Chapter 22
Ischemia—Reperfusion Injury in Reconstructive
Transplantation: An Undefined Conundrum

Jerzy W. Kupiec-Weglinski and Kodi Azari

Introduction

Although vascularized composite allotransplantation (VCA) provides a means to
functionally restore unreconstructable wounds in selective groups of patients, the
field is in its infancy. With more than 150 VCA procedures reported during the
past 15 years, including trachea, larynx, abdominal wall, face, and upper or lower
extremities, this type of transplantation still remains an experimental procedure
[1]. While the feasibility of the procedure has been documented with promising
functional outcomes and good intermediate to long-term allograft survival, there
are several obstacles that prevent VCA from enjoying widespread clinical use. For
instance, there are major concerns over the damaging effects of ischemia—reperfu-
sion injury (IRI) resulting from prolonged periods of ex vivo tissue cold storage, an
unavoidable component of organ “procurement” insult from the cadaver sources
[2]. Oxidative stress, the hallmark of IRI in any transplanted organ or tissue, triggers
the release of pro-inflammatory cytokine programs, which create a deleterious local
milieu promoting cell death and subsequent differentiation of rejection-mediating
T effector cells, while hindering generation of tolerogenic regulatory T cells [3-5].
There is a consensus that ischemia reperfusion (IR)-induced robust local inflam-
mation response is an essential barrier to long-term survival and the acquisition of
tolerance in solid-organ transplantation [4—6]. Indeed, minimizing IRI decreases
the incidence of acute allograft rejection, mitigates the severity of late chronic re-
jection, and improves clinical outcomes. Thus, it is plausible that better protec-
tion against IR-oxidative stress should also diminish pro-inflammatory responses
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in VCA’s divergent tissues and ameliorate host adaptive immune cascade that act
in concert to facilitate VCA failure [2]. Moreover, prevention of IR-mediated VCA
damage could extend the donor transfer time, allowing development of an human
leukocyte antigen (HLA)-VCA national matching system. Such a system could
potentially help to reduce the incidence of acute and chronic rejection and mini-
mize immunosuppression load in prospective VCA recipients. In addition, success-
ful prolongation of VCA preservation time should allow the expansion of the cur-
rent VCA donor pool beyond local region, and provide more time to perform these
complex surgical procedures. Surprisingly, however, there are major gaps in our
understanding of the very basic immune mechanisms that account for IR-mediated
VCA damage [2, 7], and obviously there is no therapeutic modality available to
prevent and/or treat the ischemic tissue injury in vivo. Better appreciation of com-
plex cellular immune events that trigger and sustain local inflammatory responses
in histologically heterogeneous tissue types (e.g., skin, bone, muscle, nerves, and
lymph nodes) is fundamental for developing much needed innovative therapeutic
strategies for IR-stressed VCAs. Hence, both basic and translational studies dis-
secting cellular cross talk and molecular signaling pathways in the pathophysiology
of IRI in VCAs are urgently needed. This effort should be guided by mechanistic
insights garnered throughout the years from studies on tissue damage inflicted by
IR in solid-organ transplantation.

As biological effects by which IR insult may affect VCAs remain largely un-
known, and little if any is known about the relevant cellular events and molecular
networks, in this chapter, we summarize our understanding of immune mechanisms
that trigger and sustain inflammatory cascades in IR-stressed solid organs, primar-
ily the liver. The goal is to provide a road map for future comprehensive studies
exploring molecular immune IRI mechanisms in the emerging field of VCA. Our
better appreciation of immune events that initiate IR-driven tissue inflammation,
ultimately responsible for organ injury, is fundamental to developing innovative
strategies for treating patients who have received a VCA and developed IR inflam-
mation and transplant dysfunction.

Types and Stages of IRI

The IR insult, irrespective of the transplanted organ or tissue, is a multifaceted and
dynamic process that combines elements of “warm” and “cold” injury [4, 5, 8, 9].
The “warm” IR, initiated by parenchyma cell damage, develops in situ in low-flow
states during surgery, organ retrieval, as well as in various forms of shock or trauma.
The “cold” IRI, initiated by the damage to tissue endothelial cells and disruption
of the microcirculation, occurs during ex vivo preservation, and is usually coupled
with warm IRI during the transplant surgery. Although warm and cold ischemia
target different non-parenchymal and parenchymal cell functions, they do share a
common mechanism in the disease etiology: local inflammatory innate immune
activation.
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Fig. 22.1 The distinct stages of tissue IRI. The ischemic injury, a local process of metabolic dis-
turbances, results from glycogen consumption, lack of oxygen supply, and ATP depletion. The cell
death released DAMPs (alarmins), activation of complement, and oxygenation-triggered mito-
chondrial ROS production, all contribute to liver-immune activation after reperfusion. The process
involves multiple types of nonparenchymal cells, including macrophages, dendritic cells, T cells,
NK cells and neutrophils. This pro-inflammatory immune response in IR-stressed organ sustains
itself by recruiting circulating peripheral immune cells from the circulation and is responsible for
the ultimate reperfusion injury. DAMPS danger-aassociated molecular patterns, DC dendritic cells,
NK natural killer cells, PMN polymorphonuclear cells, ROS reactive oxygen species, ATP adenos-
ine triphosphate, /R ischemia reperfusion, /R/ ischemia—reperfusion injury

The activation of tissue macrophages, neutrophils, cytokine/chemokine produc-
tion, generation of reactive oxygen species (ROS), increased expression of adhesion
molecules, and infiltration by circulating lymphocytes/monocytes constitute inter-
locked immunological cascades in both types of tissue IRI [4, 5, 9, 10]. Distinctive
from alloreactive major histocompatibility complex (MHC)-disparate immune re-
sponses against organ grafts, IR-triggered tissue inflammation occurs immediately
after reperfusion not only in situ or ex vivo but also in syngeneic grafts. It constitutes
predominantly an innate immune-dominated response, mediated by a sentinel pat-
tern recognition receptor (PRR) system. Endogenous ligands generated from cellu-
lar damage, danger-associated molecular patterns (DAMPs), rather than exogenous
pathogen-associated molecular patterns (PAMPs) play the key role in IR-stressed
tissue inflammation response.

Two distinctive stages of organ IRI, with unique mechanisms of tissue damage,
have been identified (Fig. 22.1). The ischemic injury, a localized process of cellular
metabolic disturbances, results from glycogen consumption, lack of oxygen supply,
and adenosine triphosphate (ATP) depletion, leading to the parenchymal cell death.
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The reperfusion injury, which immediately follows, results from both metabolic dis-
turbances and a brisk inflammatory immune cascade that involves direct and indi-
rect cytotoxic mechanisms. Indeed, this early, antigen nonspecific local inflamma-
tion is critical in IRI pathophysiology as prevention of immune activation uniformly
ameliorates IR-mediated tissue damage. Hence, a comprehensive understanding of
innate immune activation is key for identifying novel therapeutic targets to allevi-
ate pro-inflammatory, while sparing or augmenting anti-inflammatory mechanisms
needed for homeostasis. Furthermore, IR-triggered innate—adaptive cross talk read-
ily converts an immunologically quiescent tissue to an inflammatory organ, even
in a sterile environment. In direct relevance to VCA, prolonged ischemia time was
reported to increase the severity of rejection in a skin flap [11] and musculocutane-
ous [12] rat allotransplantation models.

IR Triggers Toll-Like Receptor Signaling

Based on Dr. Polly Matzinger’s concept that the principal goal of the immune sys-
tem is to detect and protect the host from “danger” signals resulting from cell/tissue
damage [13], Professor Walter Land introduced the “injury hypothesis” in the field
of transplantation [14]. Accordingly, post-IRI activates an array of pro-inflamma-
tory immune responses in the transplant itself, which trigger and exacerbate host
adaptive immunity, ultimately progressing to graft dysfunction and ultimately re-
jection. All vertebrates utilize the same sentinel innate immune receptor systems,
PRRs, in response to tissue damage even in the absence of infections [15-19]. Four
different classes of PRRs have been recognized: Toll-like receptors (TLRs) and C-
type lectin receptors (CLRs) are transmembrane proteins; Retinoic acid-inducible
gene, (RIG)-I-like receptors (RLRs), and nucleotide-binding domain (NOD)-like
receptors (NLRs) are cytoplasmic proteins. These PRRs, expressed primarily by
activated macrophages and dendritic cells (DC), function by upregulating pro-in-
flammatory gene transcription programs [20].

TLRs were discovered in 1998, in mice displaying endotoxin resistance in paral-
lel with a high susceptibility to gram-negative bacterial infections [21]. TLRs are
an evolutionarily conserved group of transmembrane proteins of which, to date, 11
have been identified in humans and 13 in mice (Table 22.1; Ref. [22]). These innate
receptors are central in promoting immunity against pathogens by virtue of their
ability to transduce signals in response to ligation of distinctive molecular motifs,
termed PAMPs. They are a major group of PRRs and are ubiquitous, being expressed
on a host of both immune and nonimmune cells [23]. TLR—PAMP interactions lead
to downstream cytokine and chemokine release and augmentation of co-stimulatory
T cell molecule expression [24]. As TLRs are expressed on parenchyma cells, at
least some of their functions are unrelated to immune-mediated pathogen destruc-
tion. Indeed, it is now apparent that endogenous, cell-derived ligands (DAMPs)
from both intracellular and extracellular sources during inflammation and tissue
damage do bind and facilitate TLR signaling [25]. During homeostasis, DAMPs are
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not expressed and remain invisible to the host immune system. However, DAMPs
become released from cells are displayed on their surfaces following cellular injury,
such as hypoxia. A variety of endogenous DAMPs have been described that readily
engage TLRs (Table 22.1), such as heat-shock proteins [26], purines, heparan sul-
fate, and fibronectin degradation product, the extra domain A (EDA) domain [27].

TLR4 was the first innate immune receptor studied in organ IRI. Indeed, using
murine partial hepatic warm ischemia models, data from three separate laboratories
demonstrated that TLR4-deficient mice were protected from hepatic damage in liv-
er-warm ischemia model, evidenced by markedly depressed in situ IR inflammation
in the absence of TLR4 signaling [28-30]. The functional role of TLR4-specific
activation in triggering IRI pathology was also confirmed in a clinically relevant
orthotopic liver transplantation model, which comprises both warm and cold IR tis-
sue damage [31] and in a steatotic liver IRI model [32]. Interestingly, donor TLR4
deficiency alone was both necessary and sufficient to confer hepatoprotection in the
transplant model, and TLR4 signaling on nonparenchyma rather than parenchyma
cells seems more relevant for IRI [30], although a recent study implies a unique
role of TLR4 on liver parenchyma cells at the late stage of the disease process [33].
Of note, although TLR2 signaling was dispensable in the development of liver IRI
[28], it was found essential in both kidneys [34] and heart [35] IRI models. In the
context of solid-organ transplantation, both donor and recipient cells have the ca-
pacity to express TLR2. Notably, selective chemical ablation of the recipient TLR2
conferred protection against transplantation-associated ischemic damage in a mu-
rine renal isograft model [36], suggesting that leukocyte TLR2 not only functions in
the disease pathogenesis but may also constitute a viable therapeutic target against
renal IRI in transplant recipients.

All TLRs mediate signal transduction via the adapter molecule myeloid differ-
entiation factor 88 (MyDS88), apart from TLR3, which is dependent on the adapter
molecule Toll/IL-1R domain-containing adapter-inducing IFN-f (TRIF) and TLR4
through which signaling is dependent on both TRIF and MyDS88 [22]. Indeed,
MyD88-deficient animals not only developed hepatocellular IR-damage compara-
ble with wild-type (WT) controls, but their “signature” pro-inflammatory cytokines
(IL-1, IL-6, type-I IFN) and chemokine (CXCL-10) were largely unaffected [28].
As the MyD88-independent, TRIF-dependent signaling pathway of TLR4 triggers a
delayed nuclear factor (NF)-kf activation, it seems that the MyD88-mediated early-
phase NF-kf activation is not necessary for pro-inflammatory immune response
in liver IR. Indeed, this is very different from renal and heart IRI models in which
either MyD88 and TRIF or only MyD88 were found operational [37—40]. The fact
that severity of liver IRI peaks at 6 h of reperfusion and that of kidney and heart
injury last for days may explain this discrepancy. Moreover, the liver is unique
in TLR4 activation in such a way that gut-derived endotoxin may have already
tolerized the hepatic innate immune system, which has been shown to target more
towards the MyD88-dependent pathway [41, 42]. Both pro- and anti-inflammatory
gene programs become readily induced by TLR4 activation in macrophages in vitro
and in vivo. Recently, Gsk3Db, a serine/threonine kinase, was shown to differentially
regulate these two programs [43], and a chemical Gsk3 inhibitor selectively in-
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Fig. 22.2 A mechanistic scheme of immune activation in IR-stressed tissue. The ischemia insult
induces necrotic cell death, which provide “danger” molecules, such as HMGB1 and DNA frag-
ments to activate innate TLR4, RAGE, and TLR9 signaling pathways on macrophages/DC and
neutrophils. CD4+Thl effectors may also facilitate local innate immune activation via CD154—
CD40 pathway, whereas IFN-y produced by T cells, NKT, and NK cells enhances innate immune
activation. In parallel, CD1d and CD39 activate NKT and NK cells, respectively. This immune
activation progresses via both positive and negative regulatory loops. Pro-inflammatory TNF-a,
IL-1B, IL-6, IL-12, CXCL10, CCL2, CXCL38, and ROS milieu, further activate local and recruits
migrating immune cells to promote cytotoxicity against parenchymal cells. Such a sustained pro-
inflammatory activation may be counter-regulated by IL-10, whereas NKT cell activation may be
inhibited by adenosine receptor 2A. By inhibiting pro-inflammatory type I NKT cells, type I NKT
cells may also downregulate IFN-y production. /R Ischemia reperfusion, HMGBI high-mobility
group box 1, DC dendritic cells, NK natural killer cells, NKT natural killer T cells, ROS reactive
oxygen species, TLR toll-like receptor, /L interleukin, 7NF tumor necrosis factor, 7k T helper,
RAGE receptor for advance glycation end products, /FN interferon

hibited pro-inflammatory, while simultaneously sparing immune-regulatory IL-10
gene program in IR-stressed organs [44].

The high-mobility group box 1 protein (HMGBI1) represents the key endogenous
TLR4 ligand responsible for IR-mediated immune activation [45]. HMGBI, re-
leased from damaged cells, may stimulate non-parenchyma cells, including macro-
phages and DC, through TLR4 signaling (Fig. 22.2). Hypoxic cells release HMGBI1
through an active process facilitated by TLR4-dependent ROS production. In turn,
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ROS induces HMGBI release through a Calcium/calmodulin-dependent protein
kinase (CaMK)-dependent mechanism, and such a positive HMGB1-TLR4 signal-
ing promotes a sustained inflammation in IR-stressed tissue [45]. In addition to
HMGBI, other DAMPs released from damaged or necrotic cells may also activate
innate immune cells via an array of receptors, including S100 proteins via TLR4,
RNA via TLR3, or DNA via TLR9. TLR9 was found to function in bone marrow-
derived cells, particularly neutrophils in IR-stressed tissues to boost production
of pro-inflammatory cytokines/chemokines. Furthermore, the inhibition of TLR9
exerted additive protective effects with concomitant HMGBI neutralization [46].
Nuclear histone proteins were recently identified as important endogenous TLR9 li-
gands [47]. Thus, liver IR insult resulted in increased levels of circulating histones,
whereas their neutralization was cytoprotective. Extracellular histones enhanced
DNA-mediated TLR9 activation, while their infusion exacerbated IRI via TLR9
signaling. Recently, TLR3, which recognizes necrotic cell-derived RNA products,
has also been shown to sustain local IR inflammation [48].

Thus, different TLR signaling pathways may function at distinct stages and in
different cell types in IR-stressed solid organs. This is of importance for design-
ing future experiments on innate activation in histologically and immune-divergent
VCA tissues.

Inflammasomes in IR Innate Immune Activation

The role of other PRRs in the mechanism of tissue IRI has only recently started to
be elucidated. In addition to TLRs, the necrotic cells can be sensed by the inflamma-
some, a caspase-1 activation platform, which regulates the secretion of L-1f, IL-18
pro-inflammatory mediators. One member of NLR family, NLRP3 (NLR family,
pyrin domain containing 3) was found essential in the mechanism of polymorpho-
nuclear neutrophil (PMN) recruitment to sites of focal hepatic necrosis in a model
of sterile in vivo inflammation [49]. Indeed, gene silencing of NACHT, LRR and
PYD domains-containing protein 3 (NALP3) attenuated tissue damage in associa-
tion with reduced IL-1f3, IL-18, Tumor necrosis factor o (TNF-a), and interleukin
(IL)-6 levels, diminished HMGBI, and decreased local inflammatory cell infiltra-
tion [50].

Apoptosis-associated speck-like protein containing a caspase recruitment do-
main (ASC) plays a critical role in the activation of inflammasomes as an adaptor
protein that bridges procaspase-1 and inflammasome receptors, such as NLRP3 and
absent in melanoma 2 (AIM2) [51-53]. Indeed, ASC contributes to immune re-
sponse through the assembly of inflammasome complexes that activate downstream
effector cysteine protease caspase-1, resulting in the generation of active IL-1 and
IL-18 from inactive pro-IL-1p and pro-IL-18 precursors (Fig. 22.3). Although un-
der normal conditions ASC-associated inflammasomes are autorepressed, they be-
come activated by a wide range of pathogen stimuli, oxidative stress, ischemia, and
damage signals. The molecular mechanisms of ASC/Caspase-1/IL-1p signaling to
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Fig. 22.3 Molecular mechanisms by which ASC/Caspase-1/IL-13—HMGB1 axis may regulate
IR-triggered inflammation. ASC activates inflammasomes, which in turn activates caspase-1 and
catalyses pro-1L-1p/pro-IL-18 to mature IL-1B/IL-18. IL-18 is closely related to and shares a simi-
lar dimensional structure with IL-1p. ASC/caspase-1/IL-1 promotes HMGBI1 induction through
activation of p38 MAPK, which triggers TLR4 and NF-xB to program pro-inflammatory medi-
ators. In addition, HMGB1 may provide a positive feedback mechanism to regulate caspase-1
activation. ASC/caspase-1-mediated elaboration of IL-1f and its downstream COX2 are required
for the inflammatory development in the course of IRI. ASC Apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain, /M GB1 high-mobility group box 1, /L interleukin,
MAPK mitogen-activated protein kinases, 7LR toll-like receptor, COX2 cyclooxygenase-2, IRI
ischemia—reperfusion injury




386 J. W. Kupiec-Weglinski and K. Azari

program pro-inflammatory phenotype might involve activation of multiple intercel-
lular pathways. We found disruption of ASC-inhibited HMGB1/TLR4 expression,
leading to depressed induction of inflammatory mediators, suggesting ASC/Cas-
pase-1/IL-1p plays an important role in triggering local inflammation in IR-stressed
organ [54]. In fact, the adaptor ASC was initially believed to exert its effects by
bridging the interaction between NLRs and caspase-1 in inflammasome complexes
[55]. Activation of ASC within inflammasomes leads to the maturation of caspase-1
and processing of its IL-1f and IL-18 substrates, whereas knockout (KO) of ASC
decreased caspase-1 activity and IL-1(3/IL-18 production, implying the role of ASC
in caspase-1/IL-1B-mediated inflammation. Although the ASC/caspase-1/IL-18
axis seems essential for the initiation of IR-inflammatory response, the molecular
pathways involved in cross talk with HMGB1 remain unclear. Of note, treatment
of ASC KO mice with recombinant HMGBI increased IR tissue damage, whereas
disruption of ASC without exogenous HMGBI1 prevented local inflammatory de-
velopment. Hence, ASC-mediated caspase-1/IL-1f axis promotes HMGB1 to pro-
duce TLR4-dependent inflammatory phenotype, leading to IR tissue inflammation
and subsequent injury.

Although an array of innate PRR-targeting studies have shown promise in dif-
ferent animal models, the caveat is most of these studies focus on “correlation” be-
tween genetic deletion and cytoprotection rather than establishing the actual cause
of the reduced tissue damage. With limited mechanistic understanding of a suc-
cessful anti-IRI therapy in VCA settings, exploring multiple PRR pathways with
small molecules acting preferably in a synergistic manner and/or selectively target-
ing positive while simultaneously promoting negative signaling may be required,
while keeping in mind their different cellular sources, location specificities, and
individual transcriptional kinetics.

IL-10 in IR Innate Immune Activation

Innate immune activation in IR-stressed organ is a self-limiting reaction with active
regulatory mechanism by which IL-4, IL-10, and IL-13 may effectively counteract
and alleviate local pro-inflammatory phenotype [56—58]. These cytokines, readily
expressed in all IR tissues, are often spared or their expression even heightened in
IR-resistant animals. Although generally inhibitory to IR-induced pro-inflammato-
ry TNF-a and IL-1§ “signature” when administered exogenously, the endogenous
role of IL-4, IL-10, and IL-13 may not necessarily be immune regulatory. Indeed,
although IL-13-deficient mice suffer from exacerbated liver injury compared with
IL-13-proficient (WT) counterparts, IR-induced TNF-a and CXCL8 (MIP-2) pro-
duction in IL-13 KO and WT mice was comparable in the early post-reperfusion
phase [56]. Although IL-13 deficiency alters PMN distribution in IR-stressed tis-
sues, the most profound effect of IL-13 seems to be the direct cytoprotection from
ROS-induced cell death. Unlike IL-4 and IL-13, the beneficial role of IL-10 as the
key immune regulatory cytokine in tissue IRI has been well documented. Hence,
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IL-10 neutralization was shown both necessary and sufficient to re-create the pro-
inflammatory phenotype in IR-resistant tissues of otherwise immune-suppressed
or deficient recipients [59, 60]. Of note, multiple innate immune cell types, in-
cluding DC, macrophages, and PMNs may all produce IL-10 and exert important
autoimmune regulatory functions [61, 62]. The question of which non-parenchyma
cells become IL-10 producers in response to IR insult remains to be elucidated.
Recently, conventional DC have been shown to exert immune-regulatory functions
by producing IL-10 via a TLR9-mediated mechanism [63]. Thus, the very same
non-parenchyma cells responsible for initiation of the pro-inflammatory response
against IR [64] may also terminate their own early-action function. Such a hypoth-
esis is consistent with in vitro studies in which macrophages (or DC) produced both
pro- and anti-inflammatory mediators in response to the very same TLR ligand
supplied to the culture.

As IR activates pro- and anti-inflammatory gene programs, the question remains
as to the mechanisms that determine the nature of immune responses and dictate the
outcome of tissue injury. Is it merely the difference in the kinetics of innate immune
gene induction or tissue/cell responsiveness to the gene products, in such a way that
the pro-inflammatory cytodestructive program precedes the anti-inflammatory cy-
toprotective pattern, resulting in self-limited tissue damage response? Alternatively,
endogenous ligands generated at different IR stages may trigger pro- and anti-in-
flammatory response sequentially, possibly via distinct TLR pathways and/or in dif-
ferent cell types. One may also envision cell—cell interactions, such as macrophage/
DC-T cell, which may dictate the nature of local immune response by engaging
additional activation signaling pathways. Addressing these questions in Langerhans
cell-rich skin tissue should further our understanding of IRI mechanism in VCAs,
and help to identify therapeutic targets to suppress pro-inflammatory without inter-
fering with immune regulatory functions.

T Cells in IR Innate Immune Responses

Although IRI develops in syngeneic grafts, in ex vivo settings, or under sterile con-
ditions, T cells, particularly of CD4 phenotype, are indispensable for the activa-
tion and regulation of pro-inflammatory immune sequelae (Fig. 22.2). The original
observation that systemic immunosuppression CsA (Cyclosporin A); FK506 (Ta-
crolimus) attenuated peri-transplant tissue damage provided indirect evidence for
T cell involvement in IRI development [65]. Experiments in T cell- (nude) and
CD4-deficient mice have documented the pivotal function of CD4+T cell in the
mechanism of tissue damage in several IR models [66—69]. However, the question
as to how T cells may function in innate immune-driven response and in the absence
of exogenous antigenic stimulation remains unanswered.

The role of T cell costimulation in promoting IRI pathology in the absence of
antigen stimulation was originally shown in a study in which CD28 blockade with
CTLA-4-Ig-protected rat kidneys from IRI by reducing T cell and macrophage
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infiltration [70]. Both CD28 and CD154 pathways were in fact essential for the
development of local pro-inflammatory milieu critical to IR-mediated organ dam-
age. Indeed, livers in CD154 KO or CD28 KO mice or in WT mice treated with
anti-CD154 or CTLA-4-Ig were all IRI resistant [68]. Moreover, T helper type 1
(Th1)-type cells were shown to play a key role in IRI pathogenesis, as Stat4 KO
(deficient in Thl development), but not Stat6 KO, mice were protected from the
injury, whereas reconstitution of “nude” mice with T cells from Stat6KO, but not
Stat4KO, mice readily restored cardinal features of IRI [71]. Th17 cells have been
also implicated in autoimmune inflammatory diseases, and their putative role in
IRI has started to be unraveled. Although cellular sources of IL-17 remain to be
defined, IL-17A KO mice suffer less severe IRI in parallel with reduced neutrophil
infiltration. The impact of IL-17A deficiency was associated with relatively late
stages of the disease and with acute IR-damage being unaffected [72]. Indeed, we
consistently detect massive CD4+T cell sequestration into post-ischemic hepatic
tissue well before any appreciable local neutrophil sequestration. This may occur
via released IL-17, which then acts upon macrophages to produce MIP-2, a known
neutrophil chemoattractant.

IL-22, an inducible cytokine of the IL-10 superfamily, is produced by selected
T cell subsets (Th17, Th22, y/5, NKT) [73]. IL-22 is quite unique because its bio-
logical activity, unlike other cytokines, does not serve the communication between
immune cells, but rather signals directly to the tissue. Its tissue action is through a
heterodimer IL-10R2/IL-22R1 complex. In contrast to IL-10R2, which is ubiqui-
tously expressed and largely dispensable, the expression of IL-22R1 is restricted to
epithelial cells including hepatocytes and skin, and has not been detected in cells of
the hematopoietic lineage.

By increasing tissue immunity in barrier organs such as skin, lungs, and the
gastrointestinal tract, [L-22 has been associated with a number of human diseases
and shown to contribute to the pathogenesis of psoriasis, rheumatoid arthritis, and
Crohn’s disease [73—76]. However, parallel studies in murine models of mucosal
defense against pulmonary bacterial infection, inflammatory bowel disease, or
acute/chronic liver failure indicate that IL-22 may exert immunoregulatory patho-
logic or protective functions, depending on the context in which it is expressed
[77-82]. Thus, advancing our appreciation of the IL-22-IL-22R biology may yield
novel therapeutic targets in multiple human diseases. Having documented that ad-
ministration of rIL-22 exerted cytoprotection via STAT3 activation [83], we favor
the concept that IL-22 is well positioned to orchestrate innate—adaptive immune
networks by activating cell survival genes, preventing apoptosis, and promoting cell
regeneration in IR-stressed organs, a novel idea directly relevant to studies on skin
IRI in the emerging VCA field.

Recently discovered T cell Immunoglobulin Mucin (TIM) cell surface proteins
have attracted much attention as novel regulators of host immunity [84]. T cell
stimulation amplifies TIM-1, a phosphatidylserine (PS) receptor, primarily on
CD4+Th2/Thl cells, whereas TIM-4, one of the major TIM-1 ligands, is expressed
mostly by macrophages and other APCs. Hence, TIM-1-TIM-4 interactions consti-
tute a novel molecular mechanism of T cell—macrophage regulation at the innate—
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adaptive interface, and may be a therapeutic target. Indeed, treatment with anti-
TIM-1 mADb ameliorated liver [85] and renal [86] IR damage and was accompanied
by decreased PMN infiltration/activation, inhibition of T lymphocyte/macrophage
sequestration and diminished homing of TIM-1 ligand expressing TIM-4 +cells in
ischemic tissues. The mechanism by which TIM-1 mediates IR-triggered innate-
driven inflammation is shown in Fig. 22.4a. In the “direct” pathway, TIM-1 ex-
pressed on activated Th2 cells cross-links TIM-4 to directly activate macrophages.
In the “indirect” pathway, TIM-1 on activated Th1 cells triggers interferon (IFN)-y
that results in macrophage activation. Regardless of the pathway, activated macro-
phages do elaborate cytokine/chemokine programs that facilitate ultimate IR organ
damage.

The TIM-3—Gal-9, on the other hand, constitutes a “negative” costimulation sig-
naling between Th1 and macrophages, and has been shown to promote tolerance in
transplant recipients [84]. Interestingly, TIM-3 blockade worsened the IR damage,
along with increased IFN-y but depressed IL-10 expression in IR-stressed organs
[87]. One potential mechanism by which TIM-3-Gal-9 pathway controls IRI im-
mune cascade is depicted in Fig. 22.4b. TIM-3 blockade on activated Thl cells
increases their production of IFN-y, which in turn enhances or prolongs the activa-
tion of macrophages, DC, neutrophils, and upregulates TLR4 expression. Activated
macrophages elaborate cytokine/chemokine programs through TLR4 pathway, crit-
ical to promote organ damage that can be negatively modulated via TIM-3 signal-
ing. We favor the notion that the TIM-3 pathway may exert “protective” function
by depressing IFN-y production, and hence spare the IR-stressed organ in TLR4-
dependent manner. However, although the blockade of “positive” TIM-1/TIM-4 or
enhancement of “negative” TIM-3/Gal-9 costimulation might be essential, further
studies are needed to accurately assess their therapeutic potential, given the oppos-
ing effects of TIM-1 and TIM-3 signaling. As PD-1- PD-L1 pathway has also been
shown to promote cytoprotection [88, 89], harnessing physiological mechanisms
of PD-1 negative T cell costimulation should prove instrumental for organ homeo-
stasis by minimizing local damage and promoting IL-10-dependent cytoprotection.

In addition to “traditional” T cells, NK natural killer cells (NK) and natural killer
T cells (NKT) cells may also play distinctive roles in the mechanism of IRI. Al-
though depletion of NK1.1 cells (NK/NKT) fails to affect the severity of tissue
IRI at early stages [90], it reduces the cellular damage in the later phase [91]. IR-
triggered activation of NKT cells is mediated by CD1d and glycolipid Ags, released
possibly by necrotic cells, to NKT cell invariant TCRs. Furthermore, NKT cell sub-
sets may play distinctive roles in vivo, with type II NKT cells shown to prevent
IRI when activated by specific glycolipid ligand sulfatide [92]. IR-triggered NK
cell activation is dependent on CD39 to hydrolyze adenosine diphosphate (ADP) to
adenosine monophosphate (AMP). Indeed, CD39-deficient organs are consistently
IR-resistant with concomitantly diminished NK-derived IFN-y production, possibly
due to P2 receptor activation [93]. Thus, T cells, NKT cells, and NK cells are all
involved, possibly at different stages of IR-innate activation, by providing costimu-
latory signaling via cell—cell interactions or cytokine stimulation to macrophages
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and/or DC. This, in turn, promotes pro-inflammatory innate immune activation in
IR-stressed tissue.

IRI in VCA: A New Research Frontier

There is general consensus that compared with solid organs, skin allografts are
much more resistant to currently used immunosuppressive agents and tolerogenic
in vivo strategies. Indeed, skin has been recognized as the major immunogenic com-
ponent in VCA as well as the primary trigger and target of rejection response in
hand or face transplants. Hence, a better understanding of skin “immunology” per
se should improve our appreciation of complex immune mechanisms leading to
VCA rejection or survival.

The skin of an adult human contains 10-20 billion resident memory T cells ready
to respond to a variety of environmental or internal challenges. Under steady-state
conditions, skin epidermis Langerhans cells (LCs) may specifically induce acti-
vation/proliferation of resident regulatory T cells (CD4+CD25+FoxP3+CD127-)
able to maintain the “tolerant” state to self-antigens [94]. Upon the infectious chal-
lenge, however, the very same LCs readily trigger activation and proliferation of
IFN-y/IL-17 producing effector memory T cells. It is plausible that comparable im-
mune patterns may operate in IR-stressed VCAs. There is evidence for the existence
of two types of LCs that populate murine skin through distinct pathways [95]. Thus,
under inflammatory conditions, short-term LCs, which develop from monocytic LC
precursors, become recruited from the blood to the skin. In contrast, during ontog-
eny or in the steady state, bone marrow-derived long-term LCs may readily repopu-
late skin epidermis. Other mechanisms may also control the development and func-
tion of skin LCs, and hence affect their function during IR stress. A keratinocyte-
derived IL-34, a ligand for colony-stimulating factor (CSF-1), has been identified
as a nonredundant cytokine for LC development/homeostasis in the adult mouse
and human steady-state skin [96]. Interestingly, although during local skin inflam-
mation (such as IR insult), repopulating LCs appear to be CSF-1 dependent, once
the inflammation is resolved, LC survival becomes strictly IL-34 dependent. Hence,
while IL-34 is not required for monocyte recruitment and differentiation into LCs
in the acute skin inflammation phase, this stroma-derived cytokine becomes crucial
for LCs maintenance in the tissue-“healing” process during the homeostatic phase.

As distinct DC subsets may trigger either tolerogenic (cytoprotective) or immu-
nogenic (cytodestructive) responses depending on the activating signal, the ques-
tion arises as to whether and how skin LCs support immunogenic functions in the
absence of antigen presentation by other DC subsets. Indeed, LCs exposed to di-
verse stimulants were committed to tolerogenic functions, and maintained a tolero-
genic NFkB signature despite concomitant upregulation of costimulatory molecules
CD80, CD86, and IL-12 [97]. This may explain why epithelium-containing endog-
enous TLR ligands are largely tolerated, whereas those that breach the epithelial
basement membrane to activate dermal DCs become immune stimulators in the
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inflamed skin. What are putative mechanisms by which epidermal LCs may protect
skin from local inflammation? In a murine cutaneous immune tolerance model,
epidermal DCs were shown to confer protection by a mechanism involving an-
ergy and deletion of allergen-specific CD8 +T cells, with simultaneous activation of
ICOS+CD4+FoxP3+Treg cells [98]. Based on these data, one may speculate that
in addition to obvious T cell phenotypic aberrations, LC deficiency or their deregu-
lated migration patterns may contribute to skin-specific inflammatory responses,
such as those in VCAs.

As molecular mechanisms and dynamics of skin damage due to either innate-
mediated IR or adaptive immunity-driven rejection seem comparable with inflam-
matory skin conditions, these studies are of major interest to transplant researchers,
especially those in the emerging field of VCA. It remains to be determined whether
molecular aspects of LC function, as discussed here, may explain why skin grafts
are somewhat “less antigenic” when a part of experimental VCA than skin tissue
transplanted alone. Hence, dissecting innate—adaptive immune cross-regulation
in clinically relevant, yet technically challenging, murine models of tissue IRI in
VCAs is warranted. These studies are needed to better understand the intricate net-
work of highly complex functional interactions among molecular targets, which can
be amplified, are highly regulated, and in many cases, become flexible to be either
cell or tissue-type specific. This bench research experience should translate to the
bedside in continuing the effort to improve VCA function, save lives, benefit patient
outcomes, and enhance the overall success of clinical transplantation.
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