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ABSTRACT

Graft-versus-host disease (GVHD) has posed many challenges in allogeneic HSCT. Thanks to the development
of immunomodulating approaches, the mortality of acute GVHD (aGVHD) is drastically decreased. Nevertheless,
chronic GVHD (cGVHD) is became the leading causes of death in patients who survived of aGVHD. Various
studies have demonstrated the essential role of B cells in the development of cGVHD. B cells are directly involved
in allogeneic reactions through a variety of mechanisms such as alloantibody production, triggering complement
system, promoting antibody-dependent cellular cytotoxicity (ADCC), and cross-presentation of immune
complexes. It has been known that the pathways involved in the B-cell homeostasis and survival, such as BAFF,
BCR, and Notch2 signaling pathways are abnormal in cGVHD. Post-HSCT lymphopenia triggers the continuous
release of BAFF, leading to abnormalities in B cell homeostasis, and increasing the survival of
alloreactive/autoreactive B cells, leading to production of allo/auto-antibodies. On the other hand, reduction of
regulatory B cells following HSCT, causes loss of T cell peripheral tolerance, leading to cGVHD incidence.
Therefore, B cells deserve special consideration in allogeneic HSCT, and targeting alloreactive B cells might be a
promising approach in cGVHD management. In this article, we discussed the role of B cells in pathophysiology of

cGVHD.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is a potential solution in the treatment of many
hematologic and immunologic disorders (1, 2). However,
graft-versus-host disease (GVHD) is one of the most
important challenges of allo-HSCT that causes significant
morbidity and mortality in patients (3). GVHD could be
manifested early after HSCT with a multiple symptoms of
inflammation which is called acute GVHD (aGVHD).
Generally, aGVHD is caused by the formation of an
inflammatory cascade of active allure T cells (3). Thanks to
the development of immunomodulatory drugs, the
incidence of aGVHD has decreased significantly (4).
Chronic GVHD (cGVHD), however, needs more time to
develop, and is harder to prevent and cure. It occurs within
a year and with an average time of 5 months after allo-
HSCT. Up to 70% of aGVHD survivors might experience
cGVHD (5). Symptoms of cGVHD vary in terms of
involvement of various organs in the body. An important
consequence of this disease is the lack of immune
tolerance, leading to autoimmune manifestations in the
skin, mouth, liver, eyes, lungs, gastrointestinal tract,
hematopoietic system and joints (6-9). According to
National Institutes of Health (NIH) diagnostic criteria,
cGVHD is associated with inflammation, fibrosis, and
cellular and humoral immune disorders, and the
involvement of various organs, leading to symptoms such
as Sika syndrome, cutaneous sclerosis, pulmonary
involvement and manifestations of autoimmune diseases
(20).

Poikiloderma, lichen planus, obliterans bronchiolitis
syndrome, skin  depigmentation, sclerosis, lung
involvement, esophageal web, gastrointestinal involvement,
fasciitis, joint stiffness and myositis are some of the
manifestations of cGVHD (11). Besides, -cryptogenic

organizing pneumonia (COP), thrombocytopenia, and
pancreatic atrophy are considered as other symptoms of
cGVHD (8). However, weight loss syndrome, anorexia,
gingivitis, maculopapular rash, erythema and liver
dysfunction are also common among cGVHD patients but
are not part of the NIH diagnostic criteria (11).

If involvement of <2 organs with a score of 1 occurs,
cGVHD is mild; if involvement of >3 organs occurs with a
score of >1, or involvement of lung occurs with a score of 1-
2, cGVHD is moderate. Finally, the involvement of one
organ with a score of three or involvement of lung with the
score greater than 2 is considered severe cGVHD.
Therefore, pulmonary involvement usually increases the
severity score (6, 10).

The well-known risk factors for cGVHD include age
and sex of patients and donors, type of underlying disease,
history of aGVHD and its grade, serological status of CMV,
difference in HLA, source of stem cells, cell components of
graft, use of Total body radiotherapy (TBI), conditioning
regimen, and GVHD prophylaxis regimen (12-14).
Pathophysiology of cGVHD: Although it has been known
that the human major histocompatibility complex (MHC) or
Minor histocompatibility antigen (mHA) antigens are major
alloantigens triggering both aGVHD and cGVHD (15), the
pathophysiology of cGVHD is not clear enough (6). The
lack of efficient animal models is the most important cause
of data paucity in cGVHD mechanism. Besides, existing
mouse models such as sclerotic model and autoantibody-
producing models are not able to cause complex
pathological manifestations of cGVHD (16, 17). The fact
that cGVHD often occurs in patients with a history of
aGVHD probably suggests that T cells play a critical role in
the pathogenesis of cGVHD (18). The immunosuppressive
treatment for the prevention of aGVHD suppress the
activation of alloreactive donor T cells. Following the taper
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in immunosuppressive regimen, the delayed activation of
alloreactive donor T cells results in the development of
cGVHD. However, despite aGVHD, Th2 cytokines appear
to play a prominent role in cGVHD (19).

Interestingly, the manifestations of cGVHD differ from
aGVHD, and are similar to autoimmune disorders such as
Systemic lupus erythematosus (SLE), lichen planus,
bronchiolitis obliterans syndrome, primary biliary cirrhosis,
and autoimmune cytopenia (19, 20). Furthermore, cGVHD
shared laboratory findings with autoimmune disorders. It
has been found that in cGVHD there is a high prevalence
of autoantibodies against double-stranded DNA and
smooth muscle (20). Studies have shown a strong
association between autoantibodies such as anti-DBY and
antibodies against intermediate filament of cytoskeleton
with clinical manifestations and the severity of cGVHD (21).
Such extensive similarity of cGVHD to autoimmune
disorders has made it a complex and heterogeneous
disease. Some researchers believe that the same tissue
damage occurs in both cGVHD and autoimmune disease.
The difference is that the damage in cGVHD is caused by T
cells activated by the chronic stimulation with tissue
compatibility antigens, while in autoimmune disorders, it is
caused by T cells stimulated with non-polymorphic antigens
(22). There is even an idea that suggest non-polymorphic
antigens involved in autoimmune diseases as antigenic
targets in cGVHD (22).

On the other hand, notwithstanding the advances in
the T cell suppressive therapies, the incidence of cGVHD is
still high, suggesting the role of other immune cells in the
development of cGVHD (22). Various studies have
proposed B cells as the major player in the development of
this complex disease. The BCR sequencing also shows
that CDR3 of the IgG antibodies has allo/autoreactive
properties and could possibly be considered as an
antigenic target in cGVHD (23). Herein, we discussed the
role of B cells in the pathophysiology of cGVHD.
Development of B cell tolerance after allo-HSCT: B cell
differentiation occurs through a highly dynamic and
regulated process in which the autoreactive B cells are
removed, while those clones that are not severely reacted
with self-antigens are positively selected (19). In healthy
individuals, B cell development begins with the production
of pre-cursor B cells in the bone marrow (BM). Despite
central tolerance in BM, large amounts of polyreactive and
autoreactive transient B cells migrate from BM to the
periphery (18). Clonal deletion, anergy, and receptor
editing in the BM cannot delete all autoreactive B cell
clones. Thus, approximately 50-75% of transient B cells in
healthy adults are autoreactive that should be deleted in
the periphery (19).

The differentiation and survival of B cells are tuned by
B cell-activating factor (BAFF) (24). BAFF is a cytokine
belonging to the tumor necrosis factor (TNF) superfamily
(24). It is mainly produced by mononuclear cells in the
peripheral blood, lymph nodes, and spleen. BAFF binds to
BAFF receptor (BAFF-R) on the surface of B cells,
enhancing B cell proliferation (24). Autoreactive B cells are
highly BAFF-dependent. The low concentration of BAFF in
the circulation is not sufficient to support autoreactive B
cells survival and ultimately leads to their deletion (25). In

contrast, high levels of BAFF enhance the differentiation
and survival of autoreactive B cells (20, 25).

Following allo-HSCT, donor B cells are transferred to
the recipient, but the number of pre-cursor B cells and
naiive B cells is low leading to a transient lymphopenia until
these cells regenerate in the recipient (21). Lymphopenia
triggers the continuous release of BAFF, leading to
abnormalities in B cell homeostasis, and thus, increasing
the survival of alloreactive and autoreactive B cells (21).
These remaining autoreactive B cells can participate in
primary immune responses and differentiate to short-lived
plasma cells. However, they are unable to participate in
germinal center (GC) reactions, which is why B cells after
HSCT have limited variety in BCRs and produce low-affinity
allo/auto-antibodies (18, 25). Similarly, in autoimmune
disorders, an abnormal increase in BAFF reduces BCR-
induced apoptosis in autoreactive B cells. Altogether, the
high level of BAFF following HSCT-induced lymphopenia
cause the survival of autoreactive B cells (20, 26).
Abnormal B cell homeostasis in cGVHD: It has been
known that the pathways involved in the B-cell homeostasis
and survival, such as BAFF, BCR, and Notch2 signaling
pathways are abnormal in cGVHD (20).

As mentioned, post-HSCT lymphopenia induces
BAFF release. High levels of BAFF cause the survival of
allo/autoreactive B cells, leading to production of allo/auto-
antibodies (20, 25).

The continuous high level of BAFF along with the
slow differentiation of naive B cells are associated with
cGVHD (26). Increasing BAFF in active cGVHD causes
long-term survival of B cells and increases the signaling
pathways of AKT and ERK (26). Activation of protein
kinase B (PKB/AKT) pathway enhances B cell metabolism,
and simultaneous activation of the AKT and extracellular
signal-regulated kinase (ERK) pathways destroys the pro-
apoptotic BIM or BCL2L11 protein, resulting in B cells
becoming resistant to apoptosis (20).

Another impaired signaling pathway in cGVHD is the
BCR pathway. Upon binding of antigens to the BCRs,
phosphorylation and activation of tyrosine kinase spleen
associated tyrosine kinase (Syk) occurs, which
subsequently phosphorylates and activates the B cell linker
protein (BLNK) adapter protein (27). BLNK, as an anchor
protein for Bruton’s tyrosine kinase (BTK) and
phospholipase (PL)Cy2, plays a key role in BCR signaling.
Syk inhibitors such as fostamatinib inhibit the BCR-
mediated activation of B cells, and thereby, reduce the
incidence of tissue damages caused by cGVHD (27). The
other BCR signaling pathway molecule that has been
shown to play an important role in the pathogenesis of
cGVHD, is Notch2 (28). Notch2 is a transmembrane
molecule involved in aberrant BCR signaling in patients
with cGVHD (28). BCR over-responses as a result of
increased Notch2 signaling activity enhances BLNK
expression. It has also been shown that in cGVHD patients
there is an increase in the Notch2-BCR signaling pathway
and a decrease in interferon regulatory factor (IRF)4/IRF8
expression (28). Interestingly, inhibition of the Notch2-BCR
axis by monoclonal antibodies (mAbs) in cGVHD
suppresses B cell aberrant activity but maintains
physiological humoral immune responses (28).
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Possible roles of B cells in the development of cGVHD:
Under homeostatic conditions, several mechanisms inhibit
the function of pathogen B cells through central and
peripheral tolerance. In patients undergoing allo-HSCT,
thymus dysfunction due to aging, effects of conditioning
regimens, and calcineurin inhibitors may result in defective
T cell tolerance (17). Besides, auto/alloreactive B cells
could aggravate the unwanted immune reaction promoting
cGVHD. B cells are involved in complement activation,
ADCC process, and antigen presentation to TCD4 + and
TCDS8 + cells (Fig. 1). High level of auto/alloreactive B cells
along with reduction in regulatory B cells might also cause
loss of peripheral T cell tolerance and development of
cGVHD (29).

It has been revealed that the infiltration of CD4+ T
cells, and B220 B cells as well as alloantibody deposition
are involved in lung and liver fibrosis in cGVHD. Besides,
the elevation of follicular helper T cells (Tfh), germinal
center-B cells and macrophages is required for cGVHD
development (17, 30, 31). Contrarily, in HSCT patients who
have not manifested cGVHD, a large number of naive B
cells and transient B cells are required in the peripheral
blood to completely neutralize BAFF, and efficiently remove
alloreactive and autoreactive B cells (21).

B cell phenotypes appear to be significantly different
in patients with cGVHD from non-cGVHD patients. It has
recently been found that the number of common lymphoid
progenitors, pro-B, pre-B, and immature B cells in the bone
marrow of bronchiolitis obliterans syndrome (BOS) mouse
models, that manifested a similar reaction to cGVHD, is low
(32). Also, niche of B cells is misplaced in this model,
leading to the disruption in the maturation and development
of B cells. The delay in the reconstitution of CD19+ IgD
CD38low CD27+ naive B cells is the reason for their
relative low count in cGVHD patients (32).

Elevated BAFF levels are associated with an increase
in the number of pre-germinal center (GC) B cells (IgD+
CD38high CD27+) and post-GC plasma like cells (IgDlow
CD38hi CD27+), exacerbating the cGVHD condition (33).
These CD27+ cells can produce antibodies without the
need for BCR stimulation or any secondary signals (33).
Therefore, it is hypothesized that these cells may mediate
responses against the host organs through an antigen-
independent pathway.

It has been postulated that the high levels of BAFF

combined with low naive B cell counts may increase the
lifespan of alloreactive and autoreactive B cells, leading to
pathological and immunological reactions in cGVHD (21,
34).
The role of regulatory B cells in the development of
CGVHD: Regulatory B (Breg) cells produce IL-10
suppressing the autoimmunity in mice and humans.
Studies have shown that the decrease in the number of
Breg cells or defects in their function are associated with
the severity in cGVHD. It is reported that Breg cells
deficiency to produce IL-10 is probably due to disruption of
the signal transducer and activator of transcription
3 (STAT3) and ERK2 signaling pathways (27, 35, 36). IL-
10 production is not limited to Breg cells. The CD24(hi)
CD27(+) B cells and CD27(hi) CD38(hi) plasmablasts are
also the source of IL-10.

It has been reported that in allo-HSCT recipients, the
regeneration of memory Breg cell treasures is impaired and
patients with cGVHD have less amount of IL-10 producing
CD24(hi), CD27(+) B cells. Although cGVHD patients have
shown an increase in the number of plasmablasts, the
number of IL-10 producing plasmablasts are significantly
low (36).

To sum up, it seems that IL-10 producing CD24(hi)

CD27(+) B cells and Breg cells have a prominent role in the
prevention of cGVHD.
B cell-related cGVHD biomarkers: CGVHD biomarkers
are divided into diagnostic, predictive, and prognostic
groups, including plasma mediators, antibodies,
inflammatory cells, and gene polymorphisms (37).

Studies have shown that plasma BAFF levels can be
used as a predictor of non-relapse mortality (NRM) in
cGVHD patients (20). The elevated level of Chemokine (C-
X-C motif) ligand 9 (CXCL9) and high-molecular-weight
adiponectin are reported to be associated with cGVHD
severity (20). Antibodies such as anti-HY and anti-platelet-
derived growth factor receptor (PDGFR) are distinct
biomarkers for alloimmunity in cGVHD (38).

Changes in the immune cells are could be serve as

cGVHD biomarker. It has been revealed that the decreased
Breg cells count and altered Treg cell homeostasis are
prognostic biomarkers in cGVHD patients (20). On the
other hand, studies have shown that CD19+ CD10+
transitional B cells not only can be used as a biomarker in
the diagnosis of cGVHD but also has the ability to predict
cGVHD-mediated complications such as cGVHD-
dependent gamma globulinemia or bronchiolitis obliterans
syndrome (39). Kappa-deleting recombination excision
circles (KRECs) is a useful biomarker to evaluate the
mechanism and dynamics of B cell reconstitution. It can be
used to investigate the history of B cell proliferation due to
the positive correlation between KREC and the number of
B cells after transplantation (39).
Treatment of cGVHD: targeting B cells: cGVHD is a
multi-organ disease for which the treatment of choice is
immunosuppressive agents. Steroids are commonly used
as the first line of treatment for moderate to severe cGVHD
(40). For steroid-refractory cases a second line of treatment
is needed. Based on clinical trials, the response rate to the
second line of treatment is 25-50%, but no treatment has a
significant advantage over the other. Therefore, the choice
of treatment depends on patients’ factors such as the
underlying disease and the organ involved.

Kinase inhibitors (genus kinase inhibitors, roxolitinib,
baricitinib, ibrotinib, syk inhibitors and Rho kinase
inhibitors), cytokine regulators (IL-2), inhibitors Proteasome
(bortzomib, Carfilzomib, Ixazomib), immune and metabolic
checkpoint blockade, and Adoptive cell therapy (Tregs,
MSCs) are among the second-line treatment options for
cGVHD (14, 23, 41-51). Noteworthy, all of the above
mentioned drugs are immunosuppressive which increase
the risk of serious, severe, and life-threatening infections.
Given the critical role of B cells in the pathophysiology of
cGVHD, targeting B cells could be a promising approach to
control the cGVHD.
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Table 1. B cell Targeting in chronic GVHD

Target Function ;‘aéga?;fd Effect in cGVHD Ref.
« FDA-approved irreversible inhibitor of BTK and ITK
BTK and ITK | BCR activation Ibrutinib + Targets Th2 cells and B cells . (60, 61)
* Produces durable remissions in B cell abnormalities
* Minimal toxicity
* Increases OS
IL-6 receptor Proliferation of pre-B cells Tocilizumab * Increases Relapse Free Survival (62)
e Salvage therapy in severe cGVHD
: - . « B cell depletion leading to the suppression of activated Tfh cells
cb20 B-cell surface antigen Rituximab « Safe and effective for first-line treatment of cGVHD (34,52, 63)
Expressed on activated B cells . « Effective in the treatment of steroid-refractory cGVHD
CD30 Positive regulator of apoptosis Brentuximab « Treatment-emergent toxicities, including peripheral neuropathy 64
JAK 1/2 Eeftf:z(g;so?snirclyéogerl]li and chemokine Ruxolitinib « Treatment option for steroid-refractory aGVHD and cGVHD (23)
BCR activation Entospletinib
SYK Cell migration Fostar?]atinib « Effective at inducing apoptosis in human cGVHD B cells (65)
Endocytosis
B-cell migration KD025 - . .
ROCK2 T-cell activation with pSTAT3/5 effects (belumosudil) * Clinical trials are ongoing (66)
e 80% overall response
Carfilzomib * 10% complete response
Proteasome Regulation of proteins Bortezomib « A feasible and well tolerated initial treatment of cGVHD (combined with (67, 68)
prednisone)
o Carfilzomib did not improve expected 6-month treatment failure rates
Plasma cells LT@;ZT;EJT?:;Q” production leading to Pomalidomide * Clinical trials are ongoing (69)

BTK. Bruton's tyrosine kinase; ITK. Interleukin-2-inducible T cell kinase; BCR. B cell receptor; OS. Overall survival; Tth. T follicular helper
cells; SR-GVHD. Steroid refractory graft versus host disease; JAK. Janus kinase; SYK. Spleen tyrosine kinase; ROCK2 Rho-associated

kinase 2;
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Figure 1. Possible roles of B cells in the development of cGVHD. B cells are involved in ADCC process (A), cross presentation of immune
complexes (B), complement activation (C), and are involved in priming TCD4 + and TCD8 + cells by antigens presentation (D).
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B cell-targeted therapies can be classified as (1) B
cell depletion by antibodies, (2) modulation of BAFF-R
signaling, and (3) inhibition of BCR signaling. First, CD20 in
B cells can be targeted by rituximab or ofatumumab,
leading to B cell depletion (52-55). Second, since Syk and
NFkB are activated in BAFF-R pathway, their inhibition by
fostamatinib and bortezomib could modulate the survival of
autoreactive B cells. Finally, BCR response activates SyK,
BTK, and BLNK signaling, leading to the activation of ERK
and NFkB (21, 26, 27). BTK can be inhibited by TKIs such
as ibrutinib (56-58). In addition, T follicular helper (TFH)
cells can involve in formation of germinal center and B cell
maturation by producing IL-21 (59).

Increase in the TFH cells is accompanied with
increased GC B cells and development of cGVHD in
experimental models. Ibrutinib and fostamatinib can inhibit
ITK and SyK in TFH, respectively, leading to the
modulation of the B cell development in GC (Table 1) (6).

CONCLUSION

Various studies have demonstrated the essential role of B
cells in the development of cGVHD. B cells are directly
involved in allogeneic reactions through a variety of
mechanisms such as alloantibody production, triggering
complement system, promoting antibody-dependent
cellular cytotoxicity (ADCC), and cross-presentation of
immune complexes. These cells are also indirectly involved
in cGVHD reactions by priming CD4+ T cells and CD8+ T
cells. It has been known that the pathways involved in the
B-cell homeostasis and survival, such as BAFF, BCR, and
Notch2 signaling pathways are abnormal in cGVHD. Post-
HSCT Iymphopenia triggers the continuous release of
BAFF, leading to abnormalities in B cell homeostasis, and
thus, increasing the survival of alloreactive and
autoreactive B cells, leading to production of allo/auto-
antibodies. On the other hand, reduction of regulatory B
cells following HSCT, causes loss of T cell peripheral
tolerance, leading to cGVHD incidence. Therefore, B cells
deserve special consideration in allogeneic HSCT, and
targeting alloreactive B cells might be a promising
approach in cGVHD management.
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