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Fibroblasts, the most abundant cells in the connective tissue, are key modulators of the extracellular matrix (ECM)
composition.
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| 1. Introduction

Fibroblasts were initially described during the 19th century by Virchow ! and Duvall@ as the most common cell type from
connective tissue. They also exhibit a round, large pale and flat nucleus with prominent nucleoli, indicating a very active
RNA metabolismil. Fibroblasts are known to be essential for a significant number of physiological functions. They
produce extracellular matrix (ECM) proteins (e.g., collagen, glycosaminoglycans, fibronectin, laminins, and proteoglycans)
and produce the structural framework—stroma—for tissuesi. They induce epithelial differentiation, regulate
inflammation®, and play a critical role in wound healing by migrating to the damaged tissue €. Fibroblasts are widely
known to display remarkable phenotypic plasticity with the ability to adapt quickly and efficiently to their environment when
activated by appropriate stimuli. For instance, it has been acknowledged that fibroblasts can play a significant role in
disease pathogenesis by presenting complex phenotypes and functions according to the biological context. Indeed, some
fibroblasts (e.g., gingivallZ, dermal &, lung &, cardiac®® and synovial fibroblasts 1) can express innate immune
receptors to sense pathogens and present antigens, contributing to the immune response 12,

A certain type of fibroblasts, secreting myofibroblasts, play a central role in fibrosis. Fibrosis is the common endpoint of
many chronic inflammatory diseases and includes the excessive deposit of fibrous connective tissue and ECM molecules
such as collagen and fibronectin, in and around damaged tissuell3l. Besides inflammatory diseases, fibrosis is a
pathological trait of chronic autoimmune diseases, such as Rheumatoid Arthritis (RA), Crohn’s disease, myelofibrosis and
systemic lupus erythematosus to name a few, and can also affect tumor invasion and metastasis in cancer conditions!4l.

Nevertheless, relatively few studies have considered regulating fibroblasts’ functions, either in inflammatory or
autoimmune diseases, by developing new therapeutic targets. More efforts are needed to understand the critical role of
fibroblasts in disease pathogenesis, focusing on the shared characteristics that seemingly drive disease onset and
progression in a variety of pathological conditions22,

| 2. The Role of Fibroblasts in Rheumatoid Arthritis

In the joint synovium, fibroblasts represent the primary stromal cells. They ensure the structural integrity of synovial sub-
lining and lining by forming a layer thick as one or two cells, interspersed with tissue-resident macrophages 161,
Fibroblasts guarantee nutrient supply and secrete hyaluronic acid and lubricin (two essential constituents of synovial fluid)
responsible for lubricating the jointsXZ18] They are also responsible for producing the nonrigid ECM of the synovial fluid,
rich in type 1 and type 2 collagen, helping wound healing and damaged tissue reparationi®2. Many studies in RA focus on
fibroblasts, as these cells play a significant role in disease pathogenesis.

RA is an autoimmune disease with a prevalence of approximately 0.5% to 1% in the population. The onset of the disease
is characterized by the pannus formation, consisting of the hyperplastic synovium due to the lay down of synovial
macrophages and fibroblasts (RASFs). The pannus is highly invasive and has destructive effects on the adjacent cartilage
tissue and bonelll8l20[21]  Synovial fibroblasts in RA exhibit different characteristics from healthy fibroblasts in terms of
morphology and gene expression. The stressful environment created in the inflamed joint in combination with nutrient
competition leads fibroblasts to adopt a more aggressive phenotype to ensure survival (Figure 1).
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Figure 1. Roles of rheumatoid arthritis synovial fibroblasts and cancer-associated fibroblasts in in rheumatoid arthritis and
cancer pathogenesis and progression.

At this point, RASFs have reduced contact inhibition, express altered levels of adhesion molecules, cytokines,
chemokines and matrix-degrading enzymes, causing cartilage damage and mediating the interaction with neighboring
inflammatory and endothelial cells, affecting the bone via regulation of monocyte to osteoclast differentiation’22. RASFs
support the development of the hyperplastic RA synovium as tertiary lymphoid organs (TLOs) by interacting with immune
cells like T cells and B cells, producing several mediators and organizing ectopic (tertiary) lymphoid-like structures (ELSS)
(23] They are also resistant to apoptosis and have an increased ability to migrate and invade periarticular tissues,
including bone and cartilage, contributing to their destructionXl21l. RASFs can also be considered to be primary drivers of
inflammation, angiogenesis and cell growth2l, They disturb the homeostatic balance between leukocyte recruitment,
proliferation, emigration and death, leading to a persistent leukocyte infiltration22. In this way, RASFs are no longer
considered to be passive bystanders, but as active players in RA pathogenesis and sustained chronicity, and RASF-
directed therapies could become a complementary approach to currently used immune-focused therapies.

2.1. Origin of Rheumatoid Arthritis Synovial Fibroblasts

The origin of RASFs remains elusive. In earlier studies, researchers found that CD34(+) cells in RA patients are regulated
by TNF

and can differentiate into fibroblast-like cells, suggesting that bone marrow CD34+ could be the origin of RASFs24l.
Presently, however, it has been suggested that RASFs descent from mesenchymal stem cells and possess some typical
fibroblast markers, such as ICAML1 integrins, the surface marker Thy-1 (CD90), and type IV and V collagens. In recent
studies, researchers used lineage-tracing of Gdf5+ mesenchymal stromal/stem cells in the synovial tissue and their
findings supported this hypothesis regarding the ontogeny of the RASFs[22. Regarding markers that can be found in
fibroblasts, vimentin and a-smooth muscle actin seem to be more generic while UDP-glucose 6-dehydrogenase, vascular
cell adhesion molecule-1, and cadherin-11 (CDH11) are found to be fibroblast specific/28127],

2.2. Population Heterogeneity in Rheumatoid Arthritis Synovial Fibroblasts

Recent studies benefiting from the advancements in single-cell RNA sequencing (scRNA-Seq) technologies and
bioinformatics methodologies, have documented the presence of distinct subsets of fibroblasts’ subpopulations in arthritis
which are responsible for mediating distinct pathological traits such as inflammation and tissue damage.

Mizoguchi et al. [28 studied the functional and transcriptional differences between fibroblast subsets in human synovial
tissues from RA and osteoarthritis (OA) patients using bulk and single-cell transcriptomics. They succeeded in identifying
seven fibroblast subsets with distinct surface protein phenotypes. These seven subpopulations were subsequently



collapsed into three subsets by integrating transcriptomic data. The findings of this study showed that a distinct fibroblast
subset expressing podoplanin, THY1 membrane glycoprotein and cadherin-11, but lacking CD34, is three times more
elevated in RA patients in comparison to OA patients. This subset that is anatomically located in the perivascular zone of
the synovium, can secrete proinflammatory cytokines, has a high proliferation rate, and present an in vitro invasive
phenotype. Croft et al. 22, used mouse models of persistent arthritis to study the deletion of the fibroblast activation
protein-a (FAPa) in fibroblasts and showed that such a deletion suppressed both inflammation and bone erosions. The
use of single-cell transcriptional analysis allowed the identification of two distinct fibroblast subsets: the FAPa+THY1+
subpopulation that is located in the synovial sub-lining and plays the role of the immune effector, and the FAPa+THY1-
subpopulation positioned in the lining layer of the synovium which exhibits destructive properties. When transferred into
the joint, the first subpopulation, would boost inflammation, whereas the second regulated predominantly bone and
cartilage damage. Recently, in the meta-analysis study of Zerrouk et al.B9 researchers estimated the different
transcriptional factor activities between RA and OA fibroblasts using gene expression data and network inference. In this
study, the transcriptional factor profiles of the seven subpopulations of the Mizoguchi study28 were calculated and
compared to the corresponding OA subpopulations highlighting differences between RA and OA, but also among the
subsets if the same pathological condition.

2.3. Epigenetic Modifications in Rheumatoid Arthritis Synovial Fibroblasts

RASFs epigenetic profile can help to understand RA pathogenesis better and to identify new therapeutic targetsd.
Karouzakis et al. 32 showed that RASFs have a hypomethylated genome, with several hypomethylated genes playing a
role in their main characteristics, such as extracellular matrix interactions, adhesion and cell migration. In a more recent
study results showed that the expression of DNA (cytosine-5)-methyltransferase 1 (DNMT1) is lower in RASFs as
compared with OA FLSs while the components of polyamine metabolism were higher2ll, While histone methylation
mechanisms are not well understood, histone acetylation is better characterized in RASFs. HDAC3 (histone deacetylase
3) is a potential key player for inflammation inhibition in RA disease. It has been shown that HDAC3 suppresses
inflammation in RASFs as much as pan-HDAC inhibition, and there seems to be a significant difference in histone
acetylation in RASFs as compared to OA fibroblast-like synoviocytes(31,

| 3. The Role of Fibroblasts in Cancer

The tumor microenvironment (TME), known also as the tumor stroma, comprises the ECM, blood vessels, endothelial and
stromal cells (e.g., fibroblasts), and also immune cellsi2324, The importance of TME in cancer onset and progression has
been highlighted for years. Cancer is the result of genetic and epigenetic alterations in clonal cells. The regulation of these
altered clonal cells regarding survival, growth and metastasis is under the control of the interactions between cancer and
TME cells 28], Studies in different cancer types such as lung, prostate, breast and colon have indicated Cancer-
Associated Fibroblasts (CAFs) as active players in disease initiation and also as important contributors to tumor growth,
survival and invasionl28 (Figure 1).

Several studies using in vitro experimentation have provided evidence on the role of CAFs in cancer progression. Studies
using mouse models suggest that CAFs are capable of promoting cell proliferation, angiogenesis, tissue invasion and
metastasis. More specifically, the tumors that are formed after transplantation of cancer cells and CAFs are more
malignant than the tumors formed when transplantation involved cancer cells alone or cancer cells with healthy
fibroblasts24E8l, | astly, co-implantation of CAFs along with pro-malignant prostate cancer cells resulted in the malignant
transition and proliferation of the prostate cells22.,

The hypotheses proposed to explain the transition of the healthy fibroblasts to CAFs involve autocrine and paracrine
mechanisms for the secretion of cytokines, chemokines, and growth factors by the stromal cells. These mediators will in
turn regulate gene expression through specific signaling cascades and will contribute to the expression of a metastatic

cancer type with elevated growth rates and invasiveness2&I[201411[42][43][44][45]
3.1. Origin of Cancer-Associated Fibroblasts

The precise origin of CAFs is a debated subject. Several potential sources have been proposed throughout the years
such as healthy fibroblasts, epithelial or endothelial cells, Mesenchymal Stem Cells (MSCs), as well as Smooth Muscle
Cells (SMCs)148 [46]. Indeed, the obvious hypothesis lies in an alteration of local precursors (i.e., healthy fibroblasts)
following too much exposure to cancer cells, transforming them into CAFs 847l Nevertheless, the TME being composed
of both epithelial and endothelial cells, they are also considered to be a potential source of CAFs. Epithelial cells are
known to show plasticity and epithelial-to-mesenchymal (EMT) transition is suspected to be at the origin of CAFs[48l. In
addition, Zeisberg et al.#2 support the hypothesis that endothelial cells, treated specifically, can demonstrate CAF



morphology and phenotype. Several reports also support the assumption that MSCs, apart from aggravating tumors
proliferation, invasion and metastasis 29, are a potential origin for CAFs: Quante’s use of murine models revealed that at
least 20% of CAFs derived from MSCs Bl whereas Direkze et al. approximated this proportion to 25% (2. Finally,
Wikstrom et al.l23] believe that differentiated SMCs can be at the origin of CAFs in prostate tumors.

3.2. Population Heterogeneity in Cancer-Associated Fibroblasts

Understanding the heterogeneity of the cells belonging to the TME is essential for elucidating complex mechanisms and
designing novel strategies for precision medicine. CAFs present a heterogeneous population and a detailed study and
classification of the roles, functions, traits of the CAFs subsets is critical for designing CAF-targeted therapies®4, ScRNA-
Seq technologies could help shed light onto the population heterogeneity of cancer and cancer-associated cells for a wide
range of cancer types.

To date, many studies focusing on the heterogeneity of CAFs in various cancer types have been published. We will focus
on breast cancer CAF heterogeneity studies to provide an example, but the reader can find more information on other
cancer types in dedicated reviews[=4l,

Bartoschek et al.2¥, using scRNA-Seq data of 768 mesenchymal cells transcriptomes from a breast cancer mouse model,
defined three distinct CAF subpopulations that could be attributed to distinct anatomical positions. Moreover, gene profiles
of CAF subtypes were shown to correlate with characteristic functional programs, suggesting that biomarker signatures of
each subpopulation could be achievable. Sebastian et al. 58, studied the molecular and phenotypic heterogeneity of
CAFs in triple-negative breast cancer (TNBC) using a syngeneic mouse model, BALB/c-derived 4T1 mammary tumors.
Using scRNA-Seq they were able to identify six CAF subpopulations in 4T1 tumors, with three subpopulations also
present in CAFs from pancreatic cancer. Their study also showed that some of the cells identified were present in normal
breast/pancreas tissue, revealing phenotypes that are not TME-induced. In a complementary study on breast cancer by
Kieffer et al. B4, researchers identified 8 CAF-S1 clusters by analyzing more than 19,000 single CAF-S1 fibroblasts from
breast cancer. Using flow cytometry and in-silico analyses their study highlights a positive feedback loop between specific
CAF-S1 clusters and Tregs and uncovers their role in immunotherapy resistance.

3.3. Epigenetic Alterations of Cancer-Associated Fibroblasts

CAFs do not acquire somatic mutations, therefore other mechanisms, such as epigenetic regulation are being
investigated in several types of cancer as potentially responsible for their phenotypic transformation, development, and
acquisition of tumor supportive features. Such epigenetic regulations involve post-transcriptional control by miRNAs acting
as oncogene and/or tumor suppressor through various target genes®8l in breast cancer B2 and bladder cancer €%, DNA
methylation to activate and overexpress oncogenes28 in prostate cancer as well as colorectal cancer 2, and finally
chromatin and histone modification to inhibit or down-regulate tumor suppressor genes®3 in prostate cancer for
examplel84!,
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