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Abstract
The induction of donor-specific tolerance remains a major goal in the field of transplantation
immunology. Therapies that target costimulatory molecules can induce tolerance to heart and
pancreatic islet allografts in mouse models, but fail to do so following transplantation of skin or
intestinal allografts. We have proposed that organs colonized by commensal bacteria such as skin,
lung and intestine may be resistant to such therapies as a result of bacterial translocation at the time
of transplantation, which may promote antigen-presenting cell (APC) maturation and the production
of pro-inflammatory cytokines, consequently enhancing responses of alloreactive T cells. Our results
indicate that the inability to sense signaling by most toll-like receptors (TLRs), as well as by
interleukin (IL)-1R and IL-18R, as a result of genetic ablation of myeloid differentiation factor 88
(MyD88) promotes the acceptance of skin allografts. Conversely, TLR signals and infections by a
model bacterium, Listeria monocytogenes (LM), at the time of transplantation can prevent the
induction of transplantation tolerance. The effects of the TLR9 agonist CpG are MyD88-dependent,
while the pro-rejection capacity of LM depends on the intracellular sensing of LM and the production
of type I interferon (IFN). Therefore, transiently targeting these innate, pro-inflammatory pathways
may have therapeutic value to promote transplantation tolerance.
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Microbial signals and alloresponses
Achieving cardiac allograft acceptance in the absence of chronic immunosuppression while
retaining residual immune competence to non-allogeneic antigens remains a major goal in
transplantation immunology. However, many hurdles hinder this goal. Microorganisms may
interfere with transplantation tolerance at different levels. First, it has been shown that viral
and parasitic infections prior to allograft transplantation can result in the development of
memory T cells some of which may cross-react with alloantigens, a phenomenon sometimes
referred to as heterologous immunity (1-4). Second, we have proposed that bacterial
translocation after transplantation of organs colonized with commensal bacteria such as skin,
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lung and intestine, may explain the higher resistance of these organs to transplantation tolerance
(5). Finally, pathogenic infections occurring at the time of surgical transplantation or later on
in patients bearing stable allografts may prevent the induction of tolerance or break established
tolerance, respectively (6). Most bacterial infections in transplant recipients occur within the
first month after transplantation and include wound and catheter infections, and hospital-based
infections (7,8). Infections occurring later than six months post transplantation may be related
to the immunosuppressive regimens administered to prevent graft rejection and commonly
include community-based infections (8). Although bacterial infections have been associated
with acute rejection of allografts in the clinic, it is not completely clear whether infections
precede transplant rejection or are the consequence of increased immunosuppression to prevent
or treat rejection episodes.

We propose a model, depicted in Figure 1, in which translocation of bacteria following
transplantation of organs colonized by commensal bacteria or pathogenic infections result in
the recognition of bacterial molecular patterns by receptors expressed on/in donor and recipient
antigen-presenting cells (APCs), leading to enhanced presentation of alloantigen, increased
alloresponses and relative resistance to otherwise effective doses of immunosuppressive
treatments. Several types of receptors may be responsible for recognition of bacterial molecular
patterns. These include both membrane-associated and cytosolic receptors. Toll-like receptors
(TLRs), NODs and DAI are the 3 types of receptors described to span either plasma or
endosomal membranes, whereas cytosolic receptors include RNA-sensing (MIG and MDA5)
and putative DNA-sensing receptors (6). Engagement of these receptors can lead to increased
expression of MHC and costimulatory molecules as well as the production of pro-inflammatory
cytokines, including type I interferon (IFN), tumor necrosis factor (TNF), interleukin (IL)-6
and IL-12, which secondarily drive adaptive immunity.

TLR/MyD88-dependent signals prevent transplantation tolerance
In support of a role for commensal bacteria in the prevention of transplantation tolerance, we
and others have reported that the genetic deficiency in both donor and recipient mice of myeloid
differentiation factor 88 (MyD88), an adaptor essential for signaling by most TLRs, as well as
by IL-1R and IL-18R, results in the ability of anti-CD154 and donor-specific transfusion (DST)
to promote long-term acceptance of skin allografts, a tissue that is otherwise rejected if MyD88
is expressed in either the donor or the host (5,9). TLR signals elicited following skin
transplantation have been reported to promote the migration of donor APCs into recipient
draining lymphoid organs and promote Th1 alloreactivity, thereby facilitating acute rejection
(9-12).

Confirming the possible antagonistic effect of TLR signals on tolerance induction, we and
others have shown that ligation of TLRs by administration of exogenous TLR agonists results
in prevention of graft acceptance in different systems (5,13,14). In our model of cardiac
transplantation, peri-operative injection of the TLR9 agonist CpG or of the TLR2 ligand
Pam3CysK4 prevented prolonged allograft acceptance by anti-CD154 or tolerance induction
by anti-CD154+DST (5). This pro-rejection effect of CpG correlated with reduced
accumulation of Tregs in cardiac allografts and diminished the intra-graft ratio of
Tregs:Teffectors. Current experiments are investigating whether prevention of tolerance by
CpG is due to MyD88 signaling in donor or recipient cells and whether it targets cells of
hematopoietic or non-hematopoietic origin. In addition, we are investigating the role of
inflammatory cytokines induced by CpG in its ability to prevent transplantation tolerance. Of
relevance, it has been recently reported that the ability of the TLR4 agonist LPS and of the
TLR3 ligand poly I:C to prevent skin allograft acceptance by anti-CD154+DST is due to the
induction by these TLR signals of type I IFN production (15). The capacity of CpG to drive
acute rejection of bm12 heart allografts by C57Bl/6 mice, a single MHC class II mismatch
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combination, has been recently reported to be IL-6-independent, suggesting that not all innate
proinflammatory cytokines lead to acute rejection or can prevent the induction of
transplantation tolerance (14).

Consequences of bacterial infections on transplantation tolerance
To determine if infections with live bacteria would also prevent transplantation tolerance, we
have used LM as a model pathogen, since immune responses to this bacterium are well studied.
Our results indicate that administration of LM at the time of transplantation effectively
antagonizes the tolerogenic effect of anti-CD154+DST both in cardiac and skin allograft
models (16). This is due to early signals delivered by LM as antibiotic eradication of LM
infection on day 2 post-transplantation abolishes the ability of LM to prevent transplantation
tolerance. The pro-rejection effects of LM require that it expresses listeriolysin O (LLO), a
pore forming molecule enabling LM to escape phagosomes and invade macrophages. Although
similar pro-rejection effects of CpG are MyD88-dependent, the ability of LM to trigger
rejection is independent of MyD88 expression by both donor and recipient cells. Instead, it is
exquisitely dependent on IFNα/β signaling in recipient cells as LM failed to prevent tolerance
to skin and cardiac allografts in mice deficient in IFNαRI, a common receptor for IFNα and
β signaling (16). Indeed, LM infection resulted in detectable serum levels of IFNβ and systemic
injection of recombinant IFNβ was sufficient to prevent anti-CD154+DST-mediated allograft
acceptance. These findings may be clinically important, as type I IFN treatment can be used
to treat recurrence of hepatitis C or lupus flares in some patients, and thus, such treatment may
have the capacity to promote acute allograft rejection in the clinic.

Therefore at least 2 pathways, MyD88 and type I IFN, can independently oppose
transplantation tolerance. It is clear that not all bacteria induce production of type I IFNs (our
own unpublished observations), and whether additional pathways may interfere with
transplantation tolerance remains to be established. Of great clinical importance is the question
of whether bacterial or viral infections occurring after establishment of transplantation
tolerance can reverse established tolerance. Clearly, bacterial infections do occur in long-term
stable transplant recipients (8), but prospective clinical trials are lacking to determine whether
this type of infections can precipitate acute or chronic rejection. Likewise, experimental models
testing whether infections of any kind can break established tolerance are lacking. Our
unpublished data indicate that administration of CpG after cardiac or skin allografts are stably
accepted is not sufficient to elicit rejection. However, bacterial infections can induce several
simultaneous pro-inflammatory pathways that could cooperate to reverse established tolerance.

Conclusions
Our data indicate that TLR signaling and type I IFNR signaling can both prevent the induction
of transplantation tolerance by costimulation-targeting therapies. It may be of interest to
consider these pathways as therapeutic targets to facilitate transplantation tolerance to organs
colonized by commensal bacteria. However, inhibiting such pathways should proceed with
caution as such interventions may result in serious infectious complications. For instance, mice
lacking IFN signaling are exquisitely sensitive to viral infections that become rapidly lethal
(17). In addition, TLR signals have been described in some cases to potentiate Treg function
(18), although they can also inhibit regulation (19), such that antagonism of this pathway may
prevent the induction of regulation, a tolerance mechanism important in both the induction and
maintenance of tolerance by anti-CD154 (20). Elimination of bacterial load from colonized
donor organs may be an alternative approach to facilitate transplantation tolerance, although
the efficacy of this intervention remains to be demonstrated in animal models.
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We conclude that TLR signals and bacterial infections can interfere with the induction of
transplantation tolerance and that closer attention may need to be paid to peri-operative
infections in the clinic, with respect to their capacity to promote transplant rejection. Future
prospective clinical trials should help determine whether specific types of bacterial infections
can precipitate acute or chronic rejection.
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Figure 1. Model for enhancement of alloresponses by bacteria
Bacterial translocation may occur following transplantation of organs colonized by commensal
bacteria or in patients experiencing active infections. Bacterial molecular patterns may activate
donor and recipient antigen-presenting cells (APCs) resulting in APC maturation and
production of pro-inflammatory cytokines. Alloreactive T cells stimulated in this context may
develop augmented responses leading to prevention of, or breach in, transplantation tolerance.
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