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Background—IgG4-related disease (IgG4-RD) is a fibro-inflammatory condition marked by 

rapid clinical improvement after selective depletion of B lymphocytes with rituximab. This feature 

suggests that B cells might participate in fibrogenesis and wound healing.

Objective—In the present work we aimed to demonstrate that B lymphocytes contribute directly 

to tissue fibrosis in IgG4-RD.

Methods—Total circulating CD19+ B-lymphocytes, naïve B cells, memory B cells, or 

plasmablasts from IgG4-RD patients were cultivated with human fibroblasts. Pro-fibrotic soluble 

factors and collagen production in the co-cultures were assessed by ELISA and Luminex assays. 

RNA-sequencing and quantitative RT-PCR were used to assess fibroblast activation in the presence 

of B cells, as well as the induction of pro-fibrotic pathways in B cell subsets. Relevant pro-fibrotic 

and inflammatory molecules were confirmed in vitro by functional experiments and on IgG4-RD 

tissue sections by multi-color immunofluorescence studies.

Results—B cells from IgG4-RD patients (i) produced the pro-fibrotic molecule PDGF-B and 

stimulated collagen production by fibroblasts; (ii) expressed enzymes implicated in extracellular 

matrix remodeling such as LOXL2; (iii) produced the chemotactic factors CCL-4, CCL-5, and 

CCL-11; and (iv) induced the production of these same chemokines by activated fibroblasts. 

Plasmablasts expressed sets of genes implicated in fibroblast activation and proliferation, and 

therefore represent cells with intrinsic pro-fibrotic properties

Conclusion—We have demonstrated that B cells, contribute directly to tissue fibrosis in IgG4-

RD. These unanticipated pro-fibrotic properties of B lymphocytes, particularly of plasmablasts, 

might be relevant for fibrogenesis in other fibro-inflammatory disorders and for wound healing 

processes in physiological conditions.

CAPSULE SUMMARY

The present work unveils unanticipated fibrogenic properties of B lymphocytes in humans and 

demonstrates their direct contribution to tissue fibrosis in the pathogenesis of IgG4-related disease.
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INTRODUCTION

Fibrosis is a reversible physiological phenomenon of tissue scarring occurring during wound 

healing and the resolution of inflammation. When dysregulated, fibrosis can become 

irreversible and lead to tissue distortion and organ damage, thereby representing a major 

negative prognostic determinant across a host of different chronic inflammatory disorders 

[1]. In general, tissue fibrosis arises from the deposition of collagenous proteins synthesized 

by activated fibroblasts, but the complex network of pro-fibrotic signals that sustains 

fibroblast activation remains only partially elucidated. In particular, although a variety of cell 

types and molecular pathways have been causally associated with fibroblast activation, these 

events appear tightly integrated, interdependent and, probably, redundant [2]. All these 

aspects complicate the identification of their relative contribution to fibrogenesis. This is, 
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indeed, the main reason why there are few - if any - treatment strategies available to reverse 

the course of most fibrotic disorders [3].

Unlike most other fibrotic diseases, IgG4-related disease (IgG4-RD), a fibroinflammatory 

condition characterized by mass-forming lesions and lymphoplasmacytic infiltrates with an 

abundance of IgG4-positive plasma cells, promptly responds to B-cell depletion with 

rituximab [4]. This disorder provides the ideal clinical condition to explore the contribution 

of B cells to fibrosis since B-cell depletion in this disease leads to rapid shrinkage of the 

typical fibrous lesions and provides durable clinical improvement in most patients [5]. In 

addition, rituximab attenuates serological biomarkers of fibrosis and reverses myofibroblast 

activation in affected organs, suggesting that fibrogenesis in IgG4-RD might be halted by 

selectively targeting the B-cell compartment [6]. Despite this indirect evidence supporting 

the possible involvement of B lymphocytes in tissue fibrosis [7–13], most pathogenic studies 

on IgG4-RD conducted so far have focused on putative fibrogenic T lymphocytes - namely 

CD4+ cytotoxic T lymphocytes (CD4+CTLs), Th2 cells, and macrophages. While B cells 

have been assumed to contribute to this disease indirectly, either by antigen presentation to 

potentially pathogenic helper T cells or by virtue of auto-antibody generation, no direct pro-

fibrotic role for B cells in this condition has been hitherto postulated [14–19].

In the present work, we hypothesize a direct contribution of B lymphocytes to fibrogenesis 

in IgG4-RD that extends beyond their established roles as antibody-producing and antigen-

presenting cells. By co-cultivating circulating B cells from IgG4-RD patients with human 

fibroblasts, we demonstrate that B lymphocytes are capable of orchestrating tissue fibrosis 

through both direct and indirect mechanisms, namely: (i) the secretion of soluble profibrotic 

factors that induce collagen production by activated fibroblasts; (ii) the secretion of 

chemotactic signals for pro-fibrotic populations of T lymphocytes and macrophages; (iii) the 

production of collagenous proteins; and (iv) the organization of the extracellular matrix. In 

addition, by profiling the transcriptome of circulating B-cell subpopulations in IgG4-RD 

patients, we have identified previously unknown pro-fibrotic properties of circulating 

plasmablasts that might contribute to the pathogenesis of this condition as well as that of 

other chronic fibrosing disorders.

MATERIALS AND METHODS

Patients

This study was approved by the institutional review board of San Raffaele Scientific Institute 

(Milan, Italy) and of Massachusetts General Hospital (Boston, USA). Informed written 

consent was obtained from all patients with IgG4-RD referred to the rheumatology clinics of 

both Hospitals and enrolled in the study. Samples from 20 patients with IgG4-RD AIP were 

used (organ involvement and patients’ demographics are listed in Table E1 in this article’s 

Online Repository). Patients with IgG4-RD were compared with 5 healthy control subjects. 

Tissue sections from 5 patients with IgG4-related sialadenitis, 5 patients with IgG4-RD AIP, 

and 5 patients with Sjögren’s syndrome obtained from the Massachusetts General Hospital 

and the Kyushu University Hospital Department of Oral and Maxillofacial Surgery, 

Fukuoka, Japan, were also studied.
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Flow cytometry and microscopy

A detailed description of the methods used for PBMC isolation, flow cytometry, cell sorting, 

immunohistochemistry, and immunofluorescence is provided in the Methods section of this 

article’s Online Repository.

Co-culture experiments

Co-culture experiments were carried out with B cells and B-cell subsets from patients with 

IgG4-RD AIP, and primary human pancreatic or skin fibroblasts. Polycarbonate 

semipermeable membranes (Nunc Dominique Dutscher, Brumath, France) were used to 

identify soluble factors or contact mediated pro-fibrotic mechanisms. Soluble collagen 

concentration in the supernatant of fibroblasts/CD19+ B cells co-cultures was evaluated 

using Sircol collagen assay (Biocolor Ltd. Interchim, Montluçon, France). Soluble collagen 

concentration in the supernatant of fibroblasts/B-cells subsets co-cultures was evaluated 

using the Pro-collagen Iα1 ELISA kit (R&D Systems Inc., Minneapolis, MN, USA). 

Cytokines and chemokines present in the supernatant of fibroblasts/CD19+ B cells co-

cultures were measured using the Bio-Plex Pro Human Cytokine Grp I Panel 27-plex assay 

(Bio-Rad, Hercules, CA, USA). A detailed description of the methods used for the 

establishment of primary human pancreatic fibroblasts cell lines and co-cultures with total B 

cells and B-cell subsets is provided in the Methods section of this article’s Online 

Repository.

Gene Expression Analysis

For Quantitative real-time Polymerase Chain Reaction Analysis total RNA was extracted 

from cultured fibroblasts using ReliaPrep™ RNA Cell Miniprep System (Promega) and 

reverse transcribed with random hexameric primers. Real-time quantitative PCR for human 

GAPDH, COL1A1, COLA1A2, hCOL3A1, hACTA2, and hCD19 genes was performed 

with the KAPA SYBR® FAST qPCR Master Mix (2X) Kit (Bio-Rad, Hercules, CA, USA) 

using a Roche LightCycler® (Roche Molecular Diagnostic, Pleasanton, CA, USA). For 

RNA sequencing analysis on B cells and fibroblasts, cells were directly harvested in RLT 

buffer from Qiagen containing 1% 2-Mercaptoethanol (Pierce/ThermoScientific, Waltham, 

Massachusetts) and RNA was isolated with the RNeasy Plus Micro kit (Qiagen). Libraries 

were prepared using Superscript II Reverse Transcriptase (Thermo Fisher Scientific) and 

sequenced using the Illumina NextSeq sequencer (San Diego, California, USA). Differential 

gene expression analysis was performed using DESeq2 Analyzer. Detailed methodology is 

included in the Methods section in this article’s Online Repository.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software 6.0 (La Jolla, CA, USA). 

Normal distribution of continuous variables was assessed with the D’Agostino & Pearson 

omnibus normality test. Non-normally distributed variables were compared using the Mann-

Whitney U-test. Unpaired t-test were used to perform comparisons between two groups. A 

p-value < 0.05 was considered significant. Continuous variables are expressed as mean ± 

standard deviation (SD), unless otherwise specified.
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RESULTS

B lymphocytes from IgG4-RD patients release soluble signals that increase collagen 
production by human fibroblasts

In order to assess a direct role of B lymphocytes in fibroblast activation and collagen 

secretion, we set up co-cultures of primary human fibroblasts with CD19+ B cells isolated 

from the peripheral blood of 5 patients with IgG4-RD and performed transcriptomic 

analyses on RNA extracted from cultured fibroblasts. We used primary human pancreatic 

fibroblasts and B cells from IgG4-RD patients with pancreatic involvement to reproduce in 

vitro some of the possible interactions occurring between these two cell types in IgG4-

related autoimmune pancreatitis (AIP), the most well-characterized manifestation of IgG4-

RD. Clinical features of the patient cohort are reported in the Table E1. B cells purified from 

the peripheral blood of 5 sex and age-matched healthy donors were used as controls. As 

shown in Figure 1.A, B cells from IgG4-RD AIP patients induced the activation of pro-

fibrotic pathways in co-cultured fibroblasts with a significant up-regulation of genes 

involved in epithelial-to-mesenchymal transition, myogenesis, and formation of apical 
junctions compared to control fibroblasts, as assessed by transcriptomic analysis on 

fibroblast RNA (see also Figure E1 and Table E2).

We confirmed activation of pro-fibrotic pathways by performing quantitative PCR for α-

Smooth Muscle Actin (ACTA2), COL1A1, COL1A2, and COL3A1 collagen genes (Figure 

1.B). The expression of ACTA2, COL1A1, and COL1A2 genes, but not of COL3A1, were 

also significantly increased in fibroblasts co-cultured with B cells from healthy donors but to 

a significantly lower level than in fibroblasts co-cultured with B cells from IgG4-RD patients 

(Figure 1.B). Accordingly, collagen production in the co-cultures of fibroblasts with B cells 

from IgG4-RD patients was significantly increased compared to both fibroblasts cultured 

alone and fibroblasts cultured with B cells from healthy donors (Figure 1.C).

In order to evaluate whether the increased collagen secretion observed in the presence of B 

cells was due to soluble or contact-mediated factors, we performed co-cultures with and 

without semipermeable membranes (transwells) to respectively avoid or allow physical 

interactions between B cells and fibroblasts. As shown in Figure 1.B–C, pro-fibrotic gene 

expression and collagen production by pancreatic fibroblasts did not differ between co-

cultures performed in the presence or absence of transwells, both being significantly 

increased compared to control fibroblasts regardless of any physical interaction. Similar 

results were obtained using human skin fibroblasts (Figure 2.D).

These findings demonstrate that CD19+ B lymphocytes from patients with IgG4-RD and, to 

lesser extent, from healthy individuals are capable of driving myofibroblast differentiation 

and collagen production through the secretion of soluble factors rather than physical 

interactions.

The pro-fibrotic factor PDGF-B, and the inflammatory chemokines CCL-4, CCL-5, CCL-11 
are increased in the co-cultures of human fibroblasts with B lymphocytes

In order to identify soluble pro-fibrotic molecules secreted by B lymphocytes we collected 

the supernatants of the co-cultures of B cells from either healthy controls or IgG4-RD 
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patients and pancreatic fibroblasts. We then quantitated cytokines and chemokines known to 

be implicated in fibrosis and wound healing using a Luminex based approach. As shown in 

Figure 2.A, the presence of B cells from IgG4-RD patients and from healthy subjects both 

led to significantly increased concentrations of platelet derived growth factor-B (PDGF-B), 

CCL-4 (MIP1β), CCL-5 (RANTES), and CCL-11 (EOTAXIN) compared to fibroblasts 

alone. In particular, CCL-4 and CCL-5 production was induced by the presence of B 

lymphocytes, while low levels of PDGF-B and CCL-11 were constitutively secreted by 

untreated fibroblasts. No significant difference was observed in the concentrations of PDGF-

B, CCL-4, CCL-5, and CCL-11 between co-cultures of fibroblasts with B cells from IgG4-

RD patients and from healthy donors, or between co-cultures with and without 

semipermeable membranes (Figure 2.A–C). The levels of other pro-fibrotic molecules such 

as IL-1α, IL-4, IL-5, IL-10, IL-13, IFNγ, TNFα, and TGFβ did not differ between 

fibroblasts alone and fibroblasts co-cultured with B cells from either IgG4-RD patients or 

healthy donors.

These results indicate that B lymphocytes either secrete the pro-fibrotic molecule PDGF-B 

or stimulate activated fibroblasts to produce it, or do both. These results also demonstrate 

that fibroblasts stimulated by B cells or perhaps B cells themselves, secrete chemokines that 

might contribute to the recruitment of other inflammatory cells types in vivo.

PDGF-B mediates B-lymphocyte dependent collagen production by human fibroblasts

PDGF-B is known to contribute to tissue fibrosis by stimulating fibroblast activation in 

several ways, including cell proliferation and stimulation of collagen production [20–21]. In 

order to assess the biological relevance of PDGF-B in our model, we performed co-cultures 

of skin fibroblasts and B cells from IgG4-RD patients, and used blocking anti-PDGF-B 

antibody or isotype control to interfere with collagen production. As shown in Figure 2–D, 

PDGF-B blockade attenuated the fibrotic effect induced by B cells from IgG4-RD patients 

while nonimmune IgG of the same isotype did not inhibit the collagen production induced 

by the same B lymphocytes. These results support the notion that B lymphocytes might 

contribute to the activation of fibroblasts into a pro-fibrotic state as observed in B cell/

fibroblast co-cultures, either through the production of PDGF-B or by inducing the secretion 

of PDGF-B by activated fibroblasts. It is also possible that both mechanisms occur together, 

thus perpetuating autocrine and paracrine pro-fibrotic loops. Of note, despite showing 

similar levels of PDGF-B in the supernatant, co-cultures of fibroblasts with B cells from 

IgG4-RD patients yielded significantly higher amounts of collagen compared with co-

cultures of fibroblasts with B cells from healthy individuals (Figure 1.B–C). This suggests 

that factors other than PDGF-B might also contribute to the increased fibrotic effect of B 

cells from IgG4-RD patients.

B lymphocytes and fibroblasts infiltrating IgG4-RD affected organs express PDGF-B, 
CCL-4, CCL-5, and CCL-11

To localize the cellular source of PDGF-B, CCL-4, CCL-5, and CCL-11 in our co-culture 

system - whether B cells or pancreatic fibroblasts – and to confirm the relevance of these 

molecules to the pathogenesis of IgG4-RD, we performed multicolour immunofluorescence 

and quantitative analysis on tissue sections of patients with IgG4-RD AIP. Healthy 
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pancreatic sections were used as controls. As shown in Figure 3.A the CD19+ B cell 

infiltrate in IgG4-RD AIP was localized in the proximity of pancreatic ducts and its 

distribution corresponded to areas of dense fibrosis observed in sequential tissue slides 

(Figure 3.B). Tertiary lymphoid structures rich in CD19+ cells were also observed. Few 

scattered CD19+ B cells were detected in healthy pancreatic tissue, with no organized 

lymphoid structures (Figure E2).

CD19+ B lymphocytes expressing either PDGF-B, CCL-4, CCL-5, or CCL-11 represented 

on average 29.2% (range 23.1%−35.2%), 30.9% (range 25.3%−39.1%), 12.7% (range 10.2%

−15.4%), and 16.9% (range 15.1%−20.4%), of total PDGF-B, CCL-4, CCL-5, CCL-11 

expressing cells, respectively (Figure 3.C–E). α-SMA+ fibroblasts expressing either PDGF-

B, CCL-4, CCL-5, or CCL-11 represented on average 22.2% (range 21.3%−25.2%), 8.3% 

(range 5.3%−12.1%), 4.5% (range 1.2%−5.4%), and 19.6% (range 14.1%−21.2%) of total 

PDGF-B, CCL-4, CCL-5, and CCL-11 expressing cells, respectively (Figure 3.C and Figure 

E3). α-SMA+ myofibroblasts and CD19+ B lymphocytes were observed in close proximity 

in IgG-RD AIP tissues (Figure E3), suggesting that interactions between these two types of 

cells are likely to occur at disease sites. These findings indicate that the pro-fibrotic 

molecule PDGF-B and the inflammatory chemokines CCL-4, CCL-5, and CCL-11 are 

produced by both B lymphocytes and myofibroblasts infiltrating IgG4-RD lesions in vivo. 

Of note, only a fraction of total CD19+ cells and α-SMA+ cells expressed PDGF-B, CCL-4, 

CCL-5, or CCL-11, suggesting the existence of pathogenic subsets of B lymphocytes and 

myofibroblasts capable of driving inflammation within affected tissues (Figure E4.A). Our 

results also indicate that other cell types known to abundantly infiltrate IgG4-RD tissues 

likely contribute to the production of these mediators such as macrophages, eosinophils, and 

T cells. Finally, these results support the notion that both B lymphocytes and pancreatic 

fibroblasts represent a source of PDGF-B, CCL-4, CCL-5, and CCL-11 in the co-culture 

studies described above.

Plasmablasts from IgG4-RD patients induce collagen secretion by human fibroblasts, 
produce collagenous proteins, and express extracellular-matrix remodelling enzymes

A major finding of our previous experiments was the increased collagen production 

observed in co-cultures of fibroblasts with B lymphocytes from healthy subjects compared 

to control fibroblasts (Figure 1.B–C). Yet, despite similar levels of PDGF-B in the 

supernatants of the two culture conditions, the collagen production induced by B cells from 

healthy donors was significantly lower compared to that induced by B cells from patients 

with IgG4-RD AIP (Figure 1.B–C). This result was further confirmed by the significant up-

regulation of pro-fibrotic pathways in pancreatic fibroblasts cultured with B cells from 

IgG4-RD patients compared to similar fibroblasts cultured with B cells from healthy 

individuals, suggesting the existence of fibrogenic B-lymphocytes in the peripheral blood of 

individuals with active untreated IgG4-RD (Figure 4.A, Figure E1 and Table E3). Indeed, we 

know from our previous studies that, in contrast to healthy individuals, active IgG4-RD is 

characterized by an oligoclonal expansion of circulating plasmablasts, and that circulating 

plasmablasts dramatically decrease during disease remission [22,23]. Plasmablast 

expansions in IgG4-RD patients also correlate with serological biomarkers of collagen 
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deposition, indicating that these activated B cells might contribute to disease pathogenesis 

and tissue fibrosis [6,24].

In order to address the pro-fibrotic properties of B cell subsets in patients with IgG4-RD, we 

set up co-cultures of skin fibroblasts with flow-cytometrically sorted naïve B cells, memory 

B cells, and circulating plasmablasts from 5 patients with active untreated IgG4-RD AIP. As 

shown in Figure 4.B, fibroblasts cultured with circulating plasmablasts produced 

significantly more collagen compared to control fibroblasts. Naïve or memory B cells were 

significantly less proficient at eliciting collagen production (Figure 4.B).

In order to better characterize the pro-fibrotic properties of circulating plasmablasts more 

thoroughly, we performed whole transcriptome analyses of the 3 different B cell subsets. 

Compared to naïve and memory B cells, circulating plasmablasts showed significant 

upregulation of genes implicated in positive regulation of fibroblast proliferation, such as the 

collagen genes COL1A1 and COL1A2, the insulin-like growth factor-1 (IGF-1) gene, and 

the lysyl oxidase homolog 2 (LOXL2), and gremlin-1 (GREM-1) genes (Figure 4.C). 

Collagen expression by circulating plasmablasts was significantly higher than that of naïve 

and memory B cells, as assessed by flow-cytometry (Figure 4.D). Whole transcriptome 

analysis of fibroblasts cultured with naïve B cells, memory B cells, or plasmablasts, also 

revealed that CCL-11 and PDGF-B expression was significantly increased by all three B-

lymphocyte subpopulations compared to control fibroblasts. Conversely, fibroblast 

expression of CCL-4 and CCL-5 was induced by naïve B cells and circulating plasmablasts 

but not by memory B cells (Figure E4.B). Taken together these results indicate that 

plasmablasts possess pro-fibrotic properties that enable them to activate fibroblasts and to 

contribute to the organization of the extracellular matrix. Further, plasmablasts directly 

express collagenous proteins and stimulate fibroblasts to produce inflammatory chemokines.

LOXL2 is abundantly expressed by plasma cells infiltrating IgG4-related disease tissues

LOXL2 is a member of a group of enzymes known as the lysyl oxidase family, that control 

tissue stiffness and elasticity by catalysing the covalent crosslinking of both collagen and 

elastin fibres [3,27]. Different members of the LOX family are up-regulated in human 

fibrotic disorders, and the overexpression of LOXL2 has been implicated in the progression 

of experimental fibrosis [1–3,28–30]. Indeed, stiffening of the extracellular matrix is 

emerging as a major driver of full myofibroblast differentiation, and mechanoceptors are 

now considered as important as soluble factors in promoting fibrogenesis [1–3,32].

To confirm LOXL2 expression by plasmablasts infiltrating IgG4-RD, we performed 

multicolour immunofluorescence and quantitative analyses on salivary glands from patients 

with IgG4-RD. As shown in Figure 5, up to 30% of LOXL2 positive cells expressed CD19 

and did not express CD20, representing plasmablasts or plasma cells (Figure 5.A–B). 

LOXL2 expression by B cells infiltrating IgG4-RD lesions was observed in a proportion of 

IgG4+ and IgG1+ plasmablasts, suggesting that, at least in IgG4-RD patients, class-switched 

B cells bear the capability of modulating extra-cellular matrix stiffness (Figure 5.B–C). 

CD19 and IgG4 double-positive cells infiltrating IgG4-RD tissues also expressed the 

activation-induced cytidine deaminase (AID), a master regulator of immunoglobulin gene 
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recombination, further supporting on-going processes of class-switch and somatic 

hypermutation [33].

To assess the relevance of LOXL2 to the pathogenesis of IgG4-RD, we performed 

multicolour immunofluorescence and quantitative analyses on salivary glands from patients 

with Sjögren’s syndrome (SS). Sjögren’s syndrome was used as a control condition because 

of the chronic lymphoplasmacytic inflammation in the absence of significant tissue fibrosis 

when compared to IgG4-RD. LOXL2 was expressed at significantly higher frequency in 

IgG4-RD sialoadenitis than in SS, suggesting an important role of this enzyme in the 

pathophysiology of IgG4-RD (Figure 5.D–E). In particular, the absolute number of LOXL2 

positive cells in IgG4-RD and in SS was 1406 cells/mm2 (± 436 cells/mm2) and 240 

cells/mm2 (± 43 cells/mm2) respectively, representing on average the 12.1% (± 2.6%) and 

the 3.7% (± 0.9%) of total cells in the tissue (p < 0.05 for both comparisons) (Figure 5.E). 

CD19+ and IgG4+ cells were also increased in IgG4-RD sialoadenitis compared to SS, with 

IgG4+ B cells accounting for 48.4% (± 7.7%) of total CD19+ B lymphocytes in IgG4-RD 

and for 20.1% (± 9.1%) in SS (p < 0.05) (Figure E5.A). Likewise, LOXL2+CD19+CD20− 

plasmablasts were significantly more abundant in IgG4-RD sialoadenitis than in SS, 

accounting for 17.8% (± 12.5%), and 4.3% (± 2.4%) of total tissue infiltrating LOXL2+ 

cells, respectively (Figure 5.B–D and Figure E5.A). These results demonstrate that 

plasmablasts represent a sizable proportion of LOXL2 expressing cells in IgG4-RD lesions, 

thus reinforcing the pathogenic relevance of B lymphocytes for the development of tissue 

fibrosis in this condition.

Finally, in order to assess whether LOXL2 expression by plasmablasts/plasma cells 

represents a feature unique to IgG4-RD or is common to physiological and pathological 

plasmablasts, we performed immunohistochemistry and immunofluorescence studies on 

human tonsils from otherwise healthy individuals, on bone marrow smears from patients 

with multiple myeloma (MM), and on lymph nodes from patients with Castleman disease 

(CD). In analogy with IgG4-RD, in fact, MM and CD represent haematological disorders 

characterized by expansions of IgG secreting B lymphocytes. As shown in Figure E5.B–D, 

LOXL2 was expressed by a proportion of plasma cells residing in tonsils with reactive 

follicular hyperplasia, in the bone marrow of patients with MM, and in lymph nodes of 

patients with CD, indicating that plasmablats/plasma cells may display a previously 

overlooked pro-fibrotic machinery both in physiological and pathological conditions. Of 

note, LOXL2+CD19+CD20− plasmablasts were more abundant in IgG4-RD sialoadenitis 

than in SS, and CD, accounting for 17.9% (± 12.5%), 4.4% (± 2.4%), and 8.9% (± 10.6%) 

of total tissue infiltrating LOXL2 positive cells, respectively (Figure E5.D).

DISCUSSION

The pathogenicity of B lymphocytes in immune-mediated disorders has been traditionally 

attributed to the production of auto-antibodies and to the activation of auto-reactive T cells 

via antigen-presentation. Accordingly, the B-cell depleting agent rituximab has found 

successful application both in conditions caused by pathogenic auto-antibodies, such as 

autoimmune thrombotic thrombocytopenic purpura and hemolytic anemia, as well as in 
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diseases presumably driven by auto-reactive T lymphocytes, such as progressive multiple 

sclerosis and rheumatoid arthritis [34–38].

Rituximab is also highly effective in IgG4-RD, a primarily fibrotic disorder in which the 

relevance of autoantibodies and T cells to fibrosis is still being explored [5,39]. Our recent 

studies have implicated antibodies to galectin-3 in a subset of IgG4-RD patients, and others 

have identified auto-antibodies to a recombinant truncated form of laminin 511, but 

definitive proof of a pathogenic role of these antibodies has not yet been demonstrated 

[40,41]. Similarly, our studies have revealed expansions of CD4+CTLs in IgG4-RD as well 

as the secretion of profibrotic cytokines and the potential induction of apoptosis by these 

cells, but conclusive evidence that they drive fibrosis have not yet been obtained [14–16]. 

Indeed, the fact that B-cell depletion has been shown to correlate with rapid improvement of 

tissue fibrosis in IgG4-RD affected organs raises the hypothesis that B-lymphocytes might 

be involved in fibrogenesis through mechanisms unrelated to either the production of auto-

antibodies or the activation of fibrogenic T cells [6]. Despite the prominent plasma cell 

infiltrate found in IgG4-RD lesions, however, the possibility that B cells could directly drive 

collagen deposition has not been investigated formally. The precise mechanisms through 

which rituximab leads to prompt clinical effects remain elusive.

In the present work we describe for the first time different mechanisms by which B 

lymphocytes may actively contribute to tissue fibrosis in IgG4-RD. In particular, we 

demonstrate that B cells from IgG4-RD patients (i) stimulate collagen production by 

activated fibroblasts through soluble pro-fibrotic signals such as PDGF-B; (ii) organize the 

extracellular matrix through specialized enzymes such as lysyl oxidases; and (iii) directly 

produce collagenous proteins. In addition, we demonstrate that B cells secrete the 

chemotactic factors CCL-4, CCL-5, and CCL-11, and induce the production of these same 

chemokines by activated fibroblasts. Finally, we demonstrate that, among different B-cell 

subsets, plasmablasts display intrinsic fibrogenic properties because they express sets of 

genes implicated in fibroblast activation and proliferation.

Taken together, these novel findings add important pieces to the complex pathogenesis of 

IgG4-RD and suggest a possible central role for B-cells in the orchestration of fibrosis in 

this condition. In particular, our results suggest a revised pathogenetic model of IgG4-RD 

whereby B lymphocytes exploit five major functions in addition to antibody secretion and to 

the presumed activation of pathogenic T lymphocytes, namely: (1) they induce epithelial-to-

mesenchymal transition of myofibroblast precursors and stimulate collagen production by 

activated fibroblasts; (2) they directly contribute to tissue fibrosis by secreting collagenous 

proteins; (3) they regulate extracellular matrix stiffness; (4) they secrete chemotactic factors 

for putative fibrogenic CD4+CTLs and M2 macrophages; and, (5) they stimulate fibroblasts 

to amplify the recruitment of inflammatory cells (Figure 6). The depletion of B cells through 

strategies that target CD20 therefore might interfere with all these processes, thereby rapidly 

halting fibroblast activation and collagen deposition [6].

Another major finding of our study was the increased collagen production observed in co-

cultures of fibroblasts with B lymphocytes from healthy subjects compared to control 

fibroblasts. Collagen production induced by B cells from healthy donors was, however, 
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significantly lower compared to that induced by B cells from patients with IgG4-RD AIP, 

even though we found similar levels of PDGF-B in the supernatants of both co-cultures. On 

the one hand, these results indicate that pro-fibrotic mediators other than PDGF-B contribute 

to the increased collagen production observed in the presence of B-lymphocytes from IgG4-

RD patients. On the other hand, these data also suggest that normal B lymphocytes in the 

absence of disease possess some potential pro-fibrotic properties that may possibly 

contribute to normal wound healing, but activated B cells seen in a disease context are far 

more capable of contributing to the process of fibrosis

Indeed, we know from our previous studies that a population of circulating plasmablasts is 

disproportionately expanded in active IgG4-RD patients compared to healthy individuals and 

to other inflammatory conditions, but they have not previously been causally linked to 

fibrotic phenomena [22–23]. Here we provide the first evidence that plasmablasts represent a 

B-cell subset with intrinsic fibrogenic potential because in contrast to both naïve and 

memory B cells, they express higher levels of genes implicated in fibroblast activation as 

well as in the pathogenesis of various human fibrotic disorders. IGF-1, for instance, 

synergizes with PDGF-B to promote mesenchymal cell proliferation and has been linked to 

liver fibrosis and to stromal reaction in Grave’s orbitopathy [42–44]. Gremlin1 is known for 

antagonizing bone morphogenetic protein and for up-regulating fibroblast growth factors in 

different connective tissue and developmental disorders [45–46]. LOXL2 has been causally 

associated with liver and pulmonary fibrosis, and clinical trials with LOXL2 inhibitors are 

ongoing for the treatment of various types of fibrotic diseases [27–32,47]. In addition, 

LOXL2 and other members of the LOX family have been implicated in epithelial-to-

mesenchymal transition in cancer thus contributing to the acquisition of metastatic 

properties by neoplastic cells [48–49].

These pro-fibrotic properties of expanded plasmablasts did not seem to depend on IgG class-

switch nor to be unique to IgG4-RD. LOXL2, in fact, was expressed by IgG4+ and IgG1+ B 

cells in IgG4-RD lesions, as well as by plasmablasts from patients with SS, CD, and MM, 

suggesting that a certain ability to regulate extracellular-matrix stiffness represents a 

constitutive feature of some terminally differentiated antibody producing cells. In this sense, 

it is tempting to speculate that the abundant infiltrate of plasmablasts/plasma cells that 

characterizes IgG4-RD and MM lesions is more likely to drive a fibrotic outcome compared 

to SS, where the number of LOXL2+ B cells is far less prominent. Indeed, in contrast to SS, 

tissue fibrosis represents an established negative prognostic factor for end-stage organ 

damage in IgG4-RD and for overall survival in patients with MM [4,50].

Of note, although plasmablasts induced a significant increase of collagen secretion in the co-

cultures compared to naïve and memory B cells, the former were no more stimulatory than 

naive B cells in terms of PDGF-B, CCL-4, CCL-5, and CCL-11 expression by fibroblasts, 

suggesting that plasmablasts stimulate fibroblasts activation through mechanisms that differ 

from other B cell subsets. The surprising observation that plasmablasts from IgG4-RD 

patients expressed type I collagen genes, for instance, raises the possibility that the increased 

collagen production observed in fibroblasts co-cultured with plasmablasts (and B cells, in 

general) was due at least in part to the direct secretion of collagenous proteins by B 

lymphocytes. Altogether, these results unveil unanticipated direct pro-fibrotic properties of 
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plasmablasts/plasma cells, and indicate that the acquisition of these properties likely 

represents an intrinsic feature of plasmablasts or plasma cells that was not previously 

appreciated. This ability to secrete pro-fibrotic molecules is likely acquired at a discrete 

stage of terminal antigen-driven B cell differentiation and this subset of LOXL2 secreting 

plasmablasts/plasma cells is enriched in the tissues of certain fibrotic diseases.

Finally, we have demonstrated both in vitro and in affected tissues that B cells could 

potentially contribute to orchestrating the inflammatory infiltrate in IgG4-RD by directly 

secreting the chemotactic factors CCL-4, CCL-5, and CCL-11 for cell types with fibrogenic 

properties typically found in IgG4-RD lesions, such as T lymphocytes, macrophages, and 

eosinophils. B cells also stimulate fibroblasts secretion of these chemokines, thus amplifying 

the recruitment of inflammatory cells at sites of disease. In particular, CCL-4 is a chemokine 

involved in monocyte recruitment and activation by engaging the chemokine receptor CCR5 

[51]; CCL-5 attracts T cells, eosinophils, and basophils, by interacting with CCR1, CCR3, 

and CCR5 [52]; and CCL-11 selectively recruits eosinophils through CCR2, CCR3, and 

CCR5 [53]. Interestingly, CCL-4, CCL-5, and CCL-11 secreted by both B lymphocytes and 

fibroblasts might also recruit CD4+CTLs, a population of CD4+ T lymphocytes with 

cytotoxic properties that is increasingly considered central to IgG4-RD pathogenesis [15–

16]. CD4+CTLs, in fact, express high levels of CCR5 and their decline observed following 

rituximab treatment might be due to the depletion of B cells responsible for their recruitment 

at disease sites [16].

Our study is not the first addressing a potential role of B cells in disease-related fibrogenesis. 

B regulatory cells, in fact, are known to produce the pro-fibrotic cytokines TGFβ and IL-10, 

but their contribution to tissue fibrosis has never been assessed in specific disease settings 

[7]. Putative auto-reactive B cell clones are presumed to produce anti-PDGF-R and anti-

matrix metalloproteinase-1 auto-antibodies in patients with systemic sclerosis, but the 

relevance in vivo of these antibodies is yet to be confirmed [8,13]. More recently, two 

different studies on chronic lymphocytic leukemia (CLL) and systemic sclerosis have 

specifically investigated the role of B lymphocytes in activating stromal cells. Ding and 

colleagues demonstrated that B cells from CLL patients produce PDGF and that conditioned 

medium obtained from these cells activates marrow stromal cells through PDGF receptor 

activation [11]. Francois et al showed that B cells from healthy individuals induce collagen 

production by skin fibroblasts from scleroderma patients through contact mediated 

mechanisms that depend on TGFβ production [12]. In this sense, our work not only confirms 

the production of PDGF by activated B lymphocytes as well as the pro-fibrotic properties of 

B cells from healthy subjects, but also unveils and extensively characterizes a fully 

functional pro-fibrotic machinery in B lymphocyte that makes them an unexpected 

professional key player in wound healing processes and fibrogenesis. Whether the prominent 

plasma cell infiltrate that is typically observed in IgG4-RD lesions is the major cell type 

responsible for the characteristic tissue fibrosis seen remains difficult to conclude in the 

absence of animal models. Yet, the results of our study and the prompt response of IgG4-RD 

lesions to B-cell depletion with rituximab strongly support this possibility.

Our approaches have both potential strengths and weaknesses. Major potential strengths are 

(i) the adoption of two different human mesenchymal stromal cells (pancreatic and dermal 
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fibroblasts) for co-culture experiments; (ii) the use of B lymphocytes from both healthy 

donors and patients with active untreated IgG4-RD; and (iii) the unbiased approach adopted 

to identify relevant pro-fibrotic and immunomodulatory molecules in our system. Pancreatic 

fibroblasts, may have in fact, allowed us to recapitulate some of the possible interactions 

occurring between fibroblasts and B cells in AIP, the prototypical clinical-pathological 

scenario of IgG4-RD. On the other hand, whole transcriptome analysis represented the most 

powerful instrument to broadly detect changes in fibroblast gene expression induced by B 

lymphocytes as well as pro-fibrotic pathways in B-cell subsets before focusing on specific 

molecules of interest. In addition, it is noteworthy that all the reported experiments were 

performed on human samples from three referral centres for IgG4-RD, thus assuring 

accurate patient selection, definitive diagnosis, and robust confirmation of our results on 

different study cohorts. The major limitation of our work is that we only provide correlative 

in vitro and histological data because reliable animal models of IgG4-RD suitable for 

confirmatory pathogenic in vivo studies have not yet been developed. IgG4-RD represents, 

indeed, a rare condition and immune-pathological pathways amenable to mouse modelling 

remain unknown. Also, being our work focused on IgG4-RD, we limited our tissue analysis 

on IgG4 class-switched B lymphocytes, but we cannot exclude that pro-fibrotic properties of 

B cells are shared by class-switched plasmablasts in general.

In conclusion, our work provides novel insights into the pathophysiology of IgG4-RD and 

unveils unexpected pro-fibrotic properties of B lymphocytes in humans, over and beyond the 

prevalent view of B cells functioning primarily as antigen presenting cells and providers of 

surviving signals to putative pathogenic T cells. Because it is likely that the mechanisms 

described here are not unique to IgG4-RD, selective targeting of pro-fibrotic B-lymphocyte 

subpopulations and/or pro-fibrotic mediators such as PDGF-B and LOXL2 may offer 

alternative therapeutic approaches for IgG4-RD and for other fibrosing conditions 

characterized by B-cell activation and lymphoplasmacytic infiltration.
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ABBREVIATIONS

IgG4-RD IgG4-related disease

CD4+CTLs CD4+ cytotoxic T lymphocytes

AIP Autoimmune pancreatitis

ACTA2 α-Smooth Muscle Actin

PDGF-B Platelet derived growth factor-B

IGF-1 Insulin-like growth factor-1

LOXL2 Lysyl oxidase homolog 2

CLL Chronic lymphocytic leukemia

PBMC Peripheral blood mononuclear cells
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Figure 1. B lymphocytes drive pro-fibrotic genes expression and collagen production by human 
pancreatic fibroblasts by means of soluble factors.
(A) Top results of GSEA performed on log2 fold changes between gene expression of 

fibroblasts co-cultured with B cells from patients with IgG4-RD AIP in the absence of 

semipermeable membranes and of control fibroblasts at 72hrs (see Online Supplementary 

Material for details). The network graph shows top scoring enriched gene-sets (FDR q-value 

<0.01) and their associated leading edge genes (those responsible of the core enrichment of 

the gene-set). Nodes representing genes are coloured according to their log2 fold change and 

genes considered of particular interest are labelled. (B) Quantitative PCR showing fold 

change expression of ACTA2, COL1A1, COL1A2, and COL3A1 genes in pancreatic 

fibroblasts after 3 days co-culture with B lymphocytes from patients with IgG4-RD AIP 

(n=5) and from healthy donors (n=5). (C) Collagen concentration in the supernatant of 

different experimental conditions. Human pancreatic fibroblasts (FBL); FBL treated with 

TGFβ1 20ng/ml (TGFβ); FBL co-cultured with B cells from healthy controls (blue bars); 

FBL co-cultured with B cells from patients with IgG4-RD (red bars) in the presence 

(Transwell) or absence (Contact) of semipermeable membranes. * = p < 0.05 for the 

comparison with fibroblasts alone; ° = p < 0.05 for the comparison with co-cultures in the 
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presence of B cells from healthy controls. Results are expressed as mean ± SD of 5 

experiments.
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Figure 2. PDGF-B is increased in the co-cultures of fibroblasts with B lymphocytes together with 
CCL-4, CCL-5, and CCL-11, and mediates collagen production.
(A) Quantification of different cytokines and chemokines by Luminex analysis after 3 days 

of culture with specific focus on those significantly increased in the supernatant of the co-

cultures compared to control fibroblasts: (B) CCL-4, CCL-5, CCL-11, and (C) PDGF-B. 

Abbreviations: primary human pancreatic fibroblast (FBL); FBL stimulated with 20 ng/ml 

of recombinant human TGF-β1 (TGFβ); FBL co-cultured with B cells from healthy controls 

(n=5) (blue bars); FBL co-cultured with B cells from patients with IgG4-RD (n=5) (red 
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bars), in the presence (Transwell) or absence (Contact) of semipermeable membranes. 

Results are expressed as mean ± SD. (D) PDGF-B inhibition decreases B-cell induced 

collagen production by primary human skin fibroblasts. Abbreviations: primary human skin 

fibroblasts (FBL); FBL stimulated with 20 ng/ml of recombinant human TGF-β1 (TGFβ); 

FBL stimulated with 10 ng/ml of recombinant human PDGF-B (PDGF-B); FBL incubated 

with 0.5 μg/ml of anti-PDGF-B antibody two hours prior to stimulation with 10 ng/ml of 

recombinant human PDGF-B (αPDGF-B); FBL incubated with 0.5 μg/ml of IgG isotype 

antibody two hours prior to stimulation with 10 ng/ml of recombinant human PDGF-B 

(Isotype); co-cultures with B cells from patients with IgG4-RD (B cells); * = p < 0.05. 

Results are expressed as mean ± SD of 5 experiments.
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Figure 3. B-lymphocytes and fibroblasts infiltrating IgG4-RD autoimmune pancreatitis express 
PDGF-B, CCL-4, CCL-5, and CCL-11.
(A) Immunofluorescence staining of an IgG4-RD AIP tissue, showing PDGF-B expressing 

B cells (arrows) surrounding pancreatic ducts (CD19 (red), PDGF-B (green), and DAPI 

(blue)). (B) Sequential matched Hematoxylin/Eosin stain showing a dense fibrosis 

(asterisks) likely generated as a consequence of the peri-ductal inflammatory infiltrate 

described in A. (C) Quantification of double-positive cells for CD19+ (red bars) or αSMA+ 

(blue bars) and CCL-4, CCL-5, CCL-11, or PDGF-B in IgG4-RD AIP expressed in 
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percentage of total CCL-4, CCL-5, CCL-11, or PDGF-B positive cells (i.e. CD19+PDGF-B

+ cells/PDGF-B+ cells). Bar length represents the average quantification of 5 tissue slides. 

(D) PDGF-B expressing B lymphocytes infiltrating the sub-epithelial layer of the duodenum 

in a case of IgG4-RD AIP of the pancreatic head (low magnification); inserts (high 

magnification). (E) Immunofluorescence staining of CD19 (red), CCL-4, CCL-5, CCL-11, 

and PDGF-B (all green), and DAPI (blue) positive cells in representative tissue samples 

from a patient with IgG4-RD AIP (high magnification).
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Figure 4. Plasmablasts from IgG4-RD patients induce collagen secretion by human fibroblasts, 
produce collagenous proteins, and express extracellular-matrix remodelling enzymes.
(A) Top results of GSEA performed on log2 fold changes of gene expression in fibroblasts 

co-cultured with B cells from patients with IgG4-RD AIP and that in fibroblasts co-cultured 

with B cells from healthy controls at 72hrs in the presence of semipermeable membranes 

(see Online Supplementary Material for details). The network has been realized with the 

same logic described for Figure 1.A (B) Collagen production is increased in co-cultures with 

plasmablasts compared to control fibroblasts. Primary human skin fibroblasts (FBL); FBL 
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stimulated with 20 ng/ml of recombinant human TGF-β1 (TGFβ); FBL co-cultured with 

naïve B cells, memory B cells, or circulating plasmablasts. Results are presented as mean ± 

SD of 5 independent experiments. * = p < 0.05. (C) Heatmap showing up-regulation in 

circulating plasmablasts of genes significantly mapping to the Gene Ontology 

“GO:0048146: positive regulation of fibroblasts proliferation”. (D) Flow cytometry showing 

increased collagen expression in circulating plasmablasts compared to naïve B cells, and 

memory B cells. Circulating fibrocytes and CD3+ T cells are used as positive and negative 

controls, respectively. Overlaid histograms represent collagen expression in the different cell 

types in a representative patient. Histograms represent Mean Fluorescence Intensity (MFI) 

of intracellular collagen in different cell types. * = p < 0.05. Results are expressed as mean ± 

SD of 5 experiments.
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Figure 5. LOXL2 is highly expressed by plasmablasts/plasma cells in IgG4-related sialoadenitis.
(A) Immunofluorescence staining of CD19 (red), IgG4 (green), LOXL-2 (orange), CD20 

(blue), and DAPI (white) in salivary glands from a representative patient with IgG4-RD 

showing abundant infiltrate of LOXL2 expressing IgG4+ plasmablasts (arrows) (inserts: high 

magnification). (B) Quantification of LOXL2+ plasmablasts (CD19+ CD20− B cells) in 

salivary glands from patients with IgG4-RD (red bar) and Sjögren’s syndrome (SS) (blue 

bar) using TissueQuest software. * = p < 0.05 (mean ± SD of n=5 experiments). 

Quantification of LOXL2+ cells within the total pool IgG4+ (red bar) or IgG1+ (blue bar) 
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plasmablasts in salivary glands from patients with IgG4-RD using TissueQuest software 

(mean ± SD of n=5 experiments). (C) Immunofluorescence staining of CD19 (red), IgG4 

(green), LOXL-2 (orange), IgG1 (blue), DAPI (white) in the salivary gland of a 

representative patient with IgG4-RD showing LOXL2 expression by both IgG4 (green 

arrows) and IgG1 (blue arrows) producing B cells (inserts: high magnification). (D) 

Immunofluorescence staining of CD19 (red), IgG4 (green), LOXL-2 (orange), CD20 (blue), 

and DAPI (white) in salivary glands from a representative patient with SS showing few 

LOXL2 expressing IgG4+ B lymphocytes (arrows) (inserts: high magnification). (E) 

Quantification of LOXL2+ cells in salivary glands from patients with IgG4-RD (red bar) and 

SS (blue bar) showing a significantly lower number of LOXL2 expressing cells in SS 

compared to IgG4-RD. ** = p < 0.01 (mean ± SD of n=5 experiments).
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Figure 6. Revised pathogenetic model of IgG4-RD pathogenesis: B-cell contribution to tissue 
fibrosis.
After germinal centre reaction, antigen experienced naïve B cells differentiate into class-

switched plasmablasts and migrate into inflamed sites where they contribute to tissue 

fibrosis in different ways. Plasmablasts initiate fibroblast differentiation into myofibroblasts 

through soluble factors that activate transcriptional programs implicated in mesenchymal 
transition. Plasmablasts also stimulate fibroblasts to secrete collagen and PDGF-B, thus 

amplifying fibroblast activation in an autocrine/paracrine loop. Plasmablasts directly 

contribute to tissue fibrosis by secreting collagenous proteins. Plasmablasts regulate 

extracellular matrix stiffness by secreting enzymes responsible for the crosslinking of 

collagen molecules such as LOXL2. Increased extracellular matrix stiffness leads to the 

activation of mechanoceptors on fibroblasts, thus fostering their full differentiation into 

myofibroblasts. Plasmablasts attract inflammatory cells with additional fibrotic potential 

such as CD4+ CTLs, eosinophils, and M2 macrophages, by secreting CCL-4, CCL-5, and 

CCL-11, and by stimulating fibroblasts to produce these same chemokines. The pathogenic 
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relevance of IgG4 antibodies and of T-cell populations presumably sustained by cognate 

antigen specific plasmablasts remains to be defined.
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