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Introduction

Solid organ transplantation (SOT) provides life-extending treat-
ment for patients with advanced kidney, heart, liver, or lung
failure. Despite growth in transplant volumes and improved
short-term post-transplant outcomes, the success of each of
these commonly transplanted solid organs is limited by the devel-
opment of acute rejection and chronic graft dysfunction. The
frequent occurrence of acute rejection despite contemporary
T cell-based immunosuppression highlights the shortcomings
of available therapies. Furthermore, the immune mechanisms
leading to the development of chronic graft dysfunction remain
poorly understood. A greater understanding of the host immuno-
logical response to SOT is required to develop novel approaches
to improve patient outcomes.

While allograft rejection was first understood to occur as a
result of the host adaptive immune response to donor MHC anti-
gens, an increasingly complex picture is emerging involving many
more facets of host immunity. Recent studies have established
innate immunity as a critical mediator of solid organ transplant
rejection (1-3). Innate immunity relies on recognition of highly
conserved molecular patterns by germline-encoded pattern rec-
ognition receptors (PRRs). Although such innate mechanisms
provide host defense against invading pathogens through recogni-
tion of pathogen-associated molecular patterns (PAMPs), endoge-
nous “danger signals” generated in response to cell stress (in the
absence of infection) can similarly activate innate PRRs, providing
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Endogenous danger signals, or damage-associated molecular patterns (DAMPs), are generated in response to cell stress and
activate innate immunity to provide a pivotal mechanism by which an organism can respond to damaged self. Accumulating
experimental and clinical data have established the importance of DAMPs, which signal through innate pattern recognition
receptors (PRRs) or DAMP-specific receptors, in regulating the alloresponse to solid organ transplantation (SOT). Moreover,
DAMPs may incite distinct downstream cellular responses that could specifically contribute to the development of allograft
fibrosis and chronic graft dysfunction. A growing understanding of the role of DAMPs in directing the immune response

to transplantation has suggested novel avenues for the treatment or prevention of allograft rejection that complement
contemporary immunosuppression and could lead to improved outcomes for solid organ recipients.

a pivotal mechanism by which an organism can sense and respond
to damaged self (4).

In the 20 years following the description of this “danger
hypothesis” by Polly Matzinger (4), numerous endogenous
molecules, collectively referred to as damage-associated
molecular patterns (DAMPs), have been identified that activate
innate immunity. DAMPs are of particular relevance in the con-
text of organ transplantation because of the injury inherent in
the removal of an organ from one individual and later implan-
tation into another. A body of literature has emerged describ-
ing release of DAMPs upon SOT, and studies have begun to
elucidate a role for specific DAMPs and their relevant recep-
tors in regulating the host immune response to the allograft.
This Review will discuss experimental and clinical evidence
supporting the importance of DAMPs in solid organ transplant
rejection, emphasize mechanisms by which DAMP-mediated
innate activation influences the development of alloimmunity,
and consider how emerging knowledge of the immune response
to DAMPs could be exploited to derive novel therapeutics to
improve solid organ transplant outcomes.

DAMPs as endogenous danger signals in SOT

Broadly, DAMPs can be divided into two categories: (a) intracellu-
lar constituents such as nucleic acids or HSPs that remain seques-
tered from the immune system in homeostatic conditions, but are
released into the extracellular milieu or exposed on the cell surface
following cell damage, and (b) extracellular constituents, such as
extracellular matrix (ECM) components, that are modified in the
context of cell stress or injury. There is now compelling evidence
that clinical events occurring across all commonly transplanted solid
organs can generate DAMPs (Figure 1). For instance, all transplant-
ed organs necessarily sustain some degree of ischemia/reperfusion
injury (IRI) in the process of procurement and reimplantation, and
IRI has been shown to directly generate innate DAMPs (5). In the
case of cadaveric organs, donor brain death results in accumulation
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of DAMP:s in tissues subsequently procured for transplantation (1,
6, 7). The clinical relevance of these observations is supported by
evidence that despite HLA mismatch, recipients of live, unrelated
donor kidneys that undergo only a brief duration of warm ischemia
have improved long-term outcomes as compared with recipients of
highly HLA-matched cadaveric organs that necessarily experience
donor brain death and longer periods of cold ischemia (8).

In addition to perioperative injury, there are likely to be organ
transplant-specific mechanisms of DAMP generation. Specifical-
ly, cytotoxic T cells and alloantibody generated as part of host allo-
immunity can result in significant noninfectious injury to structur-
al graft cells, leading to DAMP release. In keeping with this idea,
acute rejection has been associated with intragraft DAMP accu-
mulation (9-11). Thus, it is possible that the ongoing alloresponse
to the graft can generate DAMPs, which in turn drive further
immune activation toward the allograft (Figure 1). The persistent
generation of DAMPs over the lifetime of the allograft, even after
IRI has resolved, could represent a critical mechanism by which
alloreactivity is perpetuated after organ transplantation.

A majority of DAMPs signal through TLRs, a family of proto-
typic innate PRRs (12). A variety of cell types express TLRs, includ-
ing most immune cells as well as some structural cells. TLR liga-
tion initiates a complex intracellular kinase cascade, ultimately
activating the transcription factor NF-kB and altering expression
of inflammatory response genes. Depending on the stimuli and
adaptor proteins involved, TLR signaling can lead to inflammato-
ry cytokine secretion, neutrophil recruitment, antigen-presenting
cell maturation, and upregulation of costimulatory molecules and
MHC. In the context of organ transplantation, TLR signaling pro-
motes alloimmunity and potentiates organ immunogenicity by
upregulating donor alloantigen presentation, providing requisite
costimulation to recipient T cells, and creating a cytokine environ-
ment that drives effector T cell recruitment and differentiation.
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Figure 1. Danger signals in solid organ transplantation (SOT). In the
context of SOT, DAMPs can accumulate in the donor organ during the
process of donor brain death or as a result of IRI. DAMPs act through TLRs
or DAMP-specific receptors to activate innate immunity and enhance the
alloresponse by upregulating donor alloantigen presentation, providing
costimulation to recipient T cells and driving effector T cell recruitment
and differentiation. Cytotoxic T cells and donor-specific antibody gener-
ated from the alloresponse can cause acute allograft rejection, which may
in turn cause sustained graft injury, thereby potentiating DAMP release.
Evolving data suggest DAMPs may also directly promote fibrotic respons-
es, thereby potentially contributing, along with alloimmunity, to the
development of organ fibrosis and chronic graft dysfunction.

Early experimental evidence implicating TLR signaling in
allograft rejection was provided by studies of minor mismatch skin
transplantation, in which the downstream adaptor protein MyD88
was demonstrated to be necessary for the development of graft
rejection (13). Further experimental data confirmed the importance
of MyD88 in kidney and heart rejection (14, 15). Interestingly, while
MyD88 deficiency in either the donor or recipient improved graft
outcomes in these experimental models, the greatest attenuation of
rejection occurred when TLR signaling was impaired in both donor
and recipient. The first human data corroborating the relevance of
TLR signaling to solid organ transplant outcomes demonstrated
reduced acute rejection and improved long-term outcomes in lung
transplant recipients with a loss-of-function polymorphism in TLR4
(16). Subsequently, similar results were reported with this TLR4
polymorphism in kidney and liver transplant donors (6, 17).

Although TLRs are the receptors most commonly employed
by DAMPs, some DAMPs also mediate effects through non-PRRs.
For example, ligation of the transmembrane receptor for advanced
glycation end products (RAGE) can activate kinases independent
of TLR signaling and act in cooperation with TLRs to modulate the
inflammatory response to DAMPs. The DAMPs and their corre-
sponding receptors with supporting evidence in SOT are outlined
in Table 1 and further detailed below.

DAMPs derived from intracellular constituents

High-mobility group box 1. High-mobility group box 1 (HMGBI) is a
nuclear protein that maintains chromosomal architecture but, when
released into the extracellular space by damaged cells, can also act
asa DAMP. Extracellular HMGB1 induces several responses through
ligation of TLR4 and RAGE, including stimulating proinflammato-
ry cytokines and chemokines and inducing cell proliferation and
migration. HMGBI1 release occurs in the context of IRI of each com-
monly transplanted solid organ, including the kidney (5), heart (18),
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Table 1. DAMPs with supporting evidence in solid organ transplantation

DAMPs released from the intracellular space or exposed on the cell surface upon injury

DAMP Putative receptor(s) Solid organ(s)

HMGB1 TLR4, RAGE Heart, lung, kidney, liver
ATP P1, P2X, P2Y Heart, liver

Heat shock proteins TLR2/4, (D40, (D91, LOX-1  Heart, lung, kidney, liver
Nucleic acids/mitochondrial contents TLRY, NALP3 Heart, lung, kidney, liver

DAMPs residing in the extracellular space that may undergo modification upon injury

DAMP Receptor(s) Solid organ(s)
Haptoglobin TLR (implied) Heart
Hyaluronan TLR2/4, (D44 Lung, heart
Tenascin C TLR4 Lung, kidney, heart
Heparan sulfate TLR4 Kidney
Fibronectin TLR4 Kidney, heart

DAMP, damage-associated molecular pattern; HMGB1, high-mobility group box
1; RAGE, receptor for advanced glycation end products; P1, P2x, P2Y, purenergic
receptors; LOX-1, lectin-type oxidized LDL receptor 1; NALP3: NACHT, LRR, and
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Similarly, in a murine experimental model of chronic lung
allograft dysfunction, HMGBI induced latent TGF-p release
and enhanced lung fibrosis through a RAGE-dependent
mechanism (24). Further support for HMGBI1 in chronic
graft dysfunction after lung transplantation was provided in
a clinical study demonstrating elevated HMGBI in the lung
fluid of patients with restrictive allograft syndrome, a recent-
ly described phenotype of chronic lung allograft dysfunction
hallmarked by parenchymal pulmonary fibrosis (25).

ATP. In contrast to the role of intracellular ATP as a uni-
versal energy source, extracellular ATP functions as a DAMP.
Unlike other DAMPs that signal through common innate
PRRs, extracellular ATP is recognized by specific cell surface
nucleoside receptors in the P2 receptor family, including P2X
and P2Y receptors. P2X receptors consist of ion channels that
regulate cellular cation transport, while P2Y receptors are
GPCRs. Binding of extracellular ATP to P2X or P2Y recep-
tors has a wide range of immune and inflammatory effects on
macrophages, DCs, mast cells, and lymphocytes (26).

The direct relevance of extracellular ATP as a DAMP in
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PYD domains-containing protein 3 (cryopyrin).

the context of SOT was highlighted by a study demonstrat-

liver (19), and lung (7). The clinical significance and consequences
of HMGBI release on allograft function were illustrated in a trans-
lational study of kidney transplant donors. HMGB1 and TLR4 were
upregulated in the renal tubules of cadaveric, as compared with live,
kidney donors. In vitro experiments demonstrated that HMGB1
induces inflammatory responses in human renal tubular cells in a
TLR-dependent manner. Finally, the organs from kidney donors
with loss-of-function TLR4 genetic variants were protected against
the development of early allograft dysfunction and exhibited dimin-
ished intragraft inflammatory cytokine transcript expression (6).
In a similar translational study of lung transplantation, elevated
serum HMGBI in cadaveric donors correlated with impaired oxy-
genation of the donor lung before and early after lung transplant.
Consistent with these clinical observations, experimental data from
murine lung transplant models demonstrated brain death occurring
after traumatic brain injury (a common mode of death among lung
donors) induced pulmonary dysfunction and increased RAGE levels.
Moreover, both RAGE-deficient and WT mice treated with HMGB1
antibody were protected against pulmonary dysfunction and had
improved lung allograft outcomes. Interestingly, increased IL-10
was observed in the RAGE-deficient mice, suggesting that activation
of the HMGB1/RAGE axis contributes to inferior graft outcomes by
inhibiting the production of antiinflammatory cytokines (7). Studies
in heart transplant models suggest additional mechanisms linking
HMGBI to graft rejection, including promotion of dendritic cell
(DC) maturation, stimulation of Thl immunity, and activation of
IL-17-producing invariant NKT cells (20-22).

While these and other studies have established the impor-
tance of HMGBI in acute allograft rejection, recent experimental
and clinical studies have extended the role of HMGBI to chronic
graft dysfunction in heart and lung transplantation. In an exper-
imental model of chronic cardiac graft dysfunction, HMGB1
inhibition reduced graft inflammation and organ fibrosis (23).
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ing that expression of P2X7 was elevated in graft-infiltrating
lymphocytes in patients and mice after heart transplanta-
tion. Targeting P2X7 with the irreversible antagonist peri-
odate-oxidized ATP for 14 days after fully mismatched murine
heart transplant promoted long-term cardiac transplant survival,
which was associated with reduced donor-specific T cell activa-
tion, reduced Thl and Th17 differentiation, and inhibited STAT3
phosphorylation in T cells. Finally, in a separate murine model of
chronic heart transplant dysfunction, P2X7 inhibition prevented
the development of chronic heart allograft vasculopathy (27).
Extracellular ATP is hydrolyzed by nucleotidases includ-
ing NTPDase 1 (CD39), which converts ATP to AMP to maintain
homeostatic ATP levels and shut down purinergic signaling. Fur-
ther evidence implicating ATP as a mediator of solid organ trans-
plant rejection was provided by a study demonstrating that fully
MHC-mismatched liver transplants performed in CD39-deficient
mice have evidence of increased allograft dysfunction, increased
IFN-y production by liver-infiltrating CD8* T cells, and greater pro-
liferative responses to donor alloantigens in comparison with mice
receiving WT grafts. Moreover, Treg frequency and overall graft
survival were significantly reduced in CD39-deficient livers (28).
Nucleic acids and mitochondrial DAMPs. Release of nucle-
ar DNA fragments, mitochondrial DNA (mtDNA) fragments,
and other mitochondrial contents can occur upon tissue injury,
activating innate immunity to promote downstream adaptive
immune responses through ligation of TLR9 or NALP3 (cryopy-
rin). Such nucleic acid or mitochondrial products accumulate in
the extracellular space and enter into the circulation as a con-
sequence of IRI or in the context of acute or chronic allograft
rejection (29-34). Consistent with this idea, recent work in heart,
lung, and kidney transplantation has identified accumulation
of donor-derived cell-free DNA in the blood of rejecting organ
recipients (34). Defining the influence of these cell-free DNA
fragments on intragraft immune responses is an important area
for further study. In particular, there is interest in understanding
whether the cell-free fraction includes mtDNA, which contains
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unmethylated CpG motifs similar to bacterial DNA and has been
associated with proinflammatory responses in non-transplant-re-
lated experimental or human studies (35, 36).

HSPs. The highly conserved heat shock response, character-
ized by upregulation of HSPs, is triggered in a range of potentially
damaging situations, including hypoxia, oxidative stress, inflam-
mation, or infection. While intracellular HSPs mediate important
homeostatic functions, HSPs released or secreted into the extra-
cellular space during tissue injury can act as DAMPs and amplify
the alloresponse in the context of SOT. In keeping with this idea,
graft-infiltrating lymphocytes from a rodent heterotopic heart
transplant model showed a marked increase in proliferation when
exposed to donor MHC in the presence of HSP65 or HSP70 as
compared with donor MHC in isolation (37). Early clinical studies
in heart and renal allograft recipients corroborated these findings
and suggested that human allograft-derived T cells demonstrate
HSP reactivity (38, 39).

HSP expression has since been demonstrated to be increased
in the context of kidney (40-42), heart (43-46), and lung (47, 48)
transplant rejection; however, some of these studies have yield-
ed conflicting results. For example, while HSP27 has been shown
to be significantly increased in rejecting as compared with non-
rejecting cardiac allografts (45), loss of vascular HSP27 has also
been associated with the development of chronic cardiac allograft
vasculopathy (49). Additional findings in clinical liver transplan-
tation point to a role for increased HSP70 expression in protect-
ing against early graft rejection (50). These inconsistent findings
potentially relate to context-dependent actions of HSPs. While
some studies have demonstrated immune-stimulating properties
of HSPs, other experimental evidence supports an immune-in-
hibitory role. HSPs have been proposed as resolution-associated
molecular patterns that induce the production of immunoregu-
latory cytokines such as IL-10 to mitigate further tissue damage
(51). Consistent with this idea, studies in skin transplant models
have demonstrated that elevated HSP expression increases IL-10
levels and Treg recruitment, and prolongs allograft survival (52-
54). These studies emphasize that the impact of HSP expression
on the subsequent alloimmune response is likely to be highly con-
text-specific and possibly even organ-specific.

DAMPs derived from extracellular constituents

Haptoglobin. Haptoglobin is an acute-phase serum protein that, in
addition to binding free hemoglobin, influences free radical for-
mation and angiogenesis. More recently, haptoglobin has been
described as a novel mediator of innate immune activation after
heart transplantation (55, 56). Haptoglobin expression is increased
in the context of both human and experimental cardiac transplant
rejection, and targeted depletion of haptoglobin led to sustained
costimulatory blockade-induced tolerance in an experimental
heart transplant model, suggesting that its presence impairs main-
tenance of tolerance. In vitro studies demonstrated that haptoglo-
bin exerts its immune effects through increased expression of the
proinflammatory cytokines IL-6 and macrophage inflammatory
protein-2 (MIP-2), while reducing levels of the antiinflammatory
cytokine IL-10. Haptoglobin also enhanced DC graft recruitment
and augmented antidonor T cell responses (56). Previous studies
using a murine skin transplant model demonstrated that haptoglo-
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bin activates donor DCs in a MyD88-dependent manner, implying
arole for TLR signaling in mediating the effects of haptoglobin in
transplantation (55). The relevance of haptoglobin in driving the
alloresponse to other solid organs remains unknown and rep-
resents a promising area for further exploration.

Hyaluronan. Hyaluronan (HA) is an essential component
of the ECM that exists as a high-molecular weight polymer
(HMWHA) under homeostatic conditions. HA has been shown to
mediate a wide array of biological functions owing to the breadth
of HA receptors (including alternatively spliced and variant
forms) in addition to its modification to lower-molecular weight
HA (LMWHA) fragments or cross-linked leukocyte-adhesive
HA matrices (57, 58). While HMWHA has been demonstrated to
attenuate inflammation and protect from inflammatory damage
(57, 59-61), LMWHA fragments generated in response to tissue
injury or cell stress can act as potent DAMPs. HA has been demon-
strated to signal through CD44 to activate MAP kinase cascades or
through interaction with TLR4 to coordinate the innate response
and influence outcomes after SOT.

In a rat model of fully MHC-mismatched heart transplant, IRI
upregulated tissue expression of HA and transcript levels of HA
synthases 1-3 (HAS1-HAS3) in the early post-transplant period.
This early increase in HA was followed by an exaggerated T cell
inflammatory infiltrate, increased Thl7-related cytokines, and
worse graft fibrosis (62). In another study using a rodent model
of chronic heart allograft dysfunction, chronically rejecting hearts
had extensive graft accumulation of extracellular HA, and fibro-
blastsisolated from affected hearts demonstrated increased CD44
mRNA when compared with fibroblasts isolated from nonreject-
ing heart allografts. Furthermore, HA promoted in vitro fibroblast
adhesion and migration in a CD44-dependent manner and poten-
tiated ex vivo fibroblast survival (63). These studies suggest that
the CD44/HA axis augments alloreactivity and contributes to the
pathobiology of allograft fibrosis in chronic graft dysfunction.

In a translational study of human and murine lung transplanta-
tion, Todd and colleagues demonstrated that human lung allografts
with chronic graft dysfunction have extensive tissue accumulation
of HA in regions of airway fibrosis, in addition to increased lung
fluid HA, and significantly upregulated tissue transcripts for HAS1-
3. Parallel studies in a murine orthotopic lung transplant model
revealed that administration of LMWHA (but not intact HA) can
overcome costimulatory blockade-induced tolerance and promote
graft alloimmunity through a TLR2/4-dependent mechanism (64).
While previous studies suggested that PAMP exposure could break
established tolerance after SOT (2, 3), this study demonstrated that
even in the absence of infectious stimuli, DAMPs can overcome
tolerance to promote alloimmunity and graft rejection. Cui and
colleagues extended these findings to demonstrate increased HA
expression in acute lung rejection in humans (65). Further exper-
iments in a murine lung transplant model showed that LMWHA
accumulates in acute lung rejection as a result of diminished clear-
ance through the lymphatic vessel endothelial HA receptor LYVE-
1. This finding is particularly notable in light of the prior study by
Todd and colleagues that demonstrated that LMWHA, at least
when given exogenously, can break established tolerance. Taken
together, these studies suggest that LMWHA accumulation in the
setting of acute rejection may represent a mechanism by which the
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alloresponse to the graft is perpetuated and ultimately contributes
to graft fibrosis and failure. Notably, in the experimental model,
therapeutic lymphangiogenesis improved HA clearance and atten-
uated acute rejection histology (65), indicating a potentially nov-
el approach to mitigate HA-induced endogenous innate immune
activation in the context of transplantation. Further studies are
needed to determine whether this approach would be specific to
lung transplantation or whether similar mechanisms of impaired
lymphatic LMWHA clearance exist and contribute to graft rejec-
tion in other commonly transplanted solid organs.

Heparan sulfate. Heparan sulfate (HS) is a proteoglycan ubiqui-
tously expressed on cell surfaces and in the ECM of normal human
tissues. HS can interact with a wide array of proteins to regulate
functions including endothelial cell integrity, blood coagulation,
and complement activation. Both surface-bound and soluble HS
can act as DAMPs to initiate the immune response in the context
of cell injury. Moreover, cell surface HS can enable the response
to other DAMPs, specifically HMGBI, by facilitating the oligom-
erization of RAGE, an essential step in RAGE signal transduction,
while soluble HS can interact with TLR4 to release proinflamma-
tory cytokines and promote DC maturation (66-68).

In the context of SOT, expression of the HS proteoglycan per-
lecan, an important component of the vascular matrix, is elevated
in arteries affected by transplant vasculopathy in a rodent model
of chronic renal allograft dysfunction (69). Furthermore, perlecan
has been shown to interact with FGF2 to contribute to fibroblast
activation in the development of chronic graft impairment (70).
Studies in human renal transplant recipients have confirmed the
clinical relevance of perlecan expression in kidney rejection, as
higher serum or urinary levels of the perlecan C-terminal frag-
ment associate with acute vascular rejection or advanced chronic
allograft nephropathy, respectively (71, 72). A recent translational
study by Adepu and colleagues also implicated the HS syndecan-1
as important in contributing to graft outcomes in experimental
and clinical kidney transplantation (73).

Tenascin C. Tenascin C (TNC) is a large matrix glycoprotein
expressed at low levels in normal ECM, but is upregulated in
response to tissue injury, where it can function as a DAMP. Elevat-
ed tissue TNC expression has been reported in rodent models of
chronic allograft dysfunction involving kidney (74), lung (75), and
heart (76) transplantation. The mechanistic role for TNC in organ
transplantation remains to be fully determined; however, a role for
TNC as a DAMP in allograft rejection and fibrosis is suggested by
studies of cardiac remodeling, wherein TNC-deficient mice are
protected against post-myocardial infarction fibrosis (77). Consis-
tent with this observation, TNC augmented expression of proin-
flammatory cytokines and proteins important to tissue remodel-
ing in cardiac myofibroblasts in a TLR4-dependent manner (78).
Still other nontransplant models point to a potential role for TNC
in mediating DC maturation and promoting Th17 immunity (79).

Fibronectin. Similar to TNC, fibronectin is a ubiquitously
expressed ECM glycoprotein. In the setting of tissue damage, cel-
lular fibronectin containing an alternatively spliced exon encoding
type III extra domain A (EDA) is generated. Such EDA-containing
fibronectin fragments (EDA-fibronectin) activate innate immunity
through TLR4 (80). Fibronectin expression was increased in the
context of chronic vascular rejection in a nonhuman primate kid-
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ney transplant model, and plasma EDA-fibronectin levels correlat-
ed with acute rejection in human renal transplant recipients (81,
82). Other experimental and clinical studies have examined the
role of EDA-containing fibronectin in the pathogenesis of cardiac
allograft vasculopathy and cardiac fibrosis after heart transplanta-
tion (83-87). Booth and colleagues used a murine heterotopic car-
diac transplant model to demonstrate that although heart allografts
in EDA-fibronectin-deficient recipients experienced acute rejec-
tion similarly to those in WT recipients, they were protected from
the development of allograft fibrosis and chronic graft dysfunction
(85). Importantly, a clinical study by Franz and colleagues noted
tissue expression of EDA-fibronectin associated with inflamma-
tion and histological signs of chronic rejection in human heart
transplant biopsies (87). These data provide a strong rationale for
further studies examining the exact signaling pathways stimulated
by EDA-fibronectin in organ transplant rejection and indicate that
strategies targeting fibronectin may hold promise to aid in diagnos-
ing, preventing, or treating cardiac rejection in particular.

Beyond these DAMPs of known importance in solid organ
transplant, many additional endogenous danger molecules have
been recognized to exert effects through innate immunity (88-90).
A critical area of future research will be to elucidate the potential
role for these DAMPs in the transplant setting. Other ECM proteo-
glycans, such as biglycan or decorin, are likely to be modified in the
setting of allograft injury similarly to HA or fibronectin. In partic-
ular, soluble decorin has been demonstrated to exert antifibrotic
effects and confer protection from apoptosis in nontransplant
models of renal disease (91), making it an attractive area for fur-
ther study in chronic allograft nephropathy after kidney transplan-
tation. Intracellular DAMPs beyond those currently implicated in
SOT could be released as a consequence of IRI. For example, stud-
ies in nontransplant models of cardiac IRI point to the importance
of extracellular RNA signaling through a TLR3/TIR domain-con-
taining adaptor-inducing interferon-p (TRIF) pathway (92). Under-
standing the full range of DAMP expression in SOT will be essen-
tial to provide a more comprehensive view of the role of DAMPs
in directing the immune response to the allograft and potentially
identify promising strategies to improve graft outcomes.

Evolving paradigms for DAMPs in SOT

Collectively, this body of basic and clinical work across multi-
ple transplanted solid organs indicates that DAMPs act through
TLRs or DAMP-specific receptors to mediate acute rejection and
chronic graft dysfunction. Much remains to be understood with
respect to the role of DAMPs in regulating adaptive alloimmunity.
Furthermore, significant gaps remain in understanding the exact
mechanisms by which DAMPs contribute to chronic graft dysfunc-
tion and the extent to which certain DAMPs are unique to individ-
ual organs or potentially drive organ-specific differences in the
frequency or manifestations of rejection.

To this point, a particularly exciting area is the develop-
ment of a more nuanced understanding of the manner in which
DAMPs may drive fibrosis-biased tissue remodeling within an
allograft. Subtle yet important distinctions in downstream sig-
naling induced by DAMPs versus PAMPs have now been identi-
fied, even when sharing a common receptor. For example, Pic-
cinini and colleagues recently demonstrated divergent cellular
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response in macrophages exposed to the bacterial PAMP LPS or
the endogenous DAMP TNC, despite shared signaling through
TLR4. While both stimuli activated NF-xB and MAP Kkinase,
each initiated different downstream signaling pathways leading
to distinct patterns of cytokine and MMP expression and unique
functional cellular responses. Specifically, in response to TNC,
macrophages increased synthesis and phosphorylation of matrix,
while in response to LPS, the macrophage capacity for matrix deg-
radation was increased. While the mechanisms underlying these
observations are not fully understood, the authors demonstrated
that macrophages exposed to TNC were shifted toward an IL-4-
induced activation phenotype and produced less TNF-o and IL-10
than LPS-exposed macrophages (93). These data provide clues to
the way in which DAMPs may induce distinct signals in the con-
text of transplant that differ from those initiated in response to
exogenous infections/PAMPs.

These data, in addition to the preponderance of matrix-related
DAMPs described in chronic graft dysfunction after SOT, support
the hypothesis that DAMPs, in contrast to PAMPs, may be directly
involved in promoting allograft fibrosis. Further supporting this
idea, deposition of EDA-fibronectin precedes fibroblast a-smooth
muscle actin expression (commonly associated with transition to
a myofibroblast phenotype) in vivo in a rodent model of wound
repair and in vitro during fibroblast stimulation with TGF-B1 (94).
Similarly, others have demonstrated that the fibroblast response
to TGF-B1 can be regulated by modification of the level of fibro-
blast-generated HA either through overexpression of HAS2 or by
blockade of HA synthesis (95). Collectively, these observations
extend the existing conceptual model in which DAMPs acti-
vate TLRs to promote alloimmunity, which in turn drives acute
rejection and chronic graft dysfunction, and implicate novel
DAMP-driven innate mechanisms that could drive graft fibrosis.

Another gap in our understanding of clinical outcomes after
SOT relates to organ-specific differences in the rates of acute
rejection and manifestations of chronic graft dysfunction among
the transplanted solid organs. For example, despite the use of
similar immunosuppression, acute rejection occurs in less than
10% of kidney transplant recipients but in more than 35% of lung
recipients (96). Furthermore, a key feature of chronic allograft
dysfunction in heart transplantation is intraluminal obliteration of
the coronary vasculature, while in lung transplantation histologi-
cal manifestations of chronic graft dysfunction generally include
intraluminal obliteration of the epithelialized airways. It is plau-
sible that these differences could be, at least in part, explained by
the location and type of DAMPs expressed in response to early
transplant IRI or alloimmune-mediated injury, consistent with the
organ-specific differences in significant DAMPs identified across
the commonly transplanted organs (Table 1). This line of investi-
gation represents an important area of future study with potential
to impact the development of organ-specific treatments.

Implications for DAMPs in SOT therapies

A growing understanding of the role of DAMPs in initiating and
directing the immune response to SOT offers the opportunity to
reconsider therapeutic approaches to prevent or treat allograft
rejection. At the same time, increasing application of ex vivo
organ preservation systems presents a unique opportunity to
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manipulate donor organs before implantation so as to reduce IR],
thereby diminishing innate activation and potentially promoting
immune tolerance. For example, in lung transplantation organs
procured through ex vivo perfusion have been used successfully
for clinical transplantation and have been successfully manip-
ulated in experimental models to reduce IRI through adenovi-
rus-mediated IL-10 production (97-99).

To this point, interestingly, laboratory studies have suggested
that low-level DAMP exposure prior to transplantation, or precon-
ditioning, can reduce the impact of IRI Ischemic precondition-
ing with HMGBI protected against renal or hepatic IRI, an effect
shown to be dependent on TLR4 signaling (100, 101). Similarly,
genetic overexpression of HSPs in the donor organ can alter alloim-
munity in the context of experimental heart transplantation. Spe-
cifically, hearts transplanted from transgenic mice overexpressing
HSP27 experienced a delayed onset of acute rejection and reduced
IRI-induced apoptosis as compared with HSP27-negative hearts
from littermate controls (102). A potential mechanism to explain
these observations is innate immune-driven immunological mem-
ory occurring as a result of epigenetic reprogramming after stimu-
lation. While immune memory was previously thought to be driven
exclusively by adaptive immunity, new evidence suggests that tis-
sue-derived signals can induce epigenetic changes to regulate the
magnitude and type of future immune responses (103). Such epi-
genetic modifications can diminish subsequent responses, as is the
case with LPS tolerance. Further understanding the mechanisms of
innate memory could provide avenues to dampen the response to
endogenous DAMPs induced in the transplant setting.

Decreasing DAMP expression, enhancing DAMP clearance, or
blocking DAMP signaling may also represent novel approaches to
mitigate allograft rejection. A recent study investigated the impact
of recombinant soluble thrombomodulin, which can bind HMGB1
and prevent HMGBI-mediated proinflammatory responses, on
IRI in liver grafts. Thrombomodulin treatment attenuated levels
of HMGBI and inflammatory cytokines, decreased markers of
liver graft injury, and improved organ function (104). Other stud-
ies suggest that HA production may be an actionable target. The
HAS inhibitor 4-methylumbelliferone, a drug approved for use in
Europe in patients with colon cancer, has been shown to reduce
expression of HA and the severity of IRI in the kidney, suggest-
ing it could be used to treat donor allografts to reduce early graft
dysfunction (105). Alternatively, in experimental lung transplan-
tation, impaired lymphangiogenesis leads to LMWHA accumula-
tion, a process shown to be ameliorated by specific pharmacother-
apy with VEGF-C1568 treatment (9).

Beyond these therapeutics directed at modulating DAMP accu-
mulation, several TLR antagonists are under development for treat-
ment of inflammatory diseases or cancer (106). Progress with such
agents has moved slowly and proved ineffective in the treatment
of conditions such as sepsis. Additionally, while an abundance of
experimental data suggests that treatments targeting TLRs have
potential to attenuate the alloresponse in the context of organ trans-
plantation, substantial concerns exist regarding the increased risk
for infectious complications with these agents. Ultimately, strate-
gies targeting specific DAMPs or precise points in innate pathways
may represent more promising avenues to effectively prevent acute
rejection and chronic graft dysfunction after SOT.
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Conclusion

Accumulating data support the paradigm that, independent of
donor MHC, the response to SOT entails activation of innate
immunity through endogenous DAMPs. DAMPs, such as HMGB1
and HA, have been identified as modulators of graft outcomes
across multiple solid organs and act through TLRs as well as
DAMP-specific receptors to create a proinflammatory environ-
ment that promotes alloresponsiveness. Recent evidence suggests
that allograft-induced persistent immune stimuli could promote
DAMP release. Furthermore, DAMPs may activate distinct down-
stream signals that could promote tissue remodeling and fibrosis.
Given structural differences among the cells and matrix constit-
uents of the commonly transplanted solid organs, it is likely that
evidence will emerge to suggest that distinct DAMPs contribute

The Journal of Clinical Investigation

to organ-specific differences in acute rejection rates and mani-
festations of chronic allograft dysfunction. The emerging under-
standing of DAMPs and their role in innate/adaptive crosstalk in
SOT has suggested novel therapeutic approaches that could com-
plement contemporary immunosuppression. These approach-
es should be aggressively pursued in clinical studies to test the
hypothesis that inhibition of innate, as well as adaptive, immunity
is necessary to achieve successful long-term allograft outcomes.
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