have been investigated for decades. The proximal tubules
are the most vulnerable segment in the nephron, and are assumed to trigger the AKI
to CKD progression. To investigate whether injured proximal tubules can trigger renal
fibrosis, we selectively damaged proximal tubules by DT administration in Ndrg1-
CreERt2:iDTR mice, in which DTR is specifically expressed on proximal tubules in
the kidneys [30]. Low-dose single DT administration caused mild proximal tubule
injury and reversible fibrosis whereas high-dose single DT or repeated low-dose DT
administration caused sustained renal fibrosis. This study showed that injury of the
proximal tubules is sufficient to cause several features of CKD, and that the frequency
and severity of proximal tubule injury are associated with the degree of AKI to CKD
progression. As an explanation for the association between proximal tubule injury
and CKD, tubulointerstitial interactions in injured kidneys have been reported to
contribute to renal fibrosis [31]. Yang et al. demonstrated that, in a multiple profi-
brotic AKI model, injured proximal tubules underwent cell cycle arrest in G2/M and
acquired the profibrotic secretory phenotype by upregulating profibrotic cytokine
production, such as transforming growth factor -1 (TGFp-1) and connective tissue
growth factor [32]. Additionally, the administration of a p53 inhibitor, a therapy
employed for bypassing G2/M arrest, attenuated renal fibrosis in a renal ischemic
reperfusion injury model. Injured proximal tubules have been reported to secrete
several other profibrotic ligands expressed during renal development. The Wnt
family plays a crucial role in kidney development, and many Wnt family genes are
upregulated in fibrotic kidney models [33]. Zhou et al. demonstrated that the selec-
tive ablation of Whntless, a cargo receptor necessary for Wnt secretion, in renal tubular
epithelial cells but not in interstitial fibroblasts attenuated renal fibrosis in a UUO
model, suggesting that the Wnt family secreted by renal tubules contributed to renal
fibrosis. Moreover, Maarouf et al. showed that Wnt1 expression genetically induced
in proximal tubules was sufficient for renal fibrogenesis by inducing interstitial
myofibroblast activation and proliferation [34]. According to these reports, one of the
mechanisms of the AKI to CKD transition is that ligands secreted from injured renal
tubules contribute to renal fibrogenesis by activating myofibroblasts.

4. Two common CKD complications, renal anemia and peritubular
capillary loss, are also caused by dysfunction of renal fibroblasts/
pericytes

Renal anemia is a common complication that affects the majority of patients with
CKD [35]. The cause of renal anemia is the relative deficiency of EPO. Several recent
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studies have shown that dysfunction of renal fibroblasts contribute to this complica-
tion. EPO production is stimulated by hypoxia and regulated by hypoxia-inducible
factors (HIFs). In normoxic conditions, HIFs are hydroxylated by HIF-prolyl
hydroxylase domain-containing proteins (PHDs), and hydroxylated HIFs are
degraded by the ubiquitin-proteasome system [36, 37]. In hypoxic conditions, the
hydroxylation and degradation of HIFs is inhibited, resulting in the transcriptional
activation of HIF-inducible genes, including EPO. In renal fibrosis models, the
Epo-producing fibroblasts transdifferentiate into myofibroblasts in response to
kidney injury and decrease the capacity to produce Epo at the same time [11, 15, 38].
Souma et al. demonstrated that activation of HIFs by the genetic inactivation of
PHDs in Epo-producing cells restored Epo production in Epo-producing cell-derived
myofibroblasts in a renal fibrosis model [39]. Additionally, severe anemia or the
administration of selective estrogen receptor modulators, the neuroprotective agents,
neurotrophin, and the renoprotective agent, hepatocyte growth factor, restored

the ability to produce Epo in myofibroblasts [15]. These results demonstrated that

the ability to produce Epo in myofibroblasts has plasticity and can be restored by
therapeutic interventions. As for the mechanism of the decrease of Epo production in
myofibroblasts, Souma et al. showed that NFkB signaling repressed Epo production
in fibroblasts in UUO models. Moreover, Epo-Cre:R26-IKK2ca/+ mice, in which NFxB
signals in Epo-producing cells were selectively activated, showed that 20% of Epo-
producing cells were positive for a-SMA, suggesting that NFkB signaling also contrib-
uted to the transition of EPO-producing fibroblasts into myofibroblasts [11]. Another
possible mechanism for the repression of Epo production in myofibroblasts is that
hypermethylation in the Epo promotor, which is induced by TGFp-1 stimulation,
inhibits Epo expression in myofibroblasts in the fibrotic kidney [38]. Fuchs et al. also
showed that Epo production in renal fibroblasts was su Fpressed by TGFp signaling in
renal fibrosis models, utilizing PDGFRp-Cre:TGFB-R2™" mice, and hypothesized that
it occurred before the phenotypic shift of fibroblasts to myofibroblasts because the
frequency of a-SMA" myofibroblasts did not differ between the knockout mice and
control mice [40].

Although the administration of erythropoiesis-stimulating agents (ESAs) isa
currently well-established and effective clinical treatment, it might be associated with
several adverse effects, such as hypertension and thrombotic complications [41]. To
avoid safety concerns associated with ESAs, PHD inhibitors, which upregulate EPO
production via the stabilization of HIFs, have been developed and used for the treat-
ment of renal anemia [36, 42—45].

Another common pathological feature of CKD is the loss of peritubular capillaries
[46]. Renal pericytes enwrap peritubular capillaries and support them structurally. In
response to injury, pericytes detach from capillaries and their processes, which form
networks surrounding the capillaries, start to direct from their associated capillaries
to the adjacent tubules, concomitant with transdifferentiation into myofibroblasts
[39]. This pathological change makes peritubular capillaries unstable and causes
capillary rarefaction and loss [47]. Reduced peritubular capillary blood supply can
cause chronic hypoxia in renal parenchymal cells such as tubules and stromal cells.
Hypoxia aggravates renal fibrosis by stimulating fibroblasts and altering their gene
expressions associated with ECM metabolism [48]. For example, hypoxia upregulated
collagen type 1 and the tissue inhibitor of metalloproteinase-1 expression and also
downregulated matrix metalloproteinase-1 in vitro, which led to the accumulation of
ECM proteins. Excessive fibrosis also reduces the efficiency of oxygen diffusion due
to the expanded distance between capillaries and tubules and induces renal damage,
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which can drive further CKD progression. Recently, a sodium-glucose cotransporter
2 (SGLT?2) inhibitor, which prevents glucose reabsorption by SGLT?2 in proximal
tubules, was reported to prevent tissue hypoxia and renal fibrosis in an ischemic
reperfusion injury (IRI) model by ameliorating renal capillary rarefaction and

the detachment of pericytes from endothelial cells with the promotion of vascular
endothelial growth factor-A expression in proximal tubular cells [49]. Additionally,
SGLT?2 inhibitor treatment was reported to increase hematocrit concomitantly with
the elevation of serum EPO concentrations in patients with type 2 diabetes mellitus
[50, 51]. On the basis of these reports, SGLT2 inhibitors are expected to play a benefi-
cial role in the restoration of the physiological functions of fibroblasts.

5. Beneficial function of myofibroblasts in kidneys

Contrary to the long-held assumption that fibrosis is detrimental to the host,
recent evidence suggests that fibrosis also has host-protective roles in some cases. To
investigate the role of fibroblasts during the early phase of kidney injury, we utilized
PO-Cre:iDTR mice [52], which allow us to induce resident fibroblast-specific dysfunc-
tion at the desired time point by DT administration. Utilizing this system, we found
that the dysfunction of resident fibroblasts in the acute phase of injury impaired tubu-
lar regeneration. During the transition from fibroblasts to myofibroblasts, fibroblasts
upregulate the expression of retinaldehyde dehydrogenase 2 (RALDH2), a rate-lim-
iting enzyme in retinoic acid (RA) synthesis. Given that RAs are essential for kidney
development, RAs derived from myofibroblasts might promote tubule regeneration.
Retinoic acid receptor (RAR) y and the downstream molecules such as aB-crystallin
were expressed in proximal tubules in injured kidneys, and the administration of an
RAR inverse agonist to the proximal tubule cell line attenuated proliferation in vitro.
Another example of the beneficial role of fibroblasts during injury was shown by the
experiment utilizing the intravital imaging method [53]. Schiess] et al. demonstrated
that, in response to laser-induced tubular cell injury, PDGFRp" interstitial cells
migrated towards tubular injury sites and enclosed the injured tubules. Additionally,
PDGFRp inhibitors compromised the recruitment of the interstitial cells and tubule
regeneration. These results suggest that fibroblasts have the potential to promote
tubule regeneration, at least in the acute phase of kidney injury, via PDGFR} signaling.

6. Renal fibroblasts associated with inflammation

Although myofibroblasts are established as the primary effector cells driving fibro-
sis, several recent studies have demonstrated that resident fibroblasts in the kidney
also have a proinflammatory phenotype. Souma et al. reported that Epo-producing
fibroblast—derived myofibroblasts upregulated the expression of the target genes of
NF«B such as Il6 and Ccl2 in an UUO model [11]. Leaf et al. reported that renal peri-
cytes could work as innate immune cells and respond to damage-associated molecular
patterns (DAMPs) sensitively in the acute phase of renal injury [54]. In response to
the stimulation with DAMPs, renal pericytes activated NLRP3 inflammasome and
secreted IL-1p and IL-18 in a TLR2/TLR4 and Myd88-dependent manner and aggra-
vated renal fibrosis in the IRI model. In vitro, Myd88 knockout pericytes and TIr2/Tlr4
double knockout pericytes also reduced their ability to migrate and the expression
of the genes associated with fibrosis in response to TGF-p or DAMPs. These results
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suggested that both the inflammatory and fibrogenic properties of pericytes were
dependent on Myd88, TLR2, and TLR4. Further studies are necessary to elucidate the
significance of proinflammatory fibroblasts in renal injury and CKD progression.

It is of note that an anti-inflammatory role of fibroblasts and pericytes was also
reported. Using FoxD1-Cre:CD73™" mice, Perry et al. demonstrated that CD73, an
enzyme converting AMP to adenosine on fibroblasts and pericytes, was necessary
to suppress inflammation and attenuate renal fibrosis after kidney injury [55].
Additionally, the absence of CD73 on the fibroblasts was associated with an increase
in a-SMA expression iz vitro. The authors hypothesized that the adenosine locally
generated by CD73 on fibroblasts and pericytes might act on adenosine receptors in
an autocrine and paracrine manner and attenuate macrophage infiltration and profi-
brotic properties. Importantly, renal fibroblasts can act as modulators of inflamma-
tion and contribute to normal tissue repair by interacting with the surrounding cells.

7. Age-dependent phenotype of fibroblasts: tertiary lymphoid tissue:
associated fibroblasts

7.1 Tertiary lymphoid tissue formation in aged injured kidneys

An epidemiological study showed that elderly patients with AKI had an increased
risk for CKD progression [56]. The mechanism for the maladaptive repair after AKI
in the elderly remains unknown. To identify the mechanism, we compared the renal
response to injury between young and aged mice. As in humans, while young kidney
repaired itself after injury, aged kidney exhibited sustained tubular injury and fibrosis
[8]. Unexpectedly, we found multiple TLTs in aged kidneys but not young kidneys in
the chronic phase after kidney injury. TLT is an ectopic lymphoid tissue that develops
at the site of chronic inflammation. TLTs are mainly composed of lymphocytes that
are structurally and functionally supported by unique phenotypic fibroblasts inside
TLTs (Figure 1). Unlike simple infiltration of the inflammatory cells, TLTs can promote
lymphocyte proliferation and differentiation, resulting in the generation of antibody-
secreting plasma cells, as recognized in secondary lymphoid organs [57]. Importantly,

Figure 1.

Tegtiary lymphoid tissues in aged murine kidney 45 days after ischemic reperfusion injury. (A) Immuno
fluorescence staining of B220 (green) and CD3e (ved). Tertiary lymphoid tissues (TLT5) are mainly composed
of B220" B cells and CD3¢e" T cells. (B) Immunofluorescence staining of p75NTR (green) and CD21 (red).
Fibroblasts inside TLT5 express p75 neurotrophin receptor (p75NTR). In mature TLTS, some of the fibroblasts
differentiate into p7sNTR™/CD21" follicular dendpitic cells. Scale bar: 50 pm.
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although TLTs are identified in various disease conditions, such as autoimmune
diseases, infections, and cancers, TLTs can play beneficial or pathological rolesin a
context-dependent manner [58]. For example, in chronic inflammatory or autoim-
mune diseases, TLTs contribute to disease persistence and have detrimental effects on
the host [59]. In contrast, during infections, TLTs are assumed to play beneficial roles
to eliminate pathogens by promoting immune responses [60]. The role of TLTs in aged
injured kidneys remains unclear, and will be discussed in the next section.

7.2 Characteristics and origin of fibroblasts inside tertiary lymphoid tissues

Fibroblasts inside TLTs exhibit unique characteristics that are distinct from
those outside TLTs, such as the strong expression of p7/SNTR (Figure 1) [8]. After
kidney injury, resident fibroblasts acquire the ability to produce RAs by upregulating
RALDH2, which is assumed to promote the transition of the adjacent fibroblasts into
p/SNTR’ TLT-associated fibroblasts. Some of the p7/5NTR" TLT-associated fibroblasts
acquire abilities to secrete homeostatic chemokines such as CCL19 and CXCL13,
which are the driving force for recruiting lymphocytes and promoting TLT formation.
Inside of more mature TLTs, CD21*/p75NTR" follicular dendritic cells (FDCs) appear
as part of stromal cells (Figure 1). FDCs are stromal cells residing in the B cell follicles
of secondary lymphoid organs; they drive germinal center reactions [61]. These TLT-
associated fibroblasts in the kidneys are PO-Cre lineage-labeled cells, suggesting that
renal resident fibroblasts can differentiate into these various types of fibroblasts [8].

7.3 Clinical significance of tertiary lymphoid tissues in CKD and the elderly

Several studies have reported that TLTs are induced in various kidney diseases
[62-65]. Additionally, we reported that TLTs developed not only in murine kidneys
but also in human kidneys in an age-dependent manner [8]. In the analysis on kidneys
from nephrectomy cases for renal cell carcinoma and autopsy, excluding pyelonephri-
tis, glomerulonephritis, autoimmune kidney diseases, and hematological malignan-
cies, TLTs were identified only in the elderly over 60 years old. The components of
human TLTs are quite similar to those of murine TLTs. To evaluate TLTs objectively,
we classified renal TLTs into three stages based on the immunostaining patterns as
follows [66]. TLTs not containing CD21" FDCs or a germinal center response, dense
Ki67" proliferative B cell clusters, were defined as stage 1. TLTs containing CD21*
FDCs but no germinal center response were defined as stage 2. TLTs containing both
CD21" FDCs and a germinal center response were defined as stage 3. In this classifica-
tion, the severity of the TLT stages and the area of TLTs were related with the severity
of ischemic injury in murine renal IRI models. In humans, more and higher-stage
TLTs were identified in the kidneys of patients with CKD than without CKD among
elderly patients 60 years or older in the analysis using kidneys from nephrectomy
cases due to renal cell carcinoma [66]. These data demonstrated that the developmen-
tal stage of TLTs was associated with the severity of kidney injury, thereby indicating
that TLTs have potential as a marker of severity of renal injury.

7.4 Potential of tertiary lymphoid tissues as therapeutic targets for CKD

Although TLTs are assumed to be associated with the severity of renal injury, it has
been challenging to determine whether renal TLTs are pathogenic and if they directly
affect renal function. We reported that, in unilateral renal IRI models of aged mice,
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the administration of GK1.5, anti-CD4 monoclonal antibody, diminished TLT forma-
tion and inflammatory marker expressions and improved renal fibrosis [8]. This
result suggests that renal TLTs could be pathogenic and the therapies targeting renal
TLTs thus have the potential to improve renal function in patients with CKD. As this
intervention is not specific to TLTs and affects systemic immune systems, however, a
more specific therapy for TLTs is necessary to determine whether TLTs in aged injured
kidneys are detrimental or not.

8. Conclusion

Resident fibroblasts in the kidney are essential components to maintain homeo-
stasis under physiological conditions. In CKD, dysfunction of renal fibroblasts causes
the main pathological conditions of renal fibrosis, renal anemia, and peritubular
capillary loss. Importantly, renal fibroblasts are heterogeneous and have the potential
to change their phenotypes depending on the local microenvironment (Figure 2) [5].
Although myofibroblasts mainly contribute to renal fibrosis and deteriorate renal
function by producing excessive ECM, they can also have host-protective roles in the
early phase of kidney injury. Renal fibroblasts can differentiate into proinflammatory
fibroblasts that secrete inflammatory cytokines and chemokines, which can promote
TLT formation under several diseased conditions. Fibroblasts or pericytes also have
an anti-inflammatory function via CD73 expression. A better understanding of the
heterogeneity and roles of renal fibroblasts might lead to the development of a new
therapeutic approach for kidney diseases. Recent novel technologies such as scRNA-
seq have revealed the heterogeneity of renal fibroblasts that had not previously been
identified by conventional technologies [26]. The application of these technologies to
various clinical renal diseases is expected to further clarify the heterogeneity of renal
fibroblasts, which will result in an enhanced understanding of the pathophysiology of
kidney diseases and the development of novel treatments.
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Figure 2.

Heterogeneity of fibroblasts in kidneys. Renal fibroblasts derive from Po- or FoxD1-Cre lineage-labeled cells.
Renal fibroblasts change their phenotypes depending on the local microenvironment. Myofibroblasts have the
potential to produce excessive extracellular matrix proteins at the cost of EPO production. In vesponse to released
DAMPs after injury, fibroblasts can differentiate into proinflammatory fibroblasts that produce IL-18 and IL-1p.
In contrast, in aged kidneys, retinoic acids produced by activated fibroblasts after injury induce the differentiation
of adjacent fibroblasts into p7sNTR" fibroblasts, which produce homeostatic chemokines such as CXCL13 and
CCL19, resulting in tertiary lymphoid tissue (TLT) formation. These chemokine-producing fibroblasts can further
differentiate into CD21"/p75sNTR™ FDCs in mature TLT.
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Appendices and nomenclature

CKD chronic kidney disease

ESRD end-stage renal disease

EPO erythropoietin

TLT tertiary lymphoid tissue

ECM extracellular matrix

p/5NTR P75 neurotrophin receptor

PO myelin protein zero

a-SMA a-smooth muscle actin

scRNA-seq single cell RNA-sequencing

MSC mesenchymal stem cell

iDTR inducible diphtheria toxin receptor
DT diphtheria toxin

Uuuo unilateral ureteral obstruction

AKI acute kidney injury

TGFp-1 transforming growth factor p-1
HIF hypoxia-inducible factor

PHD prolyl hydroxylase domain-containing protein
ESA erythropoiesis-stimulating agent
SGLT2 sodium-glucose cotransporter 2
RALDH2 retinaldehyde dehydrogenase 2

RA retinoic acid

RAR retinoic acids receptor

DAMP damage-associated molecular pattern
FDC follicular dendritic cell
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Abstract

Fibroblasts like synoviocytes (FLS) play several significant roles in rheumatoid
arthritis (RA) pathophysiology. This chapter will describe known roles of FLS in
disease initiation, joint inflammation, disease persistence and joint destruction. It will
describe the newly characterized subsets of FLS based on single cell RNA sequencing
studies, and their association to specific aspects of the disease. Finally, we will discuss
the future of targeting FLS in the treatment of RA. The FLS in the synovial lining
layer are identified by surface complement decay-accelerating factor (CD55) along
with lubricin and metallopeptidase expression. Pathological activation of this lining
layer subset result in bone and cartilage damage in mice. FLS of the sublining layer are
often characterized by THY1 expression, but recent studies have highlighted a hetero-
geneity where several distinct subsets are identified by additional markers. Sublining
FLS expressing human leukocyte antigen-DRA (HLA-DRA) produce C-X-C motif
chemokine 12 (CXCL12) and receptor activator of nuclear factor-«B ligand (RANKL)
and seems to constitute a pro-inflammatory subset that is associated with inflamma-
tion and tertiary lymphoid structures. Another subset of FLS characterized by CD34
expression may discriminate a common progenitor fibroblast subset. Taken together,
studies isolating and characterizing gene expression in synovial FLS report both asso-
ciations of unknown importance and markers that may impose protective or destruc-
tive features. This supports evidence of FLS as active players in RA pathology capable
of cellular recruitment, local cellular crosstalk and promotion of joint destruction.
These discoveries may serve as an atlas for synovial activation in RA and have identi-
fied several potential fibroblast markers for the development of targeted treatment.

Keywords: Fibroblast like synoviocytes, Rheumatoid arthritis, Inflammation,
Autoimmunity, Tertiary lymphoid structures, Fibroblast activation protein, Fibroblast
targeted treatment

1. Introduction

In normal resting conditions the synovial membrane is a thin layer of well-
ordered cells historically called type A and B synoviocytes. These cells form a barrier
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between the articular cavity and a sublining layer, the latter being heterogeneous and
composed of several cell linages. Fibroblasts, immune cells and mature vasculature
(capillaries, arterioles and venules) made up of pericytes and endothelia are some of
the various cell types constituting this layer [1-3].

2. Rheumatoid arthritis

Rheumatoid arthritis (RA) has a multifactorial etiology and is one among the most
common systemic autoimmune diseases [4, 5]. The factors that mediate the initiation
of RA is yet to be unraveled. However, the pathology of RA involves abnormalities
in both the innate and the adaptive immune system, and both of these systems are
implicated with the progression and persistence of the disease [6, 7]. The synovial
membrane is the primary site of pathology during the synovitis stage of the disease and
characterized by proliferation of tissue resident, synovial cells and the infiltration of
inflammatory cells from the blood. RA is a chronic, progressive disease leading to deg-
radation of articular cartilage and bone along with several systemic manifestations [8].

In RA, the inflamed synovial membrane undergoes hyperplasia and transforms
into less structured lining layer and sublining tissues both rich in fibroblasts like
synoviocytes (FLS) [9, 10]. This inflamed synovial membrane eventually begins
to invade the cartilage surfaces and the underlying bone, commonly referred to as
pannus [11, 12].

Present day treatment strategies for RA primarily focuses on suppression of
cytokine signaling and T- and B-cell activity. These therapies have highlighted the
importance of immune response in driving the progression of RA. However, they also
clearly demonstrate that in a large proportion of patients these treatments are incapable
of inducing disease remission [8, 13]. Synovial phenotyping of RA patients based on
histology has highlighted a fibroblast dominated synovial pathotype [14]. This pathot-
ype is believed to include a large proportion of the non-responders to conventional and
biologic disease modifying anti-rheumatic drugs [15-17]. This is supported in vitro
where anti-tumor necrosis factor alpha (TNFa) treatments were ineffective in cultures
dominated by FLS [18]. Furthermore, a recently published, biopsy driven clinical trial
in RA patients with inadequate response to anti-TNFa treatment, showed significantly
higher response rates when patients with B-cell poor synovium were treated with IL-6
receptor inhibitor tocilizumab compared to the B-cell depleting agent rituximab [19].

In the following sections, we will first describe RA FLS in general before the era of
single cell RNA sequencing (scRNA-seq). We will summarize the known and proposed
roles of FLS in RA initiation, joint inflammation, disease persistence and joint destruc-
tion. Finally, we will describe the newly characterized subsets of FLS based on scRNA-
seq studies their connection to specific aspects of clinical disease, future outlooks in the
context of RA diagnosis, RA tissue phenotyping and therapy targeting FLS.

3. Fibroblast like synovial cells in rheumatoid arthritis
3.1 Disease initiation
The central role of FLS in RA pathology is highlighted in murine studies demon-

strating that activation of FLS is sufficient to initiate local joint inflammation leading
to persistent arthritis [20, 21].
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Furthermore, FLS greatly contribute to the transformation of the thin synovial
membrane into a multi-layered invasive hyperplastic pannus [22]. This expansion
of FLS in the inflamed synovium is likely a result of at least one of the following
processes. First, pathological subsets of FLS seem to proliferate to some extent and
develop a local resistance to apoptosis [23-25]. Secondly, pluripotent mesenchymal
stem cells may migrate into the synovium from the circulation, where they dif-
ferentiate into mature pathological subsets of FLS [26]. Lastly, a local mesenchymal
progenitor cell population may undergo activation and differentiation into distinct
phenotypes of FLS [27]. Collectively, this leads to a local increase in pathological FLS
in the RA synovium.

3.2 Joint inflammation

Pathogenic FLS constitute the majority of cells found in the inflamed synovial
tissues, and play an important role in the inflammatory cascade, linking innate
and adaptive immunity [6, 10]. FLS are capable of significantly affecting the local
inflamed environment through production of cytokines and chemokines leading to
recruitment and activation of immune cells [9, 28]. Specifically, pathogenic FLS are
able to provide an adequate survival signal for synovial T-cells [29], a signal that is
superior to the one produced by non-inflammatory fibroblasts [30]. This interac-
tion between FLS and lymphocytes can inhibit the resolution of local inflammation
[30, 31] through both paracrine and direct cell-cell interactions [32]. This pathogenic
role of the FLS is facilitated by the up-regulation of several adhesion molecules such
as intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule
1 (VCAM-1) [6, 33]. In addition to recruitment and co-activation of T-cells in the
inflamed joint, FLS have been shown to be able to present antigens on class II major
histocompatibility complex (MHC-II) to CD4+ T-cells [34].

Furthermore, FLS are involved in the formation of tertiary lymphoid struc-
tures (TLS) in the RA synovium. Stromal cell populations such as the fibroblastic
reticular cell support organization of these lymphocyte aggregates similarly to that
of secondary lymphoid organs with distinct T- and B-cell niches [35]. Thymocyte
differentiation antigen 1 (THY1, also known as CD90) and podoplanin (PDPN)
positive fibroblast associated with TLS in RA (Table 1) produce several chemokines
such as C-X-C motif ligand (CXCL) 13 and C-C motif ligand (CCL)21 implicated with
lymphocyte recruitment and organization [47, 48]. Another marker associated with
the TLS associated fibroblast is the receptor activator of nuclear factor kappa-f ligand
(RANKL), which is important in both bone homeostasis and lymph node develop-
ment [35, 49].

Collectively, FLS may be involved in both the pro-inflammatory initiation in the
synovium, lymphocyte recruitment and the organization of TLS. A fibroblast driven
RA phenotype resulting in persistent inflammation and a lymphoid rich synovium
similar to what have been shown by histology.

3.3 Disease persistence

The highly proliferating and pathogenic RA FLS are very different from their
quiescent state during non-inflamed conditions where FLS control the structural
integrity of the joint lining and sublining layer [22]. The immunological events
initiating a pathogenic state of RA FLS is still not fully understood, but proliferation
and transformation of the FLS may occur prior to immune infiltration [50].
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Classical synovial subsets in RA Markers
Fibroblast like synoviocytes [36-38] Vimentin, THY1, prolyl-5-hydroxylase, CDH11, CD45, HLA-DR,
a-SMA, CD55
Macrophage like synoviocytes [36, 39-41] CD14, CD68, RFD7, CD163, CD206, HLA-DR, CD97
Tertiary lymphoid structure associated PDPN, THY1, FAP, CXCL13, CCL21, RANKL, CD21
fibroblast [35]
Fibrocyte [42] CD34, CD45, CD14, CD11, MHC-II
Single cell analysis of synovial fibroblast subsets in RA
Published studies and subsets Cluster markers Associated transcription profile
Stephenson et al. 2018 [43] Fibroblast sorting strategy:
CD45 - Propidium iodide - PDPN+
Sublining fibroblast THY1+
Lining fibroblast CD55+ HAS1
Mizoguchi et al. 2018 [44] Fibroblast sorting strategy:
CD45- CD31- CD235a- CD146- PDPN+
Perivascular fibroblast THY1+ CD34- RANKL"&", Migration factors:
OPG"¥ CTHRC1, TWIST1,
Sublining fibroblast CD34+ IL6, CXCL12, POSTN, LOXL2,
CCL2, OPG PDGFBB, MMP14
Lining fibroblast THY1- CD34- CD55, PRG4, HAS1, MMP1, MMP3
Zhang et al. 2019 [10] Fibroblast sorting strategy:
CD45- CD31- PDPN+
SC-F1 (sublining) THY1+ CD34+ C3, FOS
SC-F2 (sublining) THY1+ IL6, CXCL12
HLA-DRA"e"
SC-F3 (sublining) THY1+ DKK3+ CADM]1, COL8A2
SC-F4 (lining) THY1- CD55+ PRG4, HBEGF, CLIC5
Croft et al. 2019 [45] Reanalysis of human data from Zhang et al. [10].
F1 (sublining) THY1+ DKK3, OGN, CD9,
F2 (sublining) THY1+ MDK, COL8A1, AEBP1
F3 (sublining) THY1+ IRF1, EGR1, JUNB
F4 (lining) THY1- CLICS5, CD55, HBEGF
F5 (sublining) CD34+ C3, APOD
Single cell analysis of circulating mesenchymal cells in RA:
Published study and subset Associated transcription profile
Orange et al. 2020 [46] Fibroblast sorting strategy:
CD45- CD31- PDPN+
ACS3 (sublining fibroblast phenotype) CD34, HLA-DR, DKK3, FAPa, CDH11

The table contains a list of surface and transcriptional profiles of fibvoblast subsets, fibvoblast like cell subsets and
macrophage subsets (pre-scRNA-seq) related to rheumatoid arthritis. For scRNA-seq studies, fibroblast subset names
« » «

refer to the original articles. “+” an. hows whether the cells of interest are positive or negative for the cellular
markers. The cellular markers which are discussed in the text are also listed under abbreviations.

Table 1.
Surface and transcriptional profiles of FLS subsets (and velated cellular subsets) in rheumatoid arthritis.

In RA, subsets of FLS can differentiate to become inflammatory, migratory, and
invasive, thus collectively fostering disease aggravation in various animal models of
RA [45, 51, 52]. Constitutive activation is a hallmark of RA FLS and leads to produc-
tion of several inflammatory cytokines, such as interleukin (IL)-1f, TNFa and IL-6
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and chemokines such as monocyte chemoattractant protein 1 (MCP-1/CLL2) [9] and
CXCL12 [53]. Even though the activation of RA FLS is greatly affected by pro-inflam-
matory factors in the local environment, epigenetic changes are also important [54].
Epigenetic changes lead to constitutive activation even when the cells are removed
from the inflamed environment and remain without addition of proinflammatory
stimuli [52]. Moreover, a recent study suggests a link between epigenetic-driven
positional identity of FLS (e.g. small versus large joints and proximal versus distal
joints) and clinical disease patterns [55]. This link is further supported by the finding
of oncogenes at sites of tissue destruction [56, 57] together with a highly activated
nuclear factor k beta pathway in RA FLS [58].

Altered metabolic activity with increased glycolysis is another hallmark of RA FLS
[59]. Metabolic reprogramming of FLS were recently connected to complement C3
and C3a receptor-activation. Here repeated inflammatory challenges resulted in a dis-
tinct pro-inflammatory phenotypic priming of FLS in mice models of arthritis [60].

On the opposite side, several factors attempt to facilitate remission of proinflam-
matory FLS. One such potential immune regulator is the MerTK expressing synovial
macrophage which in vitro reduce matrix metalloproteinase (MMP) production by
lining layer FLS [61].

Thus, even though FLS are responsive to their inflammatory context they may
possess a distinct positional identity which enables a cytokine-independent intrinsic
activation contributing to disease persistence in RA.

3.4 Joint destruction

The severe joint destruction of late-stage RA is in part attributed to the pannus tis-
sue which is rich in FLS. RA FLS are identified as invaders of the joint cartilage in vivo
[62, 63], an invasive behavior that has been confirmed in vitro [64] and in mice [52].
FLS mediate cartilage degradation which is attributed to a combination of facilitat-
ing adhesion factors and production of proteases, here among several well-known
matrix metalloproteinases (MMPs) [9, 52, 64]. Cartilage degradation is ameliorated
when fibroblast activation protein (FAP) deficiency is induced in the human TNF«
transgenic mice model of arthritis [65]. The invasiveness of pathological RA FLS is
further emphasized by human FLS migrating to other joints in mouse models of RA
and degrading the implanted human cartilage [51]. Migration that may be facilitated
by specific anticitrulinated protein antibodies [66]. Notably, the ex vivo invasiveness
of FLS correlates with joint erosions [67].

Increased osteoclastic activity leading to bone erosions in RA is another major
factor in joint destruction. Here FLS produce CXCL12, RANKL, dickkopf related
protein (DKK) 1, etc. which may increase both osteoclast migration, differentiation,
proliferation/activation and inhibit osteoblast function [53, 68, 69].

4. Single cell analysis of synovial fibroblast subsets in rheumatoid
arthritis

4.1 Phenotyping of fibroblast like synovial cells

Increasing spatial and molecular resolution in present day cellular analysis are
changing our view of the synovial membrane in RA. Most notable is the identification
of different fibroblast subsets within the inflamed synovial membrane. Recent work
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and ongoing studies are utilizing scRNA-seq, CyTOF and flow cytometry cell sorting
to further investigate and distinguish these subsets and their role in disease pathology.
Recent scRNA-seq studies have identified several distinct disease-associated subsets
in the inflamed synovial membrane, often grouped as lining layer or sublining layer
FLS [10, 43, 44], Figure 1. The present studies utilize flow cytometry assisted cell
sorting and transcriptomic clustering strategies based on exclusion of hematopoietic
lineage cells (CD45), endothelial cells (CD31), red blood cells (CD235a), and pericytes
(CD146) while using PDPN or collagen production as a positive marker (Table 1).

4.2 Lining layer fibroblasts

A common finding in scRNA-seq studies confirms the presence of complement decay-
accelerating factor (CD55) and absence of THY1 expression in FLS of the lining layer
(Table 1). Of note, Mizoguchi et al. [44] did not report histological data of CD55 distri-
bution, but a high level of CD55 gene expression in CD34- THY1- lining layer fibroblasts.
All scRNA-seq studies (Table 1) of joint tissue reported lubricin (PRG4) expression in
the lining layer subset [10, 43-45]. All present studies showed similar patterns of gene
expression pertaining to the potential markers of FLS presented in the following section.

Zhang et al. [10] and the reanalysis of the same human data by Croft et al. [45]
both reported a distinct lining fibroblast subset, SC-F4 and F4 respectively. This
lining fibroblast subset was associated with expression of chloride intracellular ion
channel 5 (CLICS) and heparin binding epidermal growth factor-like growth factor
(HBEGF). Mizoguchi et al. [44] and Stephenson et al. [43] also reported increased
hyaluronan synthase 1 (HAS1) and metallopeptidase expression.

Fibroblast subsets in 7
the synovium of
rheumatoid arthritis Synavial fluid

Lining layer

"f‘ MMPs
HAéT ﬂ'
HBEGF
Regulatory fibroblast? Proinflammatory fibroblast?
T - THY1 cxcuiz IL-6
HY1 o DKK-3 L E,,g,“. .c=..

@,
*$e oon "
(Zhang et ol SCF3) | (Croftetal: F1) CL2 CD34

ap
HLA-DRA €0 b
(Mizoguchi et al.: Sublining) Sublining layer

(Zhang etal: SCF2)

Perivascular/proinflammatory fibroblast?  Perivascular/ TLS associated fibroblast?

IRF1
(Croft et al.: F3)

THY1

THY1 PRG4

4
c3 MDK ] (] RANKL Typical distribution of
(Zhang et al: SC-F1) (Croftetal:F2) § (Mizoguchi et al: Perivascular) 3

{Croftetal F5) reported expression

Created with BioRender.com

Figure 1.

T}i figure is a schematic presentation of fibroblast subsets identified by scRNA-seq studies of synovial tissue from
patients with vheumatoid arthritis. The subsets have been divided into lining layer FLS and sublining layer FLS.
No scRNA-seq studies yet have examined fibroblast subsets from the synovial fluid. Based on grouping markers and
transcription profiles listed in Table 1, we propose 4 sublining phenotypes. Cells have been divided by dashed lines
when the cellular markers were not listed in all the original studies. THY-1 and PRG4 expression gradients from
the lining layer to the sublining layer is shown by the color density of the red and blue bavs. The cellular markers are
discussed in the text and listed under abbreviations. TLS: Tertiary lymphoid structures.
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HAS1 is important for hyaluronan production and is a response to pro-inflamma-
tory stimuli in RA synoviocytes. This activation results in hyaluronan cell coating, leu-
kocyte/monocyte recruitment and facilitation of fibroblast-monocytes binding [70].

CD55, a C3 convertase inhibitor, has received increasing interest in cancer, where
CD55/CD97 binding is associated with several oncogenic properties such as invasion
and migration [71]. In RA, CD55 positive FLS are exclusive to the lining layer and
in proximity to CD97 positive macrophages, suggesting a possible mechanism of
crosstalk [36]. CD55 is not exclusive to RA [72], but it has been suggested as a protec-
tive factor in a mice model of immune complex mediated arthritis [73].

In the context of joint tissue, the mucin-like glycoprotein, PRG4, has been pro-
posed as having a dual role comprising of well-known lubricating property and as a
moderator of inflammation via NF-kp pathways through interaction with both CD44
and toll-like receptors [74].

CLICS is present in several intracellular organelles, but predominantly located at
the mitochondrial inner membrane, where it has been associated with modulation
of reactive oxygen species [75]. However, no functional studies have been published
regarding CLIC5 in RA.

The epidermal growth factor family member, HBEGF, is present and involved
in several physiological processes such as wound healing, tumor formation and
angiogenesis. One common topic is its association with cell migration, as seen in
keratinocyte/fibroblast models and in enterocytes in necrotizing enterocolitis [76].
In RA, HBEGF positive macrophages have recently been shown to increase synovial
fibroblast invasiveness in an in vitro model [77].

Several matrix metalloproteinases, MMP1, MMP3 and MMP14 was connected
to a specific subset of FLS by Mizoguchi et al. [44]. These destructive enzymes have
previously been connected to cartilage degradation in RA, but MMP14 was also noted
by Mizoguchi et al. as a migratory factor [44].

Taken together, studies isolating and characterizing gene expression in lining layer
fibroblasts report both associations of unknown importance and markers that may
impose protective and destructive features. This suggests that the lining layer fibro-
blast subset is an active subset in RA pathology capable of cellular recruitment and
significant local cellular crosstalk.

4.3 Sublining layer fibroblasts

The scRNA-seq studies have reported several distinct sublining subsets presented
in Table 1. The initial study by Stephenson et al. [43] identified THY1 as a marker
of sublining fibroblasts and the subsequent scRNA-seq studies confirmed THY1 as a
specific, albeit not universal marker of sublining fibroblasts [10, 44, 45].

Zhang et al. characterized this heterogeneity of the sublining layer fibroblasts and
defined three THY1+ groups with additional subset markers; CD34 defined the SC-F1
cluster, human leukocyte antigen (HLA) -DRAM" defined the SC-F2 cluster and
DKK-3 defined the SC-F3 cluster. The SC-F2 in particular was significantly increased
in leukocyte-rich RA ssynovium compared to leukocyte-poor RA synovium and
osteoarthritis (OA) synovium [10], suggesting these to encompass TLS-associated
fibroblast subsets. Reanalysis of these human data by Croft et al. [45] enabled the
distinction of four sublining layer fibroblast groups (F1-3,-5, Table 1).

As with the lining layer, large sets of multiomics data are available. Several markers
connected to joint inflammation and destruction have been identified in these subsets.
However, the markers most consistently reported are THY1, HLA-DRA, CD34, DKK3.
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THY1 is a glycoprotein present on the membrane of several different cells includ-
ing endothelial and mesenchymal cells [78]. Among the functions associated with
THY1 expression is cellular contact, CD97 binding, integrin binding, trans-endothe-
lial migration and MMP-9 and CXCLS secretion after binding to neutrophiles [78].

As with THY1, CD34 is an established marker in different cell types including
several stromal cells, epi/endothelial cells and fibrocytes [79]. Its function is largely
unknown but has been linked to proliferation, adhesion, differentiation and is
proposed as a marker of progenitor subsets in both mesenchymal, epithelial and
endothelial cells [79].

MHC molecule (both class I and II) functions are typically attributed to antigen
presentation. Several MHC molecules have been associated with autoimmune dis-
ease. Examples are the association of the MHC-I molecule HLA-B27 with ankylosing
spondylitis, reactive arthritis and juvenile idiopathic arthritis subsets [80], and the
association of MHC-II molecules HLA-DR1 and DR4 association with RA [81]. The
specific function of HLA-DRA in RA FLS is yet to be investigated.

The DKK family of glycoproteins are well known modulators of WNT pathways
connected to embryogenesis, bone formation and eye and skin development [82].
DKK-1 has been extensively described in fibroblasts from RA patients and is a key
player in joint remodeling [69]. DKK-3 has been reported as a chondroprotective
factor in OA [83] and suggested as a B-cell modulator whose absence aggravates
autoimmune symptoms in a murine systemic lupus erythematosus model [84] and a
CD8 T-cell modulator involved in antigen tolerance [85].

Enrichment of several genes related to pro-inflammatory cytokines and proteins
related to bone metabolism in RA have been reported in sublining fibroblasts includ-
ing IL-6, MCP-1/CCL2, CXCL12 and RANKL. Two proteins not mentioned above is
the RANKL decoy receptor osteoprotegerin (OPG) which inhibit osteoclastogenesis in
synovial macrophages [86] and the relatively new osteoglycin (OGN) that may both
be part of the vascular system and may affect osteoblast differentiation [87].

The interferon regulatory factor 1 (IRF1) is a significant component of the inter-
feron signature/inflammation pathway, through which TNF induces production of
CXCL9-11 and in its absence diminishes B-cell activating factor expression [88].

The heparin-binding growth factor midkine (MDK) is less investigated than the
above-mentioned cytokines but has been identified in human synoviocytes and asso-
ciated with leukocyte migration to the synovium and osteoclastogenesis in mice [89].

C3, a unifying step for all three complement activating pathways has previously
been located around microvasculature in the sublining of the RA synovium [90].

The cellular adhesion molecule 1 (CADM1) is a transmembrane member of the
immunoglobulin superfamily with no known relation to RA. It has been identified as
a tumor suppressor gene in solid cancers such as squamous cell carcinoma a, but may
contribute to infiltration in adult T-cell leukemia/lymphoma [91].

To summarize, the sublining layer is a heterogeneous compartment of the
inflamed RA synovium, regarding both cell linages and especially fibroblast subsets
(Table 1 and Figure 1). Several distinct fibroblast subsets have been identified, but
recuring markers such as HLA-DRA, CD34 and DKK-3 are relatively unknown in the
RA context. Results from scRNA-seq studies propose that the sublining layer fibro-
blast subsets are significantly involved in cellular crosstalk, leukocyte recruitment,
para- and autocrine pro-inflammatory stimulation, and joint tissue destruction.
Notably, some distinguishing factors such as DKK-3 may be enriched to form a regula-
tory anti-inflammatory and pro self-tolerance subset with similar chondroprotective
effects and immune modulation of antigen tolerance mentioned in the previous
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section. An HLA-DRA™¢"/CXCL12/RANKL"#" associated subset may constitute the
pro-inflammatory TLS associated fibroblast subsets and CD34 may discriminate a
common progenitor fibroblast subset. Together, the presence of both pro-inflam-
matory subsets and potential anti-inflammatory and progenitor subsets suggests an
ongoing cellular balancing throughout the sublining layer, which may open avenues
for new research in treatment strategies targeting FLS.

4.4 Fibroblast like synoviocytes in rheumatoid arthritis compared to other
arthritides

In RA, synovial division into lining/sublining layers suggests differentiated roles
of subsets of FLS regarding cytokine production, joint destruction, and possible
regulatory mechanisms.

The expansion of these distinct subsets is different in RA compared with OA.
Mizoguchi et al. reported a greater fraction of the THY1" CD34~ (perivascular) subset
but less of the THY1™ CD34" (lining) subset in RA compared with OA [44]. Notably,
here the proportion of THY1* CD34~ (perivascular) FLS correlated with leukocyte
infiltration and ultrasonic and histological synovitis [44].

Similarly, Zhang et al. reported an overabundance of the THY1* CD34" HLA-
DRAME" (SC-F2) subset with upregulated expression of CXCL12 and IL-6 and a
THY1" CD34" (SC-F1) subset in RA. In contrast, lining FLS (SC-F4) were more
fabundant in OA [10].

The causal link between distinct subsets and RA pathogenesis was investigated
in mice by Croft et al. Here the mouse thyl™ subset homologous to human lining
FLS (F4) were correlated to joint damage and mouse thyl* sublining FLS correlated
to inflammation [45]. Notably, the elimination of FAP expressing subsets reduced
pannus formation and joint destruction [45]. This suggests that FAP is a marker of
pathologically active FLS in RA [45, 92, 93].

Comparison of subsets of FLS in RA and psoriatic arthritis are underway [94] and
may potentially assist in discriminating these arthritides.

5. Fibroblasts derived from synovial fluid versus synovial tissue

Arthrocentesis is a common therapeutic procedure in treatment of RA. Fibroblast
cultured from synovial fluid aspirates initially express similar phenotypical traits
compared to tissue derived synovial fibroblast cultures [95, 96]. Despite these
similarities, synovial fluid derived fibroblasts are likely a proxy regarding changes in
the synovium and results must be interpreted as such. In both research and clinical
settings synovial biopsies are both economical and well tolerated [97-100]. However,
synovial fluid analysis of both cellular and soluble components is very useful in
clinical settings where the length of consultations/sterile procedural environments/
analytic facilities may limit the use of synovial biopsies. To the authors knowledge, no
studies have yet reported scRNA-seq analysis of synovial fluid fibroblasts.

6. Circulating mesenchymal fibroblast like cells in rheumatoid arthritis

In excess to tissue resident FLS, Orange et al. recently highlighted the pres-
ence of circulating fibroblast-like cells in the blood of RA patients shortly before
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symptomatic disease flare [46]. Interestingly these pre inflammatory mesenchymal
(PRIME) cells show enrichment of previously reported markers of distinct sublining
subsets of FLS e.g., DKK-3, CD34 and HLA-DR. This suggests that PRIME cells may
constitute a heterogeneous pool of circulating FLS-like cells with distinct functions.
Subsets of FLS migrating from the RA affected synovium, or a common homoge-
neous pool of circulating progenitor FLS awaiting recruitment signals from local sites
of inflammation could potentially be the origin of these cells, although this remains to
be investigated. Regardless, PRIME cells may not only be a useful marker predicting
disease flares in RA, but also potentially explain how synovitis is transmitted from
joint to joint [51].

7. Future therapeutic perspectives

The insights recently generated through high resolution scRNA-seq have revolu-
tionized our understanding of specific subsets of FLS in RA and their involvement in
driving different aspects of RA pathobiology. This understanding has also provided
the basis for generating specific targetable markers of pathological subsets of FLS in
RA. Targeting strategies that could be used as either monotherapy or as an add-on
treatment to present day cytokine or lymphocyte inhibitors [101].

FLS could be targeted by drugs used in fibrotic conditions such as nintedanib or
pirfenidone [102]. However, these drugs are likely affecting a completely different
aspect of fibroblast functions. Therefore, new drugs are needed. An example is the
addition of the cyclin-dependent kinase inhibitor, Seliciclib, which is currently being
evaluated [103].

The well-known FAP marker of activated stromal cells has a diagnostic and prog-
nostic potential through precise and low background positron emission tomography
tracers developed in cancer-immunology [104]. The recent development of specific
quinoline-based positron emission tomography tracers that act as FAP inhibitors have
demonstrated promising results both preclinically and clinically in different cancers
but could also be promising as diagnostic and prognostic markers of RA [105].
Further, the clinical potential of targeting FAP expressing FLS would be a targeted
treatment eliminating pathologically activated RA FLS, in both the lining and the
sublining layer [45, 93].

Among other interesting targets, NOTCHS3 is one of the most recently iz vivo
validated pathological targets. NOTCH3 is expressed on the surface of RA FLS and
linked with THY1 expression. NOTCH3 may also be a useful target in a therapeutic
senescence strategy through selective activation of the g-protein coupled receptor
melanocontin type 1 receptor [106]. Furthermore, in an animal model of RA injection
of NOTCH3-neutralizing monoclonal antibody attenuated the severity of arthritis.
Taken together, the in vitro studies on NOTCH3, including its connection to spatial
distribution of FLS and the above-mentioned animal study underline NOTCH3 as a
promising therapeutical target in RA [106, 107]. Targeting the complement C3 - C3a
receptor axis may serve as another preventive or complementary strategy, where
metabolic priming of FLS can be avoided or reduced [60]. Another possible strategy
of targeting FLS is drug delivery via the extra domain A fibronectin splice variant
identified in OA and RA [108, 109] and utilized in cancer [110].

Several other reagents targeting FLS are currently being tested ranging from
metabolite modulators to treatments targeting intracellular signal transduction or
epigenetic changes [111].
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Collectively, these therapies targeting subsets of FLS are emerging as promising
diagnostic and therapeutic tools. Tools for optimized and stratified treatments in RA
based on which cellular mechanisms and which fibroblast subsets are pathologically
activated in the individual patient.

8. Conclusions

Collectively, pathological FLS presented in this chapter are deeply connected to
the RA pathophysiology of disease initiation, joint inflammation, disease persistence
and joint tissue destruction.

Recent scRNA-seq studies have identified several distinct subsets of FLS causally
linked to major elements of RA pathogenesis e.g., inflammation and joint destruc-
tion, while other subsets may present regulatory, pro-inflammatory TLS associated or
common progenitor FLS.

These first steps in a scRNA-seq era of RA research warrants both rejoice and due
diligence. Due diligence because we henceforth must appreciate the cellular diver-
sity and the complex cellular crosstalk of the RA synovium. Like FLS, monocytes/
macrophages and lymphocytes exhibit distinct subsets in RA, which may be as
important in understanding the spectrum of RA disease, e.g., lymphocyte dominated
vs. lymphocyte poor synovium and erosive vs. non-erosive disease. Furthermore, we
must appreciate the heterogeneity of FLS and cellular organization (here among TLS
formation) of the sublining layer.

Rejoice because the recent subset studies have produced a language and knowledge
and a novel nomenclature for FLS in future research. A breakthrough that might
enable clinicians in the future to modulate specific aspects of RA through fibroblast
subset targeted treatment.
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Abbreviations

RA Rheumatoid arthritis

FLS Fibroblast like synoviocytes

TNFa Tumor necrosis factor alpha

scRNA-seq Single cell RNA sequencing

ICAM-1 Intercellular adhesion molecule 1
VCAM-1 Vascular cell adhesion molecule 1

MHC-II Type 2 major histocompadability complex
TLS Tertiary lymphoid structures

THY1 Thymocyte differentiation antigen 1
PDPN Podoplanin

CXCL C-X-C motif ligand

CCL C-C motif ligand

RANKL Receptor activator of nuclear factor kappa-p ligand
IL Interleukin
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MCP-1/CLL2  Monocyte chemoattractant protein 1

MMP Matrix metalloproteinases

FAP Fibroblast activation protein

DKK Dickkopf related protein

CD55 Complement decay-accelerating factor
PRG4 Lubricin

CLIC5 Chloride intracellular ion channel 5
HBEGF Heparin binding epidermal growth factor-like growth factor
HLA Human leukocyte antigen

OA Osteoarthritis

OPG Osteoprotegerin

OGN Osteoglycin

IRF1 Interferon regulatory factor 1

MDK Midkine

CADM1 Cellular adhesion molecule 1
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Chapter 6

Fibroblasts in Sjogren’s Syndrome

Kerstin Klein

Abstract

The Sjégren’s syndrome is an autoimmune disease characterized by chronic
inflammation of the exocrine glands, leading to dryness of mucosal surfaces, and
often to severe systemic manifestations. Here, the immunomodulatory function
of fibroblasts derived from salivary glands, a primary site affected by the Sjégren’s
syndrome, is discussed. Specific subsets of these fibroblasts drive the formation of
tertiary lymphoid structures, which are associated with severe disease and which con-
stitute a risk factor for the development of lymphoma in Sjogren’s syndrome. Single
cell RNA-sequencing has provided new insights into subsets of fibroblasts in inflamed
salivary glands and has provided evidence for the existence of shared inflammation-
associated fibroblasts across chronically inflamed tissues. These findings support the
concept of targeting the fibroblast compartment in Sjégren’s syndrome and other
chronic inflammatory diseases. In addition to the immunomodulatory role of fibro-
blasts, the interaction of the epithelium with fibroblasts is essential for salivary gland
homeostasis. Fibroblasts provide essential signals for the regeneration of salivary
gland epithelial cells, which is disturbed in Sjégren’s syndrome, and leading to the loss
of saliva secreting cells and subsequent hyposalivation.

Keywords: Sjogren’s syndrome, autoimmunity, inflammation, tertiary lymphoid
structure, salivary gland

1. Introduction
1.1 Sjogren’s syndrome

The Sjégren’s Syndrome (§jS) is a systemic autoimmune disease, most commonly
presenting between the fourth and six decades of life. It affects predominantly
women, with an estimated female to male ratio of 9:1 [1]. With a prevalence of 0.3
to 1 per 1000 people [1], the SjS represents the second most common rheumatic
autoimmune condition after rheumatoid arthritis (RA). The SjS can either occur as
single disease, often termed as primary SjS, or is associated with other autoimmune
diseases, such as RA, systemic lupus erythematosus (SLE), systemic sclerosis (SSc),
or dermatomyositis [2]. Up to now, no disease modifying therapies for SjS have been
approved and treatment is mainly symptomatic [3].

The hallmark of SjS is a hypofunction of exocrine glands, in particular salivary
and lacrimal glands [3]. Dryness of mouth (xerostomia) and eyes (xerophthalmia),
alongside fatigue and pain are the major symptoms affecting more than 80% of
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patients with SjS [2]. The majority of patients with SjS present with glandular
symptoms, which are often present over many years before diagnosis [4]. Whilst often
considered as “benign features”, these symptoms underpin great patient-reported
disability. Other signs of systemic dryness, with scant information regarding the
etiology and affecting patients’ quality of life, involve the skin, the nose, the throat,
the trachea and the vagina [5].

A major classification criterion for SjS is the infiltration of salivary glands with
lymphocytes (focus score >1, in minor labial salivary gland biopsy), a condition
called sialadenitis. The second major classification criterion is the presence of anti-
SSA/Ro auto-antibodies, which is mandatory in patients with a lack of sialadenitis [3].
In 30 to 40% of patients, systemic epithelial and extra-epithelial manifestations occur
that can affect the joints, skin, lungs, kidneys and nervous system [2].

People with SjS have increased morbidity and mortality compared to the general
population [4]. Although being a rare event, the risk of B-cell lymphomas is 15 to
20 times higher in patients with SjS as the general population and accounts for the
leading cause with an impact on patients’s survival [2, 4]. The most common type
of lymphomas in patients with SjS are mucosa-associated lymphoid tissue (MALT)
lymphomas. Chronic activation of B cells at the primary sites affected by SjS, such as
the salivary glands, was attributed to the development of lymphoma. Several risk fac-
tors have been defined for the development of lymphoma in patients with SjS; among

them is the presence of ectopic germinal centers in tertiary lymphoid structures
(TLS) [2].

1.2 Epithelial cell activation is central in the pathogenesis in SjS

The SjS develops in genetically predisposed individuals upon exposure to stress
factors. Hormones as well as infectious agents, and in particular viruses, are assumed
to play key roles in the pathogenesis of the SjS. Activated epithelial cells in salivary
glands are the central cell type in the current concept underlying the pathogenesis.
They are on the one hand drivers of the ongoing inflammation and on the other
hand, due to the excess of apoptosis of epithelial cells in salivary glands, a source of
auto-antigens for infiltrating lymphocytes [6]. Epithelial cells respond to and produce
pro-inflammatory cytokines and chemokines and thus, promote inflammation. They
produce MHC-II and co-stimulatory molecules, enabling them to directly interact
with and activate T-cells. Furthermore, they produce B-cell activating factor (BAFF),
inducing the activation and survival of B cells [7]. Many of these characteristics have
been previously described for fibroblasts, e.g. in the synovium of rheumatoid arthritis
patients, and analogies of synovial fibroblasts with salivary gland-derived fibroblasts
have been recognized [7, 8]. However, the ability of salivary gland-derived fibroblasts
to exert similar functions is only at the beginning to be characterized in detail.

2. Fibroblasts in tertiary lymphoid structures
2.1 Tertiary lymphoid structures are often present in autoimmune diseases
TLS, or ectopic lymphoid organs (ELS), often develop at sites of inflammation

in target tissues. Their formation has been associated with chronic inflammation,
autoimmune disease, cancer, and transplant rejection [9]. TLS are sites of ectopic
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autoantibody production and expansion of potential autoreactive B cell clones

[7, 10]. The formation of TLS in salivary glands is an established model for studying
TLS formation in autoimmunity in general. The frequency of the presence of TLS
varies among different autoimmune diseases, with a high frequency in autoimmune
thyroiditis and low presence in systemic lupus erythematosus [10]. Approximately
30-40% of patients with SjS exhibit TLS in their salivary glands, the primary sites
of the disease [11, 12]. A similar percentage of TLS is found in patients with rheu-
matoid arthritis, in which TLS are associated with a lympho-myeloid pathotype that
represents a distinct disease entity as the diffuse myeloid and pauci-immune fibroid
pathotpyes [13]. Hence, the presence and absence of TLS in salivary glands of patients
with SjS might underlie different pathophysiological processes in different, not yet
characterized, disease subsets. The formation of TLS is across autoimmune diseases
associated with more severe disease and poor prognosis [7].

TLS often share several typical structural characteristics with secondary lymphoid
tissues (lymph nodes, tonsils, spleen, Peyer’s patches, mucosa-associated lymphoid
tissues), including highly organized lymphocytic aggregates, with T and B cell
segregation, the development of high endothelial venules, and follicular dendritic
cell networks. In contrast to secondary lymphoid tissues, the lymphocytic aggregates
found in TLS can range from a simple aggregates to highly ordered structures with
bona fide germinal centers that support the production of autoreactive plasma cells
[9, 10]. TLS formation and secondary lymphoid tissue development follow numerous
overlapping signaling pathways, however, the cellular sources of signaling molecules
differ [10]. In contrast to secondary lymphoid structures whose development is
initiated at the embryonic stage, TLS develop postnatally in response to inflamma-
tory signals, where they provide a specialized pro-inflammatory environment that
plays a key role in perpetuating disease progression in autoimmune conditions [7, 14].
Podoplanin (pdpn)-expressing fibroblastic reticular cells in secondary lymphoid
organs and pdpn’ stromal fibroblasts in TLS provide signals and the scaffold struc-
ture that foster the interaction of T cells with dendritic cells, and hence drive innate
and adaptive immune responses [15, 16].

2.2 Tertiary lymphoid structures are associated with severe disease in Sjogren’s
syndrome

The routine histopathological examination of minor salivary gland biopsies
carries a substantial prognostic value regarding disease severity and outcome [17].
Higher inflammatory scores, and the presence of germinal center-like structures in
particular, in salivary glands of patients with SjS were associated with more severe
disease, illustrated by elevated titers of rheumatoid factor, anti-Ro/SSA and anti-Ro/
SSB auto-antibodies, enhanced levels of local and systemic pro-inflammatory media-
tors and a reduced saliva secretion [11, 17, 18]. Germinal center-like structures have
been identified in approximately 25% of patients with SjS [17, 19]. Their presence at
time of diagnosis, or sole high lymphocytic scores, were shown to account as inde-
pendent risk factors for the development of Non-Hodgkin’s lymphomas in patients
with SjS [17, 19].

Given the pivotal role of TLS in SjS, the identification of factors and pathologi-
cal mechanisms triggering and regulating their formation and those of germinal
center-like structures is of high interest in order to identify potential targets for drug
development.
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2.3 Adenoviral infection using retrograde excretory duct cannulation is a model
of SjS

Studying the chronology of TLS formation and associated cell types in animal
models, together with complementary evaluation of human salivary gland specimens,
provided new insights into pathomechanisms associcated with sialadenitis in SjS, and
unraveled the analogy of TLS formation to the development of secondary lymphoid
organs. A model that proved to be of particular value for studying salivary gland
inflammation in §jS, and the formation of TLS in autoimmune processes in general,
is the selective submandibular gland administration of a replication-defective adeno-
virus 5 (AdV5) through retrograde excretory duct cannulation in wild-type C57/Bl76
mice. These mice were shown to resemble several hallmarks of SjS, including lympho-
cytic infiltration of salivary glands, TLS formation, anti-nuclear autoantibody (ANA)
formation, and reduction in salivary flow indicative of excretory gland dysfunction
[20]. Cannulated mice developed SjS-like periductal lymphoid aggregates within two
weeks after AdV5 delivery. Within three weeks, the inducible TLS acquired progres-
sively hallmarks of functional germinal centers, with segregated B and T cell areas,
high endothelial venules in T-cell rich areas, and follicular dendritic cell networks
in up to 70% of the lymphocytic aggregates. Local expression of activation-induced
cytidine deaminase (AID), the enzyme required for Ig somatic hypermutation
and class-switch recombination, pointed to the functional activation of B cells in
TLS [20].

2.4 Fibroblasts drive the formation of tertiary lymphoid structures

During secondary lymphoid organ development in embryogenesis, mesenchymal
precursor cell maturate into intercellular adhesion molecule-1 (ICAM-1)"¢" vascular
cell adhesion molecule-1 (VCAM-1)"" organizer cells, in a process that is dependent
on lymphoid tissue inducer cells and lymphotoxin p receptor (LTBR) signaling.

This leads to a sustained stromal cell production of interleukin 7 (IL7), C-X-C motif
chemokine ligand 13 (CXCL13) and to a lesser extent C-C motif chemokine ligand 21
(CCL21) [21]. The subsequent migration of lymphocytes into the anlagen is respon-
sible for the full differentiation of fibroblastic reticular cells within distinct areas of
the secondary lymphoid organ [22-24].

In TLS of salivary glands of patients with SjS, a network of pdpn* and fibroblast
activating protein (FAP)* fibroblasts were identified that support the formation of
TLS [24]. The same markers have been previously identified on fibroblast reticular
cells in lymph nodes [15, 25], which provide, by the secretion of CCL19 and CCL21,
the key factors for the migration and retention of T cells in secondary lymphoid
organs [16, 25, 26]. Among the pdpn” fibroblasts in TLS, two functionally distinct
populations have been identified in human salivary glands that provide the signals
for lymphocyte survival and organization within TLS, respectively (Figure 1) [24].
The first cluster of pdpn® fibroblasts, was characterized by high expression of FAP,
ICAM-1, VCAM-1 and CD34 [24]. Pdpn+CD34+ fibroblasts in TLS produced IL7 and
BAFF, underlying their function in supporting lymphocyte survival and homeosta-
sis [24]. The second cluster of pdpn* CD34" fibroblasts was characterized by high
expression levels of CXCL13, CCL19 and CCL21. Expansion of a similar network of
pdpn+ fibroblasts has been observed upon salivary gland infection of mice with Ad5V.
Of note, this expansion occurred before lymphocyte infiltration, suggesting a pivotal,
early role for fibroblasts in SjS. Fibroblasts in TLS of cannulated mouse salivary
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Figure 1.
Stromal fibroblast populations contribute to the formation of tertiary lymphoid structures (TLS). Created by
BioRender.com. DCs, dendritic cells; ILCs, innate lymphoid cells.

glands expressed CXCL13, CCL19, BAFF, IL7 and LTBR, with an increased expression
of lymphoid chemokines specifically in the ICAM-1* VCAM-1" subpopulation of
pdpn” fibroblasts [24].

2.51L13 and IL22 induce the formation of tertiary lymphoid structures

Pdnp+ fibroblasts in human TLS expressed receptors for and responded to
stimulation with IL13, IL4, IL22, TNF, and LTa1p2 [24, 27]. Elevated levels of 1L13
have been detected in serum of patients with SjS, where they correlated with titers
of anti-Ro/SSA auto-antibodies [28], and in Id3 knockout mice, a model for T cell
mediated SjS [29, 30]. Also, high levels of IL22 in sera of patients with SjS have been
shown to correlate with clinically relevant parameters, such as reduced salivary flow,
hypergammaglobulinemia, as well as serum titers of rheumatoid factor, anti-Ro/SSA
and anti-Ro/SSB auto-antibodies [31]. Together these data suggested a potential link
between increased levels of IL13 and IL22 with the auto-antibody production in S;jS.

IL13 stimulation of cultured human salivary gland fibroblasts, in synergy with
TNF and LTa1f2, induced the expression of VCAM-1, ICAM-1 and pdpn in vitro
(Table1). This function was confirmed iz vivo. Innate lymphoid cells, fibroblasts
and epithelial cells have been identified as the source of IL-13 in the developing TLS.
IL13 expression was induced rapidly within a few hours upon AdV5 administra-
tion in mice, leading to the priming of immunofibroblast progenitors by activation
of IL4 receptor signaling, and the subseﬂuent expression of pdpn, ICAM-1 and
VCAM-1. AdV5 administration in IL4R™"" mice led to a disturbed TLS assembly,
and salivary glands were characterized by reduced expression levels of CXCL13 and
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Chemokines Producing cells Receptor Function on target cells

IL13 Innate lymphoid cells IL4R Fibroblast priming, induces expression of pdpn,
Fibroblasts VCAM1-, ICAM-1
Epithelial cells

1L.22 T cells IL22Ra Proliferation of fibroblasts, expansion of the
Innate lymphoid cells fibroblast network

Natural killer cells

LTalp2 Lymphoid tissue LTBR Final differentiation of fibroblasts in lymphoid
inducer cells structures
CXCL19 Fibroblasts CXCR7 T cells and dendritic cells chemotaxis
CXCL21 Fibroblasts CXCR7 Natural killer cells, dendritic cells, T cells
chemotaxis
CXCL12 Epithelial cells CXCR4 Lymphocyte retention inside the lymphoid
structures
CXCL13 Fibroblasts CXCR5 B cells, T cells chemotaxis
BAFF Fibroblasts BAFFR B cell activation and survival
Epithelial cells
Table 1.

Chemokines involved in the formation of tertiary lymphoid structures in salivary glands of patients with Sjogren’s
syndrome.

CCL21, smaller inflammatory foci and an abolished autoantibody production. The
early priming of immunofibroblasts by IL13 was independent of the presence of
lymphocytes [24].

In contrast to IL13, IL-22 stimulation of cultured human salivary gland fibroblasts
induced proliferation but did not induce the expression of pdpn, ICAM-1 and VCAM-1
in vitro [24]. Studies in cannulated mice revealed that the induction of IL22 was,
similarly to the induction of IL13, an early event after AdV5 delivery in TLS formation.
The main sources of IL22 in the developing TLS were T cells, along with innate lym-
phoid cells and natural killer cells. IL22 induced the expression of CXCL13 in stromal
fibroblasts and the expression of CXCL12 in epithelial cells, leading to the subsequent B
cell aggregation and auto-antibody production [27]. Together these data demonstrated
that IL13 mediates the early priming of fibroblasts in the developing TLS, and IL22
is responsible for the expansion of the fibroblastic network. These early steps in TLS
development were independent of LTa1p2 and RORy" lymphoid tissue inducer cells
[24], which regulate the final maturation of fibroblastic reticular cells in the develop-
ment of secondary lymphoid organs [21]. However, studies in LTpr~"~ and RORy ™~ mice
have underlined their critical role in the final differentiation and stabilization of the
functional phenotype of immunofibroblasts at later stages of the TLS assembly [24].

3. Overlap of fibroblasts from patients with SjS and other inflammatory
diseases

3.1 Single cell RNA sequencing identifies fibroblast clusters across diseases

The asset of single cell RNA sequencing (scRNA-seq) technologies has enabled
the identification of different fibroblasts populations associated with chronic
inflammation across different diseases and anatomical sites [32-39]. Given the
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pro-inflammatory role of fibroblasts and their ability to carry a certain degree of
inflammatory memory [40], interfering with fibroblasts has become a new potential
therapeutic strategy in chronic inflammatory diseases.

In a recent study, scRNA-seq data sets derived from four different inflammatory
diseases, namely rheumatoid arthritis, interstitial lung disease, ulcerative colitis and the
SjS were integrated, with the aim to provide a stromal cell atlas to identify pathogenic
fibroblast subsets shared across diseases [8]. For each inflamed tissue, non-inflamed
control tissues were included in the analysis. With respect to the SjS, biopsies derived
from minor salivary gland biopsies of patients with SjS were compared to those from
patients with sicca symptoms, characterized as non-autoimmune dryness, and who
did not fulfill the classification criteria for SjS. Given the lack of a universal fibroblast
marker, fibroblasts in this study were characterized by the expression of collagen (COL)
1A1 and defined as non-epithelial, non-immune, non-endothelial, and non-mural cells
based on the respective specific markers for those cell types. By pooling the scRNA-seq
data sets from salivary glands, lungs, the synovium and the gut, 14 clusters of fibroblasts
have been identified, each of them consisting of genes that were shared across different
tissues in addition to tissue-specific genes (Table 2). Among these clusters, two of them
expanded across tissues in inflamed versus respective non-inflamed controls.

Cluster Shared Other markers, localization, and Shared function
markers characteristics
0 nd. SG: n.d. n.d.
Lung: n.d.

Synovium: PRG4" lining SF
Gut: WNT5B' villus-associated GF

1 n.d. SG:nd. n.d.
Lung: nd.
Synovium: THY1" sublining
Gut: WNT2B' crypt-associated GF

2 n.d. SG:nd. n.d.
Lung: nd.
Synovium: THY1" sublining
Gut: WNT2B' crypt-associated GF

3 n.d. SG: n.d. nd.
Lung: n.d.
Synovium: THY1" sublining
Gut: WNT2B" crypt-associated GF

4 SPARC* SG: CD34" crosstalk with
COL3A1" Lung: myofibroblasts endothelial cells
Synovium: split between DKK3* and THY1*
sublining SF, CD90" NOTCH3-activated,
perivascular
Gut: split between inflammatory and
myofibroblasts

5 FBLN1* SG: n.d. n.d.
Lung: HAS1'PLIN2*
Synovium: CD34*THY1"
Gut: RSPO3*

6 nd. SG: n.d. n.d.
Lung: n.d.
Synovium: PRG4" lining SF
Gut: WNT5B' villus-associated GF
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Cluster Shared Other markers, localization, and Shared function
markers characteristics
7 nd. SG:n.d. n.d.
Lung: nd.
Synovium: n.d.
Gut: n.d.
8 PTGS2* SG: n.d. nd.
SEMA4A" Lung: nd.

Synovium: THY1" sublining
Gut: WNT2B' crypt-associated GF

9 CD34* SG:n.d. n.d.
MFAP5* Lung: HAS1"PLIN2*
Synovium: CD34"THY1"
Gut: RSPO3*

10 SG: n.d. n.d.
Lung: nd.
Synovium: PRG4" lining SF
Gut: WNT5B' villus-associated GF

11 CXCL10* SG: CCL19'PDPN* interaction with immune
CCL19* Lung: nd. cells
Synovium: THY1" sublining, HLA-DRA™ SF
Gut: RSPO3*, WNT2B"Fos™

12 nd. SG: n.d. n.d.
Lung: nd.
Synovium: PRG4" lining SF
Gut: WNT5B' villus-associated GF

13 MYH11* SG:n.d. n.d.
Lung: myofibroblasts
Synovium: n.d.
Gut: myofibroblasts

GE gut fibroblast; n.d., not defined; SF, synovial fibroblast.

Table 2.
Shaved fibroblasts clusters between salivary gland (SG), lung, synovium, and gut, as defined by Korsynsky
etal. [8].

3.2 CXCL10* CCL19" fibroblasts: Interactors with immune cells

The first of these shared clusters is characterized by the marker genes CXCL10
and CCL19. Based on a gene set enrichment and pathway analysis, CXCL10* CCL19*
fibroblasts were identified as a subset that potentially directly interacts with immune
cells. Among the enriched pathways were “lymphocyte chemotaxis”, “antigen pre-
sentation”, and “positive regulation of T cell proliferation”. Furthermore, scRNA-seq
data suggested that CXCL10* CCL19" fibroblasts respond to key pro-inflammatory
cytokines, including interferon (IFN) y and IFNa, TNF, IL1, and IL1. The responsive-
ness to IFNy and IFNa was specific to CXCL10" CCL19" fibroblasts [8]. This might be
of high relevance in the context of the SjS, given the pronounced role of type I and II
interferon signatures detected in SjS, and their association with more severe disease
[41, 42]. CXCL10* CCL19" fibroblasts functionally resembled the pdpn® CD34~
CCL19 expressing fibroblasts that have been described to be involved in the formation
of TLS in salivary glands of patients with SjS [24].
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3.3 SPARC+ COL3A1+ fibroblasts: a vascular-interacting population

The second shared cluster of fibroblasts that was identified to be expanded across
inflamed tissues was characterized by the expression of secreted protein acidic and
cysteine rich (SPARC) and COL3A1. SPARC" COL3A1" fibroblasts resembled a poten-
tially endothelium-driven activated fibroblast state, characterized by the enrichment
of pathways associated with extracellular matrix binding and remodeling. In addition,
key developmental and morphogen signaling pathways were enriched, including
hedgehog, transforming growth factor (TGF) p, WNT, bone morphogenic protein
(BMP) and Notch signaling. By comparing these shared human fibroblast clusters to
the temporal activation of fibroblast clusters in the mouse model of dextran sulfate
sodium (DSS)-induced colitis, the expansion of SPARC* COL3A1" fibroblasts was
identified as an early event in the inflammatory process, in which vascular remodel-
ing preceded leukocyte infiltration [8].

4. Fibroblasts in the regeneration of salivary gland epithelial cells

A key process in gland development is the epithelial-mesenchymal interaction
[43]. The stromal-derived extracellular matrix is essential for the growth, morpho-
genesis and differentiation of salivary gland tissues [44]. Extracellular matrix remod-
eling and fibrosis are pathological features found in minor salivary gland biopsies
of patients with SjS, that are associated with salivary gland inflammation, reduced
stimulated salivary flow but not with age [44-46]. Point mutations in people with
hypohidrotic ectodermal dysplasia (HED) lead to a disturbed signaling between the
salivary epithelium and mesenchymal fibroblasts, affecting their gland development.
Salivary and sweat glands have the same embryonic origin and people with HED pres-
ent with defects in salivary glands, sweat glands, teeth and hair [47].

Several studies have pointed out that the correlation of salivary flow with the
degree of inflammation in salivary glands of patients with SjS is low [48-51], suggest-
ing that other mechanisms than inflammation underlie hyposalivation in SjS. Salivary
gland epithelial cells of patients with SjS are more prone to anoikis, a detachment-
induced apoptosis, after activation of Toll-like receptor 3 signaling [52]. In healthy
salivary glands, salivary gland stem cells reside in ducts of salivary glands and differ-
entiate into saliva secreting acinar cells to maintain homeostasis. In §jS, salivary gland
stem cells are fewer in numbers and exhibit an aged phenotype, with a reduced capac-
ity to self-renew and proliferate [53]. This suggests that saliva production in patients
with SjS might not be restored solely be the use of anti-inflammatory drugs. In regen-
erative medicine approaches, the co-culturing of stem cells together with fibroblasts is
essential for engineering secreting salivary epithelial cells [54, 55]. Hence, fibroblasts
might also be involved in the disturbed regeneration of salivary gland epithelial cells in
SjS and are likely to have functions beyond promoting inflammation.

5. The potential role of fibroblasts in extra-glandular manifestations
of the SjS

Extra-glandular manifestations are found in 30-40% of patients with SjS, and can
be divided into epithelial and extra-epithelial manifestations that can affect the central
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and peripheral nervous system, the lungs, lymph nodes, kidneys, joints, the skin and
the muscles [2, 4]. A role of fibroblasts in extra-glandular manifestations has not been
studied yet, maybe due to limited assess of available tissue samples from affected sites.

Articular manifestations, such as arthralgias and synovitis, are the most com-
mon extra-glandular manifestations and affect 30-60% of patients with SjS [2, 56].
Arthritis in patients with SjS is often classified as non-erosive [57]. However, recent
more sensitive methods such as ultrasound and magnetic resonance imaging (MRI)
have detected erosions in more than one third of SjS patients with joint pain and no
previous diagnosis of arthritis [57, 58]. In patients with SjS, arthritis most frequently
occurs in proximal interphalangeal (PIP) and metacarpophalangeal (MCP) joints and
wrists [57], a pattern that is overlapping with the one found in hands of RA patients
[59]. Synovial fibroblasts are the major stroma cells of the joint and play a pivotal role
in the pathogenesis of rheumatoid arthritis by promoting the ongoing inflammation
and cartilage degradation [60]. The existence of shared fibroblast clusters in salivary
glands of SjS patients and synovial tissues of rheumatoid arthritis patients, suggests
arole of fibroblasts also in articular manifestations of the SjS. However, this potential
role of fibroblasts remains to be proven.

6. Conclusions

The Sjogren’s syndrome is a chronic inflammatory autoimmune disease with huge
unmet needs for patients and clinicians. No therapies for the treatment of the SjS
have been approved so far. The pathogenic processes in the exocrine glands have only
partially unraveled. Whereas the contribution of salivary gland epithelial cells has
been studied in detail, the functional role of fibroblasts in maintaining epithelial cell
function, as well as their role in the regulation of the inflammatory process has only
recently been recognized. The potential of targeting the fibroblast compartment in
salivary glands of patients with SjS has been underscored by studies characterizing
their role in the establishment of TLS as well as by scRNA-seq of minor salivary gland
tissues. Together these studies pointed to an early, to a large extent lymphocyte-
independent, role of fibroblasts in the pathogenesis of the SjS.

Integration of the scRNA-seq data sets across inflamed human tissues, including
minor salivary gland tissues from patients with SjS, together with scRNA-seq data sets
from mouse models, have suggested a two stage mechanism for fibroblast activation
and fibroblast-mediated regulation of inflammation. In this model, the expansion of
SPARC" COL3A1" vascular-associated fibroblasts initiates vascular remodeling and
subsequent leukocyte infiltration and precedes the expansion of CXCL10" CCL19*
immune-interacting fibroblasts.

CXCL10" CCL19" immune-interacting fibroblasts functionally resemble pdpn*
CD34" CCL19 expressing fibroblasts that are critically involved in TLS assembly.
Formation of TLS is initiated after experimental salivary gland infection by IL13
and IL22 that prime immunofibroblast progenitors and induce the expansion of the
fibroblast network, respectively. This supports the concept of fibroblast-targeting
strategies to treat TLS-associated autoimmune diseases such as the SjS.
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