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Abstract

Transplantation of fully allogeneic organs into immunocompetent recipients invariably elicits T
cell and B cell responses that lead to the production of donor-specific antibodies (DSA). When
immunosuppression is inadequate donor-specific T cell and B cell responses escape, leadingto T
cell-mediated rejection (TCMR), antibody mediated (ABMR) rejection, or mixed rejection (MR)
exhibiting features of both TCMR and ABMR. Current literature suggests that ABMR is a major
cause of late graft loss, and that new therapies to curtail the donor-specific humoral response are
necessary. The majority of research into B cell responses elicited by allogeneic allografts in both
preclinical models and clinical studies, has focused on the function of B cells as antibody-
secreting cells and the pathogenic effects of DSA as mediators of ABMR. However, it has long
been recognized that the DSA response to allografts is T cell-dependent, and that B cells engage in
cognate interactions with T cells that provide “help” and promote B cell differentiation into
antibody-secreting cells (ASCs). This review focusses the function of B cells as antigen-presenting
cells (APCs) to T cells in lymphoid organs, how they may be critical APCsto T cell in the
allograft, and the functional consequences of these interactions.

Introduction

Under current standard of care, a majority of transplant recipients do not enjoy indefinite
allograft survival. The median graft survival for primary kidney allografts from deceased
donors in the United States from 2008-2015 (ttps://optn.transplant.hrsa.gov/data/view-data-
reports/national-data/) was 93.2% for 1 year but declined to 74.4 % for 5 years, while the
outcomes for organs such as the lung and small bowel are considerably lower. Concerted
efforts have been made to accurately diagnose the cause of graft loss and mechanism of
rejection, by examining histological changes in graft biopsies, and more recently, by using
molecular signatures (1-3). T cell-mediated rejection (TCMR) has been identified as
occurring more frequently in the early post-transplantation months or at later times due to
inadequate immunosuppression, whereas late graft rejection has been attributed primarily to
chronic antibody-mediated rejection (ABMR) (4, 5). A number of drugs can effectively
target TCMR while chronic ABMR is less responsive to current immunosuppression,
lending weight to the notion that ABMR is a more important cause for graft loss and for
which therapies capable of reversing chronic ABMR are critically necessary (6, 7). As a
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result, research has focused on improving the diagnosis of donor-specific antibodies (DSA),
understanding the pathogenic properties of DSA upon binding to allograft endothelium, and
gaining therapeutic insights into the immunobiology of plasma cells (PC) producing DSA.

In addition to B cells differentiating into antibody-secreting cells (ASCs), and where
antibodies function as opsonins to facilitate DC activation and T cell responses (8-10), B
cells can function as antigen presenting cells (APCs) that regulate T cell function and
potentially, TCMR. While the ability of B cells to function as APCs was described in the
early 1980’s, dendritic cells (DCs) are now considered to be best at activating naive T cells
(11-13). As a result, focus has shifted away from the investigation of B cells as APCs to
naive T cells, and indeed, a revised hypothesis is that naive B cells lacking the expression of
co-stimulatory molecules might actually function as mediators of T cell anergy (14-16).
Nevertheless, there continues to be evidence for B cells functioning as APCs to naive T
cells. Recently, Shen et al. reported that upon immunization with antigens displayed on a
virus-like nanoparticle, B cells are the dominant and necessary APC activating naive CD4*
T cells, while DCs are not necessary(17). These B cells promote antigen-specific T cell
expansion and their differentiation into T follicular helper (Tfh) cells. Finally, it has been
argued that conditions of low antigen concentrations might hinder efficient antigen uptake
and presentation by DCs, whereas expanded populations of memory B cells expressing the
appropriate BCRs may be able to capture low concentrations of antigens and present to
memory T cells (17, 18). These observations raise the possibility that B cells play a
dominant role during recall responses.

In this review, we will focus our discussion on the function of B cells as APCs to T cells in
the context of promoting transplantation rejection or tolerance. Specifically, I will discuss
presentation of alloantigen by recipient B cells leading to the stimulation of alloreactive T
cells via the indirect pathway, and discuss the role of B cells as APCs in secondary lymphoid
organs (SLOs). I will also review the potential role of B cells in the thymus as mediators of
T cell deletion, discuss the antibody-independent role of B cells in a preclinical model of
chronic allograft rejection, and their recently documented role as APC to T cells in rejecting
human kidney biopsies.

Indirect alloantigen presentation of alloantigen by recipient B cells to

recipient CD4* T cells

Alloreactive T cells can directly recognize intact donor MHC presented on donor-derived
cells, or indirectly when recipient APCs acquire donor antigens, process and then present
donor-derived peptides in the context of recipient Class | or Class Il (reviewed (19, 20). In
addition, alloreactive T cells can be activated by the semi-direct pathway whereby recipient
APCs acquire intact donor MHC molecules through a number of processes that are cell
contact-dependent (e.g. trogocytosis, or nibbling) or cell contact-independent through cross-
dressing, i.e., decoration of recipient APCs with extracellular vesicles/exosomes shed from
donor cells (reviewed in (21, 22)). There is increasing evidence suggesting that the semi-
direct pathway is an important means for eliciting CD8* T cell responses capable of
recognizing donor Class I, because the donor-derived DCs capable of priming alloreactive
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CDS8™ T cells by the direct pathway rapidly disappear post-transplantation. Instead,
persistence of cross-dressed DCs in the draining lymph nodes (LNs) allows for the priming
of alloreactive CD8* T cell that recognize intact donor MHC Class I. In this scenario, donor
Class | cross-dressed DCs that are simultaneously presenting donor-derived peptides in the
context of recipient Class Il to donor-specific CD4* T cells (via the indirect pathway) will
receive licensing signals that allow the DCs to productively activate CD8*. As a result,
CD8™ T cells with direct donor class | specificity can be generated under a three-cell
scenario at any time post-transplantation (Fig 1A), with the caveat that donor parenchymal
cells transfer intact Class | to recipient DCs, and these CD8* T cells are then able to
recognize donor cells within the allograft and mediate their destruction (23-25).

Recipient DCs are capable of indirect as well as semi-direct presentation, whereas recipient
B cells have only been reported to be capable of indirect presentation. Indeed, the ability of
recipient B cells to participate in indirect presentation is critical to their ability to engage in
cognate interactions with recipient T cells that express T cell receptors (TCR) with indirect
alloantigen specificity. Alloantigen engagement of the BCR results in the activation of the B
cells and the processing and presentation of alloantigens in the context of Class Il antigens
(26). In contrast, exogenously derived alloantigen presentation on recipient Class | requires
specialized antigen processing pathways that deliver antigen to the endoplasmic reticulum,
so that the alloantigen can be loaded onto recipient MHC | and ultimately be cross-presented
to recipient CD8™ T cells. Specialized subsets of conventional DCs, liver sinusoidal
endothelial cells, Kupffer cells, and hepatocytes are capable of cross-presentation (reviewed
in (27), and the ability of B cells to cross-present antigens has been reported, when the
antigen is internalized by the TLR9 pathway or introduced through a gene gun approach (28,
29). Whether alloantigens shed by an allograft can be cross-presented by B cells remains to
be determined. As a result, current evidence suggests that in fully-mismatched
transplantation, host alloreactive B cells can engage in cognate interactions with recipient
CD4" but not CD8* T cells, and only via the indirect pathway (Fig 2). An exception is the
report by Win et al. (30) where autoantibody detected following Class 11-mismatched
allograft transplantation was produced by recipient B cells acquiring help from passenger
donor CD4" T cells directly recognizing allogeneic Class 1l on the recipient B cells (Fig
1B).

B cells as APCs to T follicular helper cells in secondary lymphoid organs

B cells constantly recirculate between SLOs in search of cognate antigens that have been
captured and displayed on specialized macrophages in the subcapsular sinus of LN or the
marginal zone of spleens, or on follicular dendritic cells embedded within the center of B
cell follicles (reviewed in (31)). Binding of alloantigens by BCRs, together with engagement
of complement or toll-like co-receptors results in B cell activation as well as the
internalization, processing and presentation of alloantigen on MHC Class 11 to CD4* T cells.
In a T-dependent B cell response, the activated B cell migrates to the T-B interface where in
engages in stable cognate interactions with Tth cells that had been pre-activated by
encounter with DCs. The consequence of the T:B interaction is the extrafollicular
differentiation of B cells into memory B cells or short-lived PCs, or entry into a germinal
center (GC) response (reviewed in (32)). Within the GC, B cells undergo class-switching,

Cell Immunol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chong

Page 4

rounds of somatic hypermutation, while limiting access to Tfh cells results in the selection
of the highest affinity B cells (33, 34). Critical components of cognate T cell help to B cells
include CD40:CD154, CD28:B7 and ICOS:ICOSL interactions (31), while PD-1:PD1L
interactions constrain CXCR5 and CXCR3 expression leading to Tth cells being restricted
to the GC, optimize B cell competition and increase stringency of B cell affinity maturation
(35). The necessity of these molecular interactions to sustaining GC responses suggests
therapeutic strategies for reversing ongoing alloantibody responses (36, 37). Finally, it is
now recognized that lower-affinity B cells emerge early from the GC as memory B cells,
whereas higher-affinity B cells will emerge later as ASCs (38-40), underscoring the notion
that the BCR repertoire between memory B cells and plasma cells is clonally related by not
identical ((41), reviewed (42)). These observations raise the possibility that successful
treatment of ABMR and reversal of DSA responses may not have prevented the generation
of memory B cells, and that vigilant control to prevent recall responses may be necessary.

As summarized above, the tightly choreographed series of cognate interactions between T
and B cells leading to humoral immune responses and alloantibody production is
increasingly well understood, however, more work is required to test whether B cells
function as APCs exclusively to Tfh cells, or also to other non-Tth cell subsets, including
Th1, Th2, Th17, Fox3* regulatory T cells. As described by Hong et al. (17), the
accumulation of non-Tth T cells following nanoparticle vaccination requires the presence of
B cells and the presence of DCs is not sufficient. However, the rules that dictate a necessary
role for B cells over DCs as APCs were not elucidated. In addition, regulatory B cells
(Bregs) producing IL-10 have been reported to restrain T cell responses during viral and
bacterial infections, to promote the recovery from autoimmunity and to play an essential role
in the induction of transplantation tolerance (reviewed in (43, 44)). Whether these Bregs
express antigen-specific B cell receptors and are involved in cognate interactions with the T
cells was recently addressed (45). Following transfer of Bregs from IL-10-green fluorescent
protein (GFP) reporter mice and pulsed with NP-OVA, together with OVA-specific OT-I or
OT-II cells, cognate interactions between Bregs and OVA-specific T cells were observed at
the T-B interface. Interactions were more frequent between Bregs and OVA-specific T cells,
compared to non-Bregs, and were antigen-specific. Finally, following encounter with Bregs,
the OVA-specific T cells exhibited reduced interactions with DCs suggesting a mechanism
of action for Bregs limiting T cell activation. Whether the sustained interactions between
Bregs and T cells leads to Breg differentiation into plasma cells capable of secreting antigen-
specific antibodies, remain unanswered.

B cells as APCs in the thymus effect clonal deletion of autoreactive T cells

Dendritic cells, B cells and medullary thymic epithelial cells (mTECs) are the three major
APC subsets that play a central role in the clonal deletion of self-reactive T cells within the
thymus. While B cells represent only 0.3% of all cells in the thymus, they outnumber DCs
(reviewed (46)). Thymic B cells are divided into two main subsets: Type A are class-
switched B cells that immigrated from the blood, are autoreactive and present self-antigens,
and Type B cells are AIRE-expressing and enriched in the thymus of young mice. Perera J et
al. (47) first reported that the thymus harbored B cells that co-localized with DCs and
mMTECs in the thymic medulla, expressed high levels of MHC Class Il and mediated the
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negative selection of autoreactive T cell receptor (TCR)-transgenic CD4* T cells. In a
follow-up study, they went on to show that the self-antigen driven thymic B cells expanded
and underwent class-switching intra-thymically and were thymus-resident (48). Likewise,
Yamano et al (49) reported that thymic B cells, with elevated levels of MHC class Il and
constitutively expressed CD80, were licensed to present self-antigens and mediated the
clonal deletion of autoreactive CD4* thymocytes. Finally, recent transcriptome analysis of
APCs in the human thymus revealed that DCs expressed highest levels of HLA Class | and
Class 11 genes and HLA class | and Il antigen presentation pathway genes. In contrast, the
transcription factors, AIRE and FEZF2, implicated in thymic program of tissue-restricted
antigen expression, were primarily expressed in mTECs. Finally, “tissue enriched genes”
including autoantigens were expressed in all APC subsets (nTEC > B cells > DCs) (50).
Thus collectively, these data are consistent with B cells playing a role in the deletion of auto-
and tissue-reactive T cells in the thymus, and raise the possibility that in the context of a
hematopoietic cell-induced transplantation tolerance, allogeneic B cells may migrate into the
thymus to mediate the clonal deletion of T cells specific for donor MHC Class | and Class Il
(51, 52).

B cells as APCs in mediating chronic allograft rejection

While the focus on B cells in transplantation has focused on alloantibody production, Zeng
et al. (53) reported that B cells can mediate chronic allograft rejection independently of
antibody production, thus suggesting a role for B cells as APCs driving T cell-mediated
rejection. Using a model of chronic allograft vasculopathy (CAV) involving BALB/c heart
grafts into C57BL/6 recipients and treatment with anti-CD154 plus CLTA4-1g, they showed
that recipients lacking B cells or recipients that had a normal complement of B cells that
were unable to secrete antibodies, were resistant to CAV. Further mechanistic studies
revealed that the in vivo priming of alloreactive CD4" and CD8* T cells in SLOs, and the
number of graft-infiltrating T cells, were reduced in the absence of B cells but restored in the
presence of B cells even in the absence of alloantibodies. Their data suggest that the
presence of B cells (and not antibodies) was necessary for the optimal priming of
alloreactive T cells, and that both antigen-specific and non-antigen-specific functions of B
cells were implicated in the priming of alloreactive Th1 and CD8* T cell responses. Whether
the priming of CD8" T cell responses was mediated directly by B cells or indirectly through
“help” provided by B cell-activated CD4* T cells to license DCs, and where these T:B
interactions were occurring, were not delineated. Indeed, these interactions could be
occurring in the SLO where B cells are directly involved in CD4" T cell priming, and/or
within the allograft where B cells are promoting the reactivation of T cells.

B cells as APCs to Tfh cells within the kidney allografts

In 2003, Sarwal et al. (54) published a seminal paper that the presence of a B cell gene
signature and dense clusters of B cells in the kidney allograft biopsies were strongly
associated with glucocorticoid-resistant TCMR and graft loss. They proposed an
unanticipated hypothesis at that time, that infiltrating B cells play a pivotal role in TCMR by
functioning as APCs to T cells within the allograft. This hypothesis was subsequently
confirmed by Liarski et al. (55), who used novel computer-assisted cell distance mapping to
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identify B cell-Tfh cognate interactions within human renal biopsies. Cognate interactions
were defined by the nuclei of Tfh (CD4"ICOS*PD-1%) and B cells being <0.54 um apart. By
examining renal biopsies classified as undergoing TCMR or mixed rejection (MR), they
reported that Tfh cells were observed in 64.2% and 50% of biopsies, respectively, and that
the frequencies per high powered field were similar (14.0 versus 12.5 cells, respectively).
However, the conjugate rates between Tth and B cells were significantly different in TCMR
and mixed rejection (MR, biopsies exhibiting cellular rejection and c4d deposition) In MR,
almost 80% of Tth cells were within 0.54 um of a B cell, but this number was only 15% in
TCMR. Furthermore, segregating MR renal rejection cases on the basis of mean density of
infiltrating B cells revealed no significant change in conjugate rates confirming that the
identification of cognate interaction was not affected by B cell density, and suggesting that
the immunobiology of Tfh cells in TCMR and MR were distinct. In contrast to Tfh, the
fraction of B cells at <.54 um from a Tfh cell was disproportionally lower (23.4%) in both
TCMR and MR. Thus, the majority of Tfh cells were interacting with B cells in MR, but the
majority of B cells were not interacting with Tth cells in TCRM and MR; whether B cells
were interacting with non-Tfh T cells was not clarified in those studies. Finally, Liarski et al.
(55) confirmed that /n situ Tth:B cell interactions with kidney allografts undergoing MR
compared to TCMR were associated with functional Tfh cells that expressed higher levels of
Bcl-6 and IL-2. It is tempting to speculate that Tfh:B cell interactions in MR prompt the /n
situ differentiation of B cells into ASC, thereby facilitating local production of DSA,
antibody deposition and complement activation — hallmarks of ABMR and MR that are
absent in TCMR. Future studies defining the specificity of B cells in MR versus TCMR, and
as well as gene expression analysis, will provide further insights into the function of
intrarenal B cells in TCMR and MR.

Summary and Conclusions

The contribution of B cells functioning as APCs, independently of antibody production, in
rejection and tolerance induction is an under-investigated area. There is an abundance of
evidence that B cells engage in cognate interactions with Tth cells in SLOs and within the
allograft, and there is tantalizing evidence that they may be important APCs for non-Tth
CD4* T cells. However, the rules that determine B cell necessity and sufficiency over the
contributions of DCs to T cell priming are not known, and whether the dichotomy between
B cells and DCs as APCs determines the type of allograft rejection remains to be clarified.
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ASC antibody secreting cells

BCR B cell receptor

Bregs regulatory B cells

CAV chronic allograft vasculopathy
DC dendritic cells

DSA donor specific antibody

GC germinal center

LN lymph node

MR mixed rejection

MTECs medullary thymic epithelial cells
PC plasma cells

SLO secondary lymphoid organs
TCMR T cell-mediated rejection
TCR T cell receptor

Tfh T follicular helper
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Fig 1.

A.g Three cell model for the activation of recipient CD8* T cells with direct specificity for
intact donor Class I. Cross-dressed recipient DCs presenting donor antigen on recipient
Class Il are licensed by indirect recognizing allogeneic CD4*; these licensed DCs, cross-
dressed with intact donor Class | are then able to stimulate donor Class I-specific CD8* T
cells. Cross-dressing has not been reported for B cells so recipient B cells cannot stimulate
direct CD8* T cell responses. B. Autoantibody produced by recipient B cells receiving help
from passenger donor CD4™ T cells that directly recognize host allogeneic Class I1
expressed by recipient B cells.
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Fig 2.

Clgass Il-restricted antigen presentation by alloreactive B cells to CD4* T cells with indirect
specificity results in their cognate interaction with T follicular helper cells (Tfh) at the T:B
interface and in the germinal center, leading to the elaboration of DSA responses. It is
possible that B cells also engage in cognate interactions with non-Tfh T cells, including Thi,
Th2, Th17 and Tregs, but where this occurs within the lymph node or spleen requires further
clarification. The ability of B cells to cross-present exogenous donor antigens on MHC Class
I has not been described, so B cells most likely cannot engage in cognate interactions with
alloreactive CD8* T cells that have indirect specificity.
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