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Since it was shown in the early 1950s that it is possible to induce transplantation tolerance in neonates, immune tolerance
strategies have been actively pursued. It was found that T cells play a critical role in graft rejection, but can also be major
players in mediating transplantation tolerance. Consequently, many experimental systems focused on T cells, often with a
complete exclusion of B cells from in vivo animal models. It is now becoming clear that in addition to T cells, B cells can
mediate graft rejection and transplantation tolerance. In this issue of the JCI, Khiew et al. investigated the contribution of
alloreactive B cells to transplantation tolerance using a mouse cardiac transplantation model. The authors revealed a
distinct tolerant B cell phenotype possessing the ability to suppress naive B cells. These data lead to a better
understanding of B cell contributions to transplantation tolerance, and may inform the development of future immune
tolerance protocols.
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Tolerance-inducing protocols
Therapeutic induction of immune toler-
ance has been heralded has the holy grail 
of transplantation, since the pioneering 
experiments of Billingham, Brent, and 
Medawar showing it is possible to achieve 
“actively acquired tolerance” to allografts 
(1). Since those days, several tolerance- 
inducing protocols have been devel-
oped based on different approaches. For 
instance, it was shown that it is possible to 
achieve transplantation tolerance through 
induction of hematopoietic chimerism 
(i.e., the coexistence of hematopoietic 
cells of donor and host origin) following 
hematopoietic stem cell transplantation 
concomitant with solid organ transplanta-
tion (2). In addition, long-term graft accep-
tance can also be obtained in the absence 
of immunosuppression following a brief 
course of treatment with monoclonal anti-
bodies (mAbs) targeting coreceptor (i.e., 
CD4) or costimulatory (i.e., CD154 — also 
known as CD40-ligand) molecules (3). 
Those protocols can lead to transplan-
tation tolerance without compromising 

immunocompetence; the immune system 
can readily mount an immune response 
against other antigens, namely rejecting 
a transplant from a different donor, while 
remaining tolerant to subsequent expo-
sure of the tolerated antigens (for instance, 
a new transplant genetically identical to 
the tolerated graft) (Figure 1A).

When the cellular and molecular 
mechanisms underlying transplantation 
tolerance were initially dissected there 
was an understandable focus on the role of 
T cells, as those cells are the main players 
in graft rejection. It soon became appar-
ent, however, that the different tolerance- 
inducing protocols were based on distinct 
cellular mechanisms. Mixed hematopoi-
etic chimerism was shown to rely primar-
ily on alloreactive T cell elimination (4, 
5). The resulting immune system, purged 
of alloreactive T cell clones, could not 
mount a response against the allograft, 
but remained competent to respond to 
unrelated antigens. In contrast, tolerance 
induced with mAbs targeting coreceptor 
and costimulatory molecules was shown to 

induce an incomplete deletion of alloreac-
tive clones (although critical for tolerance 
induction), together with the emergence of 
Tregs that could actively maintain the tol-
erant state (6). The experimental systems 
adopted to dissect the molecular mech-
anisms involved under those different 
immune tolerance protocols were often 
based on a reductionist approach to allow 
detailed investigation of alloreactive T 
cells. As a consequence, many approaches  
(including some approaches pursued by 
our group) relied on in vivo models devoid 
of B cells (namely adoptive T cell transfers 
into immunodeficient hosts), comple-
menting experiments performed in WT 
animals. Therefore, the understanding 
of B cell contributions to transplantation 
tolerance advanced at a slower pace. How-
ever, in addition to the T cell contribution 
to graft rejection, it became increasingly 
recognized that donor-specific antibod-
ies (DSAs) constitute a major hurdle pre-
cluding long-term graft survival in the  
clinic (7). Therefore, a more careful con-
sideration of the participation of B cells in 
long-term transplant rejection and toler-
ance is needed.

Participation of B cells in long-
term transplantation
Khiew and colleagues investigated the 
donor-specific B cell compartment in 
transplantation tolerance induced through 
costimulation blockade with anti-CD154 
mAbs and donor cell transfusion at the 
time of heart transplantation (8). DSAs 
targeting MHC molecules are among the 
most clinically important. The authors, 
therefore, used tetramers to follow the 
fate of MHC-specific B cells as transplan-
tation tolerance became established and 
was maintained. The impact of this toler-
ance-inducing protocol, based on costimu-
lation blockade, on alloreactive T cells has 
been thoroughly investigated; it was shown 
that tolerance requires elimination of many 
donor-specific T cells through activa-
tion-induced cell death (9, 10), with some 
antigen-specific CD4+ T cells that survive 
deletion and acquire regulatory proper-
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Since it was shown in the early 1950s that it is possible to induce 
transplantation tolerance in neonates, immune tolerance strategies have 
been actively pursued. It was found that T cells play a critical role in graft 
rejection, but can also be major players in mediating transplantation 
tolerance. Consequently, many experimental systems focused on T cells, 
often with a complete exclusion of B cells from in vivo animal models. It 
is now becoming clear that in addition to T cells, B cells can mediate graft 
rejection and transplantation tolerance. In this issue of the JCI, Khiew et 
al. investigated the contribution of alloreactive B cells to transplantation 
tolerance using a mouse cardiac transplantation model. The authors 
revealed a distinct tolerant B cell phenotype possessing the ability to 
suppress naive B cells. These data lead to a better understanding of B cell 
contributions to transplantation tolerance, and may inform the development 
of future immune tolerance protocols.
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unresponsive phenotype was maintained 
even when the tolerant B (Tol-B) cells were 
adoptively transferred into a new host, and 
challenged with allogeneic cells syngeneic  
with the tolerized transplant. However, 
the most striking feature of those decom-
missioned B cells is that they were able to 
suppress new cohorts of naive B cells, pro-
viding those naive B cells were also spe-
cific to the same tolerated donor antigens 
(8). These tolerized B cells display, there-
fore, characteristics of B cell–dominant 
tolerance, by being able to actively sup-
press naive B cells. It remains unaddressed 
whether those naive B cells, when exposed 
to B cell–mediated suppression, can them-
selves acquire suppressive function, akin 
to what has been described for T cells in 
the process of infectious tolerance.

It is somewhat surprising that the 
authors did not find evidence for a greater  
degree of cross-reactivity between epi-
topes from the tolerated transplant, and 
epitopes from the third-party graft used 
to demonstrate the antigen specificity of B 
cell tolerance. In fact, it has been observed 
that dominant transplantation tolerance 
mediated by CD4+ Treg cells across a full 
MHC mismatch can also manifest, to a 
certain degree, toward third-party MHC, 
presumably due to cross-reactivity (4).

The two-signal model
It is timely that the study by Khiew et al. 
(8) is published exactly half a century after 
the influential two-signal model proposed 
by Bretscher and Cohn (15). Although 
the two-signal model was initially pro-
posed in relation to B cells, it was subse-
quently extended to T cells (16). In brief, 
the two-signal model postulates that an 
immune cell requires antigen recognition 
(signal 1) and a costimulatory signal (sig-
nal 2) to become fully activated toward an 
effector role. When antigen recognition 
takes place in the absence of the second 
signal, the model postulates that the out-
come will be deletion or anergy (i.e., func-
tional inactivation).

Khiew et al. (8) observed that anti-
CD154–induced transplantation tolerance 
forced B cells to respond to antigen recog-
nition through the BCR in the absence of 
CD4+ T cell help provided by CD154. As a 
consequence, B cells that received signal 
1 in the absence of CD154 engagement 
adopted a functionally impaired, decom-
missioned phenotype. Those decommis-
sioned B cells could still interact with 
CD4+ T cells supporting Tfh differentia-
tion, but failed to fully differentiate into 
GC B cells and did not produce DSA (Fig-
ure 1C). In addition, that decommissioned, 

ties being able to maintain the tolerant 
state (Figure 1B and ref. 11). In fact, those 
Treg cells can prevent rejection mediated 
by adoptively transferred donor-specific 
T cells (a demonstration that tolerance is 
dominant), and can convert some of those 
T cells into a new cohort of Treg cells with 
a suppressive role — a phenomenon termed 
infectious tolerance (11–13).

One possible mechanism to impose 
tolerance on the B cell compartment could 
be B cell deletion, especially given pri-
or reports using B cell receptor–knockin  
(BCR-knockin) mice (with a very large fre-
quency of donor-specific B cells) where 
deletion has been observed (14). However, 
the current study has shown that, under 
physiologic conditions regarding the B cell 
clone size, mice that became tolerant to 
heart transplants with anti-CD154 treat-
ment maintained donor-specific B cell 
counts (8). Furthermore, donor-specific 
B cells not only survived, but displayed 
evidence of antigen-mediated activation, 
although they failed to differentiate into 
germinal center (GC) B cells, and failed to 
contribute to production of DSAs. It was 
therefore likely that B cells were function-
ally altered when exposed to antigen stim-
ulation in the absence of a second signal 
— in this case CD154.

Figure 1. The impact of transplantation tolerance on T and B cell populations. (A) In murine heart transplantation, treatment with anti-CD154 antibody and 
donor spleen cells (costimulation blockade) at the time of transplantation leads to donor-specific tolerance. The antigen-specific tolerance is a consequence 
of changes in T and B cell populations. (B) Many donor-specific T cells are deleted. Other T cells acquire regulatory function (Treg) endowing them with the 
ability to suppress remaining donor-specific T cells (Teff). (C) B cells are mainly converted into a tolerant phenotype (Tol-B), distinct from what has been 
described for regulatory B (Breg) cells. Unlike Breg cells, Tol-B cells do not directly suppress T cells. However, Tol-B cells can effectively suppress other B cells 
sharing the same donor-antigen specificity. Overall, changes in donor-specific T and B cell populations allow suppression of immune responses  
targeting the donor antigens, without preventing protective immune responses against unrelated antigens. DC, dendritic cell.
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monitoring of transplanted patients, it is 
important to keep in mind that although 
classically “T” was the letter for Tolerance 
and Transplantation, we should keep “B” 
in the alphabet.
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Distinct B cells
The detailed mechanism of action of the 
decommissioned B cells with suppres-
sive properties remains unknown. These 
B cells, described by Khiew et al., are 
distinct from other better-characterized 
suppressive B cells, namely B regulatory 
(Breg) cells (17, 18). Breg cells have a char-
acteristic phenotype, different from the 
suppressive B cells that emerge following 
induction of transplantation tolerance. In 
addition, Breg cells are able to regulate T 
cell responses through cytokine production 
(namely IL-10), while the Tol-B cells stud-
ied by Khiew et al. seem to be exclusively 
able to suppress other B cells and do not 
produce IL-10. It will also be necessary to 
investigate the range of conditions leading 
to induction of these suppressive B cells. 
The report clearly shows that exposure to 
donor antigens in the absence of CD154 
signaling can lead to suppressive B cells, 
with tolerance induction with CTLA-4-Ig 
leading to similar observations. However, 
it will be important to investigate whether  
other tolerance-inducing regimens can 
have identical effects, and whether 
patients with long-term graft acceptance 
in the absence of DSA may support the 
progressive emergence of B cells that 
restrain humoral responses against the 
transplanted tissue. While we may still be 
far from using B cell subsets for clinical 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://doi.org/10.1038/15260
https://doi.org/10.1038/15260
https://doi.org/10.1038/15260
https://doi.org/10.1038/15256
https://doi.org/10.1038/15256
https://doi.org/10.1038/15256
https://doi.org/10.1038/15256
https://doi.org/10.1038/15256
https://doi.org/10.4049/jimmunol.165.9.4783
https://doi.org/10.4049/jimmunol.165.9.4783
https://doi.org/10.4049/jimmunol.165.9.4783
https://doi.org/10.4049/jimmunol.165.9.4783
https://doi.org/10.4049/jimmunol.165.9.4783
https://doi.org/10.1126/science.8094901
https://doi.org/10.1126/science.8094901
https://doi.org/10.1084/jem.20110767
https://doi.org/10.1084/jem.20110767
https://doi.org/10.1084/jem.20110767
https://doi.org/10.1084/jem.20110767
https://doi.org/10.1073/pnas.0705240104
https://doi.org/10.1073/pnas.0705240104
https://doi.org/10.1073/pnas.0705240104
https://doi.org/10.1073/pnas.0705240104
https://doi.org/10.1126/science.169.3950.1042
https://doi.org/10.1126/science.169.3950.1042
https://doi.org/10.1146/annurev.iy.12.040194.000245
https://doi.org/10.1146/annurev.iy.12.040194.000245
https://doi.org/10.1172/JCI46274
https://doi.org/10.1172/JCI46274
https://doi.org/10.1172/JCI46274
https://doi.org/10.1172/JCI46274
https://doi.org/10.1038/nature12979
https://doi.org/10.1038/nature12979
https://doi.org/10.1038/nature12979
https://doi.org/10.1038/nature12979
mailto://lgraca@medicina.ulisboa.pt
https://doi.org/10.1038/172603a0
https://doi.org/10.1038/172603a0
https://doi.org/10.1038/172603a0
https://doi.org/10.1101/cshperspect.a015529
https://doi.org/10.1101/cshperspect.a015529
https://doi.org/10.1101/cshperspect.a015529
https://doi.org/10.1111/j.1600-065X.2008.00632.x
https://doi.org/10.1111/j.1600-065X.2008.00632.x
https://doi.org/10.1111/j.1600-065X.2008.00632.x
https://doi.org/10.1111/j.1600-065X.2008.00632.x
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1073/pnas.0400084101
https://doi.org/10.1016/j.it.2004.08.007
https://doi.org/10.1016/j.it.2004.08.007
https://doi.org/10.1016/j.it.2004.08.007
https://doi.org/10.1172/JCI67226
https://doi.org/10.1172/JCI67226
https://doi.org/10.1172/JCI67226
https://doi.org/10.1172/JCI67226
https://doi.org/10.1056/NEJMra1802677
https://doi.org/10.1056/NEJMra1802677
https://doi.org/10.1056/NEJMra1802677

