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Abstract

B cells are differentiated to recognize antigen and respond by producing antibodies. These
activities, governed by recognition of ancillary signals, defend the individual against
microorganisms and the products of microorganisms and constitute the canonical function of B
cells. Despite the unique differentiation (e.g. recombination and mutation of immunoglobulin gene
segments) toward this canonical function, B cells can provide other, “non-canonical” functions,
such as facilitating of lymphoid organogenesis and remodeling and fashioning T cell repertoires
and modifying T cell responses. Some non-canonical functions are exerted by antibodies, but most
are mediated by other products and/or direct actions of B cells. The diverse set of non-canonical
functions makes the B cell as much as any cell a central organizer of innate and adaptive
immunity. However, the diverse products and actions also confound efforts to weigh the
importance of individual non-canonical B cell functions. Here we shall describe the non-canonical
functions B cells and offer our perspective on how those functions converge in the development
and governance of immunity, particularly immunity to transplants, and hurdles to advancing
understanding of B cell functions in transplantation.
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1. INTRODUCTION

For more than eighty years the fate of transplants has been connected in one way or another
with allo-antibodies [1] and by implication to the cells that produce those antibodies. Allo-
specific antibodies, particularly donor-specific antibodies (DSA), provide the most reliable
index of risk of rejection and graft loss [2] and an invaluable marker for diagnosis of acute
and chronic antibody-mediated rejection [3-5]. Yet, for almost as long as long as allo-

Address communications to: Jeffrey L. Platt, M.D., Transplantation Biology, A520B Medical Science Research Building I, 1150 W.
Medical Center Drive, SPC 5656, Ann Arbor, Michigan 48109-5656, 734 615-7755 telephone, 734 615-7141 fax, plattjl@umich.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of Interest
None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Platt and Cascalho

Page 2

antibodies have been known to exist, debates have raged about whether and to which extent
allo-antibodies detected in blood directly injure transplants [6-11]. Today, few would
question that allo-antibodies can attack organ transplants, fulfilling what we shall call the
canonical function of the antibodies. Yet, few can explain why more often than not allo-
antibodies cause no acute injury. Nor is there a ready explanations why mice lacking B cells
and unable to produce allo-antibodies sometimes exhibit better, sometimes worse and
sometimes the same outcomes of organ and tissue transplants as wild type mice. Some
differences in the impact of alloantibodies merely reflects differences in direct exposure to
the antibodies and complement, as vascularization with recipient blood vessels shield cell
and tissue transplants from the alloantibodies and complement that directly attack organ
grafts [12, 13]. Some “paradoxical” responses of transplants to alloantibodies reflects
“accommaodative” changes that can protect transplants from antibody-mediated injury and
some reflects suppressive actions of antibodies on immune responses. We call these other
functions of antibodies “non-canonical functions.” The considerable interest in development
of therapeutic agents that deplete B cells and plasma cells and agents that might suppress B
cell functions will make it important to whether agents that eliminate B cells or broadly
suppress B cell functions have untoward impact on a transplant or on autogenous organs.
This communication will examine the non-canonical functions of B cell that may impact the
outcome of transplants. We focus especially on functions that have incompletely or
inconsistently defined impact in transplants and the barriers to better defining that impact.

B cell functions

Only B cells are highly differentiated to enable the regulated production antibodies (Figure 1
and hence we refer to that as “the canonical function” of B cells. B cells clonally express B
cell antigen receptors (BCR) that have the same tertiary configuration as the antigen-binding
region of antibodies and allow B cells to undergo activation, anergy or apoptosis upon
recognition of antigen. B cells recombine genomic DNA to encode a BCR that corresponds
to the antibody the B cell produces, allowing diverse clonally distributed repertoire of BCR
and immunoglobulin (Ig) to enable recognition of a vast set of different antigens. B cells
undergo somatic hypermutation, preferentially targeting recombined variable regions of
immunoglobulin (1g) genes. B cells censor the diverse BCR repertoire by clonal selection
and deletion based on specific interaction of BCR with antigen targets. B cells carry the
“memory” of paratope binding and potentially differentiate into plasma cells that produce
the Ig in quantity.

B cells also perform non-canonical cellular functions, such as migration, phagocytosis,
elaboration of proteins other than Ig (e.g. cytokines, growth factors and enzymes), and
expression and of MHC class Il (Figure 1). These non-canonical cellular functions support
lymphoid organogenesis and remodeling, regulation of B cell and T cell responses,
diversification of T cell repertoires. Other cells can perform these functions, but B cells can
and often do perform the functions at distinct anatomic locations, such as germinal centers,
and under conditions distinct from other cells.

Central to understanding the cellular physiology of B cells must be a consideration of how
the non-canonical functions are induced and regulated and what circumstances or conditions
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(e.g. location, diversification of immunoglobulin genes) preferentially equip B cells to
perform those functions at a given site or time. Much is known about the minimal stimuli
needed for activation of various non-canonical functions /in vitro, less is known about the set
of stimuli orchestrating non-canonical functions, as those functions are manifest /in vivo.

1.1 The contribution of B cell functions to immunity

Viewed from the perspective of the whole organism and the immune system, the canonical
function of B cells confers host defense. The involvement of immunoglobulin proteins in
host defense has been recognized for at least 130 years (see [14] for review). The cellular
source of the proteins, later called antibodies and the role that cellular source plays in overall
physiology of the immune system was hotly debated for decades and not settled until three
discoveries had established the cellular basis of immunity [15, 16]. First, lymphocytes and
plasma cells were found to be the only cells that produces antibodies [17, 18]. Second, while
lymphocytes and lymphoid organs containing clusters of lymphocytes produced antibodies,
the production of antibodies by any cell or organ in chickens was found to depend on the
presence of a bursa of Fabricius early in life [19], suggesting production depended on a
developmental hierarchy or series of events (hence the term “B” cells). Third, bursa-
dependent lymphocytes or B cells, and the antibodies B cells produce were shown to exert
some facets of immunity but not others [20, 21]; the other facets were exerted by
lymphocytes (T cells) that required the integrity of the thymus early in life [22].

Viewed from a current perspective, the experiments revealing that B cells and T cells
mediate distinct facets of immunity ironically also revealed that most “distinct” functions of
these cells are inter-dependent, that is B cell responses depend on T cells and more recently
that T cell responses depend on B cells. For example, the classical experiments connecting
the bursa of Fabricius to production of antibodies, tested T cell-independent responses to
Salmonella typhimurium species [19, 20]. However, abolishing antibody responses to bovine
albumin and Brucella abortus antigen required removal of the bursa and delivery of 650 r to
newly hatched chicks, a treatment that would later prove to distinguish T cell-dependent
from T cell-independent B cell responses [23]. Still more important for the present was the
observation that removal of the bursa in chicks severely hindered development of delayed-
type hypersensitivity responses to tetanus and diphtheria toxins [21, 24] and generation of
graft versus host reactions in the newborn [21], more discerning tests of competence of cell-
mediated immunity than allograft rejection. These seminal discoveries also provided the first
suggestion that besides producing antibodies, B cells establish the overall structure and
functionality of the immune system, as we later discuss.

1.2 Connections between B cell recognition and B cell functions

Table 1 lists various systemic functions of B cells. Besides the canonical function of B cells,
i.e. production of antibodies that confer host defense or immune surveillance, are listed
numerous non-canonical functions that could be viewed as antibody-dependent or antibody-
independent, the later being functions manifest in a system in which B cells can express
BCR but cannot produce antibody [25, 26]. Some antibody-independent functions, such as
initial development of lymphoid follicles with follicular dendritic cells, appear only to be
performed by B cells, but other cells express the factors needed to perform the function.
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Most antibody-independent functions, such as immune regulation, are performed by B cells
and by other cells. As we discuss B cell functions in the sections that follow, it is instructive
to consider the following: (i) why in a given setting B cells rather than other cells confer the
function (e.g. since all leukocytes can produce I1L-10, why does IL-10 secreted by B cells
have a dominant impact in some circumstances); (ii) whether a given systemic function
could reflect one or several cellular functions of B cells (e.g. antigen presentation reflects
phagocytosis, processing and expression of peptide MHC complex and co-stimulatory
proteins, but it also reflects B cell-mediated development and maintenance of lymphoid
tissue); (iii) whether the evidence implicating one function excludes other functions; and (iv)
whether experimental systems used to implicate B cells in a function, such as B cell
deficiency generated by gene targeting or B cell depletion induced by administration of anti-
B cell antibodies, have compensatory distorted phenotypes caused by the manipulation. For
example, B cell-deficient mice and mice from which B cells are depleted are commonly
used to investigate immune regulation and antigen presentation by B cells however B cell-
deficiency causes profound contraction of T cell repertoires and aberrant development of
lymphoid tissues and B cell-depletion can activate complement and stimulate Fc receptors,
which in turn influences activation and function of residual B cells, T cells and other
leukocytes.

Figure 1 depicts types of receptors that stimulate B cells and some of the diverse functions B
cells exert. Whether and how B cells are stimulated to produce antibody, undergo affinity
maturation, manifest memory or undergo apoptosis, as these contribute to the canonical
functions, is well understood. Whether or not B cells manifest canonical functions depends
in large part on the combination of receptors that is stimulated and on the location of B cells
at the time of stimulation. B cells located in lymphoid tissues to which antigen is delivered
may respond to that antigen by activation or anergy depending on whether antigen receptors
(BCR) stimulated by polymeric or by monomeric epitopes, and whether neighboring T cells
provide co-stimulation. Covalent attachment of complement end products (C3d, C4d) to
antigen crosslinks and stimulates CR2 and BCR decreasing by orders of magnitude the
minimum amount of antigen needed to activate B cells. Soluble agonists, such as
anaphylotoxins (C3a, C5a), cytokines, agonists for TLR, and BAFF, and environmental
conditions such as hypoxia, irradiation, among others, add a further dimension to B cell
responses.

Far less is known about how various stimuli coordinate non-canonical B cell functions. It is
useful however to consider examples of these limitations. Besides triggering antibody
responses, binding of an antigen to BCR can serve as the first step in presentation of antigen
to T cells. Thus, antigen bound to BCR can be taken up, processed and associated with
newly synthesized MHC class Il complexes (Figure 1). Lipopolysaccharide (LPS), besides
triggering T cell-independent B cell responses (type 1 T cell independent B cell responses),
induces B cells to express MHC class I, to process and potentially present antigen and to
express co-stimulatory molecules, thus promoting the antigen presenting functions [27-29].
LPS also can trigger B cells to produce I1L-10 and in doing so to suppress T cell responses
[30, 31]. The action of LPS on neighboring macrophages or endothelial cells could induce
production of cytokines and other bioactive metabolites [32] that potentially further modify
the balance of B cell stimulation and the functions that ensue. Thus, while the
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characterization of B cell responses to individual agonists in vitro or in narrowly defined
animal models can elucidate potential functions of B cells, experiments designed to deliver
one agonist to B cells almost inevitably neglect or even misrepresent the impact of that
agonist in more complex circumstances such as infection or transplantation.

In contrast to the highly specific molecular and cellular changes needed for production of
antibodies, B cells are not uniquely or specifically differentiated to exert the non-canonical
functions (with a few exceptions noted below). We think that understanding of non-
canonical functions of B cells can be advanced by identifying: (a) the range of cells besides
B cells that potentially exert the functions (e.g. since all leukocytes can produce 1L-10 and
many cells produce IL-35 - cytokines implicated in the regulatory function of B cells -
understanding how B cells mediate immune regulation must depend on identifying why B
cells rather than other cells provide these cytokines); (b) the conditions that make B cells
more or less likely than other cells to exert the function (e.g. the location or migration of B
cells, the timing of the process, and/or the relationship of the function to antibody
production); and (c) the stimulus for B cells to provide the function of interest. Ultimately,
the most important question must be how the various B cell functions, which can be
protective in some settings and pathogenic in others are coordinated to promote wellbeing.
We will offer a few comments to this point, especially as it might apply in transplantation,
but the governing principles remain to be found.

2. THE CANONICAL SYSTEMIC FUNCTIONS OF B CELLS AND
ANTIBODIES

The systemic functions of antibodies is generally understood to include neutralization of
toxins, opsonization and lysis of microorganisms, and agglutination or lysis of foreign blood
cells [14, 33]. We consider the production of antibodies that exert these functions to be
canonical function of B cells. Antibodies, and hence the B cells producing those antibodies,
can exert analogous effector functions in transplantation. Production of alloantibodies that
induce hyperacute rejection, acute and chronic antibody-mediated rejection and ischemia
reperfusion injury are the best-known examples. Antibodies also induce the “instant blood-
mediated inflammatory reaction” observed when isolated islets of Langerhans or allogeneic
or xenogeneic cells are introduced directly into the blood [13]. These canonical functions of
antibodies have been reviewed in detail (see [12, 34—-36] as examples) and require no further
mention.

However, contrary to the canonical effector functions of B cells and antibody responses,
allogeneic B cell responses and administration of alloantibodies sometimes has little or no
impact and sometimes improves the outcome of certain allografts. Allogeneic B cell
responses and alloantibodies have little or no impact when a cell or tissue allograft, such as a
skin graft or hepatocyte graft, is vascularized by blood vessels of the recipient. The blood
vessels of the recipient provide a barrier that limits contact of antibodies with the graft. The
paradoxically favorable impact of alloantibodies (and hence of B cells) on allografts was
discovered decades ago and must reflect processes besides the barrier posed by
vascularization [11, 12, 37].
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The first experiments revealing the favorable impact of antibodies on allografts suggest why
that challenge remains pertinent. In these experiments, mice of various inbred strains were
repeatedly immunized with lysate of tumor cells with one or more major and/or minor
histocompatibility disparity and 8-10 days later living tumor cells were injected [11, 38]. In
animals of some strains treated this way the allogeneic tumor grew progressively and killed
the mice while in untreated controls the tumor initially grew to small size but thereafter
always regressed. In mice of some strains repeatedly immunized with tumor lysate, tumor
did not grow, even to small size. Subsequent experiments revealed that administration of
alloantisera could increase the survival and growth of some allogeneic tumors [37, 39] and
prevent or slow the rejection of transplants of non-malignant cells and organs [40, 41]. How
antibodies exert such protection was then and remains incompletely understood despite
growing appreciation that the protective impact of antibodies has import for optimizing host
defense against infection and cancer and for improving management and outcomes to
transplantation [42]. As some mechanisms are briefly discussed below, it is important to
remember that experimental evidence supporting the importance of one or another
mechanism, rarely if ever excluded the impact of other mechanisms. Also lacking from past
and present consideration is the potential impact of B cell and plasma cell functions besides
the determination of isotype, affinity and amount of antibody produced [42], such as the
location (local versus systemic) and the kinetics of responses [43-46].

2.1 Protection conferred by blood vessels.

One factor that should not be confused with antibody-mediated protection of grafts is the
shielding of cell and tissue grafts by blood vessels of the recipient. Cell and tissue grafts are
generally less susceptible than organ grafts to antibody-mediated-injury where blood vessels
of the recipient (rather than donor) feed the graft because blood vessels of the recipient
provide a barrier between alloantibodies and the graft. The barrier is not absolute however
and some fraction of antibodies in the blood penetrate capillary networks and venules. Nor
does the barrier protect grafts from T cells and macrophages, which actively migrate through
the walls of small blood vessels and might be further activated in doing so [47]. The impact
of vascularization does not explain the antibody-mediated protection discussed in the
example above, as both experimental and control grafts were fed by blood vessels of the
recipient. However, the impact of vascularization could explain some discrepant
observations on antibody-mediated rejection of tumor and skin grafts.

2.2 Adaptation.

Adaptation refers to an acquired change in a graft, particularly a change in antigen, that
renders the graft less susceptible to antibody-mediated injury [48]. The term originated as
one explanation for the acquired decrease in vulnerability of long-surviving grafts to
alloantibodies [49, 50]. Adaptation was thought to arise over months when: (a) alloimmunity
was partly suppressed, antigen disparity limited and/or grafts were placed in protected sites
and (b) resistance to injury, as an alternative explanation was excluded or suitably controlled
[49]. Potential mechanisms of adaption include modulation or shedding of antigen or
replacement of endothelial cells of the graft with endothelial cells of the recipient. Although
modulation and shedding of histocompatibility antigens has been explored using isolated
cells [51], the extent to which it occurs and impacts on the outcome of clinical organ
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transplants is unclear. Modulation and shedding of glycolipid antigens however can occur
and can have significant impact [52, 53]. Where alloantibodies induce shedding of antigen,
however, the shed antigen could suppress B cell responses, making adaptation difficult to
distinguish from “partial tolerance” [48, 49].

2.3 Enhancement.

Enhancement refers to more exuberant growth of tumor allografts or prolonged survival
normal tissue or organ grafts associated with induction of B cell responses or transfer of
antibodies specific for the source of the graft [37, 50]. Enhancement is best explained as
antibody-mediated blockade of antigen recognition in the afferent limb of an alloimmune
response [54]. Interest in enhancement of normal tissue transplants has waned, perhaps
because more reliable and safer means of immunosuppression are available. However,
enhancement does appear to have a pronounced impact in some settings, e.g. antibody-
mediated blockade of tumor antigens has been associated with progression of cancer and
antibody-mediated enhancement of flaviviruses with increased severity of pathologic
changes and clinical manifestations [55].

2.4 Accommodation.

Accommodation refers to acquired resistance of a graft to immune or inflammatory injury.
Accommodation was first described in ABO-incompatible kidney transplants and in swine-
to-non-human primate cardiac xenografts [56] and is typically identified when an organ
transplant functions and exhibits little or no evidence of injury despite the presence of
antibodies directed against the graft in the circulation of the recipient. Accommodation
probably occurs at one time or another in nearly all ABO-incompatible and in many ABO-
compatible transplants [57]. Accommaodation also likely protects tumors, and some tissues
confronted by autoimmunity or by infection and mammalian fetuses with a haplotype
distinct from the mother [57-60]. Accommodation of organ transplants appears to be
induced by donor-specific anti-HLA or anti-blood group antibodies [61], although other
“noxious” factors, such as cytokines, cytotoxic T cells and bacterial peptides may act in a
similar fashion. Donor-specific antibodies and/or the other noxious factors induce increased
expression of cytoprotective genes and expression of these genes has been considered the
main explanation for accommodation [61, 62]. Recent investigation suggests that induced
cyto-protection alone cannot explain accommodation and that other protective mechanisms,
such as increased control of complement and regenerative modifications of tissues and
vascularization, that confer more enduring protection may better explain the timing and
endurance of accommodation in organ grafts [57, 63-65].

2.5 Natural antibodies.

Natural antibodies (antibodies produced without known history of exposure to foreign
antigen), particularly polyreactive natural antibodies and particularly IgM, have properties
distinct from the antibodies that exert effector functions [66, 67]. Natural antibodies
comprise a significant fraction of Ig in serum and recognize multiple antigens (as the term
polyreactive implies), including histocompatibility antigens and saccharides of various types
and components of cytoplasm and nucleus and neoantigens of the cell surface [68, 69]. The
antibodies provide an early defense against some pathogens and potentially a framework for
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generation of more specific antibodies [70, 71]. Natural antibodies are postulated to broadly
regulate immune and inflammatory reactions through interaction with Fc receptors and by
incompletely defined interactions with cytokines, cytokine receptors and other components
of plasma and cell surfaces [72]. For example, interaction of 1g Fc with FcyRIlb on B cells
and plasma cells regulates activation and survival of the cells and Ig production [73].
Whether production of natural antibodies should be considered a canonical or non-canonical
function of B cells is a matter of rhetoric; we briefly discuss a few of these properties.

Natural antibodies bind neoantigens generated in ischemic tissues and in so doing activate
complement, potentially leading to ischemia-reperfusion injury [74]. However, antibody
binding and complement activation can also protect and/or repair tissues [67, 75-78],
circumscribing inflammation, clearing apoptotic and damaged cells and regulating the
function and availability of cytokines. Natural antibodies interact with cell surfaces, through
the antigen combining domain and the Fc domain, modifying thrombogenicity, recruiting or
regulating complement [32, 79] and suppressing or activating leukocyte functions [80-82].
What determines whether the effector or the protective properties of natural antibodies
dominate in a given setting is incompletely understood but extent and type of glycation, set
of specificities and isotype, among other properties have been queried [67, 83, 84]. IgM
DSA in kidney transplant recipients appear to pose little risk and may even benefit graft
outcomes [4] and delivery of pooled 1gG, which includes polyreactive natural antibodies and
some anti-HLA antibodies (but little DSA) antibodies, to transplant recipients clearly
confers more benefit than harm when vascular injury is suspected [85].

A phenotypically distinct population of B cells, B1 (CD5+) B cells, produces some natural
antibodies [70, 86]. The products of microorganisms and inflammatory reactions heighten
production of natural antibodies and production in this setting might be viewed as providing
antigen-non-specific host defense, limiting the systemic effects of tissue reactions and
promoting repair of injured tissues. B1 B cells can regulate immunity through properties of
the antibodies produced or by antibody-independent mechanisms [87]. The broader subject
of immune regulation is discussed below.

2.6 Antibody-mediated control of complement.

Although antibodies were first characterized as the heat-insensitive components of serum
that direct complement reactions to specific targets, antibodies can also modify cell surfaces
in ways that change the ability of the surface to serve as a target for initiation and
amplification of the complement cascade and potentially in ways that inhibit the
complement cascade. The mechanisms by which Ig potentially regulates complement were
elucidated in part by in vitro investigation and in part by administration of labeled cells in
animals and humans (see [57, 88] for review). Direct evidence for Ig-mediated regulation of
complement in transplantation is limited [89] however the mechanisms could help explain
why some grafts appear unperturbed by DSA in the circulation of the recipient. Mechanisms
of 1g-mediated regulation of complement include: (i) 1g-mediated activation of complement
at a non-toxic level can generate catalytically inactive deposits C3d and C4d, which block
sites on cell surfaces that might otherwise react with newly generated C3b and C4b [90, 91];
(ii) 1g serves as an alternative substrate for C3b and C4b, diverting convertases away from
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cell surfaces [72, 92]; and (iii) ionic interaction of 1g with cell surface heparan sulfate and
sialic acid might impair binding of factor P, which activates complement or factor H which
suppresses activation of complement.

3. THE NON-CANONICAL FUNCTIONS of B CELLS and ANTIBODIES in
IMMUNITY and TRANSPLANTATION

3.1 Lymphoid Organogenesis and Maintenance

B cells may participate in the development and remodeling of the spleen, lymph nodes (LN)
and the gut-associated lymphoid tissue or GALT including the Peyer’s patches) [45, 93-99].
Current understanding derives mainly from work using mice with targeted disruption of
genes postulated to directly contribute to lymphoid organogenesis or the emergence of cells
postulated to contribute the minimal molecular and cellular requirements and sequence of
events in development of lymphoid organs (see [98, 99] for recent reviews). These
requirements include signaling through the lymphotoxin-p and RORyt receptors [97],
among others [100]. For spleen and LN, the minimal cellular requirements evidently include
more primitive lymphoid tissue inducer or LTi cells and non-lymphoid tissue organizer cells
or LTo cells (potentially lymphatic endothelial cells) [99]. Although fetal (or maternal) B
cells might provide initiating signals soon after development of the spleen begins (B cells
appear one day after development of spleen commences) in the mouse and during LN
development, current models exclusively implicate the more primitive cells in the initial
development [98].

However, B cell deficient mice have strikingly disorganized lymphoid tissues [93, 95, 101,
102]. Aberrant anatomy of lymphoid organs in B cell deficient mice in part reflects the
paucity of cells available for entry into the developing organ but it also reflects in part a
direct contribution of B cells to the maturation and the maintenance of the anatomy and
function of mature lymphoid tissues [93, 98, 103]. For example, B cells control lymphoid
organization and govern the differentiation of dendritic cells and also promote the
development of T cell zones of the spleen [95, 96, 101, 104] and lymph nodes [99]. These
functions depend in part by expression of lymphotoxin-a1p2 and TNFa. The distorted and
deficient lymphoid organogenesis in fully immunodeficient and B cell deficient mice poses a
significant challenge for immune reconstitution, especially with human hematopoietic cells
[105-107].

The functions of B cells in lymphoid organogenesis are distinct from the canonical antigen-
specific effector functions but require expression of the B cell antigen receptor and/or the
receptor complex. Thus, lymphoid tissue organization, particularly follicular dendritic cell
networks are aberrant in mice lacking recombinases [101, 106] and in mice with targeted
disruption of heavy chain gene assembly (JH-/-) [102]. Since these mice also lack B cells it
is not possible to discern the extent to which lymphoid tissue organization requires functions
mediated by the BCR other than those associated with the development of B cells. The
specificity of the B cell antigen receptor, however, appears immaterial to lymphoid
organogenesis, as we found that mice expressing only clone of B cells (on a RAG-2
background) have normal lymphoid organs; yet, mice of the same genetic background that
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produce one clone of T cells but no B cells have markedly abnormal lymphoid tissue [108].
This observation confirms the presence of a BCR and/or associated proteins enables B cells
to contribute non-canonical functions in lymphoid organ maturation and organization [101].
Clearly, the specificity of B cells, and indeed the production of antibody, is important to
form germinal centers, transient structures in lymphoid tissues formed following B cell
activation, which optimize B and T cell interactions and access to antigen resulting in
affinity maturation and B cell selection [109].

Of import for medical immunology and therapeutics is the potential involvement of B cells
in sustaining the functional anatomy of lymphoid organs and in generating tertiary lymphoid
tissues. Aside from germinal center reactions (which has been the subject of intense
investigation as comprehensively reviewed elsewhere [110-112]), involvement of B cells in
other aspects of lymphoid tissue remodeling is not fully explored. In the course of
inflammation and infection, B cell expression of lymphotoxin a1p2 induces generalized
expansion of B cell content and high endothelial venule networks [113, 114], and establishes
an extra-follicular, medullary niche that optimizes the production of some antibodies [115].
In our view, the potential importance of B cells in maintaining the structure and function of
lymphoid tissues might be inferred from observations that depletion of B cells in mice with
inducible deletion of Iga. [116] or by decreases in BCR diversity [117] abolishes the
structure and function of the splenic marginal zone [116]. In monkeys and humans
administration of anti-CD20 profoundly distorts the anatomy of lymphoid organs and exerts
prolonged decrease in the numbers of circulating B cells [118-121]. These findings suggest
that B cells contribute ongoing signals for the maintenance of the lymphoid tissue.

Enzymes produced by B cells are vital for lymphoid organogenesis and remodeling. As one
example, heparanase, an endoglycosidase that cleaves heparan sulfate, an acidic saccharide
that binds chemokines and many cytokines, produced by newly activated B cells generates a
pathway for migration in lymphoid tissue [122] and undermines the ability of nearby cells to
induce tolerance [123]. A B cell sheddase, ADAM10 (A disintegrin and
metalloproteinase-10), enables Notch2 signaling [124], normal development of lymphoid
follicles, normal germinal center reactions and robust T cell-dependent primary and
secondary B cell responses [125].

B cell expression of lymphotoxin a1p2 and TNFa, among other cytokines, also enables the
generation of tertiary (ectopic) lymphoid assemblies in tumors, tissues targeted by
autoimmunity and in transplants [43, 45, 126] (although other lymphoid cells, especially
Th17 cells can do likewise [44, 126]). Regardless of which cell(s) initiate formation of these
structures, B cells provide abundant constituents and likely drive formation of germinal
centers. Whether and to which extent tertiary lymphoid tissues contribute to host defense,
autoimmunity and/or rejection is not known, but treatment of mice with lymphotoxin-f§
receptor-Ig fusion protein: (a) blocks production of autoantibodies thought to mediate
allograft vasculopathy, (b) delays rejection of cardiac allografts and (c) prevents formation
of tertiary lymphoid structures in cardiac allografts [127]. If tertiary lymphoid structures
were indeed found to be important in autoimmunity and chronic rejection, it might explain
the impact of agents specific for B cells, such as anti-CD20 (which besides depleting B cells
causes notable distortion of lymphoid structures [120]) on T cell responses and on
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conditions such as rheumatoid arthritis [128]. On the other hand, failure of anti-CD20 to
modify the course of chronic antibody-mediated rejection in some transplant recipients [129]
could be taken as evidence that tertiary lymphoid organs are a consequence and not an
essential underpinning of immunologic disease or that B cells acquire resistance to anti-
CD20 [130].

3.2 Development and maintenance of the T cell compartment

Among the most provocative and controversial discoveries in immunology concerned the
origin of lymphocytes that produce antibodies and the origin of lymphocytes that reject
tissue allografts. Identification of the bursa of Fabricius in chickens (and bursa equivalent or
bone marrow in mammals) as the source of antibody producing cells [19] sparked efforts to
determine whether other immune functions originated at distinct anatomic sites and led to
identification of the thymus as the source of lymphocytes that reject skin allografts [22].
Surgical or chemical removal of the bursa of Fabricius in young chicks more or less
abolished production of antibodies but left intact ability to reject allografts and removal of
the thymus in newborn chicks or in mammals compromised the ability to reject grafts but
more or less left intact ability to produce antibodies [20, 21, 24, 131]. Since antibody
production was bursa-dependent and graft rejection thymus-dependent, the cells mediating
these distinct functions were B cells and T cells respectively [16]. Despite the simplicity and
appeal of this concept, the original experiments that distinguished the functions of T cells
and B cells also revealed that removal of the thymus decreases or abolishes B cell responses
to some antigens [132, 133] and removal of the bursa of Fabricius abolishes T cell responses
to some antigens (e.g. albumin), the recognition of which is more challenging than
recognition of alloantigens [20]. It is now apparent that B cells facilitate T cell responses in
various ways. B cells present some antigens to T cells, as discussed in a later section,
contribute to lymphoid organogenesis, as discussed above and effector B cell responses
generate C3d, which attenuates checkpoint suppression of cell mediated immunity [134].
Here we consider how B cells influence development and selection of T cells in the thymus
and survival of T cells in the periphery.

Approximately 15% of lymphocytes in the thymus are B cells. As one obvious function, B
cells in the thymus (and periphery) may delete clones of T cells that otherwise could respond
to tissue-specific B cell antigens. This function might be needed as B cells express the
products of recombined Ig genes that cannot be anticipated through expression of AIRE in
other cells. The importance of this function is suggested by the difficult barrier to adoptively
constituting a B cell compartment in B cell-deficient animals. As a less obvious but equally
important function, B cells promote positive selection of T cells. Thus, mice engineered to
produce only one clone of T cells (monoclonal T cell mouse or MT mouse) have half as
many CD4+ thymocytes as mice engineered to produce one clone of T cells and one clone of
B cells (monoclonal B cell-T cell mouse or MBT mouse) [108].

B cells also promote diversification of the T cell receptor (TCR) repertoire in the thymus
[135]. Mice with complete deficiency of B cells, owing to disruption of BCR (JH-/-;x~/-)
have 4-fold fewer thymocytes and a 108-fold contraction of TCR diversity of thymocytes
compared with wild type mice of the same genetic background [135]. Mice with partial
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deficiency of B cells, such as the uMT mouse have ~50% fewer thymocytes and a 10*-fold
contraction of TCR diversity of thymocytes compared to wild type mice. B cells diversify
the TCR repertoire of thymocytes at least in part by providing diverse peptide, as the narrow
TCR repertoire of B cell deficient mice can be reversed at least in part by administration of
polyclonal but not monoclonal Ig [135].

B cells also maintain the size and diversity of the peripheral T cell compartment. Mice fully
deficient of B cells (JH-/— mice) have 2-5 fold fewer T cells in peripheral lymphoid organs
[95, 136] than wild type mice and MT mice have ~35-fold fewer CD4+ cells than MBT mice
[137]. Acute and chronic depletion of B cells in young mice by administration of anti-CD20
antibodies (one dose and repeated doses respectively) to mice reduces total naive CD4+ and
CD8+ T cells by ~40-60% and memory T cells [138]. Various functions of B cells likely
support the survival and hence the dimensions of the T cell compartment in the periphery,
including production of cytokines and chemokines and fashioning and maintenance of the T
cell zone [95]. Expression of MHC class | and MHC class Il may be especially important for
maintaining the size and diversity of the T cell compartment. Mice lacking MHCI and
MHCII are nearly devoid of T cells [139] — MHC class Il expression on thymic epithelium is
more or less essential for development of CD4+ T cells [140] and B cell associated MHC
class Il helps maintain the number and diversity of mature CD4+ T cells [102, 141, 142].
The extent to which B cell expression of MHC is needed for peripheral T cell survival
remains unclear however because under some experimental conditions unavailability of
MHC is countered by homeostatic proliferation of T cells.

The capacity to mount a cell-mediated immune response has been long appreciated to
depend on availability of a peripheral T cell compartment of sufficient “size,” marked by a
normal frequency of T cells in peripheral blood. B cells maintain the size and hence the
competence of the T cell compartment by supporting the survival of mature naive T cells by
expression of MHC and proving diverse peptides.

Less certain is the extent to which immune competence depends on a diverse repertoire of T
cells supported in part by BCR diversity. Although cross-reactivity and degeneracy of TCR
recognition potentially allow each T cell clone to recognize many different peptides [143-
145], there is little doubt that the more diverse the TCR repertoire, the more diverse the set
peptides potentially recognized [146, 147] and the more timely would be primary T cell
responses to rare antigens. TCR diversity facilitated by B cell diversity might help maintain
latency of some viruses, peptides from which are scarce and perhaps earlier responses to
tumor antigens or toxins. Mice with B cell deficiency induced early in life by treatment with
anti-y antibodies exhibit defective priming by foreign polypeptides and by allogeneic
splenocytes [148]; but these mice have decreased numbers of T cells. Targeted disruption of
B cell antigen receptor genes generates similar defects [149], which likewise could reflect
change in the total number and/or diversity of T cells. B cell depletion with anti-CD20 does
evidently impact on certain pathogenic T cell responses [128, 150], but the mechanism of
that impact is not known.

However, the extent to which immune fitness absolutely depends on maintenance of TCR
diversity, independent from the overall dimensions of the T cell compartment is less clear.
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Profound but unbiased contraction of TCR diversity in humans and mice caused by removal
of the thymus early in life (but not so early to cause a decrease in total T cells), allowing
restoration of T cell numbers by homeostatic proliferation, does not by itself impair primary
T cell responses to many antigens, including major and minor histocompatibility antigens
[102, 151]. The unfettered immune response to major histocompatibility antigens could
reflect the high frequency of T cell clones that respond to the antigens, the response to minor
antigens could reflect the abundance of those antigens. Unbiased contraction of TCR
diversity does however have an appreciable impact on control of T cell responses [102, 151].
Accordingly, when B cell-deficient mice are used to explore antigen presentation, one
should consider the possibility that deficiency of B cells also compromises immune
regulation.

3.3 Antigen-presentation

B cells can present antigen to T cells, in theory [152-155]. After antigen is provided in
suitable form and ancillary signals are delivered, B cells can activate naive CD4+ and CD8+
T cells, including cross-priming of CD8+ T cells, and therapeutic applications exploiting
this function have been proposed [27, 29, 42, 152, 154, 156-159]. B cells also can interact in
a cognate fashion with memory T cells and with T helper follicular cells. Aside from the
presentation of antigen to T helper follicular cells in germinal center reactions, the relative
importance of antigen presentation by B cells versus dendritic cells and distinct
consequences, if any, of antigen presentation by B cells have been matters of uncertainty if
not debate. This uncertainty reflects inevitable limitations of physiologic systems (especially
the hurdles to identifying the antigen presenting cell that initially activated a given clone of
T cells) and confounding variables associated with use of in vitro systems and mutant mice
(e.g. B cell deficient mice have aberrant lymphoid organs, contracted TCR repertoires, and
distorted expression of cytokines) (see [159-161] for discussion of some confounding
variables).

Dendritic cells (DC) would appear better suited than B cells to present most antigens to
naive T cells that will engage in cell-mediated immune responses [162, 163]. If antigen-
presentation depends on the chance apposition of activated APCs expressing MHC in
complex with a given peptide to the scarce (perhaps 1/10°) naive CD4+ T cells capable of
recognizing that peptide MHC complex, DC appear better suited than B cells. The location
of DC, as residents of tissues interstices and migration to clusters of T cells in lymphoid
organs make them better suited to consume macromolecules at sites of infection and
communicate with random assortments of T cells. The processes of DC allow contact with
numerous surrounding cells. The dramatic change in metabolism of DC upon activation and
migration to lymphoid organs, leading to stable expression of MHC-peptide complexes on
the cell surface [164], would seemingly favor DC over B cells as APC. B cells, in contrast,
situated predominantly in lymphoid tissues and bone marrow potentially can capture
abundant antigens, especially cell-associated antigens; however, to allow effective selection,
B cells in germinal centers modulate MHCII turnover which is fastest in centroblasts
(undergoing Ig somatic hypermutation) and slower in centrocytes which engage in cognate
interactions with T cells that result in selection [165].
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However, some circumstances can make B cells more effective than DC in initiating T cell
responses. If the native structure of an antigen an antigen or an associated protein is
recognized by BCR, the antigen or antigen complex can be taken up preferentially (103-10%-
fold more effectively than DC), processed and peptides from the antigen presented in
complex with MHC (Figure 1) [153, 166]. BCR-mediated endocytosis thus concentrates
antigen, directs the antigen to the endocytic compartment for processing and mounting on
MHC and presents or cross-presents the antigen in far greater abundance than would occur
on DC [29, 153]. In this way, scarce antigen can potentially activate naive T cells. Through a
series of similar cognate interactions B cells also collaborate with T helper cells in lymphoid
follicles to advance germinal center reactions facilitating selection needed for affinity
maturation that characterizes canonical B cell responses [153, 165, 167].

Antigen presentation by B cells is also thought to generate and sustain memory CD4+ T
cells and in doing so provide an enduring source of protection against viruses such as
influenza virus [153, 168-170]. However, while B cells may very well be essential for T cell
memory and effector functions, the fine regulation of T cell memory over time has been
deduced using adoptive transfer into B cell-deficient mice or through B cell depletion.
Although these manipulations alter antigen presentation, they also modify other functions
(e.g. cytokine production, dysplasia of lymphoid organs and modification of TCR repertoire)
that could impact on T cell memory and effector functions. These and other non-canonical
actions of B cells over time, make it difficult or impossible to weigh the long-term impact of
antigen presentation on T cell memory [171]. For example, activated T cells transferred into
B cell-deficient mice might exert effector functions over months, but T cell effector
functions are amplified and prolonged by the dearth of regulatory B cells and the limitation
that TCR contraction imposes on development of regulatory T cells.

The extent to which B cells serve as APC for the immune response to transplantation or in
regulation of that response has been a subject of much interest [172-178]. Antigen-
presentation by B cells has been deemed essential for robust alloimmune responses leading
to acute and chronic allograft rejection because mice with MHC class I1-deficient or
defective (DM-knockout) B cells (and unable to produce antibodies) exhibit delayed
rejection of cardiac allografts and absence of chronic allograft vasculopathy [175, 176],
among other evidence. However the importance of B cells as antigen presenting cells in
transplantation has been challenged. B cell deficient mice (owing to targeting of membrane
domain of u heavy chain, uMT) evidence no decrement in the rate of rejection of skin grafts
across minor antigen barriers [179] or cardiac grafts across major antigen barriers [180]. We
also observed that mice deficient of B cells reject skin allografts as quickly as wild type
mice [102].

However, we do not think the murine models provide critical insight into the relative
importance of antigen presentation by B cells in clinical transplantation. As already
discussed, deficiency of B cells undermines functions besides antigen presentation and
antibody production and the balance of some changes is not readily predicted. B cell-
deficient mice have abnormal lymphoid organs and contraction of the TCR repertoire, which
might eventuate in immunological ignorance, when peptide is limiting, and hence slow or
absent T cell priming or to partial activation and homeostasis-like posture with hastened
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responses when peptide is plentiful (as is transplantation) [102]. We have observed a modest
hastening of rejection of male to female skin grafts in naive B cell-deficient mice and a more
pronounced hastening of rejection in primed B cell deficient mice [102]. This observation
could be interpreted to suggest that B cells play little or no essential part in T cell memory
responses in transplantation; however, the observations could also reflect the absence of B
cell-mediated immune regulation (as discussed in the next section), which takes weeks to be
fully manifest, failure of immune regulation to develop in mice with contracted TCR
repertoire, or other compensatory changes. Of course, depletion of B cells with anti-CD20 or
anti-CD19 antibodies might leave enough residual B cells to initiate robust alloimmunity.
Another concern however is that these models do not represent the “clinical conditions” in
which antigen presentation by B cells could decide the fate of allografts. In clinical organ
transplantation, immunosuppression might increase the importance of B cell-mediated
antigen presentation to naive T cells and leave intact the T cell-B cell interactions that
generate de novo donor-specific antibodies. Whether the importance of antigen presentation
by B cells can be specifically tested in that setting remains unclear. The observation that B
cell depletion impedes development of chronic vasculopathy in kidney allotransplants in
mice [181] could be interpreted as potentially reflecting impairment in antigen presentation
needed to generate B cell-memory effector responses, but it could also be interpreted as
simply reflecting a decrease in the amount of alloantibody produced.

3.4 Regulation of immunity (regulatory B cells)

One non-canonical function of B cells that has sparked much interest and also some
controversy is the regulation of immunity, particularly cellular immunity. B cells that
regulate (i.e. suppress) immunity are called by regulatory B cells or “Breg.” Breg exert
regulatory functions at least in part by secreting of cytokines, particularly IL-10, IL-35 and
TGFB [182-184]. B cells that secrete I1L-10 and exert regulatory function can be marked by
expression of a mucin-like protein, “T cell immunoglobulin and mucin domain” (TIM-1)
[185]. TIM-1 and other TIM recognize phosphtidylserine and other mucin-like proteins;
ligation of TIM on T cells promotes migration and effector functions [186]; ligation on B
cells promotes secretion of regulatory or pro-immune cytokines, depending on which TIM
molecule is targeted [187]. Regulatory cytokines, such as IL-10, suppress cellular immunity
by stimulating the corresponding cytokine receptors on responder cells, antigen-presenting
cells (APC) and regulatory T cells (Treg). Stimulation of certain non-antigen receptors, such
as toll-like receptors (TLR), induces B cells to exert regulatory function and since most B
cells have these receptors Breg do not arise as a distinct lineage.

Observations made over six decades indicate that B cells can suppress cell-mediated
immunity [11, 188-191]. B cells can suppress cell-mediated immunity by production of
enhancing antibodies or blocking antibodies (discussed below), by competing for antigen
and by producing cytokines and metabolites that directly suppress T cell responses and/or
induce suppressor or regulatory T cells (Treg) [192]. The modification of lymphoid organs
and TCR diversification, described above, also may impact on cell-mediated immunity. We
shall offer a critical perspective regarding the regulatory functions of B cells, especially as
those functions might be manifest in transplantation and would refer the reader to recent
reviews [182, 184, 193-195] for more comprehensive consideration of the subject.
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Some observations in mice provide compelling evidence that Breg can influence immune
mediated disease. B cell-deficient (uMT) mice develop unremitting [196] or more severe
[197] manifestations of experimental allergic enchephalomyelitis (EAE) and severity and/
duration of EAE and other experimental autoimmune diseases are reduced by adoptive
transfer 1L-10-producing Breg [182]. Depletion of B cells, particularly IL-10 producing B
cells, with anti-CD20 antibodies prior to induction of EAE in mice enhances the severity of
EAE [198].

Certain observations suggest Breg can determine the outcome of clinical transplants.
Clinical kidney transplant recipients with stable graft function after discontinuing
immunosuppression have higher frequencies of B cells in the circulation [199, 200]. In one
series of six kidney transplant recipients, depletion of B cells using anti-CD20 antibodies
was followed by acute cellular rejection in five (only one of 14 controls experienced
rejection during period of study) [6, 201].

However, investigation of Breg in EAE and transplant models also poses challenges.
Although the various antigens used to trigger EAE are well defined and the strains of mice
are highly inbred, the relative importance of Breg (e.g. the dominance of immune regulation
over pro-immune B cell functions, such as antigen presentation) varies considerably between
laboratories and between models of EAE [202]. For example, in some models of EAE, B
cell deficient mice (UMT) and wild type mice are found to have the same incidence and
severity of EAE [196, 203]; in other models, UMT mice have significantly more severe EAE
[197]; and in other models, UMT mice fail entirely to develop EAE [204]. These disparities
may reflect subtle differences in immunogenicity of antigens used and in the contribution of
antibodies to immunopathogenesis in the various strains of mice [202, 205]. The disparities
also reflect the multifaceted impact of B cells on the inception and course of EAE - i.e.
immune regulation, production of pathogenic antibody, and antigen presentation [198]. For
example, while B cell depletion before administration of antigen makes EAE notably worse,
B cell depletion after antigen has been administered makes the disease notably less severe
[198]. The variation in the impact of Breg on EAE also reflects differences between inbred
strains of mice in susceptibility to adjuvants, extent of complement sufficiency and
differences in environmental factors and microbial populations in the gut of treated animals
[205-208].

Investigation of Breg in experimental transplants is no less challenging. Transplanted tissues,
such as skin, or extra-vascular cells such as hepatocytes, are relatively inured to the effector
functions of antibodies [12] and therefore tissue transplants should offer a more incisive
model than organ transplants (which are impacted by alloantibodies) for investigation of the
contribution of Breg to the outcome of transplants. However, Breg appears to have little or
no impact on the kinetics of rejection of skin transplants in unmodified recipients. For
example, wild type H-2b mice, which presumably generate Breg in the course of immune
responses, reject skin of H-2d mice as quickly as H-2b B cell deficient (uUMT) mice, which
presumably lack capacity to generate Breg [177]. The failure Breg in wild type mice to delay
rejection of skin grafts might be ascribed to one or more of several confounding factors. One
potential confounding factor is that UMT mice are not fully B cell deficient. However, JH-/-
mice, which are fully B cell deficient, reject allografts with the same kinetics as wild type
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mice, suggesting the degree of B cell deficiency plays no appreciable role. Another factor
potentially confounding investigation of Breg in transplantation is the possibility that other
cells other than B cells may produce 1L-10 when B cells are deficient or depleted. The
possibility that B cell-deficient mice might exhibit a compensatory phenotype is suggested
by the well-being of the mice, which, unlike IL-10-deficient mice, do not fail to thrive and
do not develop lethal colitis [209]. In our view, the main obstacle to using tissue
transplantation to probe the importance of Breg is that rejection of H-2 incompatible grafts
proceeds too rapidly to allow the Breg functions to be fully manifest. Breg functions develop
more slowly than alloreactive T cell effector functions and rejection of skin and other tissue
grafts may well be complete [210] before Breg begin to suppress alloimmunity. In EAE
models, in contrast, prominent differences between B cell deficient and wild type mice are
first observed after 15 days [197, 205] and often much later [196]. This problem might have
been bypassed by studying skin grafts performed across minor antigen barriers, however, in
two reports of male-to-female skin transplants in uUMT recipients, rejection occurred in wild
type and B cell-deficient recipients rejected before day 20 [177, 179]. In our experience
[102], both JH-/- mice, which are fully B cell-deficient, and wild type mice, with the same
background, reject male-to-female skin grafts at 23 days, suggesting Breg do not delay
rejection in the wild type.

Using antibodies to deplete B cells prior to transplantation avoids the confounding impact of
a compensatory phenotype observed in some gene-targeted mice. Identifying whether and
when antibodies impair Breg action also potentially reveals whether Breg function is
constitutive or induced (Breg function would be “induced” if B cells acquire regulatory
function after suitable stimulation or if constitutive Breg migrated to the site of action).
Although the administration of anti-CD20 or anti-CD19 antibodies to mice does not deplete
all B cells, neither does the targeting of p-heavy chain in the uMTmodel. If anti-B cell
antibodies deplete Breg and if Breg control alloimmunity, then pre-treatment with anti-CD20
or anti-CD19 should increase the frequency or severity of rejection in unmodified recipients.
However, depletion of B cells from otherwise unmodified murine skin allograft recipients
has not yielded the compelling evidence of Breg function observed in EAE models. For
example, control and CD20-pre-treated C57BL/6 mice (H-2b) reportedly reject BALB/c
(H-2d) skin grafts at 11 days and 10.7 days respectively [181]. As another example,
pancreatic islets from C57BL/6 (H-2b) mice transplanted into control BALB/c (H-2d) mice
are reported to function for a mean of 13 days, while islets transplanted into BALB/c mice
pre-treated with anti-CD20 function for a mean of 10 days [185], consistent with the
possibility that B cell functions other than immune regulation determine the rejection of islet
grafts (before Breg can act).

The possibility that other canonical or non-canonical B cell functions might impair efforts to
evaluate the impact of Breg in transplantation is suggested by observations connecting
“innate” lymphocyte functions with ischemia-reperfusion injury. Above, in Section 2.5, we
discuss the potential involvement of natural antibodies in the pathogenesis of ischemia-
reperfusion injury. Other, still poorly defined contributions of B cells or combinations of B
cells and T cells to persistence of early allograft injury [211-213]. Further, there is reason to
suggest that sources other than B cells provide IL-10, as post-ischemic kidneys of B cell
deficient mice contain more 1L-10 at 10 days and 28 days (a time when Breg might provide
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IL-10 in a transplant) than post-ischemic Kidneys of wild type or B cell-reconstituted mice
[211]. Similarly, B cell deficiency in rats decreases inflammation in the early days after
kidney allotransplantation; however, allografts in B cell-deficient rats nonetheless express
more 1L-10 [214, 215].

The manifold ways B cells might influence the fate of allografts, some promoting injury and
rejection, some opposing injury and rejection make it difficult to devise experimental
systems that isolate the impact of one B cell function, such a immune regulation, and
exclude the impact of others, such as antigen presentation, on the outcome of allografts.
Some guidance can be drawn from investigation in transplantation and in other immune
conditions. The potential advantages of investigating tissue transplants (versus organ
transplants) was discussed above. Work on EAE discussed above suggests that the full
deployment of B cell regulatory functions takes time, at least 3 weeks, and transplant models
in which rejection is delayed for a period of weeks would seem best suited for investigation
of Breg. One approach might be to identify a sub-optimal dose of immunosuppression that
will delay cell-mediated rejection [180] without entirely inhibiting cell-mediated immunity
thus allowing the impact of Breg to be evaluated. Another approach might employ minor
antigen disparities that do not typically cause rejection before 21 days and that do not
depend on B cells for effective presentation [148]. Examples of such antigens might include
minor H3 [216] and transgenic ovalbumin joined with transmembrane region [217], although
the former can elicit an antibody response.

4. IMPACT OF B CELL RESPONSES ON THE OUTCOME OF
TRANSPLANTS

B cell responses initiate pathologic processes over the course of engraftment [218-221].
These processes include ischemia-reperfusion injury, hyperacute rejection, antibody-
mediated rejection and antibody-mediated chronic rejection. Each condition might be
viewed as an endpoint in a linear series of pathogenic events: B cells produce DSA that enter
the blood and bind to endothelium of transplants; bound DSA activates complement and/or
recruits leukocytes which activate and damage endothelium inducing the histologic features
of these processes [32, 222]. While useful for some purposes, linear models fail to represent
the complex ways immunity impacts on graft outcome. DSA and complement not only cause
injury but also initiate repair and over time increase the threshold for injury [32, 77]. B cells
not only produce DSA but also suppress immunity and immune pathogenesis (e.g. antigen
presentation or Breg) (Figure 1). That is why, in our view, indices of B cell immunity, such
DSA in serum, may correlate with outcomes (e.g. DSA with rejection) in populations but in
the absence of specific evidence of injury (e.g. graft dysfunction or biopsy) fail to predict the
condition of the graft in individuals at the time the assay is performed.

Accordingly, the conditions under which an experimental model can highlight one or
another function of B cells almost invariably minimize the impact of other B cell functions.
Above we describe some conditions under which regulatory functions of B cells are
highlighted in models of EAE and in skin transplantation. On the other hand, the clinical
presentation and pathology of multiple sclerosis or AMR are probably not unalloyed

Hum Immunol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Platt and Cascalho

Page 19

stepwise consequences of autoimmunity and alloimmunity respectively but rather reflect a
shift in the balance between contradictory T cell and B cell functions [12, 223]. Identifying
B cell functions that govern outcome and characterizing whether and how the balance of
these functions determines the outcome of an organ allograft is a daunting, but potentially
instructive challenge. We shall offer a few examples.

For reasons incompletely understood kidney and heart transplants between certain strains of
mice exhibit protracted function [224—-226], in contrast to skin and tumor transplants
between these strains that invariably undergo acute rejection. Early efforts to identify
mechanisms that could explain the protracted course of kidney allografts in mice reveal a
complex balance of effector and regulatory functions [227]. Thus, about 25% of recipients
had cytotoxic DSA at one month but function was not significantly compromised and the
frequency and concentration decreased thereafter [225], consistent with observations on
accommodation in clinical transplants [57]. Also consistent with accommodation were
observations that administration of sensitized serum had no impact on graft function and
administration of this serum plus rabbit complement caused only transient decrease in graft
function. Particularly striking however was the observation that administration of sensitized
leukocytes generated no decrease or only a transient decrease in graft function [227]. Acute
irreversible rejection and graft loss was only induced by administration of the combination
of donor strain splenocytes, BCG, and cyclophosphamide; a regimen that depletes B cells.
Exactly how antigen, adjuvant and cyclophosphamide evoked such dramatic changes in the
graft was not determined, but interest centered on the possibility that antibodies (or B cells)
had suppressed cell-mediated immunity in the controls, i.e. enhancement or “suppressor B
cells,” as others recently had described [228, 229] and the treatment removed the source of
suppression.

Kidney transplants between other strains of mice reveal what appears to be a different
balance of B cell functions. Thus, kidneys from DBA/2 (H-2d) mice transplanted into
unmodified C57BL/6x129/j F1 (H-2b) recipients also exhibit prolonged function (mean
survival 54 days) and about 20% chronic changes over months [230]. However, in this model
and in apparent contrast to the observations on EAE and kidney transplantation described
above [198, 227], B cell depletion by pre-treatment of recipients with anti-CD20 or anti-
CD19 (the recipients were transgenic for human CD19) failed to accelerate immune-
mediated injury but instead led to improved pathology and anti-CD19 led to prolonged
survival [181]. This result contrasts with observations in EAE, in which depletion of B cells
before delivery of antigen caused manifestations to be worse by removing the source of
immune regulation from the system whereas depletion of B cells after the manifestations of
EAE were apparent significantly decreased severity of the disease possibly by decreasing
production of pathogenic antibodies or antigen presentation [198]. In yet another murine
allograft models, cardiac allotransplantation, depletion of B cells before transplantation does
not notably influence the kinetics of rejection [181]. In our view, these apparent
contradictions probably do not reflect the presence of Breg in one strain of mice and not in
another but rather a shifting of the balance of multiple B cell functions, as proposed above.

For example, in one renal transplant model in which B cells were depleted by administration
of anti-CD20 and anti-CD19 to C57BL/6x129/j mice before transplantation [181], all renal
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allograft recipients had measurable DSA in blood and deposits of IgM, 1gG and C4d in the
kidney and most, if not all, had cellular infiltration, yet graft survival was appreciably better
in mice given anti-CD19. The linear explanation for this result is that effective depletion of
B cells led to production of smaller amounts of DSA and hence to a better outcome. Against
this explanation was the finding that kidney transplants in recipients treated with anti-CD20
and anti-CD19 and untreated controls had similar amounts of Ab and complement deposited.
One (non-linear) explanation for this finding could be that B cell depletion selectively spared
B cells that produce natural antibodies [231], and that some of the antibodies bound to grafts
in anti-CD19-treated animals were protective or reparative [77, 81]. Yet another explanation
might be that B cell depletion with anti-CD19 caused the greatest disruption of lymphoid
structure, impairing germinal center reactions leading to production of DSA of lower affinity
and the lower affinity DSA facilitated accommodation, which in turn allows more effective
depletion of DSA from blood (accommodation rather than B cell depletion causing
differences in DSA concentrations in blood) [57]. The balance of still other combinations of
canonical and non-canonical B cell functions could be invoked to explain the observations
made in this model system. Regardless of which combinations of processes actually
generated the results in this relatively well-characterized model system, the results are better
explained as a balance of the manifold functions of B cells than as the outcome of a linear
series of events.

5. INDICES OF B CELL RESPONSES IN TRANSPLANTATION

Perhaps the greatest barrier to acquiring a more decisive perspective on the various B cell
functions that impact on health and disease is the lack of indices or systems in which these
functions can be assayed and the relative activity weighed. Experimental models were
designed or optimized to measure the various functions discussed above but none of these
models allows comparison of multiple functions.

If the outcome of organ transplants in inbred mice cannot be explained as a consequence of
one dominant B cell function (e.g. production of effector antibodies), neither is the outcome
of clinical transplants likely to be so explained. Although anti-donor HLA antibodies present
at the time of transplantation reliably activate complement and more or less reliably induce
hyperacute rejection, anti-donor blood group antibodies, which also activate complement
usually do not induce hyperacute rejection [57]. Even less reliable is the propensity of DSA
to induce AMR. Why DSA induce rejection in some recipients but not in others has been
explored. However, such properties as the specificity, affinity, isotype, C1q binding, etc.
provide only marginal insight beyond the level of risk conferred by presence of the
antibodies. The focus on antibodies neglects other functions of responding B cells and other
changes antibodies induce in targets. For example, as we review elsewhere [57],
accommodated organs appear especially capable of absorbing and metabolizing antibodies;
organs suffering injury from ischemia, cellular rejection, etc. do not so effectively take up
antibody. Further, some antibodies, including natural antibodies, protect tissues from injury
and promote repair of injury that does occur [67, 77, 81]. Conventional assays of DSA do
not distinguish pathogenic from protective antibodies and indeed the same antibodies that
injure one tissue and might protect another [77]. Finally, one must consider that if organ
transplantation generates a polyclonal B cell response, the antibodies of highest affinity will
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selectively bind to the transplant and be depleted from the blood [232]. Unless a
considerable surplus of pathogenic antibody is produced, DSA in blood may poorly
represent DSA bound to the graft. For these reasons, among others, we have proposed and
undertaken efforts to probe donor-specific B cells, i.e. B cell of the recipient that recognize
the surface of donor cells, for clues about B cell responses to transplantation [60].

What can be said about the impact of depletion of B cells using anti-CD20 antibodies or
other agents on canonical and non-canonical functions of B cells in clinical transplant
recipients? As already discussed, limited investigation in normal subjects and non-human
primates indicates that antibodies directed against CD20 clear B cells from blood and lower
concentration of Ig in serum and disrupt the structure of lymphoid tissues [118-120] and
transiently impair T cell activation [150]. In principle, these changes could compromise
initiation of T cell-dependent B cell responses, somatic hypermutation, selection, isotype
switching, peripheral survival of T cells, Breg-mediated suppression of T cell responses,
besides the direct antibody-mediated functions. Which normal functions of human B cells
are actually changed by administration of anti-CD20 might be difficult to glean from clinical
experience because anti-CD20 antibodies are most often used in treating autoimmune
disease and B lineage malignancy, conditions in which underlying immune functions are
likely compromised. For this reason, we think the impact of B cell depletion in clinical
transplantation could offer important insights.

Administration of anti-CD20 antibodies before or after transplantation decreases the levels
of anti-HLA antibodies and in some cases the levels of DSA in blood [119, 233]. B cell
depletion before transplantation (induction) with anti-CD20 or with other agents might be
expected to prevent and/or improve the outcome of AMR; however, little evidence has
emerged to support that expectation [234, 235]. Nor has clear evidence emerged that B cell
depletion with anti-CD20 improves the outcome of AMR or CMR [236]. However, while
these studies offer evidence regarding clinical utility, the studies provide little or no
information regarding B cell functions in the pathogenesis or resolution of rejection, as
eloquently put in one report [237]. Because most plasma cells do not express CD20 (and
memory B cells are not effectively cleared by anti-CD20 antibodies), administration of anti-
CD20 antibodies might be expected to have little direct impact on AMR [237]. However, the
other functions of B cells, such as production of natural antibodies, antigen presentation,
MHC class 11 expression with selection and survival of T cells, regulation of complement
and regulation of cell-mediated immunity, are potentially modified by treatment anti-CD20.

The impact of non-canonical B cell functions has been explored in only a few clinical
settings pertinent to transplantation. We mention these here hoping to spark further inquiry.
A dramatic and perhaps worrisome report emerged from a trial of anti-CD20 antibodies as
induction for kidney transplantation [201]. Five of six un-sensitized subjects given anti-
CD20 antibodies as induction at the time of kidney transplantation developed acute CMR
(versus one of seven controls). Some would question the clinical significance of the report,
as other regimens including anti-CD20 do not increase the incidence of CMR [237, 238].
These reservations do not detract from the biological importance of the observation that B
cell depletion in human subjects can reveal that B cells exert powerful regulatory control on
T cell responses induced by transplantation [6, 194].
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6. CONCLUDING REMARKS

We have presented a critical perspective on various of the B cell functions thought to have
pertinence for transplantation and have lamented that assays for these functions are scarce
and inaccurate. There is another important question regarding the B cell functions that has
escaped resolution and it is one we think offers a considerable opportunity. The question and
opportunity concern the mechanisms that balance the various B cell functions to reliably
achieve adaptive endpoints (i.e. to avoid suppressing the effector immune responses needed
for survival). We will suggest several working hypotheses.

One organizing principle concerns the localization of B cells. Although effector antibodies
act systemically, antigen presentation to naive T cells, T cell-B cell interaction leading to
production of high affinity antibodies, the production of high affinity antibodies and
regulation of T cell responses by Treg and Breg are local. If localization of B cells
distinguishes the non-canonical functions B cells confer from the functions provided by
other cells, one would predict that the B cells that take up and present antigen should
migrate to (or differentiate in) different sites in lymphoid tissues than B cells expressing
IL-10. Whether the migratory properties of post-phagocytic and post-receptor-mediated
endocytosis B cells and putative Breg differ is unknown, in part for want of markers
predicting functions yet to be manifest.

The microenvironment in which B cell functions are manifest may provide another
organizing principle [79]. Most cytokines and nearly all chemokines are secured in tissues
by binding to heparan sulfate. Binding to heparan sulfate can modify the function of proteins
and cluster the proteins in ways that heighten delivery of signals. Binding also protects the
proteins from degradation. Binding to heparan sulfate is well known to exert profound
impact on the biological properties of growth factors and enzymes but the impact on the
function of chemokines and cytokines is not so well explored. Chemokines secured by
heparan sulfate in lymphoid blood vessels direct the migration of dendritic cells and
lymphocytes at sites of inflammation and draining lymphoid tissues [239]. IL-2 secured by
heparan sulfate can have a considerable impact on the deletion of antigen-specific T cells
[123, 240].

Resting B cells do not appreciably modify the microenvironment but B cells stimulated with
LPS produce substantial amounts of heparanase, an endo-p-D-glucuronidase that digests
heparan sulfate [122], releasing bound chemokines and other proteins and promoting local
remodeling of lymphoid tissues [241]. Remodeling of lymphoid tissues could in turn
determine whether and how IL-10 from Breg or other cells impacts on surrounding cells.
Thus, heparan sulfate in the extracellular matrix of lymphoid organs could bind IL-10 and
thus provide a secure repository. Binding to heparan sulfate may also promote some
functions of IL-10 [242] and suppress others [243]. Digestion of heparan sulfate by
heparanase released from activated B cells (or T cells) releases IL-10 and other cytokines
and chemokines potentially to act on neighboring cells and also depletes the repository.
Whether immune regulation by IL-10 reflects the action of cytokine at the time of secretion
from Breg or release from stores is, of course, unknown. However, the observation that B
cell depletion prior to initiation of immunity has greater impact on Breg function than
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depletion during the course of an immune response [244] is most consistent with the
mechanism reflecting release of IL-10 from stores because IL-10 produced before initiation
of immunity would diffuse away from the site or undergo metabolism before activity could
be manifest.

Whether these or other organizing principles explains how disparate B cell functions
contribute to the efficient development and control of immunity remains to be discovered.
Nevertheless, we think knowledge of those principles would add much to understanding the
ontogeny and physiology of the B cell compartment. Such knowledge also could be
exploited to increase the efficacy and specificity of therapeutic strategies for manipulation B
cell function. And, if organizing principles were discovered, then we could dispense with
such terms as “canonical” and “non-canonical” we use here or “antibody-independent” and
“paradoxical” when referring to the functions B cells as the position of B cells in immune
physiology and pathophysiology would be understood, finally.

Funding Sources

The authors’ work pertinent to this communication has been supported by grants from the National Institutes of
Health (A1123232), the Department of Defense (CDMRP12459925), the University of Michigan Cardiovascular
Center and the Rogel Cancer Center at the University of Michigan.

Abbreviations used

ADAM10 A disintegrin and metalloproteinase-10
AMR Antibody-mediated rejection

APC Antigen presenting cell

AIRE Autoimmune regulator

BCR B cell antigen receptor

CMR Cell-mediated rejection

DC Dendritic cell

DSA Donor-specific antibodies

EAE Experimental allergic enchephalomyelitis
GALT Gut-associated lymphoid tissue

LPS Lipopolysaccharide

LN Lymph node

LTi lymphoid tissue inducer cell

LTo lymphoid tissue organizer cell

MBT mouse Monoclonal B cell-T cell mouse
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MT mouse Monoclonal T cell mouse MT mouse
Breg Regulatory B cell
Treg Regulatory T cell
TCR T cell antigen receptor
TIM T cell immunoglobulin and mucin domain
TLR Toll-like receptor
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Figure 1. B cell recognition of various agonists and functional responses.
Besides the clonotypic B cell antigen receptor (BCR), B cells have co-stimulatory receptors

that recognize various endogenous and exogenous agonists. These receptors include the
complement receptor type 2 (CRZ2) that recognize C3d, and co-stimulatory receptors,
including CD80, CD86, and CD40. B cells express various toll-like receptors (TLR) that
recognize “danger associated molecular patterns” (DAMPS). Other B cell receptors
recognize cytokines, such as IL-4, B cell activating factor (BAFF), and lymphotoxin. B cells
also express major histocompatibility complex (MHC) antigens, class | and class II.
Utilization and stimulation of B cell receptors, individually or in combination, promotes the
diverse B cell functions, including production of antibodies, secretion of cytokines, and
presentation of antigen to T cells and regulation of T cell responses. For example, at various
stages of B cell development, antigens recognized by BCR can be preferentially captured,
taken up by endocytosis, processed and loaded on MHCII complexes and presented to T
cells (cognate presentation) in thymus, and in lymphoid follicles of secondary lymphoid
tissue. The location of B cells, as determined by the stage of development, migration, etc.,
helps determine whether and how the B cell exerts canonical and/or non-canonical functions.
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Table 1.

Connections between cellular and systemic functions of B cells

Cellular Function Product Systemic Impact Impact on Transplant
Recombination/mutation Ig effectorl + immunity
Ig adaptation - rejection
lg enhancement - rejection
Ig accommodation - rejection
[o] TCR diversity + immunity
- immunity
Ig complement reg - rejection
BCR cognate recognition + immunity
MHC class Il expression MHC TCR diversity + immunity
- immunity
MHC class Il expression MHC Ag presentation + immunity
- immunity
Phagocytosis peptides Ag Presentation + immunity
- immunity
Growth factor expression 2 - .3 + immunity
LT lymphoid organogenesis ~ immunity
Cytokine secretion IL4 + immunity
- immunity
Enzyme production and secretion proteases5endoglycosidase56 t :mmz:g
Migration tissues, lymphoid organs Ag capture, localization of functions | + immunity
- immunity

+Abbreviation Ag, antigen; Ab, antibody; LT, lymphotoxin; IL, interleukins

1 . . _—
Effector functions of Ab include complement activation

2'Lymphoid organogenesis includes lymphoid remodeling and germinal center reactions

3'LT (lymphotoxins) refers to various lymphotoxins, TNFa, etc. that promote lymphoid organogenesis

IL (interleukins) refers to various cytokines such as IL-10 and TNFa that facilitate or suppress immune responses

5 . . -
B cells secrete serine proteases and express metalloproteinases such as ADAM10 that regulate availability of surface receptors, such as TACI

and BCMA, and contribute to the remodeling of lymphoid tissues

6. . . . I
B cells secrete endoglycosidases such as heparanase that remodel lymphoid organs and sites of B cell migration.
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