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Systemic sclerosis (SSc) is a rare fibrotic rheumatic disease, associated with
psychological distress and increased morbidity and mortality due to skin involvement
and internal organ damage. The current understanding of the complex pathogenesis is yet
incomplete and disease therapeutic algorithms are far from optimal. Immunologic
aberrations are considered key factors for the disease, along with vascular involvement
and excess fibrosis. Adaptive immunity and its specialized responses are an attractive
research target and both T and B cells have been extensively studied in recent years. In
the present review, the focus is placed on B cells in SSc. B cell homeostasis is deranged
and B cell subsets exhibit an activated phenotype and abnormal receptor signaling.
Autoantibodies are a hallmark of the disease and the current perception of their diagnostic
and pathogenetic role is analyzed. In addition, B cell cytokine release and its effect on
immunity and fibrosis are examined, together with B cell tissue infiltration of the skin and
lung. These data support the concept of targeting B cells as part of the therapeutic plan for
SSc through well designed clinical trials.
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INTRODUCTION

Systemic sclerosis (SSc) is a rare rheumatic disease manifesting with fibrosis of the skin and internal
organs (1). The disease carries a significant burden for affected patients as exemplified by the major
psychologic distress associated with functionality loss and appearance change along with the worse
standardized mortality ratio among rheumatic diseases (2). Genetically predisposed individuals are
exposed to environmental factors and various triggers to initiate a homeostasis dysregulation.
Progression of the disease is characterized by pathophysiologic changes of the immune system and
vasculature, which precede the fibrotic phenotype and emphasize the complex multisystem nature
of the disease (3). Endothelial apoptosis, platelet activation, aberrant homeostasis of vasoactive
molecules favoring vasoconstriction, underlie the vasculopathy of SSc, which is characterized by
fibroproliferation of the vessel walls and capillary rarefaction (4). Macrophages, dendritic cells and
innate lymphoid cells are cell components of innate immunity with pathogenetic implications for
the disease. Moreover, T and B cell disturbed homeostasis is believed to be critical for SSc
org June 2022 | Volume 13 | Article 9257411
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pathogenesis and evolution (5). Genome wide association studies
have identified associated genetic variants in recent years,
highlighting the role of the immune system. Regarding B cells,
variants of the molecules B lymphocyte kinase (BLK) and B cell
scaffold protein with ankyrin repeats 1 (BANK1) have been
linked to SSc (6). In addition, B cells are overall activated in
patients with the disease and aberrations of cell signaling
pathways have been described. Autoantibodies produced by B
cells characterize connective tissue diseases. The presence of SSc
specific autoantibodies facilitates diagnosis and dictates
prognosis of SSc but their role in the pathogenesis of the
disease is still a subject of ongoing research (7). Endothelial
cell damage and direct fibroblast activation are among the
speculated autoantibody mediated effects linking the
pathophysiologic triplet of the disease (autoimmunity-
vasculopathy-fibrosis). In addition, activated B cells infiltrate
involved organs, interact locally with immune and mesenchymal
cells and can be a source of major proinflammatory and
profibrotic cytokines such as IL-6 and TGF-b. These data
highlight the multipotential facets of B cell function in SSc and
justifies the clinical research of B cell targeting agents, such as the
B cell depleting drug rituximab, in patients with the disease.
METHODS

We performed an electronic search in PubMed from inception
until February 2022 using the following key words: systemic
sclerosis, scleroderma and B cell in all combinations. We
included articles only in English language and even though no
time limit was set we focused on articles published during the last
15 years. An additional manual search was performed on the
reference lists of retrieved articles. We focused our search on
articles related to the potential role of B cells in fibrosis in both
experimental models of scleroderma and patients with SSc.
RESULTS

B Cell Aberrant Homeostasis in SSc
Phenotypical Changes in Circulating B Cells in SSc
Evidence indicates that B cells exhibit an aberrant phenotype in
the peripheral blood of patients with SSc. The memory B cell
compartment appears to be diminished though activated and the
naïve population is expanded, potentially in a compensatory
manner (8). In addition, the cytokine system that controls the
survival of B cells, consisting mainly of the B cell activating factor
(BAFF) and A Proliferation-Inducing Ligand (APRIL), is
upregulated in the serum of patients with SSc (9, 10). Since
these early studies, more research teams have also studied SSc
patients, confirming the basic notion of B cell activation and
trying to apply analytical immunophenotyping. Memory B cells
indeed express activation and pro-apoptotic surface markers,
such as CD86, CD95 and HLA-DR (11–13). Among the memory
B cell subset, researchers have identified expanded effector cell
populations, such as the double negative CD27-IgD- B cells (14)
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and the CD19+IgD−CD27+CD38−CD95+ activated switched
memory B cells (15). The latter population was found to be
increased in patients with diffuse cutaneous SSc (dcSSc) and
patients with interstitial lung disease (ILD). Another B cell subset
of special interest in autoimmune and infectious diseases are the
CD21low B cells, which exhibit high levels of activation markers,
increased antigen presenting potential and belong primarily to
the memory B cell compartment (16). In SSc, this population has
been found expanded, perhaps indicating a subset with increased
effector potential and enriched in autoreactive B cell clones (12,
17, 18). From a clinical point of view, increased CD21low B cell
numbers correlated with vascular complications in SSc, such as
pulmonary arterial hypertension and new digital ulcers (17, 19).

B regulatory (Bregs) cells are a distinct IL-10 producing B cell
subtype enriched in CD24highCD38high transitional and
CD24highCD27+ memory B cells. This cell population is
believed to exert a suppressive effect on inflammation and
autoimmunity (20). In patients with SSc, circulating Bregs were
found decreased and functionally impaired after TLR-9
stimulation (21). It is interesting that their levels were
negatively correlated with anti-topo I and anti-centromere
autoantibody titers, circulating T follicular helper cell numbers
and the overall disease activity (22, 23).

The diversity and rarity of the disease represents a challenge
regarding the immunophenotyping of these patients. New
technological advances, such as mass cytometry, make possible
the simultaneous detection of a large number of markers and are
now used to identify clusters of patients corresponding to specific
cell signatures (24, 25). Different stages of fibrotic disease (early
vs late), clinical phenotypes (diffuse vs limited disease) and the
presence of distinct clinical characteristics such as the presence of
ILD, are separately examined to reveal differences by the means
of these new methods. New technologies can give insight into the
interaction of B cells with other cells of the immunome in specific
subgroups of patients. For the time being, overactivation is
recorded in the peripheral blood of patients with SSc arising
from an imbalance of effector and regulatory cell phenotypes.

B Cell Signaling in SSc
B cell receptor (BCR) is a membrane-bound immunoglobulin on
the cell surface and serves as the main receptor in B cell biology.
BCR is necessary for the survival and development of early B
cells, as well as antigen recognition in the periphery. Various co-
receptors fine tune its function and multiple downstream
pathways mediate the final effect on the cell nucleus and gene
expression (26, 27). Activated B cell status in SSc could be partly
explained by specific signaling defects. CD19 and CD22 are
membrane glycoproteins and exert a positive and negative role
in BCR signaling, respectively (28). CD19 was found to be
upregulated in B cells of patients with SSc (11, 21, 29), with
approximately 20% overexpression in the cohort studied by the
first research team reporting it (29). In addition, our research
group has found CD22 underexpression in a cohort of patients
with diffuse cutaneous SSc, especially those with ILD. Subsequent
experiments showed that CD22 phophorylation upon BCR
stimulation was also defective in these patients (30). It seems
that the imbalance of the CD19/CD22 system is part of the
June 2022 | Volume 13 | Article 925741
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activated B cell phenotype in SSc. FcgRIIb is an inhibitory
receptor of B cells, increasing the activation threshold of BCR.
In a recent study, the levels of FcgRIIb were studied in B cell
subsets of patients with SSc and were upregulated in the naïve
and double negative B cell compartment (13). This could indicate
homeostatic changes in signaling regulators of B cells and
highlights the need for analytical immunophenotyping and
signaling research in targeted effector B cell subsets in the
future. Therapeutic targeting of key signaling molecules of B
cells, such as the Bruton’s tyrosine kinase (BTK), is already
employed in hematology (31) and research efforts show
promising results in samples from patients with SSc. Einhaus
et al. isolated B cells from PBMCs of 24 patients with SSc and
performed in vitro experiments (32). They found that treatment
with ibrutinib, a BTK inhibitor, resulted in attenuation of
profibrotic cytokine IL-6 in B cell culture supernatants and
also inhibited the toll like receptor mediated downstream
activation of the transcription factor NFkB. The above data
indicate that B cell signaling pathways in SSc are deranged.
Further research could identify target molecules with therapeutic
potential. Phenotypical changes and signaling aberrations in SSc
B cells are diagrammatically depicted in Figure 1.

B Cell Infiltration in Affected Tissues
Lung involvement is a dreaded complication of SSc. Lafyatis et al.
studied lung tissue of 11 patients with SSc-associated ILD. B cell
infiltration, often in lymphoid aggregates, was shown with
immunohistochemical staining (33). A small number of lung
samples by patients with SSc and pulmonary arterial
hypertension also confirmed B cell infiltration (34). Moreover,
in another study aiming to associate bronchoalveolar lavage fluid
(BALF) characteristics and ILD progression, the authors
reported worse outcome in patients with a higher CD19+
percentage count in BALF (35).
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Skin involvement in the disease characterizes the clinical
phenotype of these patients. Histologic evaluation of the skin is
relatively simple and studies have long identified immune cell
infiltrates in affected skin, consisting of plasma cells, lymphocytes
and macrophages (36, 37). Lymphocyte infiltrates were mostly
attributed to T cells (37). However, it was Whitfield et al. who
identified a strong B cell signature in affected and unaffected skin
of a small cohort of four diffuse SSc patients compared with
matched healthy individuals. Researchers used gene expression
analysis employing DNA microarrays technology, as well as
immunohistochemistry to manifest CD20+ B cell infiltrates in
SSc skin. Immunoglobulins and CD53 genes associated with B
lymphocytes showed prominent expression in the samples
studied (38). A subsequent study with a larger sample of
patients, used the same technology and tried to identify gene
expression patterns. B cells were found in few numbers along
with B cell gene expression mostly in the inflammatory group,
which is characterized by increased immune response and
lymphocyte infiltration indices; however, T cells predominated
in this specific cohort (39). It seems that T and B cell interplay is
crucial in the immunopathogenesis of the disease. In another
study, immunohistochemical analysis of scleroderma skin
confirmed mononuclear cell infiltration consisting of T cells,
macrophages, and B cells. Interestingly, B cell infiltration was
correlated with worse skin progression. In addition, B cell
numbers were greater in patients with early disease, implying
that skin infiltration with B cells could be critical in the early
stages of SSc (40). The latter is supported by the finding of
upregulated BAFF mRNA expression in the skin of patients with
early but not late disease (9). RNA sequencing and transcriptome
analysis is implemented in recent studies. Skaug et al. studied 48
patients with early diffuse SSc and found more skin samples
expressing genes indicative of immune cell infiltration compared
with healthy controls and patients with longer disease duration.
FIGURE 1 | Aspects of the activated B cell phenotype in the peripheral blood of patients with SSc. Signaling defects including CD19/CD22 imbalance, increased
effector B cell phenotypes among the memory B cell compartment and decreased B regulatory population and function.
June 2022 | Volume 13 | Article 925741
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Besides T cell and macrophage signatures, B cell signature was
evident in 69% of the patients studied (41). Single cell RNA
sequencing has been recently applied in active scleroderma skin,
focusing on the tissue resident and recirculating T cells, to better
characterize T cell clusters in patients with the disease. Researchers
identified a unique CD4+CXCL13+ T cell phenotype with T
follicular helper-like gene expression. They used confocal
immunofluorescence microscopy to visualize spatial localizations
of T cell subsets, and it is interesting that this unique phenotype co-
localized with CD20+ B cells within inflammatory infiltrates of the
scleroderma skin. This implies that B and T cell interaction at the
level of inflamed tissue drives B cell responses locally in a manner
similar of ectopic lymphoid structure (42).

The concept of studying the characteristics of the immune
cells infiltrating target organ tissue, such as the lung and the skin,
offers an important perspective of the disease. Ongoing evolution
of the “omic” technologies even at a single cell level, can identify
new immune phenotypes poss ib ly cr i t ica l for the
pathophysiology of the disease. Overall, evidence points to the
direction that target organs of the disease are infiltrated by
immune cells, including B cells, especially at earlier disease
stages, a finding with potential pathogenetic implications. B
cell infiltration of affected tissues in SSc is shown in Figure 2.

Pathogenetic Aspects of B Cells in SSc
SSc Specific Autoantibodies: From Diagnosis to
Pathogenetic Implications
One of the most well-known functions of B cells is the
production of antibodies. SSc is characterized by the presence
of specific autoantibodies which have been extensively studied
and used in everyday clinical practice for both diagnostic and
prognostic purposes (43). There are 3 main SSc specific auto-
Abs: anti-topoisomerase I antibodies (ATA), anti-centromere
antibodies (ACA) and anti-RNA polymerase III antibodies
(ARA). Several studies have shown many clinical and genetic
Frontiers in Immunology | www.frontiersin.org 4
associations of those auto-Abs to disease subtypes, organ related
damage and even cancer (44)Recent genetic studies have revealed
that SSc patients with different auto-Abs may have striking
differences in skin gene expression, potentially indicating
diverse pathophysiologic mechanisms (45). Similarly, another
study investigated how gene expression profile in SSc skin relates
to the presence of specific auto-Abs (46). Increased gene
expression responsible for keratinocyte differentiation was
found in ACA, cellular response to TGFb and NFkb signaling
in ARA and response to cellular stress in ATA. These data point
to the direction that auto-Abs may be used to differentiate
patients in specific subsets with similar pathophysiology and
therefore pinpoint patients more likely to respond to certain
treatments. However, despite the fact that auto-Abs are strongly
associated with clinical manifestations and skin gene expression,
evidence indicating a direct pathogenetic role is limited.

ACAs target centromere proteins (CENPs), which are nuclear
proteins that take part in the formation of the kinetochore during
cell division. Healthy subjects or patients with tumors that
overexpress CENP-A are not positive for Anti–CENP-A
antibodies (47), implying that the production of those antibodies
is SSc specific. Recently, Kajio et al. explored the autoantigenic
nature of centromere proteins in patients with SSc (48). They
reported that ACAs target the protein complex of the centromere
and kinetochore, but there was no proven or proposedmechanism
as to how these auto-Abs could participate in SSc pathogenesis.

ATAs bind to topoisomerase I (Topo I), which is an enzyme
that takes part in the ligation of DNA. Data indicate that ATAs
can bind directly to the surface of fibroblasts in SSc patients, but
it remains unknown whether this binding could lead to fibroblast
activation (49). Another study associated the presence of IgM
ATAs with disease progression in ATA (+) SSc patients, but no
pathogenetic involvement has been yet established (50). Hénault
et al. investigated how the binding of Topo I and ATAs to
fibroblasts affected the behavior of monocytes when co-cultured
FIGURE 2 | B cell infiltration of the target organs skin and lung in SSc. B cells are more evident in early skin lesions and interact locally with T cells resembling
ectopic lymphoid structures.
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(51). Through a series of experiments, the authors showed that
Topo I could bind directly to fibroblasts and recruit ATAs. ATAs
had the ability to bind to the aforementioned complex and this
binding led to increased monocyte adhesion and activation.
Furthermore, another research team isolated fibroblasts from
both healthy and affected SSc skin (52). All fibroblasts were then
stimulated with IgG ACAs and ATAs. The stimulation of SSc
fibroblasts with IgG ACAs and ATAs led to a significant increase
in profibrotic markers. These data may support the possible role
of ATAs in disease pathogenesis.

Shen et al. incubated calf pulmonary arterial endothelial cells
(CPAEs) with sera containing ACAs and ATAs from SSc patients
(53). They found that ACAs and ATAs could accelerate
endothelial cell aging, implying a potential involvement of
those auto-Abs in SSc vasculopathy.

There are some hypotheses regarding potential pathogenetic
mechanisms for both ATAs and ACAs. It is of interest that
apoptotic endothelial cells may release CENP-B and
topoisomerase I (TOPO I). CENP-B may bind to pulmonary
artery smooth muscle cells (PASMCs) via CCR3. ACAs may bind
to this complexand this could lead tovascular damage.On theother
hand, dendritic cells (DCs) may carry Topo I, released from
apoptotic endothelial cells and present it to T cells. When
activated, T cells produce IL-2, IL-6 and communicate with B
cells which in turn produce ATAs. ATAs may bind to fibroblasts
possiblyviaCCR7and the formedcomplexmay recruit andactivate
monocytes, exacerbating fibrosis (54).

ARAs generally show different phenotypical and pathogenetic
characteristics fromACAsandATAs.Themajor concern is that SSc
patients with ARA have a high risk of developing cancer (55).
Polymerase III polypeptide A (POLR3A) gene is responsible for
coding theRPC1 subunit of RNApolymerase. Joseph et al. reported
thatmutations of this genewere found inARA(+) SSc patients with
cancer and that thesemutationswere also responsible for T-cell and
humoral immune responses. The authors propose that the immune
response against a mutant tumor peptide could cross react with the
normal form of this protein and contribute to the pathogenesis of
the autoimmune disease (56). These data highlight the involvement
of cellular immunity, and thefindingsoverallmight imply apossible
role of ARAs in SSc pathogenesis.

Although many studies have scratched the surface behind the
pathogenetic role of disease specific auto-Abs in SSc, there are still a
lot to be clarified. Scleroderma mouse models could be used for
further experiments regarding the potential pathogenetic
involvement of those autoantibodies. So far, SSc specific
autoantibodies are mainly used for diagnostic as well as
prognostic purposes. Emerging data indicate that SSc
autoantibodies could be used in the near future to pinpoint
patients with certain pathogenetic characteristics and therefore
increased likelihood of responding to a specific treatment.
Limited evidence exists regarding their pathogenetic involvement.

B Cells as Producers of Novel Autoantibodies With a
Distinct Pathogenetic Mechanism
Apart from the above mentioned SSc specific autoantibodies, an
expanding amount of evidence indicate that several other
Frontiers in Immunology | www.frontiersin.org 5
autoantibodies may be pathogenetically involved in SSc. In
2006, Baroni et al. reported the presence of agonistic
antibodies against platelet derived growth factor receptor
(PDGFR) and provided evidence that these antibodies have
profibrotic properties and may stimulate fibroblasts to produce
collagen (57). However, these findings could not be replicated by
subsequent studies, in which no agonistic activity of anti-PDGFR
antibodies could be shown in SSc patients (58, 59). Further
studies were performed and showed that the same SSc patient
could have both stimulatory and non-stimulatory anti-PDGFR
autoantibodies (60, 61). Through a series of experiments, the
authors showed that stimulatory anti-PDGFR antibodies can be
detected only in SSc, whereas non-stimulatory anti-PDGFR
antibodies are not disease specific. Further studies are needed
before definite conclusions regarding the pathogenetic
involvement of anti-PDGFR antibodies in SSc can be drawn.

Autoantibodies against both matrix metalloproteinase-1
(MMP-1) and MMP-3 have been detected in SSc (62–64).
Anti-MMP auto-Abs were found to block MMP-1 activity in
SSc patients, and this led to decreased collagen degradation and
therefore increased deposition in tissues. Furthermore, anti-
fibrillin-1 antibodies have been described in SSc patients but
are not specific (65, 66). Anti-fibrillin-1 auto-Abs were purified
from sera of SSc patients, and it was shown that they had the
ability to activate normal fibroblasts in vitro. Of note, fibrillin-1
regulates TGF-b secretion therefore anti-fibrillin-1 auto-Abs
might contribute to SSc pathogenesis through a TGF-b
dependent pathway.

Anti-endothelial cells antibodies (AECA) have long been
described in SSc but are not disease specific (67). Two studies
from Servettaz et al. and Hill et al. reported that AECAs target
CENP-B in lcSSc patients (68, 69). Later on, Arends et al.
incubated human umbilical vein endothelial cells with IgGs
from AECA (+) SSc patients and controls (70). A significantly
higher secretion of ICAM-1, VCAM-1, IL-6, IL-8 and CCL2 was
marked in AECA (+) SSc patients compared to AECA (–)
patients and controls. In another in vivo study, researchers
transferred AECA (+) serum from a chicken model of SSc to
healthy chicken embryos (71). It was shown that AECAs could
bind to microvascular endothelium, leading to increased
endothelial cell apoptosis compared to control animals but
how these findings could translate to humans remains unknown.

Riemekasten et al. revealed the presence of agonistic auto-
Abs against the angiotensin II receptor type 1 (AT1R) and the
endothelin receptor type A (ETAR) in SSc patients (72). It was
shown that both auto-Abs could bind to their respective
receptors on endothel ia l ce l ls and increase kinase
phosphorylation and TGF-b gene expression. Becker et al.
revealed inflammatory pulmonary vasculopathy in mice
injected with SSc IgGs positive for anti-AT1R and anti-ETAR
(73). In the same manner, researchers showed increased IL-8
homologue levels and neutrophil infiltration in BALF from
mice injected with SSc IgGs positive for those auto-Abs (74).
All these experiments point to a potential role of anti-AT1R
and anti-ETAR antibodies in the fibrotic and vascular
SSc pathology.
June 2022 | Volume 13 | Article 925741
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Another antibody of interest in SSc is the one against the
muscarinic-3 receptor (M3R). Anti-M3R antibodies have been
detected in SSc patients with gastrointestinal (GI) involvement
(75). Eaker et al. injected rats with IgG fractions from an anti-
M3R (+) SSc patient or controls (76). Intestinal myoelectric
activity disturbances were noticed in the rats immunized with the
scleroderma IgG. In a similar fashion, Goldblatt et al. assessed
the stimulation of mouse colon longitudinal muscle by
muscarinic agonists in the presence of IgG fractions derived
from patients with SSc or healthy subjects (77). They found that
M3R responsible contractions were alleviated by IgGs from SSc
patients. These findings were further supported by another
research team who proved that M3R activation was blocked in
internal anal sphincter smooth muscle cells of rats, when injected
with SSc IgGs (78). Results from the studies above, could suggest
a role of anti-M3R antibodies in SSc GI dysmotility. The above
data suggest that certain autoAbs may participate in
pathogenesis and further strengthen the role of B cells in
SSc pathophysiology.

B Cells as Producers of Profibrotic Cytokines in SSc
B cells can produce several cytokines and growth factors of
interest in SSc pathophysiology (79). Dumoitier et al. showed
that peripheral B cells from patients with SSc can produce high
levels of IL-6 and TGFb1 (34); these cytokines have well known
profibrotic properties (80–82).

In a recent study, Fukasawa et al. analyzed the behavior of B
cells in SSc patients and scleroderma mouse model at the single
cell level (83). In ATA (+) SSc patients, the affinity of B cells for
Topo I determined the cytokine production profile of each B cell.
The affinity was defined based on the responsiveness of B cells to
Topo I. The affinity was then marked as high or low, based on
ATA IgG levels. This categorization subsequently led to the
formation of two groups. In the high affinity group, B cells
produced significantly higher amounts of the proinflammatory
cytokines, IL-6 and IL-23. In contrast, B cells form the low
affinity group produced significantly higher amounts of the anti-
inflammatory cytokines, IL-10 and IL-35.

B Cells Can Interact With Other Cell Types and
Promote Fibrosis
Accumulating data indicate that B cells may interact with
fibroblasts, dendritic cells as well as macrophages and promote
fibrotic responses. In an in vitro study, Francois et al. co-cultured
B cells and human skin fibroblasts from SSc patients and controls
and performed transwell experiments to assess contact- and
soluble factor-mediated interactions (84). Both SSc and control
fibroblasts produced high levels of collagen when co-cultured
with B cells. However, this effect was inhibited with the transwell
experiments, pointing to the importance of cell to cell contact in
collagen production.

Experimental data indicate that activated B cells may induce
dendritic cell maturation in vitro; these dendritic cells promote
the polarization of Th cells towards the Th2 phenotype and
produce the profibrotic cytokines IL-4, IL-5 and IL-13 (85). In a
recent study, B cells were extracted from mice with bleomycin
induced scleroderma and were co-cultured with macrophages; it
Frontiers in Immunology | www.frontiersin.org 6
was shown that macrophages were skewed towards a profibrotic
phenotype. Similarly, B cells from humans with severe dcSSc and
associated ILD promoted the expression of CD206 on co-
cultured macrophages which indicates a profibrotic
response (86).

These data point to the direction that B cells have the ability
to interact with many other cells that are of interest in SSc
pathophysiology and facilitate the fibrotic process. These are
diagrammatically shown in Figure 3.
From Basic Science to Clinical Practice:
B Cells as Promising Therapeutic Targets
SSc is a rare systemic disease with various manifestations and
challenging therapeutic approach. It is critical to identify
molecular and cellular pathways that could be targeted safely and
efficiently for our patients (87). Current immunomodulatory
therapeutic options include mycophenolate mofeti l ,
cyclophosphamide, tocilizumab and autologous hematopoietic
stem cell transplantation (88–93). However, limited efficacy,
adverse events, and a still unmet need for better subgroup
classification of patients in order to find the best time point and
treatment choice to fit each patient, make the continuous quest for
new treatments and better therapeutic strategy a necessity.

Targeting B cells can occur either through direct depletion or
inhibition of critical cytokines such as the survival factor BAFF
and the cytokine IL-6. High levels of IL-6 are produced by B cells
in SSc (34), and targeting the receptor of this cytokine with
tocilizumab has been studied in SSc. In a randomized placebo-
controlled study, tocilizumab was found to preserve lung
function in patients with early ILD associated with SSc, even
though no significant effect was observed regarding skin fibrosis
(90). B cell depletion therapy with rituximab, a chimeric
monoclonal antibody against CD20, has been studied in SSc in
the past thirteen years from various research teams (94–98).
Most studies have shown encouraging results both in skin and
lung fibrosis, but their open label design and the small number of
participants did not allow definite conclusions to be drawn. Our
research group has conducted one of the first trials of RTX in SSc
(97). In this proof of principle study, eight patients were
randomized to receive 2 cycles of RTX on top of standard
treatment and were compared with six patients on standard
treatment alone at 1-year timepoint. A significant improvement
in lung function was recorded in the RTX group versus the
control group. Open label follow up study of the same patients at
2 years, as well as long term data from multiple centers in Greece
have shown that continuous treatment with RTX is beneficial
and safe for patients with SSc (98, 99). An observational
prospective study with a large number of patients treated with
RTX from the European Scleroderma Trials and Research
(EUSTAR) network, has shown that RTX is a safe choice with
a significant effect on skin fibrosis compared with untreated
control patients (100). This study did not reveal a significant
effect concerning the lung; however, secondary data analyses
point to a beneficial effect in lung function when RTX is
combined with mycophenolate mofetil. Data from case series
also support this combination treatment in progressive ILD
June 2022 | Volume 13 | Article 925741
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disease (101). In an open label, randomized, controlled trial
comparing intravenous cyclophosphamide with RTX, the
primary outcome of forced vital capacity (FVC) change at 6
months significantly favored the RTX arm. In addition, RTX also
improved the modified Rodnan skin score (mRSS) score with a
superior safety profile (102).

Several reviews with meta-analyses have been published
recently regarding the efficacy of RTX in SSc (103–108). These
reviews have differences concerning study inclusion criteria and
all suffer from the paucity of high-powered randomized studies.
Overall, the results of these meta-analyses indicate that RTX is
well tolerated in SSc with promising results both in skin and lung
function. B cell depletion treatment is currently an accepted
therapeutic choice in resistant disease (109) However, it seems
that the time has come to focus on well-designed prospective
double-blind studies assessing RTX in SSc. Even though the
small double blind randomized controlled trial by Boonstra et al.
(110) failed to show a favorable response in lung and skin of
patients treated with RTX compared to placebo, the recent
DESIRES trial led to the official approval of RTX as treatment
for SSc in Japan (111). The DESIRES trial was a multicentric
study assessing the use of 375mg/m2 of RTX weekly for four
consecutive weeks vs placebo. The study met its primary
endpoint, which was the absolute change of the mRSS score at
24 weeks after treatment initiation. Interestingly, FVC also
showed a significant improvement, with an initial decline until
12 weeks followed by an increase recorded at 24 weeks’ time-
point. On the other hand, FVC had a continuous decline trend in
the placebo group. Diffusing capacity of the lung for carbon
monoxide (DLCO) stabilization was evident in the RTX arm;
however, the comparison with the placebo group did not reach
statistical significance. Safety profile was similar between the two
groups of patients. A post-hoc analysis of this trial recently
published, suggests possible baseline biomarkers, which could
identify patients with better response to RTX. The authors
Frontiers in Immunology | www.frontiersin.org 7
propose that higher peripheral blood B cell count and mRSS
score at baseline could predict a greater improvement in skin
sclerosis for RTX treated patients (112). Another placebo
controlled randomized study recently published examined a
cohort of patients with SSc-associated pulmonary arterial
hypertension (PAH) (113). Patients with significant ILD were
excluded and primary endpoint was the change in the 6 min-
walk distance (6MWD) from baseline at 24 weeks. 57 patients on
standard PAH therapy were randomized to receive either 2
infusions of 1gr RTX at baseline or placebo. This phase 2 study
failed to reach its endpoints, however, post hoc analysis of the
available data revealed positive results for RTX and the 6MWD
change at the 48 weeks’ time point. In addition, applying a
biomarker including low levels of IL-17, IL-12 and rheumatoid
factor predicted response to RTX, suggesting that this “negative
trial” could be indeed promising for RTX in a subset of patients
with SSc-PAH (114).
DISCUSSION

A significant amount of experimental evidence points to the
direction that B cell homeostasis in SSc is dysregulated (115–
117). B cells in SSc display not only phenotypic changes but are
characterized by changes in intracellular signaling; moreover,
they infiltrate affected tissues especially at the early stage of
disease. B cells can also produce autoantibodies or cytokines that
may promote the fibrotic process. Based on these data, B cell
targeted therapies have already been tested with promising
results. Until now, we have limited evidence on how B cell
depletion may exert its potential clinical efficacy in SSc. One may
hypothesize that RTX may diminish the production of
pathogenetic autoAbs but this is not supported by data
showing that clinical improvement with RTX appears prior to
any effect on autoAbs (111). Experimental evidence indicates
FIGURE 3 | The multiple faces of B cell activation that promotes fibrosis. Pathogenetically involved autoantibody production and B cell direct profibrotic cytokine
release. Cell interaction with fibroblasts, macrophages and dendritic cells leading to Th2 mediated profibrotic cytokine release and myofibroblast differentiation.
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that B cell depletion in patients with SSc associates with a
reduction in PDGFR expression and activation in skin
fibroblasts (118). Moreover, SSc patients responding to RTX
treatment exhibit an upregulation of Dickkopf-1 (Dkk-1), a key
inhibitor of the profibrotic Wnt pathway; of note, Dkk-1 is
strikingly absent from SSc skin (119, 120). These data underlie
the complex interaction of B cells with multiple other cells as well
as molecular pathways. The most critical question is not how
RTX may mediate its potential beneficial effects but whether we
have the tools to predict which patients are more likely to
respond to B cell targeted therapies. From the first clinical
trials of RTX in SSc it was evident that patients who had
higher skin B cell counts at baseline that were depleted
following RTX treatment were the ones with the best clinical
response (97). However, skin biopsy is not easily performed in
patients with SSc in everyday clinical practice. Therefore, data
coming from the recent DESIRES trial indicating that circulating
CD19+ cell count could serve as reliable predictor of response to
RTX, are of major clinical significance. RTX may be an attractive
therapeutic approach when there is no response to standard
Frontiers in Immunology | www.frontiersin.org 8
treatment with mycophenolate mofetil, especially in patients
with early disease (121) and high CD19+ cell counts.
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Oliveira VH, Pimenta IDSF, de Araújo IDT, et al. Is Rituximab Effective for
Systemic Sclerosis? A Systematic Review and Meta-Analysis. Adv Rheumatol
(2021) 61:15. doi: 10.1186/s42358-021-00170-y

109. Bounia CA, Liossis S-NC. B Cell Depletion Treatment in Resistant Systemic
Sclerosis Interstitial Lung Disease.MJR (2022) 33:1. doi: 10.31138/mjr.33.1.1

110. Boonstra M, Meijs J, Dorjée AL, Marsan NA, Schouffoer A, Ninaber MK,
et al. Rituximab in Early Systemic Sclerosis. RMD Open (2017) 3:e000384.
doi: 10.1136/rmdopen-2016-000384

111. Ebata S, Yoshizaki A, Oba K, Kashiwabara K, Ueda K, Uemura Y, et al. Safety
and Efficacy of Rituximab in Systemic Sclerosis (DESIRES): A Double-Blind,
Frontiers in Immunology | www.frontiersin.org 11
Investigator-Initiated, Randomised, Placebo-Controlled Trial. Lancet
Rheumatol (2021) 3:e489–97. doi: 10.1016/S2665-9913(21)00107-7

112. Ebata S, Oba K, Kashiwabara K, Ueda K, Uemura Y, Watadani T, et al.
Predictors of Rituximab Effect on Modified Rodnan Skin Score in Systemic
Sclerosis: A Machine-Learning Analysis of the DesiReS Trial. Rheumatology
(2022) 12:keac023. doi: 10.1093/rheumatology/keac023

113. Zamanian RT, Badesch D, Chung L, Domsic RT, Medsger T, Pinckney A,
et al. Safety and Efficacy of B-Cell Depletion With Rituximab for the
Treatment of Systemic Sclerosis Associated Pulmonary Arterial
Hypertension: A Multi-Center, Double-Blind, Randomized, Placebo-
Controlled Trial. Am J Respir Crit Care Med (2021) 204(2):209–21.
doi: 10.1164/rccm.202009-3481OC

114. Zhang Y, Michelakis ED. A Phase-2 NIH-Sponsored Randomized Clinical
Trial of Rituximab in SSC-PAH Did Not Reach Significance for its
Endpoints: End of Story? Not So Fast! Am J Respir Crit Care Med (2021)
204(2):123–5. doi: 10.1164/rccm.202103-0612ED

115. Daoussis D, Liossis S-NC, Tsamandas AC, Kalogeropoulou C, Kazantzi A,
Korfiatis P, et al. Is There a Role for B-Cell Depletion as Therapy for
Scleroderma? A Case Report and Review of the Literature. Semin Arthritis
Rheumatism (2010) 40:127–36. doi: 10.1016/j.semarthrit.2009.09.003

116. Daoussis D, Liossis S-NC, Yiannopoulos G, Andonopoulos AP. B-Cell
Depletion Therapy in Systemic Sclerosis: Experimental Rationale and
Update on Clinical Evidence. Int J Rheumatol (2011) 2011:1–7.
doi: 10.1155/2011/214013

117. Melissaropoulos K, Daoussis D. B Cells in Systemic Sclerosis: From
Pathophysiology to Treatment. Clin Rheumatol (2021) 40:2621–31.
doi: 10.1007/s10067-021-05665-z

118. Daoussis D, Tsamandas AC, Liossis S-NC, Antonopoulos I, Karatza E,
Yiannopoulos G, et al. B-Cell Depletion Therapy in Patients With Diffuse
Systemic Sclerosis Associates With a Significant Decrease in PDGFR
Expression and Activation in Spindle-Like Cells in the Skin. Arthritis Res
Ther (2012) 14(3):R145. doi: 10.1186/ar3879

119. Daoussis D, Tsamandas A, Antonopoulos I, Filippopoulou A, Papachristou DJ,
Papachristou NI, et al. B Cell Depletion Therapy Upregulates Dkk-1 Skin
Expression in Patients With Systemic Sclerosis: Association With Enhanced
Resolution of Skin Fibrosis. Arthritis Res Ther (2016) 18:118. doi: 10.1186/
s13075-016-1017-y

120. Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al.
Activation of Canonical Wnt Signalling Is Required for TGF-b-Mediated
Fibrosis. Nat Commun (2012) 3:735. doi: 10.1038/ncomms1734

121. Melissaropoulos K, Kraniotis P, Bogdanos D, Dimitroulas T, Sakkas L,
Daoussis D. Targeting Very Early Systemic Sclerosis: A Case-Based
Review. Rheumatol Int (2019) 39:1961–70. doi: 10.1007/s00296-019-04357-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Melissaropoulos, Iliopoulos, Sakkas and Daoussis. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2022 | Volume 13 | Article 925741

https://doi.org/10.1186/ar2965
https://doi.org/10.1093/rheumatology/kep093
https://doi.org/10.1016/j.semarthrit.2016.10.003
https://doi.org/10.1016/j.semarthrit.2016.10.003
https://doi.org/10.1136/annrheumdis-2018-214816
https://doi.org/10.1136/annrheumdis-2018-214816
https://doi.org/10.1016/j.semarthrit.2020.08.004
https://doi.org/10.1016/j.semarthrit.2020.08.004
https://doi.org/10.1093/rheumatology/key213
https://doi.org/10.1093/rheumatology/keaa550
https://doi.org/10.1016/j.intimp.2020.106389
https://doi.org/10.1016/j.intimp.2021.107524
https://doi.org/10.1007/s10067-021-05698-4
https://doi.org/10.1007/s10067-020-05542-1
https://doi.org/10.1186/s42358-021-00170-y
https://doi.org/10.31138/mjr.33.1.1
https://doi.org/10.1136/rmdopen-2016-000384
https://doi.org/10.1016/S2665-9913(21)00107-7
https://doi.org/10.1093/rheumatology/keac023
https://doi.org/10.1164/rccm.202009-3481OC
https://doi.org/10.1164/rccm.202103-0612ED
https://doi.org/10.1016/j.semarthrit.2009.09.003
https://doi.org/10.1155/2011/214013
https://doi.org/10.1007/s10067-021-05665-z
https://doi.org/10.1186/ar3879
https://doi.org/10.1186/s13075-016-1017-y
https://doi.org/10.1186/s13075-016-1017-y
https://doi.org/10.1038/ncomms1734
https://doi.org/10.1007/s00296-019-04357-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Pathogenetic Aspects of Systemic Sclerosis: A View Through the Prism of B Cells
	Introduction
	Methods
	Results
	B Cell Aberrant Homeostasis in SSc
	Phenotypical Changes in Circulating B Cells in SSc
	B Cell Signaling in SSc
	B Cell Infiltration in Affected Tissues

	Pathogenetic Aspects of B Cells in SSc
	SSc Specific Autoantibodies: From Diagnosis to Pathogenetic Implications
	B Cells as Producers of Novel Autoantibodies With a Distinct Pathogenetic Mechanism
	B Cells as Producers of Profibrotic Cytokines in SSc
	B Cells Can Interact With Other Cell Types and Promote Fibrosis

	From Basic Science to Clinical Practice: B Cells as Promising Therapeutic Targets

	Discussion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


