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Summary
Vertebrates mount strong adaptive immune responses to transplanted organs (allografts), but the
mechanisms by which the innate immune system initiates this response are not completely
understood. In anti-microbial immunity, non-self molecules associated with pathogens but not
present in the host induce the maturation of innate antigen-presenting cells (APCs) by binding to
germ-line-encoded receptors. Mature APCs then initiate the adaptive immune response by
presenting microbial antigen and providing costimulatory signals to T cells. How allografts
activate APCs, however, is less clear, because allografts are presumably sterile. A widely accepted
view is that inflammatory or ‘danger’ molecules released by dying graft cells at the time of
transplantation trigger APC maturation and the T-cell response that follows.

Alternatively, it has been proposed that the introduction of microbial products during the surgical
procedure could also alert the innate immune system to the presence of the transplanted organ.
Here we review why these hypotheses fail to fully explain how the alloimmune response is
initiated after transplantation and summarize evidence that recognition of allogeneic non-self by
monocytes is a key event in triggering alloimmunity and graft rejection.
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Introduction
Vertebrate immunity is dependent on the innate and adaptive immune systems, whose
principal function is to protect the host against infection (1). While cells of the innate
immune system express germ-line encoded pattern recognition receptors (PRRs) that detect
conserved pathogen-associated molecular patterns (PAMPs) on microbes (2, 3), cells of the
adaptive immune system express a highly diverse repertoire of re-arranging antigen
receptors that recognize microbial antigen with great molecular specificity. Immune
responses against microbes begin with the activation of innate immune cells by PAMPs.
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These cells then mature into potent antigen presenting cells (APCs) that activate T
lymphocytes, leading to protective immunity against infection.

Vertebrate immune systems are also capable of discriminating between self and non-self
tissues of the same species, a phenomenon known as allorecognition (4). Allorecognition
has been studied in the context of the rejection of transplanted cells, tissues, and organs as
well as graft-versus-host disease after bone marrow transplantation (5). It also occurs under
natural conditions, such as the maternal response to paternal antigens on fetal cells and the
rejection of transmissible allogeneic tumors (6-8). T cells are the principal cell type of the
adaptive immune system responsible for allorecognition, detecting molecular variations in
MHC molecules and/or the endogenous peptides bound to them (9). It is less clear how the
innate immune system senses allogeneic non-self to cause APC maturation and initiate T-
cell activation. In this review, we briefly summarize knowledge in this area and review
recent evidence for recognition of allogeneic non-self by innate immune cells and how this
form of recognition triggers the anti-graft T-cell response.

Innate immune recognition of microbial non-self
In 1989 Charles Janeway postulated that non-self recognition extends beyond somatically
rearranged receptors on T and B lymphocytes to germ line-encoded PRRs present on innate
immune cells (10). These PRRs enable innate immune cells to recognize PAMPs, which are
not expressed by host cells and therefore are non-self, and to trigger an innate defense
against pathogens as well as maturation of APCs. The latter activate the adaptive immune
system by presenting antigen and providing costimulation to T cells. This hypothesis was
soon followed by the discovery of the lipopolysaccharide (LPS) receptor, Toll-like receptor
4 (TLR4)(11, 12). Today, several families of PRRs are known, the most extensively studied
being the TLR family responsible for detecting a whole host of microbial products (13).
Here we address the question of whether the concept of microbial non-self recognition by
the innate immune system extends to the detection of allogeneic non-self.

Allogeneic non-self
In transplantation, an alloantigen is any genetically encoded polymorphic protein that differs
between the donor and recipient. Alloantigens are generally divided into two groups: major
histocompatibility complex (MHC) and minor histocompatibility antigens (5). MHC
proteins are highly polymorphic, ubiquitously expressed, and can elicit a large polyclonal T-
cell response. Minor antigen are unrelated to the MHC and include virtually any
polymorphic protein that differs between individuals of the same species (14). A single
minor antigen elicits a more limited T-cell response than a single MHC mismatch, but the
numerous minor antigens present in transplantation are sufficient to trigger rapid graft
rejection, even if MHC loci are matched. Allogeneic non-self is therefore comprised of both
polymorphic MHC and non-MHC proteins that could potentially be recognized by the innate
immune system as well. It is also possible that host innate immune cells react to non-self
tissues by sensing non-polymorphic molecules whose expression level or post-translational
modification (for example, through glycosylation) differs between donor and recipient.

How is the allograft sensed by the host’s innate immune system?
Danger hypothesis

Innate immune cells are activated within minutes to hours after allogeneic transplantation
and are thought to respond to inflammatory ligands released by stressed or dying cells (15).
These inflammatory ligands are common to self and non-self tissues and have been referred
to as danger or damage associated molecular patterns (DAMPs) (16, 17). DAMPs are
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diverse cell products that cause inflammation by signaling through TLRs or inflammasomes
in innate cells (18-21). A common DAMP is high-mobility group box protein B1 (HMGB1),
a nuclear DNA binding protein that is important for chromatin organization and regulation
of transcription (22). It is also an inflammatory mediator secreted by dendritic cells (DCs),
monocytes, and macrophages and binds to TLR4 (18). Blocking endogenous HMGB1
delayed rejection, reduced intragraft inflammation, and impaired T-helper 1 (Th1) cell
immunity in a mouse heart transplantation model (23). Another example of a DAMP is uric
acid, which, when present in supra-physiological amounts in the extracellular space, acts as
an immune adjuvant that stimulates DC maturation and promotes T-cell activation (24, 25).
These findings suggest that endogenous danger molecules that are released at the time of
transplantation promote inflammation and immunity, but as discussed later, it is unclear
whether they are necessary or sufficient for inducing full DC activation required for
initiating the adaptive immune responses.

Microbial hypothesis
It has also been proposed that ubiquitous microbial products (for example, LPS) introduced
during the transplantation procedure or released from gut commensals secondary to
anesthesia and surgery contribute to DC maturation and graft rejection (26). This hypothesis
was initially supported by experiments showing that deletion of the adapter molecule
myeloid differentiation factor 88 (Myd88), which is required for signaling by most TLRs,
prevents the rejection of single minor antigen-mismatched grafts (27), but as highlighted
below, this finding did not hold up in more stringent transplantation models. Nevertheless,
several studies have provided evidence that bacterial infection or the administration of TLR
ligands enhances alloimmune responses and breaks long-term allograft survival in mouse
models of transplantation tolerance. For example, TLR agonists abrogated prolongation of
skin allograft survival while the absence of Myd88 signaling promoted allograft acceptance
in mice treated with agents that block T-cell costimulation (28, 29). Likewise, infecting mice
with Listeria monocytogenes broke established tolerance in a mouse heart transplantation
model (30). It has also been shown that TLR7 agonists administered to the skin cause local
graft-versus-host disease in a bone marrow transplantation model (31). These studies
therefore provide evidence that microbial products or infection itself aggravate alloimmune
responses but do not prove that PAMPs are responsible for initiating APC maturation and T-
cell activation after transplantation.

Shortcomings
Although inflammation (danger) and microbial ligands present at the time of transplantation
enhance the adaptive alloimmune response, it does not appear that either is essential for
initiating the response. Immune reactions against grafts that differ from the host by major or
multiple minor histocompatibility antigens proceed unabated, even when key innate
signaling pathways or cytokines necessary for danger and microbial recognition are
inhibited (32-36). In addition, allografts parked in T-cell-deficient hosts until tissue injury
and microbial contamination that occurred at the time of transplantation have resolved, are
uniformly rejected when the host is replenished with T cells (37-41). These observations
imply that innate stimuli may not be absolutely required for rejection, that unaccounted for
microbe-derived innate stimuli are present in lymphopenic mice (42), or that additional
innate stimulate, other than danger and microbial molecules, may exist in the setting of
organ transplantation. Below we provide evidence in support of the latter hypothesis.

Does the innate immune system sense allogeneic non-self?
Over the past several years, we have tested the possibility that the mouse innate immune
system may actually distinguish between self and allogeneic non-self as it does between self
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and microbial non-self, and whether this could be an important trigger of APC maturation
and T-cell activation after transplantation. Here we summarize published and unpublished
data that support this hypothesis.

Sensing of allogeneic non-self by monocytes
Compelling evidence that cells of the innate immune system distinguish between self and
allogeneic non-self was first provided by Zecher et al (43). Transplantation studies in
RAG−/− mice, which lack T and B lymphocytes, demonstrated that injecting allogeneic
splenocytes into the ear pinnae elicited significantly greater swelling and infiltration of the
skin with host myeloid cells than injecting syngeneic splenocytes. Prior priming with
alloantigen was required for mounting a maximal response to allogeneic cells, and the
response exhibited a memory-like feature as it could be elicited four weeks after
immunization. Moreover, the response had crude specificity, in that donor-specific recall
responses were greater than third party responses. A series of depletion and cell transfer
experiments established that the response is independent of NK cells but, instead, was
mediated by monocytes. The monocyte response to allogeneic non-self in this model was a
dependent on non-MHC rather than MHC disparities between the donor and recipient.
Therefore, this study provided strong hints that the mouse innate immune system is capable
of allorecognition and that this phenomenon is mediated by monocytes. An additional study
published by Li and colleagues (44) also suggested that distinct mechanisms exist by which
cells of the monocyte lineage, macrophages to be specific, identify and kill non-self cells.
They found that in naive mice NK cells are the primary effector cells responsible for the
killing of allogeneic cells via ‘missing self’ recognition. However, in alloantigen-
presensitized mice, NK cells became dispensable. Instead, macrophages appeared to be the
principal mediator of allogeneic cell rejection, but this function required help from activated
CD4+ T cells.

Sensing allogeneic non-self by monocytes triggers DC maturation and graft rejection
Although the above studies indicated that the mouse innate immune system is capable of
distinguishing between self and non-self cells, they did not determine whether such innate
sensing leads to the generation of mature DC that then activate T cells and cause graft
rejection. In unpublished work, we have demonstrated that vascularized heart grafts
transplanted to RAG−/−γc−/− mice, which lack T, B, and NK cells, are rapidly infiltrated by
host monocyte-derived DCs (mono-DCs) that take on a mature phenotype (high expression
of costimulatory and MHC class II molecules). However, distinct differences between
mono-DCs that infiltrate allogeneic and syngeneic grafts were observed. First, mono-DCs
were present in significantly higher numbers in allogeneic grafts and they persisted
throughout the duration of the experiment (up to 6 weeks after transplantation). In contrast,
mono-DC infiltration of syngeneic grafts was transient, reaching undetectable levels
between 2 and 3 weeks after transplantation. Second, mono-DCs harvested from allogeneic
grafts expressed IL-12 and stimulated both T-cell proliferation and differentiation to IFNγ-
producing cells, while those harvested from syngeneic grafts did not express IL-12 and
failed to induce IFNγ production, despite triggering T-cell proliferation. IFNγ production by
T cells stimulated with mono-DCs from allogeneic grafts was similar to that measured in T
cells stimulated with splenic DCs + LPS, indicating that allogeneic non-self has adjuvant
properties similar to PAMPs. The findings also imply that allogeneic non-self is necessary
for full maturation of monocytes to DCs that drive the Th1 response, while inflammation
alone (associated with the transplantation of a syngeneic graft) is not sufficient. This
conclusion is consistent with that of an earlier study in which the effects of inflammatory
mediators and PAMPs on DC maturation were compared in vitro (45). In additional
experiments, we also established that in vivo exposure of monocytes to allogeneic non-self
precipitates T-cell-mediated rejection of single minor antigen-mismatched heart grafts that
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are otherwise accepted by the host and, conversely, that depletion of mono-DCs blunts
allograft rejection. Therefore, akin to the Janeway paradigm of innate microbial recognition,
innate sensing of allogeneic non-self induces the maturation of APCs that then trigger a
productive immune response. Events associated with the transplantation procedure (namely,
inflammation or danger caused by ischemia-reperfusion injury), which are common to both
syngeneic and allogeneic grafts, are not sufficient.

Innate non-self recognition in xenotransplantation
Although the mechanisms by which the innate immune system detects allogeneic non-self
are not currently known, some insights may be gleaned from xenotransplantation. In their
studies of human hematopoietic stem cell (HSC) engraftment in immunodeficient mouse
strains, Danska and colleagues (46) observed that NOD-SCID mice accepted human HSCs
much more readily than equally immunodeficient mice on the B6 background. Through
elegant genetic mapping experiments using NOD and NOR congenic and subcongenic
strains, they established that polymorphisms in the SIRPα gene modulate engraftment of
human HSC in mice. SIRPα is a polymorphic Ig superfamily receptor expressed on
macrophages, monocytes, DCs, and neurons. SIRPα binds to a ubiquitously expressed
ligand, CD47. CD47-SIRPα interaction mediates inhibitory signals, which lead to decreased
phagocytosis by macrophages, reduced TNFα production, and diminished DC maturation
(47). It is therefore likely that enhanced binding of NOD-SIRPα on mouse macrophages to
CD47 on human cells enables better engraftment of human HSC in this particular mouse
strain. Conversely, ‘incompatibility’ between donor CD47 and recipient SIRPα when tissues
are transplanted between disparate animal species is responsible for phagocytosis of
xenogeneic cells by host macrophages (48). The same group showed that CD47 could play
an important role in one form of tolerance to allogeneic transplants whereby donor cells are
transfused to the recipient to induce immunological unresponsiveness (49). While the
relevance of these findings to allorecognition by the innate immune system is not known,
immunoglobulin superfamily-like receptors mediating activating or inhibitory signals could
be a prototypic molecular mechanism of how allogeneic non-self is sensed by monocytes.

Concluding remarks
There is mounting evidence that the mammalian innate immune system responds to
allogeneic non-self independent of T, B, and NK cells. This form of allorecognition may
initiate or amplify the responses of recipient T cells to allografts by inducing the maturation
of APCs. It could also provide phagocytic cells with the means to kill allogeneic targets
without inflicting damage on self-tissues. Fifty years ago, Sir Macfarlane Burnet suggested
that: ‘a viviparously produced embryo in the wrong place might become a damaging
parasite’ (50). Is it possible then that innate allorecognition systems have evolved to survey
the maternal decidua for incipient invasion by fetal cells? Further studies are necessary to
test this hypothesis and possibly link natural allogeneic encounters (pregnancy) to artificial
ones (organ transplantation).
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