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Abstract: B cell activation is an early event in the development of systemic sclerosis (SSc). The classical
activation of B cells downstream of the B-cell receptor (BCR) involves the phosphatidylinositol-3
kinase (PI3K) pathway that integrates the effects of multiple co-stimulatory receptors. Our analysis
of PI3K pathway associated molecules in peripheral blood B cells of early diffuse cutaneous SSc
(dcSSc) patients showed altered mRNA expression of Toll-like receptor (TLR) homolog CD180, TLR4,
complement component 3, IL-4 receptor and secreted phosphoprotein 1 (SPP1). Parallel to this, we
found elevated basal SPP1 secretion in dcSSc B cells, but, with BCR + IL-4 receptor co-stimulation,
we could not induce further secretion. CD180 stimulation alone resulted in NF-κB activation in
more B cells than CD180 + BCR co-stimulation both in dcSSc and healthy control (HC), but the co-
engagement increased the phosphorylation of NF-κB only in dcSSc B cells. Additionally, in contrast
with HC B cells, the lower basal production of IL-10 by dcSSc B cells could not be elevated with
CD180 stimulation. Furthermore, activation via CD180 increased the percentage of CD86+ switched
memory (CD27+IgD−) B cells in dcSSc compared to HC. Our results suggest that alternative B cell
activation and CD180 dysfunction cause imbalance of regulatory mechanisms in dcSSc B cells.

Keywords: B cells; systemic sclerosis; dcSSc; PI3K pathway; CD180; SPP1; NF-κB; IL-10; switched
memory B cells

1. Introduction

Systemic sclerosis (SSc) is a connective tissue disease with vascular damage and
consequent ischemic-reperfusion injury and multiorgan fibrosis [1]. All these phenomena
are clearly involved in the pathogenesis of the disease, but their connection remains elusive.
Importantly, these events show strong correlation with accompanying severe immune
dysregulation, including the production of scleroderma-specific autoantibodies, secretion
of pro-inflammatory and pro-fibrotic cytokines by B cells [2–4]. Transcriptome profiling
has already identified Th1, Th2 and B cell activation in early SSc skin biopsies [5]. In
contrast to early diffuse cutaneous SSc (dcSSc), established disease did not show similar
prominent immune signature, suggesting that activation of B cells is an early event in SSc
development.

The classical activation of B cells downstream of B-cell receptor (BCR) and CD19
co-receptor engagement involves phosphatidylinositol-3 kinase (PI3K) signaling pathway,
which also integrates the effects of the co-stimulatory interleukin 4 (IL-4) receptor (IL-
4R) [6,7]. Moreover, Toll-like receptor (TLR) and complement receptor signaling seem to
also be mediated by PI3K [8].
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The involvement of PI3K pathway was found in fibrogenesis in SSc [9,10]. Dermal
fibroblasts of SSc patients showed hyperactivity of PI3K signaling [9] and inhibition of this
pathway in an SSc mouse model repressed TGFβ1-induced expression of type 1 collagen
in lung and dermal fibroblasts [10]. Additionally, in a murine ischemia-reperfusion injury
model, the inhibition of PI3K pathway reduced acute tubular necrosis and the infiltration
of B cells into the injured kidneys [11]. Consequently, PI3K signaling seems to be associated
with the two fundamental phenomena of SSc [1].

In this study, we analyzed the mRNA expression of molecules associated with PI3K
signaling pathway in peripheral blood B cells of patients with early dcSSc and compared
to healthy control (HC) B cells. We found that the expression of innate signals related
TLR4 and complement component 3 (C3) were upregulated, accompanied by decreased
expression of the TLR homolog CD180. Furthermore, we demonstrated elevated mRNA
levels of secreted phosphoprotein 1 (SPP1) and IL-4R in B cells of dcSSc patients. We
explored the production of SPP1 by B cells upon BCR and IL-4R co-engagement and
found that the basal SPP1 secretion by dcSSc B cells reached the level of SPP1 produced
by co-stimulated HC B cells. We also studied the influence of the TLR homolog CD180
engagement on B cell activation and found less B cells with phosphorylated NF-κB in dcSSc
than in HC. Nevertheless, BCR and CD180 co-ligation increased the phosphorylation of
NF-κB in B cells in dcSSc, but not in HC. In addition, we measured lower basal regulatory
cytokine IL-10 production by dcSSc B cells, which could not be augmented with CD180
stimulation. We also analyzed the activation of memory B cell subsets and found that
the percentage of CD86+ switched memory (CD27+IgD−) B cells was higher in dcSSc
than in HC after anti-CD180 treatment. Our results reveal dysregulation of PI3K pathway
associated molecules in early dcSSc B cells, which may play a role in B cell dysfunction
in SSc.

2. Results
2.1. mRNA Expression of CD180, TLR4, C3, SPP1 and IL-4R Are Dysregulated in dcSSc B Cells

First, we determined the mRNA expression of 92 PI3K signaling pathway related genes
in B cells of early, untreated dcSSc patients using pooled cDNAs (n = 5) and compared
to five HCs. We found highly upregulated expression of mRNA for C3 (RQ = 9.333),
SPP1 (RQ = 5.305), TLR4 (RQ = 2.654) and IL-4R (RQ = 2.065) in B cells of dcSSc patients.
In addition to these secreted (C3 and SPP1) and membrane bound (TLR4 and IL-4R)
proteins, we found highly upregulated expression of mRNA of phospholipase-Cβ1 (PLCB1;
RQ = 4.698) and phospholipase-Cγ1 (PLCG1; RQ = 2.141), two intracellular enzymes of
the PI3K pathway (Figure 1A). Furthermore, we found that the mRNA expression of
CD180 was the mostly downregulated (RQ = 0.517) in dcSSc samples compared to HC
samples (Figure 1A).

Next, we tested whether immunosuppressive therapy influences the PI3K signal-
ing pathway related mRNA expression in B cells of early dcSSc patients. Using pooled
cDNA samples (n = 3) we found that the therapy did not cause significant changes in
the upregulated mRNA expression of TLR4 (RQ = 4.076), C3 (RQ = 5.572) and PLCB1
(RQ = 6.812). Interestingly, the SPP1, IL-4R and PLCG1 mRNA levels in dcSSc came close
to the mRNA levels of HC B cells (RQ = 1.147, RQ = 1.308 and RQ = 1.296. respectively)
(Figure 1B). Downregulation of CD180 expression of B cells remained in patients receiving
immunosuppressive therapy (RQ = 0.560 and RQ = 0.587) (Figure 1B).

The mRNA expression of C3, TLR4 and CD180 were not influenced by immunosup-
pressive therapy; therefore, we chose these molecules for further analysis. We determined
the mRNA expression of C3, TLR4 and CD180 of B cells with qPCR in further six early
dcSSc patients and five HCs individually. The results were similar to what we found with
the qPCR array of the 92 genes (Figure 1C).

We previously reported that the CD180 protein expression of B cells was significantly
lower in early dcSSc than in HC [12]. In this study, we sought to investigate the TLR4
and C3 protein expression of dcSSc and HC B cells with flow cytometry, but the statistical
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analysis of the mean fluorescence intensity (MFI) values of C3 and TLR4 labeling of B cells
was not applicable due to the high standard deviations of data. Individual variations in C3
and TLR4 expression might be a possible explanation for this (data not shown).

Int. J. Mol. Sci. 2021, 22, x  3 of 14 
 

 

 
Figure 1. Gene expression analysis of phosphatidylinositol-3 kinase (PI3K) pathway related mole-
cules in B cells. (A) Heatmap representing the mRNA expression of 92 molecules associated with 
PI3K pathway in B cells of early diffuse cutaneous systemic sclerosis (dcSSc) patients untreated (n 
= 5) and (B) under immunosuppressive therapy (mycophenolate mofetil, azathioprine or metho-
trexate, n = 3). Gene expression was normalized to healthy controls (HCs) (n = 5) and value 1 rep-
resents the expression of control samples. Colors represent the level of gene expression where the 
highly upregulated is bright red and the highly suppressed is bright green. (C) Individual qPCR 
validation of complement component 3 (C3), Toll-like receptor 4 (TLR4) and CD180 gene expres-
sion in B cells of dcSSc patients (n = 6) compared to HCs (n = 5). Gene expression was normalized 
to HC, and the horizontal line (value 1) represents the expression of control samples. Changes in 
gene expression are shown as RQ values. Data are presented as means ± SEM. * p < 0.05. 
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Figure 1. Gene expression analysis of phosphatidylinositol-3 kinase (PI3K) pathway related molecules
in B cells. (A) Heatmap representing the mRNA expression of 92 molecules associated with PI3K
pathway in B cells of early diffuse cutaneous systemic sclerosis (dcSSc) patients untreated (n = 5)
and (B) under immunosuppressive therapy (mycophenolate mofetil, azathioprine or methotrexate,
n = 3). Gene expression was normalized to healthy controls (HCs) (n = 5) and value 1 represents
the expression of control samples. Colors represent the level of gene expression where the highly
upregulated is bright red and the highly suppressed is bright green. (C) Individual qPCR validation
of complement component 3 (C3), Toll-like receptor 4 (TLR4) and CD180 gene expression in B cells
of dcSSc patients (n = 6) compared to HCs (n = 5). Gene expression was normalized to HC, and the
horizontal line (value 1) represents the expression of control samples. Changes in gene expression
are shown as RQ values. Data are presented as means ± SEM. * p < 0.05.
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2.2. Basal SPP1 Production of dcSSc B Cells Is Similar to IL-4R and BCR Co-Stimulated HC
B Cells

The combined action of the IL-4R mediated alternate and the classical BCR signaling
pathways results in the overexpression of SPP1 [13] and the plasma SPP1 level is elevated
in SSc [14]. Moreover, the level of IL-4 is elevated in serum and skin samples of SSc
patients [15,16]. Consequently, we analyzed the effect of IL-4R and BCR co-engagement on
the production of SPP1 and found that the concentration of SPP1 was significantly higher in
the supernatant of unstimulated B cells in dcSSc than in HC. BCR and IL-4R co-stimulation
could not further increase the secretion of SPP1 by dcSSc B cells, and the level of SPP1 in
the supernatant of co-treated HC B cells only reached the basal SSP1 production of dcSSc B
cells (Figure 2).
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2.3. CD180 Stimulation Alone and in Combination with BCR Ligation Induces the Phosphoryla-
tion of NF-κB in dcSSc B Cells 

Ligation of CD180 in chronic lymphocytic leukemia B cells leads to the activation of 
BTK/PI3K/AKT or p38 MAPK pathways [17] and both pathways have been shown to af-
fect the activity of NF-κB [18,19]. Hence, we investigated the effect of co-stimulation via 

Figure 2. Alternate B cell receptor (BCR) signaling induced secreted phosphoprotein 1 (SPP1)
production by B cells. Measurement of SPP1 level in the supernatant of B cells of dcSSc patients
(n = 4) and HCs (n = 3), stimulated with anti-Ig + IL-4 or left unstimulated (ctrl) for 24 h, as measured
by ELISA. Data are presented as means ± SEM. * p < 0.05.

2.3. CD180 Stimulation Alone and in Combination with BCR Ligation Induces the
Phosphorylation of NF-κB in dcSSc B Cells

Ligation of CD180 in chronic lymphocytic leukemia B cells leads to the activation of
BTK/PI3K/AKT or p38 MAPK pathways [17] and both pathways have been shown to
affect the activity of NF-κB [18,19]. Hence, we investigated the effect of co-stimulation via
BCR and CD180 on NF-κB activation and found that CD180 ligation on its own signifi-
cantly increased the percentage of NF-κB p65 (pS529) positive B cells in both dcSSc and HC
compared to unstimulated controls and the phosphorylation of NF-κB in B cells was signif-
icantly lower in dcSSc than in HC. However, BCR and CD180 co-engagement significantly
enhanced the phosphorylation of NF-κB in dcSSc (Figure 3). Lipopolysaccharide (LPS) is a
well-known ligand of TLR4, but TLR4 has also been shown to be activated by endogenous
ligands. The expression of both TLR4 and its endogenous ligands are increased in skin
and lung biopsy specimens of SSc patients. These endogenous ligands of TLR4 include
damage-associated molecules such as connective tissue molecules (e.g., tenascin C) and
cellular stress proteins (e.g., HMGB1). Induction of TLR4 signaling leads to pro-fibrotic
responses, mediated by MyD88 resulting in the activation of NF-κB [20]. Hence, we tried
to trigger TLR4 signaling in HC and dcSSc B cells using LPS, HMGB1 and tenascin C, but
we could not detect any changes in the phosphorylation level of NF-κB (data not shown).
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Figure 3. Induction of phosphorylation of NF-κB by CD180 ligation and BCR and CD180 co-engagement. Representative
dot plots (A) and changes (B) of the phosphorylation of NF-κB p65 (pS529) molecule in purified B cells of dcSSc patients
(n = 5) and in HCs (n = 4) after stimulation with anti-CD180 or anti-CD180 + anti-Ig or left unstimulated (ctrl) for 30 min
detected by flow cytometry. Data are presented as means ± SEM. * p < 0.05.

2.4. Basal IL-10 Production of B Cells Is Lower in dcSSc and Cannot Be Increased with Ligation
of CD180

Since the function of regulatory B cells in SSc is impaired [21], and we previously
found that the CD180 expression of these cells is downregulated by anti-CD180 treat-
ment [12], we investigated whether stimulation of B cells via CD180 has different effect on
IL-10 production in dcSSc and HC. The concentration of IL-10 in the supernatant of both
unstimulated and anti-CD180 stimulated B cells were significantly lower in SSc than in HC.
Moreover, ligation of CD180 significantly increased the IL-10 production of B cells only in
HC (Figure 4).
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Figure 4. IL-10 production of anti-CD180 antibody stimulated B cells. IL-10 secretion of B cells
stimulated with anti-CD180 or left unstimulated (ctrl) for 24 h (dcSSc n = 5, HC n = 3), as measured
by ELISA. Data are presented as means ± SEM. * p < 0.05.
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2.5. CD180 Expression Is Decreased in Naive and Double Negative B Cells in dcSSc

As we found that the expression of CD180 was lower in total B cells in dcSSc than in
HC, we compared the level (mean fluorescence intensity, MFI) of CD180 in B cell subsets
between dcSSc and HC. We analyzed the following B cell subsets defined by CD27 and
IgD staining: CD27+IgD+ non-switched memory (NS), CD27+IgD− switched memory (S),
CD27−IgD− double negative (DN) and CD27−IgD+ naive B cells. We found that the MFI
of CD180 labeling was lower in naive and DN B cells in dcSSc than HC (Figure 5).
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Figure 5. Expression of CD180 in B cell subsets. (A) Gating strategy of CD19+ B cells stained with
CD27 and IgD to define the following four subsets: CD27+IgD+ non-switched memory (NS) B
cells, CD27+IgD− switched memory (S) B cells, CD27−IgD− double negative (DN) B cells and
CD27−IgD+ naive B cells. (B) The mean fluorescence intensity (MFI) of CD180 in NS, S, DN and
naive B cells in dcSSc (n = 4) and HC (n = 3), as measured by flow cytometry. Data are presented as
means ± SEM. * p < 0.05.

2.6. Stimulation Via CD180 Enhances the Activation of Switched Memory B Cells in dcSSc
Compared to HC

Activated memory B cells are reported in SSc by multiple research groups including
ours [22–25]. According to our previous results memory B cells are activated via CD180 [26],
thus we compared the CD86 expression of non-switched (CD27+IgD+) and switched
(CD27+IgD−) memory B cell subsets in dcSSc and HC after anti-CD180 stimulation and
found that the percentage of CD86+ switched memory B cells was significantly higher
in dcSSc than in HC. Nevertheless, the frequency of CD86+ cells was increased in both
memory B cell subsets both in dcSSc and HC (Figure 6).
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B cell subsets in anti-CD180 antibody stimulated and unstimulated (24 h) dcSSc (n = 4) and HC (n = 5) B cells, as measured
by flow cytometry. Data are presented as means ± SEM. * p < 0.05.

3. Discussion

The involvement of PI3K pathway in fibrosis and ischemia/reperfusion injury—two
key mechanisms in the pathogenesis of SSc—has already been shown [9–11]. PI3K pathway
also plays an important role in B cell differentiation, activation, survival and migration [6]
and the activation of B cells is an early event in the pathogenesis of SSc. We were the first
to investigate the expression of 92 PI3K signaling pathway related genes in peripheral
blood B cells of early dcSSc patients and found highly upregulated mRNA expression of
C3, TLR4, SPP1 and IL-4R accompanied by decreased CD180 mRNA level.

SPP1 has pro-inflammatory and pro-fibrotic properties and also regulates fibroblast
activation and myofibroblast differentiation [27,28]. The Th2 cytokine IL-4 also contributes
to inflammation and fibrosis in SSc [29] and inhibition of IL-4 or its receptor has already
been suggested as potential therapy in SSc [30]. Guo et al. reported that the combined
action of the IL-4R mediated alternate and the classical BCR signaling pathways resulted
in the overexpression of SPP1 [13], which is in agreement with our finding of increased
production of SPP1 of HC B cells after IL-4R and BCR co-engagement. We also found that
the SPP1 concentration in the supernatant of unstimulated B cells was higher in dcSSc than
in HC, which is supported by the elevated plasma SPP1 level described in SSc [14]. As
Guo et al. [13] used naive B cells for the experiment, the increase in naive B cells in SSc
compared to HC might explain the mRNA overexpression of SPP1 and IL-4R in dcSSc, as
well as the differences in the basal production of SPP1 in dcSSc and HC. However, BCR
and IL-4R co-stimulation could not further elevate the SPP1 production of dcSSc B cells,
and this co-stimulation increased the SPP1 production of HC B cells reaching the level of
unstimulated dcSSc B cells. Our results suggest the role of the alternative B cell activation
in the pathogenesis of SSc.

B cells have mainly been investigated regarding their adaptive functions in SSc, thus
it was unexpected to find the elevated expression of innate immune molecules TLR4 and
C3 in peripheral blood B cells of dcSSc patients. TLRs recognize pathogen and damage
associated molecular patterns and have been identified as key drivers of fibrogenesis in
SSc, dominated by TLR4. Expression of TLR4 and its endogenous ligands is elevated in
skin biopsies of SSc, and dermal and lung fibrosis was attenuated in bleomycin-treated
TLR knockout mice [20]. Blockade of TLR4-dependent signaling was already suggested as
therapy in SSc [1]. Our investigation on TLR4 revealed that neither LPS nor its endogenous
damage associated ligands (HMGB1 and tenascin C) were able to activate signaling through
TLR4. Local complement activation and abnormal deposition of complement components
were detected in skin biopsies of SSc patients, but not in HCs [26]. According to its originally
described function, C3 acts exclusively extracellular, but new evidence has shed light on
its intracellular functions. Furthermore, the latter are thought to be evolutionary more
ancient [31]. Intracellular C3 expression has been linked to cell survival and metabolism in
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T cells [32]. Thus, our finding that C3 gene expression is upregulated in dcSSc B cells may
point to a possible role of C3 in B cell dysfunctions in dcSSc.

CD180 was originally defined as a B cell surface molecule mediating activation and
proliferation [33] and was later described as a TLR homolog expressed by dendritic cells
and macrophages. We previously demonstrated that the expression of CD180 in anti-CD180
activated B cells was decreased [12], supporting the theory proposed by Chaplin at al. [34]
that CD180 can be internalized after ligation, thus decreased level of CD180 could reflect
the enhanced activation of B cells via CD180. The MyD88-independent pathways of CD180
signaling under pathologic conditions has only been investigated in chronic lymphocytic
leukemia cells showing the activation of BTK/PI3K/AKT or p38 MAPK pathways [17].
Both of these pathways have been shown to affect the activity of NF-κB [18,19]. According
to our results, the co-activation via CD180 and BCR and anti-CD180 stimulation on its
own resulted in increased phosphorylation of NF-κB in dcSSc B cells, but the level of
phosphorylation was not higher in dcSSc than in HC, even though the CD180 MFI of naive
B cells was lower in dcSSc than in HC and naive B cells are increased in SSc compared to HC.
Since NF-κB is a central mediator of pro-inflammatory gene induction and functions [35],
activation of dcSSc B cells via CD180 and BCR could contribute to inflammation, which is a
crucial player in the pathogenesis of SSc.

The impaired function of regulatory B cells has already been described in SSc [21],
which is supported by our results showing that the basal IL-10 secretion by B cells was
lower in dcSSc. Pararasa et al. [36] analyzed the intracellular IL-10 staining in CD27−IgD−,
CD27−IgD+, CD27+IgD− and CD27+IgD+ sorted peripheral blood B cells and found that
only CD27−IgD+ B cell were capable of IL-10 production. Therefore, the lower basal IL-10
production of B cells in dcSSc than HC cannot be explained by the increased naive and
decreased memory B cells in SSc compared to HC. Furthermore, only HC B cells produced
higher amounts of IL-10 after anti-CD180 treatment, suggesting the role of CD180 in the
dysfunction of IL-10 producing regulatory B cells in dcSSc.

Anti-CD180 stimulation activates over 85% of human and mouse B cells in vitro [37],
and we found that it activated the investigated memory B cell subsets both in dcSSc and
HC. In our previous study, we reported that the relative frequency of switched memory B
cells, responsible for the production of pathologic autoantibodies, is associated with the
severe form of SSc [25]. Here, we demonstrated that the percentage of CD86+ switched
memory B cells was higher after anti-CD180 treatment in dcSSc than in HC, suggesting
that B cell activation via CD180 could have a role in the pathological antibody production
in SSc. According to our results, anti-CD180 antibody therapy, which has already been
suggested in SLE [38], could enhance B cell dysfunction in SSc.

4. Materials and Methods
4.1. Patients

Twenty-one patients with early dcSSc (disease duration was 2.05 (±1.2) years based
on the date of the first non-Raynaud’s symptom) were enrolled for the study. They all
fulfilled the 2013 ACR/EULAR SSc classification criteria. Mean (SD) age at enrollment was
46.43 (±17.2) years, mean (SD) modified Rodnan skin score was 14.65 (±7.6) points, and
frequent internal organ involvements were gastrointestinal involvement (57.1%), cardiac
involvement (42.9%) and interstitial lung disease (33.3%). The aforementioned internal
organ changes corresponded to the involvement seen in early phase of disease. The detailed
characteristics of the patients are shown in Table 1. Controls (n = 18) were age- and sex-
matched healthy individuals (HC). All participants gave a written informed consent to the
study, after approval by the Hungarian National Ethics Committee.
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Table 1. Patients’ characteristics.

Characteristics dcSSc Patients (n = 21)

Age (years), mean (SD) 46.43 (17.2)

Gender (female), n (%) 15 (71.4%)

Disease duration 1 (years), mean (SD) 2.05 (1.2)

Organ involvement

MRSS mean (SD) 14.65 (7.6)
Lung fibrosis 2, n (%) 7/21 (33.3%)

Pulmonary arterial hypertension (PAH) 3, n (%) 0/21 (0%)
Renal involvement 4, n (%) 0/21 (0%)

Gastrointestinal involvement 5, n (%) 12/21 (57.1%)
Cardiac involvement 6, n (%) 9/21 (42.9%)
Current digital ulcers, n (%) 3/21 (14.3%)

Digital ulcers in case history, n (%) 5/21 (23.8%)
Digital pitting scar, n (%) 6/21 (28.6%)

Small joint contractures, n (%) 11/21 (52.4%)
Large joint contractures, n (%) 7/21 (33.3%)

Any joint contracture, n (%) 12/21 (57.1%)
Tendon friction rubs in case history, n (%) 1/21 (4.8%)

Arthritis, n (%) 2/21 (9.5%)
Subcutaneous calcinosis, n (%) 3/21 (14.3%)

Antibodies

Anti-Scl-70+, n (%) 7/21 (33,3%)
Anti-RNA-polymerase III+, n (%) 3/21 (14.3%)

anti-centromere+, n (%) 1/21 (4.8%)
anti-PmScl+, n (%) 2/21 (9.5%)
anti-Th/To+, n (%) 1/21 (4.8%)

anti-fibrillarin+, n (%) 1/21 (4.8%)

Immunosuppressive therapy 7, n (%) 7/21 (33.3%)
1 Onset of the disease was defined as the date of the first non-Raynaud’s symptom; 2 pulmonary fibrosis was
characterized by detection of fibrosis with high resolution CT and/or decreased forced vital capacity (FVC < 80%);
3 no signs suggestive of PAH on echocardiography and spirometry with diffusing capacity for carbon monoxide
(DLCO) determination, therefore no right heart catheterization performed in patients; 4 scleroderma renal crisis
was recorded as kidney involvement; 5 gastroesophageal involvement was established with barium swallow or
esophago-gastroscopy; 6 cardiac involvement was defined by diastolic dysfunction or decreased left ventricular
ejection fraction; 7 mycophenolate mofetil, azathioprine or methotrexate.

4.2. Peripheral Blood Mononuclear Cell Isolation and B Cell Separation

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque Plus (GE
Healthcare, Chicago, IL, USA) density gradient centrifugation of peripheral blood samples.
MACS B cell isolation kit II (Miltenyi Biotech, Bergisch Gladbach, Germany) was used for
negative selection of B cells according to the manufacturer’s instructions.

4.3. Cell Stimulation

For Phosflow assay, 2 × 105 B cells per condition were seeded onto a 96-well plate
in RPMI-1640 (Merck KGaA, Darmstadt, Germany) culture medium without FBS (SSc
n = 5, HC n = 4) for 1 h. B cells were then stimulated with LEAF Purified anti-human
CD180 (RP105) antibody (Clone: MHR73-11) (BioLegend, San Diego, CA, USA) at 1 µg/mL
(anti-CD180), or anti-CD180 in combination with affinity purified F(ab’)2 fragment of goat
anti-human IgM + IgG (H + L) (Jackson Immunoresearch Laboratories, London, UK) at
2.5 µg/mL (anti-Ig) or left unstimulated for 30 min at 37 ◦C. To investigate the activation
of the memory B cell subsets, 5 × 105 PBMCs were stimulated with anti-CD180 or left
unstimulated for 24 h 37 ◦C (SSc n = 4 HC n = 5). To assess IL-10 production, 2 × 105 B
cells were stimulated with anti-CD180 or left unstimulated for 24 h at 37 ◦C (SSc n = 5,
HC n = 3). To investigate SPP1 secretion, 2 × 105 B cells were co-treated with anti-Ig + IL-4
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(Human IL-4 Recombinant Protein at 10 ng/mL) (Thermo Fisher Scientific, Waltham, MA,
USA) or left unstimulated for 24 h at 37 ◦C (SSc n = 4, HC n = 3).

4.4. RNA Isolation, cDNA Synthesis and qPCR

Total RNA was extracted from isolated B cells using NucleoSpin RNA XS kit (Macherey-
Nagel Inc, Bethlehem, PA, USA). Following cDNA generation (High Capacity cDNA Re-
verse Transcription Kit, Thermo Fisher Scientific, Waltham, MA, USA), TaqMan™ Human
B cell PI3K Signaling Array (Thermo Fisher Scientific, Waltham, MA, USA) was used to
detect the expression of 92 genes using pooled cDNA samples of early untreated dcSSc
patients (n = 5), patients treated with immunosuppressive therapy (n = 3) and HCs (n = 5).
Amplifications were run on Applied Biosystems 7500 RT-PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). Gene expression was analyzed with 7500 Software v2.0.6
(Thermo Fisher Scientific, Waltham, MA, USA) and normalized to 4 housekeeping genes.
The mRNA expression of TLR4, CD180 and C3 was also analyzed individually in early
dcSSc patients (n = 6) and HCs (n = 5) using Applied Biosystems TaqMan Gene Expression
Assays (Thermo Fisher Scientific, Waltham, MA, USA) and normalized to GAPDH. Fold
changes (RQ) were calculated according to the 2-ddCT method.

4.5. Cell Phenotyping

To analyze the expression of CD180 on B cells defined by CD27 and IgD staining and
investigate the expression of the activation marker CD86 of CD27+IgD+ non-switched
and CD27+IgD− switched memory B cell subsets after anti-CD180 stimulation, samples
of 4 dcSSc patients and 5 HCs were analyzed using the combination of anti-human CD19-
AmCyan (SJ25C1, Becton Dickinson, Franklin Lakes, NJ, USA), anti-human CD27−PE/Cy7
(M-T271, BioLegend, San Diego, CA, USA), anti-human IgD−PerCP (IA6-2, BioLegend,
San Diego, CA, USA), anti-human CD180-PE (G28-8, Becton Dickinson, Franklin Lakes,
NJ, USA) and anti-human CD86-Pacific Blue (IT2.2, BioLegend, San Diego, CA, USA) fol-
lowing the manufacturer’s protocols. Briefly, PBMCs were incubated with the appropriate
antibodies for 30 min on ice, washed twice in phosphate buffered saline and fixed with
1% paraformaldehyde. Fluorescence of the labeled cells was recorded using a FACS Canto
II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FCS
Express 6 software (De Novo Software, Pasadena, CA, USA).

4.6. Analysis of Phosphorylation of NF-κB p65

For Phosflow assay, we used the PE Mouse anti-human NF-κB p65 (pS529) (K10-
895.12.50, Becton Dickinson, Franklin Lakes, NJ, USA) antibody. Phosflow assay was
performed in purified B cells of dcSSc patients (n = 5) and HCs (n = 4) according to BD
Phosflow Protocol using BD Cytofix Fixation Buffer and BD Perm II Buffer (BD Biosciences,
Franklin Lakes, NJ, USA). Briefly, after stimulation, cells were immediately fixed with
pre-warmed Cytofix Fixation buffer for 10 min at 37 ◦C. Cells were then washed and
permeabilized with pre-cooled Perm Buffer II for 30 min on ice. After washing the cells
three times, they were stained with PE Mouse anti-human NF-κB p65 (pS529) and incubated
for 30 min at room temperature. Then, cells were washed and immediately measured
without fixation. Fluorescence of the labeled cells was recorded using a FACS Canto II flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed using FCS Express
6 software (De Novo Software, Pasadena, CA, USA).

4.7. SPP1 ELISA

The supernatant obtained from dcSSc (n = 4) and HCs (n = 3) B cells co-treated with
anti-Ig + IL-4 or left unstimulated for 24 h were collected and stored at −80 ◦C until being
measured. The concentration of SPP1 was determined with Human Osteopontin (OPN)
DuoSet ELISA kit (Bio-Techne, Minneapolis, MN, USA) according to the manufacturer’s
recommendation. The reaction was developed with TMB and measured at 450 nm using
an iEMS MF microphotometer (Thermo Labsystem, Beverly, MA, USA).
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4.8. IL-10 ELISA

Supernatant from anti-CD180 stimulated for 24 h and unstimulated B cells were
collected (SSc n = 5, HC n = 3), centrifuged and stored at −80 ◦C until being measured. IL-10
production was quantified using Human IL-10 DuoSet ELISA kit (Bio-Techne, Minneapolis,
MN, USA) according to the manufacturer’s protocol. The reaction was developed with
TMB and measured at 450 nm using an iEMS MF microphotometer (Thermo Labsystem,
Beverly, MA, USA).

4.9. Statistical Analysis

Statistical evaluation was performed with SPSS v.25.0 statistics package (IBM, Armonk,
NY, USA) using Student t-tests and ANOVA with post-hoc Tukey test where p values < 0.05
were considered significant.
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12. Erdő-Bonyár, S.; Rapp, J.; Minier, T.; Ráth, G.; Najbauer, J.; Czirják, L.; Németh, P.; Berki, T.; Simon, D. Toll-like receptor mediated
activation of natural autoantibody producing b cell subpopulations in an autoimmune disease model. Int. J. Mol. Sci. 2019, 20,
6152. [CrossRef]

13. Guo, B.; Tumang, J.R.; Rothstein, T.L. B cell receptor crosstalk: B cells express osteopontin through the combined action of the
alternate and classical BCR signaling pathways. Mol. Immunol. 2009, 46, 587–591. [CrossRef]

14. Lorenzen, J.M.; Krämer, R.; Meier, M.; Werfel, T.; Wichmann, K.; Hoeper, M.M.; Riemekasten, G.; Becker, M.O.; Haller, H.; Witte, T.
Osteopontin in the development of systemic sclerosis-relation to disease activity and organ manifestation. Rheumatology 2010, 49,
1989–1991. [CrossRef]

15. Hasegawa, M.; Fujimoto, M.; Kikuchi, K.; Takehara, K. Elevated serum levels of interleukin 4 (IL-4), IL-10, and IL-13 in patients
with systemic sclerosis. J. Rheumatol. 1997, 24, 328–332.

16. Salmon-Ehr, V. Expression of Interleukin-4 in Scleroderma Skin Specimens and Scleroderma Fibroblast Cultures. Arch. Dermatol.
1996, 132, 802. [CrossRef]

17. Porakishvili, N.; Vispute, K.; Steele, A.J.; Rajakaruna, N.; Kulikova, N.; Tsertsvadze, T.; Nathwani, A.; Damle, R.N.; Clark, E.A.;
Rai, K.R.; et al. Rewiring of sigm-mediated intracellular signaling through the CD180 toll-like receptor. Mol. Med. 2015, 21, 46–57.
[CrossRef] [PubMed]

18. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in Human Disease. Cell
2017, 170, 605–635. [CrossRef] [PubMed]

19. Kyriakis, J.M.; Avruch, J. Mammalian mitogen-activated protein kinase signal transduction pathways activated by stress and
inflammation. Physiol. Rev. 2001, 81, 807–869. [CrossRef] [PubMed]

20. Bhattacharyya, S.; Kelley, K.; Melichian, D.S.; Tamaki, Z.; Fang, F.; Su, Y.; Feng, G.; Pope, R.M.; Budinger, G.R.S.; Mutlu, G.M.;
et al. Toll-like receptor 4 signaling augments transforming growth factor-β responses: A novel mechanism for maintaining and
amplifying fibrosis in scleroderma. Am. J. Pathol. 2013, 182, 192–205. [CrossRef] [PubMed]

21. Mavropoulos, A.; Simopoulou, T.; Varna, A.; Liaskos, C.; Katsiari, C.G.; Bogdanos, D.P.; Sakkas, L.I. Breg Cells Are Numerically
Decreased and Functionally Impaired in Patients with Systemic Sclerosis. Arthritis Rheumatol. 2016, 68, 494–504. [CrossRef]

22. Sato, S.; Fujimoto, M.; Hasegawa, M.; Takehara, K. Altered blood B lymphocyte homeostasis in systemic sclerosis: Expanded
naive B cells and diminished but activated memory B cells. Arthritis Rheum. 2004, 50, 1918–1927. [CrossRef]

23. López-Cacho, J.M.; Gallardo, S.; Posada, M.; Aguerri, M.; Calzada, D.; Mayayo, T.; González-Rodríguez, M.L.; Rabasco, A.M.;
Lahoz, C.; Cárdaba, B. Association of immunological cell profiles with specific clinical phenotypes of scleroderma disease. Biomed.
Res. Int. 2014, 2014. [CrossRef] [PubMed]

24. Yoshizaki, A.; Sato, S. Abnormal B lymphocyte activation and function in systemic sclerosis. Ann. Dermatol. 2015, 27, 1–9.
[CrossRef] [PubMed]

25. Simon, D.; Balogh, P.; Bognár, A.; Kellermayer, Z.; Engelmann, P.; Németh, P.; Farkas, N.; Minier, T.; Lóránd, V.; Czirják, L.; et al.
Reduced non-switched memory B cell subsets cause imbalance in B cell repertoire in systemic sclerosis. Clin. Exp. Rheumatol.
2016, 34, 30–36. [PubMed]

26. Scambi, C.; Ugolini, S.; Sakari Jokiranta, T.; De Franceschi, L.; Bortolami, O.; La Verde, V.; Guarini, P.; Caramaschi, P.; Ravagnani, V.;
Martignoni, G.; et al. The local complement activation on vascular bed of patients with systemic sclerosis: A hypothesis-generating
study. PLoS ONE 2015, 10, e0114856. [CrossRef]

27. Wu, M.; Schneider, D.J.; Mayes, M.D.; Assassi, S.; Arnett, F.C.; Tan, F.K.; Blackburn, M.R.; Agarwal, S.K. Osteopontin in systemic
sclerosis and its role in dermal fibrosis. J. Investig. Dermatol. 2012, 132, 1605–1614. [CrossRef]

28. Corallo, C.; Volpi, N.; Franci, D.; Montella, A.; Biagioli, M.; Mariotti, G.; D’Onofrio, F.; Gonnelli, S.; Nuti, R.; Giordano, N. Is
osteopontin involved in cutaneous fibroblast activation? its hypothetical role in scleroderma pathogenesis. Int. J. Immunopathol.
Pharmacol. 2014, 27, 97–102. [CrossRef]

29. Huang, X.L.; Wang, Y.J.; Yan, J.W.; Wan, Y.N.; Chen, B.; Li, B.Z.; Yang, G.J.; Wang, J. Role of anti-inflammatory cytokines IL-4 and
IL-13 in systemic sclerosis. Inflamm. Res. 2015, 64, 151–159. [CrossRef]

30. Gasparini, G.; Cozzani, E.; Parodi, A. Interleukin-4 and interleukin-13 as possible therapeutic targets in systemic sclerosis.
Cytokine 2020, 125. [CrossRef]

31. Elvington, M.; Liszewski, M.K.; Atkinson, J.P. Evolution of the complement system: From defense of the single cell to guardian of
the intravascular space. Immunol. Rev. 2016, 274, 9–15. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2012.00224
http://doi.org/10.1016/j.jdermsci.2014.08.002
http://doi.org/10.1371/journal.pone.0041994
http://doi.org/10.1097/TP.0000000000000742
http://doi.org/10.3390/ijms20246152
http://doi.org/10.1016/j.molimm.2008.07.029
http://doi.org/10.1093/rheumatology/keq223
http://doi.org/10.1001/archderm.1996.03890310088013
http://doi.org/10.2119/molmed.2014.00265
http://www.ncbi.nlm.nih.gov/pubmed/25611435
http://doi.org/10.1016/j.cell.2017.07.029
http://www.ncbi.nlm.nih.gov/pubmed/28802037
http://doi.org/10.1152/physrev.2001.81.2.807
http://www.ncbi.nlm.nih.gov/pubmed/11274345
http://doi.org/10.1016/j.ajpath.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/23141927
http://doi.org/10.1002/art.39437
http://doi.org/10.1002/art.20274
http://doi.org/10.1155/2014/148293
http://www.ncbi.nlm.nih.gov/pubmed/24818126
http://doi.org/10.5021/ad.2015.27.1.1
http://www.ncbi.nlm.nih.gov/pubmed/25673924
http://www.ncbi.nlm.nih.gov/pubmed/27056741
http://doi.org/10.1371/journal.pone.0114856
http://doi.org/10.1038/jid.2012.32
http://doi.org/10.1177/039463201402700112
http://doi.org/10.1007/s00011-015-0806-0
http://doi.org/10.1016/j.cyto.2019.154799
http://doi.org/10.1111/imr.12474
http://www.ncbi.nlm.nih.gov/pubmed/27782327


Int. J. Mol. Sci. 2021, 22, 2877 13 of 13

32. Liszewski, M.K.; Elvington, M.; Kulkarni, H.S.; Atkinson, J.P. Complement’s hidden arsenal: New insights and novel functions
inside the cell. Mol. Immunol. 2017, 84, 2–9. [CrossRef] [PubMed]

33. Valentine, M.A.; Clark, E.A.; Shu, G.L.; Norris, N.A.; Ledbetter, J.A. Antibody to a novel 95-kDa surface glycoprotein on human B
cells induces calcium mobilization and B cell activation. J. Immunol. 1988, 140, 4071–4078. [PubMed]

34. Chaplin, J.W.; Chappell, C.P.; Clark, E.A. Targeting antigens to CD180 rapidly induces antigen-specific IgG, affinity maturation,
and immunological memory. J. Exp. Med. 2013, 210, 2135–2146. [CrossRef]

35. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 1–9. [CrossRef]
[PubMed]

36. Pararasa, C.; Zhang, N.; Tull, T.J.; Chong, M.H.A.; Siu, J.H.Y.; Guesdon, W.; Chavele, K.M.; Sanderson, J.D.; Langmead, L.; Kok, K.;
et al. Reduced CD27−IgD− B cells in blood and raised CD27−IgD− B cells in gut-associated lymphoid tissue in inflammatory
bowel disease. Front. Immunol. 2019, 10, 361. [CrossRef] [PubMed]

37. Chaplin, J.W.; Kasahara, S.; Clark, E.A.; Ledbetter, J.A. Anti-CD180 (RP105) Activates B Cells To Rapidly Produce Polyclonal Ig
via a T Cell and MyD88-Independent Pathway. J. Immunol. 2011, 187, 4199–4209. [CrossRef]

38. You, M.; Dong, G.; Li, F.; Ma, F.; Ren, J.; Xu, Y.; Yue, H.; Tang, R.; Ren, D.; Hou, Y. Ligation of CD180 inhibits IFN-α signaling in a
Lyn-PI3K-BTK-dependent manner in B cells. Cell. Mol. Immunol. 2017, 14, 192–202. [CrossRef]

http://doi.org/10.1016/j.molimm.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28196665
http://www.ncbi.nlm.nih.gov/pubmed/3259604
http://doi.org/10.1084/jem.20130188
http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.3389/fimmu.2019.00361
http://www.ncbi.nlm.nih.gov/pubmed/30891036
http://doi.org/10.4049/jimmunol.1100198
http://doi.org/10.1038/cmi.2015.61

	Introduction 
	Results 
	mRNA Expression of CD180, TLR4, C3, SPP1 and IL-4R Are Dysregulated in dcSSc B Cells 
	Basal SPP1 Production of dcSSc B Cells Is Similar to IL-4R and BCR Co-Stimulated HC B Cells 
	CD180 Stimulation Alone and in Combination with BCR Ligation Induces the Phosphorylation of NF-B in dcSSc B Cells 
	Basal IL-10 Production of B Cells Is Lower in dcSSc and Cannot Be Increased with Ligation of CD180 
	CD180 Expression Is Decreased in Naive and Double Negative B Cells in dcSSc 
	Stimulation Via CD180 Enhances the Activation of Switched Memory B Cells in dcSSc Compared to HC 

	Discussion 
	Materials and Methods 
	Patients 
	Peripheral Blood Mononuclear Cell Isolation and B Cell Separation 
	Cell Stimulation 
	RNA Isolation, cDNA Synthesis and qPCR 
	Cell Phenotyping 
	Analysis of Phosphorylation of NF-B p65 
	SPP1 ELISA 
	IL-10 ELISA 
	Statistical Analysis 

	References

