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REVIEW

Cross-immune tolerance: conception and its potential
significance on transplantation tolerance

Yong Zhao' and Xianchang Li

The diversity of alloreactive T cells in graft rejection and the presence of extensive crossreactivity among alloreactive T cells
indicate that the induction of transplantation tolerance may fundamentally alter the size of host T-cell repertoire involved in protective
immunity and immune surveillance, especially those that are crossreactive to conventional antigens. We herein highlight the
crossreactive nature of alloreactive T cells and the potential risks of altered T-cell repertoire associated with the induction of
transplantation tolerance. The possibility that T-cell tolerance to one set of antigens results in their tolerance to other unrelated
antigens due to T-cell crossreactivity and/or heterogeneity is defined as ‘cross-immune tolerance’. The definition and significance of

this concept were discussed in details.
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INTRODUCTION
Induction of transplantation tolerance in the clinic without the needs
for chronic immunosuppression remains the ultimate goal in trans-
plantation research. Tolerance in transplant models is traditionally
defined as permanent acceptance of donor organs following a period
of inductive therapy, but the host immune response to other antigens
is preserved. Multiple mechanisms including T-cell deletion, anergy
and active immune regulation collectively contribute to the induction
and maintenance of transplantation tolerance. It is well known that the
frequency of T cells that respond to transplant antigens is remarkably
high,"* and such high responder frequency constitutes one of the
potent barriers to the induction of transplantation tolerance.” We
now know that the alloreactive T-cell repertoire involved in transplant
rejection is far more complex and diverse than initially anticipated.
Besides T cells that are intrinsically reactive to alloantigens, a consid-
erable fraction of T cells that are programmed to respond to nominal
antigens can also be crossreactive to alloantigens.” Importantly,
recent studies have convincingly demonstrated that certain memory
T cells that are specific to conventional pathogens are highly alloreac-
tive in transplant models.” The crossreactive nature of alloreactive T
cells clearly highlights the flexibility of T-cell receptors (TCR) in their
recognition of transplant antigens. In fact, such TCR flexibility is not
unique to transplant models and may represent a general feature of T-
cell recognition of a wide variety of antigenic epitopes.”®

The high responder frequency of alloreactive T cells in the T-cell
repertoire, the presence of extensive crossreactivity to other nominal
antigens and the involvement of memory T cells make the induction of

transplantation tolerance a challenging task.”'® To accomplish this
task, all the T cells that are potentially reactive to transplant antigens
need to be tolerized by means of deletion, anergy or regulatory T
(Treg)-cell-mediated active suppression. As more and more powerful
approaches are developed to overcome such barriers, it is believed that
transplantation tolerance can be achieved in the clinic in the future.
However, the impact of transplantation tolerance on the host’s T-cell
repertoire involved in protective immunity needs to be carefully con-
sidered, especially those T cells that are specific to nominal antigens
but are crossreactive with alloantigens. It is conceivable that toleriza-
tion of those T cells in transplant recipients, though beneficial to graft
survival, may have significant impact on the host’s protective immun-
ity or immune surveillance. In most animal models, when transplanta-
tion tolerance is successfully established, transplant recipients often
only exhibit normal cellular immunity against the third-party alloan-
tigens. However, the potential impact of tolerance on the host’s entire
protective T-cell repertoire has not been carefully examined. Thus we
recently emphasized the potential risks of altered host T-cell repertoire
associated with the creation of transplantation tolerance.'' We herein,
for the first time, define the possibility that T-cell tolerance to one set
of antigens results in their tolerance to other unrelated antigens due to
T-cell crossreactivity and/or heterogeneity as ‘cross-immune tol-
erance’. Furthermore, we will discuss in details about the specificity
of T-cell tolerance and recall the urgent needs to determine the
immunity against an array of pathogenic antigens besides against
the third-party major histocompatibility complex (MHC) antigens
in transplantation-tolerance models.
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Specificity and plasticity of TCRs

To defend against an ever-changing panoply of pathogens, the
immune system has the capacity to generate extraordinarily diverse
TCR repertoire that is capable of recognizing a plethora of foreign
antigenic peptides presented in the context of self-MHC molecules.
It is well known that antigen specificity is a key feature of TCR recog-
nition during T-cell activation, and therefore, a given antigen only
stimulates and activates T cells that express the corresponding clono-
typic TCR. However, this dogma has now been challenged by studies
using CD4™ or CD8" T-cell clone assays'*™'> or TCR-transgenic ani-
mal models.'® Mathematical modeling predicts that a mouse may have
1-2X10% mature T cells in the periphery displaying about 2X10°
different clonotypic TCRs, and each naive T-cell clone is likely to
express about 50 copies of a particular TCR."” The human T-cell
repertoire is estimated to contain about 3X 10" T cells, and the total
repertoire comprises about 10° distinct clonotypic TCRs, with each
naive T-cell clone having a clonal size of approximately 1000 indi-
vidual T cells."®'® Although the upper limit of the speculated TCR
diversity may well exceed 1X10", it is estimated that the actual num-
ber of different clonotypic TCRs expressed by T cells is close to 2X 10°
in mice and 2.5X10” in humans.*® While the specificity of TCR recog-
nition to a given antigen is often recognized as a hallmark of adaptive
immunity, the question remains that if each clonotypic TCR recog-
nizes only a single antigenic peptide, the actual T-cell repertoire would
be incapable of having all the clonotypic TCRs to cover the entire
‘antigenic universe’.*’

An alternative hypothesis suggests that a typical clonotypic TCR
may have the capacity to recognize a limited pool of different antigenic
epitopes. Indeed, there is mounting evidence that a given TCR often
displays a considerable degree of crossreactivity in their recognition of
antigenic peptide/MHC complexes.”**™** In some cases, the differ-
ent antigenic peptides recognized by a given clonotypic TCR do not
share obvious sequence homology.M’25 Furthermore, such TCR cross-
reactivity involves not only the recognition of different antigenic pep-
tides bound to the same MHC molecule, but also the recognition of
antigenic peptides bound to other MHC molecules.*® Thus, besides
being antigen-specific, the TCRs also exhibit considerable plasticity in
their response to antigenic stimulations.

An obvious advantage of this TCR crossreactivity is that a relatively
high frequency of responding T cells can be readily stimulated by any
foreign antigens, which allows the protective immunity to proceed in a
much more efficient way.® As viewed from a high vintage point, such
TCR crossreactivity may be developmentally programmed in the thy-
mus. Positive selection in the thymus is well known to be self-antigen-
dependent and requires weaker TCR signals. In a transgenic mouse
model that is genetically engineered to express a single peptide/MHC
class IT ligand in the thymus, the total number of CD4™ T cells is about
20% of those in the wild-type mice. Surprisingly, these CD4™ T cells
expresses a wide variety of different V3 segments in their TCRs, indi-
cating that relatively diverse T-cell repertoire can develop in the pres-
ence of a single peptide/MHC class II ligand.”” Furthermore, these
CD4" T cells reacted with the same MHC class II molecule bound
to other antigenic peptides, including one that was quite different
from the selecting peptide in TCR-binding residues.”® Thus, the
TCR crossreactivity is not an unusual phenomenon and may represent
an important aspect of TCR recognition in the thymus as well as in the
periphery.*>*>** However, the presence of the TCR crossreactivity
also constitutes the structural basis for heterologous immunity in
which a particular T-cell response to a given antigen may influence
their responses to other unrelated antigens.’" Thus, the TCR specifi-
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city and crossreactivity likely represent a dynamic balance, and such
balance can permit a sufficient number of T cells to respond to a
particular pathogen challenge while at the same time maintain self-
tolerance.

Several possible mechanisms may help explain the crossreactivity of
TCRs, and such mechanisms include molecular mimicry,32 epitope
spreading,” reconfiguration of cryptic epitopes, and so on.** The
molecular mimicry theory is evolving from a primary sequence homo-
logy to a tertiary structural homology or to a functional homology
between different antigenic peptides. Recent studies showed that a
given TCR could recognize a number of different peptides that may
be rather distinct in their primary sequences. Thus, structural criteria
rather than primary sequences may dictate the TCR recognition of
different antigenic epitopes, which makes it exceedingly difficult to
predict the crossreactive nature of TCRs.”**3>°

Crossreactivity of alloreactive T cells
It is well known that the frequency of T cells in the periphery that can
respond to transplant antigens is astonishingly high, even without prior
exposure to donor antigens."” For example, it is estimated that about
0.1-1% of the peripheral T cells are responsive to alloantigens, and this
responder frequency is several logs higher than the precursor frequency
to nominal antigens in naive individuals.>*”*® At a population level, all
the T cells that can respond to transplant antigens, and therefore, par-
ticipate in the rejection response are collectively called alloreactive T
cells. On a per-cell basis, however, the alloreactive repertoire is likely to
be extremely diverse, and may include not only T cells that are intrins-
ically alloreactive but also T cells that are programmed to respond
to other conventional antigens but are crossreactive to transplant anti-
gens. For example, mouse T-cell clones that are specific to
poly(Glu60,Ala30,Tyr10), pigeon cytochrome ¢ or sheep insulin can
respond to a variety of allogeneic stimulator cells with a very high
frequency (61% responded to at least one allogeneic haplotype, and
39% responded to more than one allogeneic stimulator)." In animal
models, infection of B6 mice with Leishmania major can induce vig-
orous rejection of P/J skin allografts,” suggesting that T cells activated by
the parasitic antigens can readily attack the skin allografts. Moreover,
mice challenged with lymphocytic choriomeningitis virus prior to or
concurrently with skin transplantation can significantly accelerate allo-
graft rejection and prevent transplantation-tolerance induction.>**
This type of crossreactivity is not confined to animal models. There is
compelling evidence to suggest that the crossreactive T cells also con-
tribute significantly to the alloreactive repertoire in humans. One of the
typical examples in this regard is the finding that human T-cell clones
specific for the Epstein—Barr virus peptide presented by human leuko-
cyte antigen-B8 also respond to three common allogeneic human leu-
kocyte antigen molecules (B14, B35 or B44),*"** suggesting that such
Epstein—Barr virus-responsive T cells are potentially alloreactive.
Indeed, a strong correlation between virus infections (e.g., Sendai virus,
cytomegalovirus or Epstein—Barr virus) and acute allograft rejection has
been reported in humans.**>*~*3

It is important to emphasize that certain memory T cells that are
programmed to respond to conventional pathogens can also be allo-
reactive in transplant models, thus contributing significantly to the
alloreactive T-cell pool, especially in primate models and humans.’
Such alloreactive memory T cells may have developed by crossreaction
after viral or other pathogen infections, or by other mechanisms like
homeostatic proliferation and heterologous immunity.” In animal
models, memory T cells developed after lymphocytic choriomeningi-
tis virus infection or after homeostatic proliferation can initiate a
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robust transplant rejection response.*® Importantly, rejection
mediated by such memory T cells is more resistant to tolerance induc-
tion by protocols that can readily tolerize naive alloreactive T cells.*”
The clinical importance of crossreactive memory T cells has been
provided by Heeger et al,*® who have shown that a higher level of
environmentally induced antidonor memory is associated with a
higher rejection rate in clinical renal transplantation.

The contribution of memory T cells that are crossreactive to alloan-
tigens to the alloreactive repertoire in both human and animal models
is a critical issue in transplantation. This finding predicts that, in
normal humans who have a rich history of infections and vaccinations,
memory T cells that are potentially alloreactive are likely to be numer-
ous, and therefore, the impact of the presence of alloreactive memory
T cells on tolerance induction in the clinic is likely to be far-reaching.
On the one hand, the induction of long-lasting tolerance demands
tolerization of not only naive alloreactive T cells but also memory T
cells that are alloreactive. It has been suggested that memory T cells are
not as amenable as naive T cells in tolerance induction,*” and memory
T cells are often resistant to antibody-mediated depletion or Treg cell-
mediated immunosuppression;‘”’50 therefore, alternative
approaches may need to be considered and developed for the induc-
tion of transplantation tolerance. This is certainly a highly contested
area of research and new exciting findings are being made.’' On the
other hand, tolerization of alloreactive T cells that are crossreactive
with other antigens, especially the memory T cells that are crossreac-
tive with transplant antigens, may also generate unwanted conse-
quences. If the entire alloreactive repertoire is rendered tolerant by
clonal deletion, anergy or induction of antigen-specific Treg cells,
what happens to the protective immunity or immune surveillance
conferred by such crossreactive T cells then? This issue has not been
directly and fully addressed yet.

new

The definition for ‘cross-immune tolerance’ in transplant models

Similar to self-tolerance, acquired tolerance to foreign antigens can be
induced by several different mechanisms.>” In the case of transplanta-
tion tolerance, the alloreactive T-cell clones are destroyed and/or

functionally altered by tolerizing therapies in order to establish the
tolerant state. In some cases, the alloreactive T cells need to be repro-
grammed to become Treg cells to maintain the tolerant state over
time.>® Clearly, the induction of long-lasting tolerance demands
tolerization of the entire alloreactive T-cell repertoire.

However, the presence of crossreactive T cells (both naive and
memory) in the alloreactive repertoire may present a significant prob-
lem in transplant-tolerance induction. We speculate that if all the
alloreactive T cells, including the crossreactive ones, are tolerized
against transplant antigens, the tolerant state may spread to other
antigens that are crossreactive with such transplant antigens. For the
simplicity of this discussion, the possibility that T-cell tolerance to
one set of antigens results in their tolerance to other unrelated
antigens due to T-cell crossreactivity and/or heterogeneity is called
‘cross-immune tolerance’. It is conceptually different from the term
‘cross-presentation’ which refers to recipient T cells to donor antigens
that are cross-presented by recipient antigen-presenting cells.”*>’
It is also distinguished from ‘linked suppression’ and ‘infectious
tolerance’.>®

The risks of altered T-cell repertoire in transplantation tolerance
There is no doubt that the induction of transplantation tolerance
offers tremendous advantages over chronic immunosuppression in
the clinic.”®> However, the sheer size of the alloreactive T-cell rep-
ertoire, its cellular diversity and the presence of extensive crossreac-
tivity may present new challenges, even if tolerance is successfully
established. It is highly desirable that tolerization of alloreactive T cells
in transplant recipients should avoid marked alterations of the host’s
T-cell repertoire and the loss of protective immunity against certain
detrimental pathogens. Otherwise, the risk of compromised T-cell
repertoire will be high and the obvious advantage of transplantation
tolerance may be questioned.

The potential risk of transplantation tolerance may depend on the
size and the identity of the host’s crossreactive T-cell clones within the
alloreactive repertoire (Figure 1). The following factors may affect the
size of the crossreactive T-cell clones. First, the degree of MHC mis-
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Figure 1 The host will exhibit immunodeficiency to certain pathogens if the T-cell clones recognizing these pathogens are deleted during transplantation-tolerance
induction. Certain VB families and T-cell receptor (TCR) clones will be deleted during tolerance induction to donor antigens. If one pathogen is recognized by some of
those T cells, the host will display poor cellular immune response to it. The T-cell clones recognizing both donor and pathogen antigens via crossreaction are deleted
during transplantation-tolerance induction. The decreased immunity against pathogens caused by transplantation tolerance via crossreaction is called ‘cross-

tolerance’.
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matched between donors and recipients may be significant in this
regard. Apparently, the mass of alloreactive T cells in transplant reci-
pients is strikingly different between complete MHC-mismatched,
partial MHC-mismatched or MHC-matched transplants, and there-
fore, the crossreactive T-cell clones in these different circumstances are
likely to be different. If the transplant recipients have minimal cross-
reactive clones that potentially respond to other antigens in the allo-
reactive repertoire, the induction of tolerance may have little impact
on the host’s T-cell repertoire, and the hosts are likely to have normal
cellular immunity against all the other antigens including pathogens.""
In cases where the crossreactive clones in the alloreactive repertoire are
large, and some of the crossreactive clones are reactive to pathogen-
derived antigenic epitopes, the host’s cellular immunity against these
pathogens can be seriously compromised or diminished when trans-
plantation tolerance is established.'’ Under such conditions, trans-
plantation tolerance may actually create an unwanted opportunity
for viruses and other infectious agents to gain access to the host’s
immune system. Second, the immune history of an individual may
dictate the size and the composition of memory T cells in the immune
system, thus affecting the number of memory T cells that are cross-
reactive to transplant antigens. This issue is directly related to the
protective immunity of transplant recipients, and may have broad
impact on clinical transplantation. Finally, the mismatched superanti-
gens between the donor and the host may cause dramatic alteration of
the T-cell repertoire after transplantation tolerance is achieved, as
some superantigens can cause as high as 20% of T cells to proliferate.
Thus, the impacts of tolerance on the T-cell repertoire in individuals
with different types of transplant are likely to be different. The T-cell-
repertoire changes may be even more complex in xenotransplantation-
tolerance settings.

Clearly, with the increasing number of mismatched antigenic epi-
topes (MHC, superantigens, tissue antigens, and so on) between
donors and recipients, the possibility to delete host T cells that are
recognizing pathogenic antigens by crossreactivity will certainly
increase by transplantation-tolerance induction (Figure 2). If the
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Figure 3 Regulatory T (Treg) cells may play a role in immune responses to other
antigens via crossreactivity and/or infectious tolerance. Donor-antigen-specific
Treg cells induced during transplantation-tolerance induction may also have
inhibiting ability to other antigen epitopes via crossreactivity. In addition, the
Treg cells may induce new Treg cells via crossreactivity and infectious tolerance,
s0 the cross-immune regulating effect will be enlarged and may contribute to the
establishment of cross-immune tolerance in certain level.

number of mismatched epitopes between the donor and the host is
below a certain level, obvious immunodeficiency against envir-
onmental pathogens will not be observed in tolerant recipients.
However, when the number of mismatched epitopes is high between
donors and recipients, the number of T-cell clones that are deleted or
inactivated by tolerizing therapies may be high enough to render a
certain degree of immunodeficiency in transplant recipients.

The contribution of Treg cells to the acquisition of transplantation
tolerance is well established.> However, the precise role of Treg cells in
the induction and the possible consequence of cross-immune tol-
erance are largely unknown, which need further investigation. It is
well known that Treg cells are dedicated to the creation of self-tol-
erance and acquired tolerance to foreign antigens, and are supposed to
be exquisitely antigen-specific.”’ There are cases where Treg-cell-
mediated immunosuppression can be antigen-nonspecific, albeit
activation of such Treg cells depends on stimulation with specific
antigens. For example, Treg cells that are specific for ovalbumin anti-
gens can suppress heart-allograft rejection in vivo once they are acti-
vated by ovalbumin peptide.’® In addition, it is reasonable to speculate
that Treg cells that are specific to a given antigen may also suppress the
activation of effector T cells that are crossreactive to that particular
antigen (Figure 3). In the case of transplantation tolerance induced
and maintained by Treg cells that are also crossreactive to other anti-
gens or actively suppress crossreactive T-cell clones, immunosuppres-
sion mediated by Treg cells on the cellular immunity against potential
pathogens, may be amplified when transplantation tolerance is estab-
lished (Figure 3). Furthermore, ‘linked suppression’ and ‘infectious
tolerance’ may further increase the possibility to suppress more clones
of crossreactive T cells. Certainly, this notion needs to be vigorously
tested.

Indeed, in a small cohort of ‘operational tolerance’ patients with
stable functional kidney allografts after the immunosuppression treat-
ment is stopped, some, albeit not all, tolerant patients exhibit obvious
immunodeficiency in response to influenza vaccination,’ indicating
that the protective immune repertoire in some tolerant patients may
have been altered. It will be interesting to determine whether the
immune responses of these transplant-tolerant patients to other vac-
cinations display some deficiency or not.
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The significance of the conception, cross-immune tolerance, on
experimental and clinical transplantation-tolerance induction
The recognition of the potential risks of cross-immune tolerance in
transplant models is critically important in the clinic. To determine
the specificity of transplantation tolerance by detecting the immune
response of recipients to the third-part allogeneic antigens, which was
often used in our transplant models, may be far from being sufficient.
Intensive assays for the immune responses to an array of pathogen
antigens or eiptopes with high-speed screening techniques for trans-
plant-tolerant recipients are needed. Furthermore, even with success-
ful transplantation-tolerance induction in all MHC-mismatched
settings or in xenotransplantation, the efforts to increase MHC match-
ing between the donor and the host may still be needed so that the
recipient’s T-cell repertoire is not tremendously changed to open an
immunodeficient hole for pathogen infection. Importantly, determin-
ing the crossreactivity of the recipient immunity against the
unmatched tissue antigens including MHC, tissue antigens, superan-
tiges, and so on in donors to potential pathogen antigens before trans-
plantation-tolerance induction may be critical and essential in the
future. It will significantly increase the safety and advantages of trans-
plant-tolerance induction in clinics.

In addition, it is possible that the risks caused by cross-immune
tolerance in xenotransplantation cases, in which more mismatched
antigens exist, may be more serious. However, it is important to point
out that even with the presence of cross-immune tolerance and the
potential risks for the decreased immunity against pathogens, the
induction of transplantation tolerance remains an attractive and
highly sought-after approach to avoid chronic nonspecific immuno-
suppression and graft loss. Furthermore, we believe that the concept of
cross-immune tolerance may also have clinical implications in ther-
apies targeting T cells in patients with autoimmune diseases. However,
the markedly lower percentages and less T cell clonals responding to
certain autoantigens, compared with those to MHC-mismatched allo-
or xeno-donor antigens, possibly make the impact of cross-immune
tolerance on immunity against pathogens less significant.

Concluding remarks

With our continuing efforts to overcome the barriers that impede
transplantation-tolerance induction, we have made remarkable pro-
gresses in developing more potent transplantation-tolerance-induc-
tion strategies, some of which are already in the process of clinical
trails. However, we are ill-informed about the potential impact of
transplantation tolerance on the overall T-cell repertoire in
immune-competent individuals. With the presence of extensive cross-
reactivity of alloreactive T cells and the complexity of memory T cells
in the graft rejection response, the possibility that the induction of
transplantation tolerance may fundamentally reshape the immune
repertoire is likely to be biologically significant. While transplanta-
tion-tolerance induction demands tolerization of all T cells that are
potentially alloreactive, the establishment of such tolerant state may
also compromise the hosts’ protective immunity and normal immune
surveillance by deleting or tolerizing the crossreactive T cells. This
notion needs to be carefully considered and vigorously tested. With
the establishment of large databases of protein sequences and their
three-dimensional structures as well as the high-speed screening bio-
technology, the hosts’ cellular immunity against an array of pathogens
or epitopes that are potentially crossreactive to transplant antigens
may be tested for prognostic purpose. This will help us better under-
stand the T-cell crossreactivity and the cross-immune tolerance, pre-
dicting the potential risk of viral infection, vaccination and tolerance
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induction, as well as evaluating the sensitivity for transplantation-
tolerance induction.
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