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Noncognate function of B cells in transplantation
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B cells play a central role in host defense. Upon activation

B cells undergo clonal expansion and differentiation into

plasma cells. Plasma cells secrete vast amounts of antigen-

specific antibody into the blood. This antibody binds,

inactivates and helps to clear extracellular antigens and

organisms bearing those antigens. The antigens that stim-

ulate B cells derive from microbial organisms and toxins,

but can also come from transplants. In this study, we

consider how the antigen-specific and nonantigen-specific

functions of B cells, not restricted to antibody produc-

tion, determine the fate of transplants.

Antibody responses to transplantation were first

reported in 1938 [1]. However, early investigation of anti-

body responses to transplantation failed to reveal

unequivocal evidence that antibodies injure grafts. In try-

ing to identify the anatomic compartment responsible for

immunity, Warner and Szenberg [2] compared immune

responses of various types in normal chickens with chick-

ens from which the bursa was removed or the thymus

atrophied. As shown in Table 1, reproduced from the

original paper, normal chickens and chickens from which

the bursa of Fabricius was removed, and hence lacking B

cells, rejected skin allografts in 7 days, whereas chickens

with an atrophic thymus accepted allografts permanently.

Later, Mitchison [3] tested whether immunoglobulin

might contribute to tumor resistance in mice. He found

that serum from tumor-resistant mice transferred to

tumor-susceptible mice did not inhibit the growth of

tumors in the susceptible animals while transfer of lymph

node cells from resistant mice to susceptible mice did

inhibit tumor growth in the susceptible animals.

Both lines of research testing, in which immune cells

cause the destruction of skin or tumor allografts, led to

the conclusion that cells arising in the bursa of Fabricius

and their products, B cells and immunoglobulin, do not

destroy allografts. Instead, other cells such as T cells were

implicated in this injury. A number of other early studies

showed that B cells had little impact on the fate of allo-

grafts, and confirmed the idea that allograft survival

depends on T cells [4–6].

Decades later, studies using genetically engineered mice

also failed to reveal any impact of B cells on the outcome

of transplants. Epstein et al. [4] found that mice of

C57Bl/6 background with targeted deletion of the IgM

heavy chain, and thus deficient of mature B cells, rejected

skin grafts from BALB B mice, differing by a minor histo-

compatibility antigen, slightly faster than their wild-type

counterparts. This result suggested that B cells or immu-

noglobulin are not needed for rejection of skin allografts

and that perhaps B-cell deficiency enhanced T-cell

responses. We found that C57Bl/6 mice with targeted dis-

ruption of a heavy chain gene segment and consequently

devoid of B cells reject fully allogeneic and minor anti-

gen-incompatible skin grafts at the same rate as wild-type
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Summary

How B cells affect the outcome of transplants is a question of enduring inter-

est. Initial efforts to answer that question suggested, wrongly, that B cells have

no impact on transplantation. Now, however, B cells are known to influence

not only the outcome of vascularized grafts through the production of anti-

donor antibodies but also the competence of cellular immunity through a

number of physiologic functions. In this study, we explain why the importance

of B cells was overlooked in the past and consider the range of noncognate

functions of B cells that may determine the outcome of transplants.
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mice [5]. Thus, observations made more than 60 years

ago might suggest B cells and the products they produce

have little or no impact on transplants.

Still, as everyone interested in clinical transplantation

knows, B cells and antibodies have the most profound

impact on clinical transplants. Antibodies cause hyper-

acute and antibody-mediated (sometimes referred to as

acute humoral, or acute vascular) rejection [6] and have

been implicated in the poorly understood process of

chronic rejection [6]. Figure 1 summarizes the outcomes

of transplants. Of the four types of rejection listed, anti-

bodies are implicated in three. The only type of rejection

not classically thought to involve antibody is acute cellu-

lar rejection, which is T-cell mediated.

Why was the importance of B cells in the fate of trans-

plants overlooked in experimental transplantation? One

important obstacle to recognizing the importance of B

cells in transplantation is that critical investigations used

tumor or skin as model systems. Because tumor and skin

receive a vascular supply at least in part by the in-growth

of recipient blood vessels [7], these grafts do not present

vascular targets for alloantibodies and hence are not sus-

ceptible to injury by humoral responses [8,9]. The patho-

logic and clinical picture of these grafts is dominated by

acute cellular rejection (Fig. 1). Even if antibodies might

inflict sub-acute or chronic damage on a graft, such

damage would not be detected if the graft was rapidly

destroyed by cell-mediated immunity.

Unlike tissue grafts, which receive their blood supply

from the in-growth of recipient vessels, solid organ grafts

receive their blood supply from the anastomosis of host

and recipient vessels. As a result, antibodies can pro-

foundly affect organ grafts and the importance of anti-

bodies is most keenly felt by solid organ transplants

[10,11]. In organ allografts, small amounts of alloanti-

body can generate complement-mediated conditions such

as hyperacute and acute vascular rejection mentioned
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Figure 1 Impact of antibodies on the outcome of organ versus cell

or tissue transplants. (a) Outcomes of organ transplants. In solid organ

transplantation donor and recipient vessels are anastomosed together;

thus, hyperacute rejection is the first possible outcome. If hyperacute

rejection is avoided, antibodies may either cause acute vascular rejec-

tion, or accommodation. If acute vascular rejection is prevented and

accommodation is not achieved, the graft may undergo cellular or

chronic rejection. With the exception of cellular rejection, B cells are

central to the other types of rejection because of the antibodies they

produce. (b) Outcome of cell and tissue transplants. Unlike solid organ

transplantation, the blood vessels feeding a tissue or cell transplant

are of recipient origin. As a result, humoral rejection is not observed.

Early failure of a tissue or cell transplant is caused by primary non-

function either because of failure of engraftment or a very rapid

immune response. If engraftment occurs successfully the tissue or cells

are then subject to cellular rejection only.

Table 1. Immunological responses of normal and bursaless chickens. Original experiments distinguishing the impact of cellular and antibody-med-

iated responses. Adapted from ref. [2]. The allantoic cavities of 12-day chick embryos were treated with 2.5 mg of testosterone propionate and

then allowed to hatch. This treatment results in complete removal of the bursa and sometimes complete atrophy of the thymus. Shown in the

Table 1 are the results from three different experiments done on bursaless chickens or bursaless chickens with an atrophic thymus. (i) The ability

of lymphocytes to proliferate was detected on chorioallantoic membranes (CAM) was tested, (ii) the ability of the chickens to reject skin grafts

was tested, and (iii) the tuberculin reaction as a measure of delayed type hypersensitivity was tested. Reprinted by permission from Macmillan

Publishers: Warner and Szenberg [2].

Type of reaction Normal chickens

Chickens treated with testosterone in ovo

Bursaless Bursaless with atrophic thymus

CAM lesions:

Large lymphocytes per focus 2000 ± 800 (35) 1900 ± 800 (10) 2600 ± 100 (2)

Homograft rejection:

Average time of rejection 7 ± 1 day (12) 7 ± 1 day (12) Grafts intact at time of death* (2)

Delayed hypersensitivity:

Tuberculin reaction positive (3/3) negative (3/3) N.T.

Antibody production:

Incidence of positive titres 100 per cent 0 per cent 0 per cent

Mean reciprocal titres 320 (50) <10 (40) <10 (10)

N.T., not tested. Brackets show the number of birds tested. Results in italics indicate positive (normal) reactivity.

*20 and 24 days after grafting.

B cells and transplantation Balin et al.

ª 2009 The Authors

594 Journal compilation ª 2009 European Society for Organ Transplantation 22 (2009) 593–598



above (Fig. 1) [12,13]. We have suggested that antibodies

also induce accommodation [14] – a condition in which

a graft resists injury despite the presence of an immune

response directed against it [14,15]. In support of this

idea, Dorling et al. [16] found that porcine endothelial

cells pretreated with human immunoglobulins resist com-

plement-mediated lysis. How antibodies may induce

accommodation is unproven, but we have speculated that

antibody may induce ‘sub-toxic’ injury, which in turn

induces a protective response. We have reviewed this con-

cept and other explanations elsewhere [14]. We have fur-

ther argued that accommodation may be the most

common outcome of transplantation [17,18] as all or

nearly all recipients have some alloantibody [19]. If this

assertion proves correct, then alloantibody may play the

greatest role in determining the outcome of organ trans-

plantation.

We have reviewed elsewhere [10,13,15,17,20] how anti-

bodies produced by B cells determine the fate of organ

grafts and this concept is now widely appreciated. Hence,

we shall devote the remainder of this articles for consider-

ing noncognate functions of B cells that we think might

impact most significantly on allografts.

That B cells themselves may influence the fate of

allografts is particularly important given the success of

anti-B-cell antibodies in solid organ transplantation.

Anti-CD20 antibody, rituximab, permits successful kid-

ney, heart, and intestinal transplants in humans [21–24].

If anti CD20 antibody protects against rejection, it may

be doing so in part by inhibiting functions of B cells

independent of the antibodies they produce. This is

because differentiated plasma cells do not express CD20

[25], so this antibody targets B cells before stimulation

to become antibody producers – suggesting that B cells

themselves may play a role in the immune response to

transplants.

What other roles B cells may play in transplantation is

not immediately clear. Below we consider how B cells

may directly or indirectly influence the functions of T

cells, which are vital to all allografts, or more broadly,

how B cells may shape immune responses in general.

These functions of B cells may have been overlooked in

the classical studies that segregated the physiology of B

cells and T cells, which were used to define the impor-

tance of B cells in transplants.

Lymphoid organogenesis

Lymphoid organogenesis, depends on B cells. B cells pro-

mote the development of the spleen and the gut-associ-

ated lymphoid tissue (GALT) in mice. B cells promote

lymphoid organogenesis, at least in part by producing

lymphotoxin (LT). LTa triggers formation of follicular

dendritic cell clusters [26,27] and LTa1b2 produced by B

cells is required for T-cell zones in the spleen and lymph

nodes [28]. Mice lacking B cells have significantly reduced

numbers of T cells in the spleens, caused in part by a

decrease in the expression of the T-cell homing chemoki-

ne CCL21, the expression of which is dependent on

LTa1b2 production by B cells [28]. In GALT, B cells pro-

mote development of microfold cells (M cells) [29]. M

cells are critical to immune responses against micro-

organisms that infect the intestine. M cells reside in the

epithelium surrounding Peyer’s patches and sample anti-

gen from the luminal side of the intestine [30]. Through

a process known as transcytosis, M cells deliver the sam-

pled antigen to antigen-presenting cells residing in Peyer’s

patches [30]. The mounting of an immune response to

pathogens residing in the intestine is therefore dependent

on the functioning of M cells.

Lymphoid organs not only support the responses of B

cells to antigenic stimulation, they are absolutely essential

for T-cell responses. Alymphoplastic or aly/aly mice,

which lack secondary lymphoid tissues, accept skin

allografts indefinitely [31]. Cellular rejection, therefore,

may depend on the normal functioning of B cells in

development.

T-cell repertoire development

The contribution of T cells to cell-mediated immunity

is thought to reflect, at least in part, to the diversity of

T-cell antigen receptors. A normal T-cell repertoire has

a diversity of 109 and conditions of immunodeficiency

such as AIDS are characterized by aberrations in this

repertoire. B cells help generate diversity of the T-cell

repertoire [32]. The observation that mice lacking B

cells have a reduced number of T cells in the thymus

and periphery [33] led to this concept, which was

extended by the observation that mice with restricted

diversity of their immunoglobulin genes have a greatly

reduced diversity of T-cell receptors which can be

restored either by adoptive transfer of diverse B cells or

diverse Ig [33]. As one potential mechanism through

which B cells diversify the developing T-cell repertoire,

we have proposed that B cell receptors and Ig provide

diverse peptides used for positive selection of T cells in

the thymus [32].

The impact that B cells have on shaping the repertoire

of the T cells that respond to a transplant is unknown.

One might think that contraction of the repertoire of T

cells should generally impair cellular immune responses.

However, this prediction fails in some remarkable ways.

Most children who undergo heart transplantation in

infancy undergo thymectomy as part of the procedure (to

better expose the heart) and treatment with T-cell deplet-
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ing agents such as anti-CD3. As expected, these subjects

have a profound contraction of T-cell diversity [34].

However, despite this contraction, those who have heart

transplants early in life are susceptible to rejection and do

not suffer especially from opportunistic infection or other

problems associated with immunodeficiency. Similarly,

mice with defects in thymopoiesis resulting from contrac-

tion or deficiency of B cells, can reject skin allografts as

rapidly as wild-type counter parts [5]. In fact, like lMT-

deficient mice, these mice may reject skin grafts mis-

matched for minor antigens more quickly than wild-type

mice. Thus, B cells are necessary for development of lym-

phoid organs essential for graft rejection but once those

organs exist, they may not play an essential role in rejec-

tion of tissue grafts, at least early after transplantation in

the absence of immunosuppression. However, most epi-

sodes of rejection in immunosuppressed subjects are not

observed in the early days after transplantation but rather

occur at later times, perhaps triggered by intercurrent

processes, such as infection.

Under these conditions (immunosuppresion and/or

intercurrent inflammatory processes), B cells have not

been studied. We would speculate that these conditions

would bring to light two functions of B cells, antigen pre-

sentation and production of cytokines that could modify

the fate of allografts.

Antigen presentation

B cells not only are important for the development of the

T-cell compartment, but also function in the generation

of T-cell responses. This is because B cells can act as effi-

cient antigen-presenting cells for T cells [35–37]. B cells

express MHC class I and MHC class II complexes and

co-stimulatory molecules, such as CD80 and CD86 [37].

B cells can activate T cells in the same way as other anti-

gen-presenting cells, that is, they take up and process pro-

teins and present peptides from those proteins to T cells.

When suitably stimulated, B cells express the co-stimula-

tory molecules necessary to activate T cells. B cells can

also activate T cells by a mechanism distinct from the

mechanism of other antigen-presenting cells. Because B

cells can take up antigen specifically via the B-cell recep-

tor into the endosomal compartment [36], they can con-

centrate peptides from an antigen to which they have a

unique specificity [35,37]. Thus, the peptides presented in

MHC class II by activated B cells are likely to be enriched

for peptides which came from the antigen bound to the

BCR. T cells activated by B cells could be directed against

pieces of the same antigen to which the B cell was react-

ing, thus establishing a ‘cognate’ link between the T cell

and B cell [38]. In some experimental settings, B cells

prime and activate T cells almost as effectively as den-

dritic cells [35]. Antigen presentation by B cells leads to

the clonal expansion of both B cells and T cells and may

be necessary for the generation and maintenance of B-cell

and T-cell memory [39–42].

How much antigen presentation by B cells is required

for the response to transplantation is unknown. Mice

lacking B cells and immunoglobulin, or mice that have

very severe B-cell deficiencies are still able to reject skin

and organ allografts as effectively as their B-cell sufficient

counterparts [4]. However, because B cells can affect

other immune responses, it is difficult to strictly study

the effect of B cells as antigen presenters in an immune

environment that completely lacks B cells. To overcome

this, some groups have studied chimeric mice in which B

cells have defective antigen presentation. Noorchashm

et al. concluded that B-cell antigen presentation is impor-

tant for cardiac allograft rejection after finding that chi-

meric mice that received B cells with defective antigen

presentation had prolonged cardiac allograft survival but

rejected skin allografts with normal kinetics [43]. In these

experiments, however, it was also found that the chimeric

mice that received B cells incapable of antigen presenta-

tion were incapable of producing antibodies to T-cell

dependent antigens. Therefore, whether the prolonged

cardiac survival in these animals came as a result of B-cell

antigen presentation itself, or as a result of a failure to

produce alloantibodies is unknown.

Production of cytokines

Besides performing their antigen-presenting functions, the

B cells are also capable of producing a vast array of cyto-

kines [44]. They can produce proinflammatory cytokines

such as IL2 and IL6, and can also polarize to produce

cytokines typical of the TH1 lineage of cells (IFNG and

IL12) or cytokines typical of the TH2 lineage of cells

(IL4) [45]. B cells that have been polarized to a TH1 phe-

notype have been named ‘B effector 1’ cells or Be1 for

short, B cells that have been polarized to a TH2 pheno-

type have been named Be2 cells. Under certain condi-

tions, B cells, after becoming polarized into either Be1 or

Be2 effector cells, can go on to polarize T cells to either a

TH1 or TH2 phenotype respectively [45]. B-cell cytokine

production therefore may be a mechanism for inducing

certain types of T-cell responses independently of any

antibodies that the B cells may produce. How much

B-cell cytokine production contributes to the response to

transplants, however, is unknown.

Facilitating engraftment

Although we have focused on B cells promoting cellular

immune responses, one must consider that B cells might
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also improve the outcome of allografts. Antigen presenta-

tion by B cells has been linked to the genesis of immune

regulation. We have suggested that B cells initiate accom-

modation by producing sub-toxic amounts of alloantibody

[17,46]. Additionally, accelerated rejection of minor histo-

compatibility antigen mismatched transplants by lMT

B-cell deficient mice [7] raises the possibility that B cells

or a subset thereof may regulate immunity. The existence

of a regulatory subset of B cells has been confirmed in

mice [47]. These cells are CD1dhi CD5+ and are found in

the spleen and peritoneal cavity. Regulatory B cells secrete

IL-10 in an antigen-specific manner and inhibit inflamma-

tion generated by a contact hypersensitivity response [47].

Whether the functions of B cells on balance favor or

oppose graft survival, however, remains unknown.

Concluding remarks

B cells clearly initiate the humoral responses that today

pose the most difficult challenge to enduring survival of

organ transplants. Besides this function, however, B cells

may or may not determine the intensity, specificity and

control of cell-mediated immune responses to allografts.

Understanding how B cells modify the fate of allografts is

pivotal to the development of effective regimens of

therapy. Thus, to the extent that B cells promote antigen-

specific responses to allografts, depletion of B cells or

suppression of B-cell responses might improve graft

outcome. On the other hand, if B cells promote accom-

modation or regulation of cell-mediated immunity, then

depletion or suppression of B-cell responses may compro-

mise graft outcome. We can think of no more important

subject for investigation in transplantation immunology.
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