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Abstract: B-cells have been long accepted as the main cellular component in humoral
responses. Their effector function is based on antibody and cytokine production. The
development of donor-specific antibodies by B-cells has deleterious consequences in graft
and patients survival. Recently, a new subset of IL-10-secreting B-cells with regulatory
capacity in allergic and autoimmune diseases has been shown. Such regulatory function
changes the apprehension of B-cells as effector cells and increases the complexity to the
immuno-regulatory networks. New therapies targeting B-cells should consider that
depleting B-cells potentially impairs regulatory B-cells (Bregs) and that modulating or
favoring the maintenance and function of Bregs would be important for the achievement of
humoral tolerance. Unfortunately, few direct pieces of evidence of Breg involvement in
allograft tolerance models has been described. Here, we summarize the current knowledge
of the role of Bregs in transplantation.
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1. Introduction
1.1. B-Cell Subsets
B-cells constitute the main cellular component involved in humoral immune responses. Two
different subpopulations of B-cells coexist, B1 and conventional B2 cells. The B1 cells are
characterized by cluster differentiation (CD)5 expression and represent less than 5% of the total B-cell
component in peripheral blood in mice, whereas in humans, the CD5 expression in B1 counterpart
cells is heterogeneous [1]. B1 cells are present in alveolar and peritoneal cavity and may have a role in
mucosal immunity, although IL-10-producing CD5+ B-cells with a regulatory capability have
been described [2].
The conventional B2-cells lack CD5 expression and represent the majority of B-cells. The
involvement of B-cells in immune responses has long been accepted based on antibody production.
However, after several decades of research on various B-cell effector functions, such as cytokine
production and professional antigen presentation [3], several B-cells with regulatory capacity were
defined. In mice, the innate-like B-cells are composed of marginal zone (MZ) B-cells and other related
B-cells and constitute an important source of IL-10-producing regulatory B-cells (Bregs) [4].
1.2. Mechanisms of Tolerance by B-Cells
To address the function of regulatory B-cells, the mechanisms used by B-cells to achieve antigen
tolerance should be fully understood [5]. The education of lymphocytes for discerning between self
and non-self is tightly regulated. It is assumed that the mechanisms of self-tolerance in T-lymphocytes,
based in negative and positive selection in the thymus, clonal deletion, clonal anergy, T-cell receptor
editing and antigen ignorance, apply also to B-cell precursors [5].
B-cell precursors in the bone marrow differentiate into B-cells with different levels of self-reactivity
of their B-cell-receptor (BCR); self-high reactivity BCR, B-cell clones are deleted and only those with
less reactivity integrate with the B-cell pool and travel through the peripheral blood to extrafollicular
regions. At this point, B-cells can follow two different pathways: T-cell-dependent and -independent.
The T-cell-dependent pathway takes place in follicular regions within peripheral lymphoid tissues
and with the help of antigen presenting cells (APCs) and T-helper (Th) cells. In germinal centers,
B-cells develop into long-lived plasma cells and memory B-cells that, upon re-challenge with cognate
antigen, produce a large amount of antibodies.
In contrast, the T-cell-independent pathway takes place in extra-follicular regions of peripheral
lymphoid tissues, and MZ B-cells are able to produce antibodies regardless of Th cells. These B-cells
are considered part of the innate immune response and respond vigorously in the early immune
response to bloodstream pathogens [6]. In lymphopenic conditions, the transitional B-cells first expand
to recover B-cell numbers [7,8]; this observation could have important implications in
antibody-depleted transplant recipients.
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2. B-Cells and Transplantation
The knowledge of checkpoints in B-cell education allowed for the study of B-cell subsets that are
more susceptible to modulation in order to promote alloimmune-humoral tolerance. In a mouse model
of a skin-heart transplant, after B-cell reconstitution and rechallenge with alloantibodies, no antibody
reaction against the donor was observed [9]. This suggests that the development stage of B-cells in which
the encounter with the alloantigen takes place is important for the induction of specific humoral tolerance.
The immune response against the allograft can be divided into cellular and humoral. The latter is
characterized mainly by antibody production and complement activation. Both components can result
in graft rejection [10]. Within the different B-cell subsets, long-lived plasma cells upon T-cell
cooperation and short-lived plasma cells in a T-cell-independent manner are able to produce
alloantibodies directed against the donor. This reflects the complexity of the humoral network that is
mounted in order to evoke an anti-donor response.
The presence of pre-transplant donor-specific antibodies (DSA), or de-novo post-transplant
antibody production, has been shown to correlate with poor survival in all solid organ
transplants [11–13] and in hematopoietic stem cell transplantations [14]. In addition, the presence of
anti-human leukocyte antigen (HLA) antibodies in the recipient has a deleterious effect, not only in the
short term, but also in chronic rejection [11].
Upon any solid organ transplant, life-long immunosuppression is mandatory in order to avoid graft
rejection. Nevertheless, several studies report tolerance of liver allografts [15]. Operational tolerance
of transplants is defined as complete weaning-off of immunosuppression with maintained graft
function [16]. Unfortunately, there is scarce evidence in other solid organ transplants for such a
possibility. Recently, a B-cell signature was demonstrated in a small cohort of tolerant kidney
transplant recipients (KTR) [17,18]. The Immune Tolerance Network (ITN) and Reprogramming the
Immune System for the Establishment of Tolerance (RISET) consortia observed an expansion of
B-cells in peripheral blood of these patients, suggesting an expansion of non-effector B-cell
subpopulations in tolerant kidney transplant recipients, distinct from alloreactive effector B-cells. The
pattern of expansion of naive/transitional B-cells in tolerant KTR suggests an immunoregulatory role
of these B-cell subsets. Thus, within the B-cell compartment, different subpopulations exist in the
peripheral blood with several maturation stages (Figure 1).
Mature B-lymphocytes are considered not only antibody-secreting cells, but also have a role as
professional APCs that interact with T-cells prior to undergoing somatic hypermutation and supplying
alloantibodies with higher affinity. These alloantibodies could directly drive an acute humoral
rejection [19], but could also enhance alloreactive T-cell activation and evoke an acute cellular
rejection [20]. Moreover, memory alloreactive B-cells and alloantibodies are able to break tolerance
achieved after an anti-CD154 treatment model [21]. Thus, an overall effector function in allograft
response is generally accepted. However, contrasting functions of B-lymphocytes in tolerance models
have been demonstrated. In an anti-CD45RB transplant tolerance model, donor-specific tolerance is
achieved with the participation of regulatory T-cells (Tregs), where the presence of B-lymphocytes
was necessary, suggesting a crosslink between Tregs and B [22]. IL-10 production by both Tregs and
Bregs has been proposed as a mechanism of allograft tolerance [23].

Antibodies 2013, 2

590

Figure 1. Potential immunoregulatory network in transplantation: IL-10 and transforming
growth factor (TGF)-β are the soluble key players in the immunoregulatory network. IL-10
can be secreted after B10 stimulation by Lipopolysaccharide (LPS), CD40 and alloantigenspecific T-cells early in the alloimmune response. IL-10 then evokes a positive loop,
activating B10 cells and favoring the maintenance of regulatory T-cells (Tregs), providing
an allograft-tolerance environment. TGF-β could drive the generation of Treg cells from
naive T-cells, but in the presence of IL-6 in the local milieu, TGF-β skews the
differentiation of naive T-cells to Th17 cells with a potential detrimental role for the
allograft. Moreover, TGF-β can induce apoptosis in B10 cells, thus blocking the positive
loop to tolerance induction. Abbreviations: B10, IL-10 producing-regulatory B-cells; Th,
T-helper cells; Tr1, Type 1 regulatory T-cells; Tregs, regulatory T-cells. Arrows: Black,
differentiation; striped, production; dotted, positive effect; truncated, negative effect.

IL-10 has been recognized as a Th2 cytokine that inhibits interferon (IFN)-gamma/Th1 response [24]
and has immune-regulatory functions in autoimmunity, allergic diseases and transplant models [25]. The
main cell source for IL-10 is the macrophages [26], but it is also produced by Th2 cells [24],
type-1 regulatory T-cells (Tr1) [25], monocytes [27], and, recently, by IL-10 producing B (B10)-cells ([2]).
The main function of IL-10 is modulation of APCs and inhibition of naive Th0 cells, as well as
IFN-gamma-producing Th1 cells. The inhibitory role on CD8+ T-cells is less clear ([28]).
IL-10 induces Tr1 cells from naive T-cells [29], is important for the maintenance of Tr1 cells [25]
and is necessary for the functional activity of CD45RB (low) CD4+ T-cells, responsible for the
tolerance to donor alloantigens in vivo [29].
However, some stimulatory functions have been attributed to IL-10 [30,31]. This paradoxical
function was confirmed in a heart transplant model, where IL-10 enhanced rejection and the
progression of graft arterial disease [32]. In the anti-CD45RB transplant tolerance model, IL-10
exacerbated graft rejection [33].
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Overcoming the latter findings, the vast majority of the published data on IL-10 define it as an
immunoregulatory cytokine. Thus, IL-10 produced by Bregs can facilitate Treg function and induce
allograft-tolerance.
3. Regulatory B-Cells
Several subpopulations of B-cells with regulatory functions have been assigned as Bregs, including
IL-10-producing Bregs (B10 or Br1); TGF-β-producing B-cells (Br3) and Foxp3+ B-cells. Their
characteristics in mice and humans are summarized in Table 1.
Table 1. Comparison between different regulatory B-cell (Breg) subsets and mechanism
of regulation.
Subject

Mice

Phenotype
B1-like
B10
B10
B10

Humans

Br3
Br1
Br1
Br3
Foxp3+

CD5+
CD5+CD1dhigh
CD21highCD23highCD1dhigh
T cell Ig domain and mucin
domain protein (TIM)+
Unknown
CD24highCD38high
CD24highCD27+
Unknown
CD19lowFoxp3+

Suppressive
mediator
FasL
IL-10
IL-10

Refs.
[34]
[35]
[36]

IL-10

[37]

TGF-β
IL-10
IL-10
TGF-β
Unknown

[38]
[39]
[40]
[41]
[42]

The first B-cell subpopulation described as having regulatory properties was defined as CD1dhigh [43].
Although the regulatory mechanisms of Bregs are not fully elucidated, the production of IL-10 has
been well characterized [2]. The CD19+CD5+CD1dhigh B-cells (B10) are responsible for the main
production of IL-10 [2] and, upon activation with LPS or anti-CD40, undergo B10 maturation [35].
The activation of Bregs may control inflammatory responses in both a T-cell-dependent and an
antigen-specific manner [44]. Indeed, the timing of B-cell depletion was found to have paradoxical
results in experimental autoimmune encephalomyelitis (EAE) after myelin oligodendrocyte
glycoprotein immunization: B-cell depletion before immunization enhances specific T-cell responses,
suggesting a regulatory role for B-cells, whereas B-cell depletion two weeks after immunization
diminishes specific T-cell response [44].
Importantly, IL-10 enhances the proliferation of CD5+ B-cells with regulatory properties in an
autocrine manner [45]. IL-10 produced by B10 cells can induce Tr1 cells [29], thus further enhancing
the regulation of alloimmune-responses (Figure 1).
Another subset of B-cells was subsequently identified, B-cells secreting TGF-β [38]. The
nomenclature for this subset, with analogy to TGF-β-secreting T-cells (Tr3), was Br3. The Br3 cells are
heterogeneous in CD5 expression and were studied in models of allergic diseases [46] and in humans [41].
In contrast to IL-10, TGF-β promotes apoptosis of CD5+ B-cells [47] and could act as a negative
regulator of B10 cells. TGF-β alone could drive naive T-cells into inducible Tregs (iTreg) [48,49],
enhancing the regulatory environment, but together with IL-6, TGF-β could skew naive T-cells toward
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IL-17-secreting (Th17) cells and tip the balance towards effector T-cells [50]. It seems that the local
cytokine environment is crucial to define the role of TGF-β in allograft tolerance (Figure 1).
Finally, a fork-head box p3 (Foxp3) transcription factor and master gene of natural Tregs was found
to be expressed in a B-cell subpopulation [42], but its suppressor capacity remains to be demonstrated.
In humans, several B-cell subsets with regulatory properties have been described in healthy
subjects [39]. The human Breg population is CD19+ with high expression of CD24 and CD38 [39],
similar to the immature and early stages of transitional B-cells (Figure 2). Impairment in the regulatory
capacity of CD19+CD24highCD38high cells in rheumatoid arthritis [39] and a decrease in
IL-10-producing, CD24high CD27+ B-cells in Graves’ disease [40] have been described.
Figure 2. B-cells ontogeny, markers of B-cell subpopulations and monoclonal antibody
treatment susceptibility. (Top) Origin and development pathways of B-cell subsets and
localization in the peripheral tissues. (Middle) Different markers of B-cell subsets
regarding maturational stage: background red (high expression); orange (medium
expression), green (low expression); blue (no expression); line crossed (not defined).
(Bottom) Antibody treatments targeting the B-cell compartment; susceptible subpopulation
(black arrow); intermediate susceptibility (striped arrow). Abbreviations: T, transitional;
MZ, marginal zone; MEM, memory; BLyS, B-lymphocyte-stimulator; BAFF,
B-cell-activating factor.
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4. Bregs and Clinical Transplantation
The direct involvement of Bregs in clinical transplantation has not been fully studied. Depleting
B-cells with monoclonal antibodies in the presence of alloantigen to promote donor-specific humoral
tolerance has been suggested [9,51]. There are few studies with a limited number of KTR patients. In a
cohort of KTR treated with Alemtuzumab (Campath-1H) and anti-CD52 monoclonal antibody that
depletes B- and T-cell populations during two to six, even 12, months post-induction, a transient
increase of immature and transitional B-cell subpopulations was found [52], suggesting that
Campath-1H-treated KTR could modulate several populations with regulatory functions and achieve
the B-cell signature observed in tolerant KTR [17,18]. This observation could, however, be skewed,
due to homeostatic proliferation of transitional and naive B-cells in lymphopenic hosts after treatment
with Rituximab [7]. Recently, a higher incidence of DSA development was demonstrated in a
prospective study after Alemtuzumab induction and, consequently, impaired graft function compared
with basiliximab and anti-thymoglobulin treated groups [53].
It has been hypothesized that target subpopulations involved in checkpoints of antigen-tolerance
would be a feasible strategy to achieve B tolerance, combining antibodies against survival factors of
B-cells, such as B-lymphocyte-stimulator (BlyS) and B-cell-activating factor (BAFF), with anti-CD20
therapy. The immature expanding B-cells would come in contact with an alloantigen and would be
recognized as self-antigen, achieving humoral tolerance to the allograft [54].
5. Conclusion
The role of Bregs in allograft tolerance remains largely to be studied. To date, the best documented
regulatory function is based on IL-10. Other mechanistic functions are probably waiting to
be elucidated.
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