
Graft rejection – endogenous or allogeneic?

Allograft rejection

Transplantation accompanied by an immunosuppressive

regimen, is the established treatment for end-stage organ

disease. Engraftment success is principally determined by

the extent of the recipient immune response. Both acute

and chronic rejection contribute significantly to allograft

dysfunction. Acute rejection is typified by a predomi-

nantly T-cell-mediated response to the graft, and is

observed most frequently in the early post-transplant per-

iod (weeks to months). Histological examination of endo-

myocardial biopsy is the standard diagnostic method, and

is graded according to the level of allograft infiltrate and

extent of myocyte damage. Acute rejection generally

responds well to additional immunosuppressive treat-

ment. Conversely, chronic rejection remains a major limi-

tation to long-term allograft acceptance. Although there

are differences in chronic rejection between organs, there

is commonly a characteristic fibrosis of the graft and

associated vasculature. Chronic rejection typically mani-

fests over a significantly longer period (months to years),

and causes a gradual deterioration in graft function.

Although the precise mechanisms responsible are not

completely understood, it is clear that rejection involves

the collective interplay of a milieu of immune processes.

Allograft rejection occurs as a direct response to the pres-

ence and persistence of alloantigen. Whereas this is an

absolute necessity for a graft-specific T-cell-mediated

response, specificity comprises only a single facet of an

extremely complex immunological network. We feel that

additional factors may be more influential than previously

thought. Mounting an effective immune response requires

a vast array of co-ordinated signalling mechanisms

(T helper cell-derived ‘help’, proliferative signals via

inflammatory cytokines, cellular diapedesis via chemotactic

gradients and adhesion molecule expression) and interac-

tions [MHC–peptide complex ligation to T-cell receptor

(TCR), co-stimulation), many of which are inducible in

an antigen-independent manner. The current non-self-

discrimination paradigm with regard to transplantation
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Summary

The presence and persistence of alloantigen is necessary for graft-specific

T-cell-mediated immunity. However, specificity comprises only a single

facet of an extremely complex process. Evidence is accruing to suggest

that immunogenicity could be manipulated by endogenous ligands

released during tissue injury. Stress molecules are significantly up-regu-

lated following transplantation and stimulate conserved receptors on a

range of leucocytes, including dendritic cells (DCs). The DCs are essential

for co-stimulation and the induction of adaptive immunity. Stress signals

can act as an adjuvant leading to DC maturation and activation. DCs

stimulated by endogens exhibit enhanced alloantigen presentation, co-

stimulation and production of pro-inflammatory cytokines, such as inter-

leukin-1b (IL-1b) and IL-18. Inflammasomes have a major role in IL-1b/

IL-18 production and secretion, and can be stimulated by endogens.

Importantly, the polarization toward inflammatory T helper type 17 cells

as opposed to regulatory T cells is dependent upon, among other factors,

IL-1b. This highlights an important differentiation pathway that may be

influenced by endogenous signals. Minimizing graft damage and stress

expression should hypothetically be advantageous, and we feel that this

area warrants further research, and may provide novel treatment modali-

ties with potential clinical benefit.

Keywords: innate immunity; novel biological therapies (anti-cytokines

etc.); T cells; toll receptors/toll-like receptors; transplantation
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relies on the notion that alloantigen is inherently immu-

nogenic. However, evidence is accruing to suggest that

several mechanisms in the alloimmune response could be

manipulated via the stimulation of conserved pattern

recognition receptors (PRRs) by damage-associated

molecular patterns (DAMPs) of endogenous origin (see

Fig. 1).

Donor-derived endogenous stress and
the immune response

Experimental data in mice have demonstrated that resting

mature dendritic cells (DCs) can be activated in the

absence of foreign stimuli, to a level comparable with

lipopolysaccharide-stimulated cells (up-regulated antigen

presentation and co-stimulation compared with con-

trols).1 These DCs may potentially stimulate naive T cells,

prompting an adaptive response. Moreover, stressed/

necrotic cells but not healthy or apoptotic cells act as an

adjuvant, enabling a primary immune response to ovalbu-

min in vivo. This illustrates that foreign antigen alone

does not initiate a response, highlighting the disparity

between antigenicity and immunogenicity.

Innate immunity is important in tissue maintenance,

the routine clearance of cellular debris and post-surgical

trauma.2–4 Activation can occur as a direct result of

DAMPs originating from endogenous tissue and received

through PRRs constitutively expressed on a variety of leu-

cocytes [i.e. Toll-like receptors (TLRs) and nucleotide-

binding oligomerization domain-like receptors (NLRs)].

Immune activation is again demonstrated to occur in the

absence of non-self antigens. It is therefore plausible that

a similar process could be responsible for innate activa-

tion following transplantation.
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Figure 1. Overview of immune interactions stimulated by damage-associated molecular pattern (DAMP) release. DAMPs released during tissue

damage ligate to Toll-like receptors (TLRs)/ nucleotide-binding oligomerization domain-like receptors (NLRs) and instigate the activation of

important immune populations, i.e. mature dendritic cells (DCs), which subsequently influence T-cell differentiation [T helper type 1 (Th1),

Th2, Th17, regulatory T (Treg)]. Mature DCs will co-stimulate allospecific T cells, inducing interleukin-2 (IL-2) synthesis, CD25 up-regulation

and interferon-c (IFN-c) production. Stress-induced DAMP release could induce the differentiation of monocytes to DCs, further enhancing the

potential for T-cell involvement. Up-regulated intercellular adhesion molecule 1 (ICAM-1) can be bound by CR3, inducing platelet activation

and soluble CD154 release, which is able to provide co-stimulation to T cells. IL-2R, IL-2 receptor; PRR, pattern-recognition receptor; ROS, reac-

tive oxygen species.
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Early infiltration of the graft is dominated by macro-

phages, neutrophils and other innate cells, which become

activated before, and can substantially influence adaptive

cells.5 A milieu of confirmed constitutive/inducible endo-

genous ligands for PRRs is released in the early post-

transplant period in response to the inherent damage and

stress caused by the procedure (see Table 1).6–8

The presence of PRR agonists [including High Mobility

Group Box 1 (HMGB1), biglycan and heat-shock pro-

teins]11,12 provide a foundation for innate stimulation.

PRR ligation can initiate important signalling cascades in

an alloantigen-independent process, up-regulating the

production of a panoply of pro-inflammatory cytokines

(see Table 1) that can influence adaptive immunity and

promote acute rejection. Interestingly, stimulated macro-

phages actually secrete both HMGB1 and biglycan as

endogenous pro-inflammatory mediators, thereby escalat-

ing the response further and recruiting the involvement

of other PRR-expressing cells.9,13

Acute rejection episodes have been demonstrated to be

the major risk factor in the development of chronic rejec-

tion in solid organ transplantation.14,15 T-cell differentia-

tion to a memory phenotype may enable acute insults to

translate into a chronic response. However, chronic rejec-

tion manifestation is also significantly influenced by non-

antigen-specific factors, such as neutrophilia and oxidative

stress, which are responsible for progressive graft damage.

Oxidative stress can result from a range of processes,

including inflammation and calcineurin inhibitor ther-

apy,16 which disturb the balance between reactive oxygen

species (ROS) and natural antioxidants. Innate immune

cells, including activated neutrophils, release significant

amounts of inducible nitric oxide synthase and NADPH

oxidase, contributing to the overwhelming pro-oxidant

environment.17 Activation of PRRs as a result of the dam-

age associated with oxidative stress induces ROS produc-

tion, maintaining the redox imbalance. Oxidative stress

and neutrophilia are therefore intrinsically linked in a

deleterious cycle which escalates DAMP expression and

chronic graft damage, eventually leading to rejection.

Interestingly, NADPH oxidase production by neutrophils

is able to up-regulate TLR2 and stable intercellular adhe-

sion molecule 1 (ICAM-1) expression on TLR4-stimu-

lated endothelial cells.18 This should allow more efficient

adhesion of graft-infiltrating immune cells, and will

increase endothelial cell responsiveness to DAMPs.

Conserved endogenous pathways and
the local tissue environment

Although both innate and adaptive cells are integral in

efficient immunity, the structural components of the tis-

sue also play a vital role. The interplay between tissue and

effector cells is strictly regulated to ensure that immune

activation occurs only when and where it is necessary,

and is adequately specific to minimize collateral tissue

damage. Fibroblasts, and epithelial and endothelial cells

can release DAMPs, pro-inflammatory or anti-inflamma-

tory cytokines, chemokines and up-regulate adhesion

molecules as a signal to immune cells to induce (or cease)

a response. For example, fibroblasts significantly express

interleukin-6 (IL-6) and allograft inflammatory factor-1

in a model of scleradermatous graft-versus-host-disease,

and are therefore of importance in stem cell transplanta-

tion.19 Notably, fibroblast activation is elevated during

graft rejection and has been associated with significantly

increased levels of hyaluronan,20 a confirmed ligand for

TLR4. Acute kidney injury induces an increased expres-

sion of TLR4 on endothelial cells,21 allowing for co-oper-

ation between populations to potentiate the response. The

well-documented DAMP HMGB1, which is released dur-

ing tissue damage and can signal via TLR4, significantly

increases adhesion molecule expression on the endothelial

surface.21 This is extremely important in the extravasation

of leucocytes, hence allowing an efficient immune response.

Importantly, the expression of PRRs on structural cells22–24

Table 1. Endogenous damage-associated molecular patterns (DAMPs), their corresponding receptors on immune cells and the downstream

effects of their ligation

DAMP Receptor Function

Biglycan TLR2/4 Increased CXCL13 expression; rapid p38 MAPK, ERK and NF-jB activation;

TNF-a and MIP-2 secretion9,10

HMGB1 RAGE and TLR2/4 TNF-a, IL-1b, IL-6 and IL-10 secretion; DC maturation

Heat-shock protein 60/70 TLR2/4 TNF-a, IL-1, IL-6 and IL-12 secretion; DC maturation; C-C chemokine and NO release

Fibrinogen TLR4 NF-jB activation; TNF-a and IL-1b secretion; MIP-1a, MIP-1b, MIP-2 and

MCP-1 secretion

Uric acid TLR2 Caspase-1 activation and IL-1b/IL-18 release;

ATP P2X7R Caspase-1 activation and IL-1b/IL-18 release; up-regulated DC co-stimulatory molecules

DC, dendritic cell; ERK, extracellular signal-regulated kinase; IL-2, interleukin-2; MAPK, mitogen-activated protein kinase, MCP-1, mono-

cytes chemoattractant protein 1; MIP, macrophage inflammatory protein; NF-jB, nuclear factor-jB; TLR, Toll-like receptor; TNF tumour

necrosis factor.
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enables them to receive, as well as act as a source of,

DAMP signals. This versatility provides a mechanism

whereby stress signals can be efficiently amplified and

maintained, so contributing to graft rejection.

Damaged endothelial cells lining graft vasculature

release endogenous mediators including IL-1a, IL-1b and

IL-18, enhancing immunity in the presence of alloantigen.

Importantly, IL-1b and IL-18 production and secretion

involves multiple signals (see Fig. 2). Interleukin-1b gene

transcription requires PRR stimulation and caspase-1 acti-

vation.25 Caspase-1 activation in macrophages requires

the assembly of inflammasomes in an NLR-dependent

mechanism. The activation requirements of inflamma-

somes are incompletely defined; however, a number of

sources suggest that membrane disruption allowing the

release of endogenous molecules is a key mechanism.26,27

The NACHT, LRR and PYD domains-containing protein

3 (NALP3) inflammasome may represent a general sensor

for danger and stress signals (which can occur in the

absence of allogeneic or microbial stimuli), an assertion

that is supported by a range of data.28–31 Inflammasomes

have recently been identified as having an important role

in translating endogenous DAMP signals (such as uric

acid32 and biglycan10,25) into inflammatory responses in a

range of diseases.28,30,33,34 Extracellular ATP released via

membrane disruption is an extremely important DAMP,

and has pluripotent properties dependent upon the rela-

tive expression of corresponding receptors in the local

environment [including a-1 adrenergic receptor and P2X

purinoreceptor 7 (P2X7)].35,36 In several inflammatory

diseases, including asthmatic airway inflammation and

graft-versus-host diseases, extracellular ATP recognized by
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Figure 2. Mitochondrial damage, stress signalling and inflammasome formation. Damage-associated molecular patterns (DAMPs) released during

tissue damage ligate to Toll-like receptors (TLRs), which initiate intracellular cascades i.e. interleukin receptor-associated kinase (IRAK), p38

mitogen activated protein kinase (MAPK), Jun N-terminal kinase (JNK) and nuclear factor-jB (NF-jB), leading to pro-interleukin-1b (IL-1b)

and pro-IL-18 production. Tissue trauma can also initiate caspase-8/BID-dependent mitochondrial membrane rupture, releasing ATP. ATPase is

denatured by heat-shock protein 40 (HSP 40) during stress, contributing to elevated ATP levels during tissue damage. ATP binds to P2X7

purinergic receptor inducing NACHT, LRR and PYD domains-containing protein 3 (NALP3) inflammasome formation and cleavage of pro-

caspase-1. ATP-induced caspase-1 cleaves pro-IL-1b and pro-IL-18 to functional IL-1b and IL-18. Mitochondrial disruption also causes endo

G-dependent DNA fragmentation. DNA fragments will therefore bind to TLR3 on the TIR-domain-containing adaptor-inducing interferon-b
(TRIF) and tumour necrosis factor receptor associated factor (TRAF) endosome, inducing interferon regulatory factor (IRF) signalling and inter-

feron-c release. ASC, apoptotic speck protein; NLR, nucleotide-binding oligomerization domain-like receptors.
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P2X7 receptor induces inflammasome activity, including

caspase-1 activation, pro-inflammatory cytokine transcrip-

tion/release and increased expression of co-stimulatory

molecules on DCs.37,38 Blockade of this endogenous path-

way has reported benefits on clinical outcome (including

survival) in recipients.

Stimulation of TLR2 and TLR4 alone is sufficient to

induce IL-1b release from monocytes, because of their

constitutively active form of caspase-1.39 This essentially

equates to a potent pro-inflammatory mechanism without

the immunological safeguard of a two-signal system.

Importantly, TLR2 and TLR4 are pluripotent, with a vast

array of endogenous ligands expressed on or released

from injured donor tissue, including heat-shock proteins,

fibrinogen, HMGB1 and biglycan.12,40 This emphasizes

the potential for endogenous signals to play an influential

role following transplantation, where the local tissue envi-

ronment has the capacity to dictate and control subse-

quent immune responses. The donor endothelium (which

represents an early target for recipient T cells infiltrating

the graft) can significantly influence T-cell proliferation

and differentiation via regulating cytokine secretion.41

This equates to endothelial cell control over the allogeneic

inflammatory response. Under inflammatory conditions,

the donor endothelium promotes the expansion of helper

T cells, pro-inflammatory T helper type 17 (Th17) and

regulatory T (Treg) cell populations. The concomitant

Th17/Treg expansion has been confirmed elsewhere.42

The reason for such a relationship, other than their (dis-

puted) shared requirement for transforming growth

factor-b,42–45 is ill defined considering their vastly differ-

ent functions. The pro-inflammatory Th17 population is

responsible for accelerated graft rejection and vasculopa-

thy in the absence of Th1 cells,46 and is considered to be

the major inducer of neutrophilia in transplantation.47 As

such, Th17 cells are considered to be an important popu-

lation in transplantation immunity. The induction of a

Th17 response is reliant on, among other factors,

IL-1b43,44,48 and IL-6. Mice deficient in IL-1R exhibit sig-

nificantly impaired Th17 responses.49 As IL-1b produc-

tion is regulated by conserved PRRs (TLRs/NLRs), and

IL-6 expression can be stimulated upon tissue injury,

endogenous DAMP signalling could significantly influence

this differentiation pathway. Interleukin-1a has an almost

identical immunological effect to IL-1b but is expressed

in a bioactive form without the need for further process-

ing. Whereas the regulatory step that is characteristic of

IL-1b production is absent, IL-1a expression is observed

upon tissue damage and is therefore also sensitive to

endogenous stimuli.50

Endogenous stress and innate immunity

Neutrophilia in transplantation is an extremely important

event, which contributes significantly to chronic rejection.

A primary characteristic of neutrophils in the graft is the

production of ROS. The direct effect of this will contrib-

ute to oxidative stress and DAMP release. Neutrophils are

also responsible for much of the early IL-17 production

within the graft, before infiltration by Th17 cells.51,52 This

process has several implications, including accelerated

acute rejection and a reduction in Treg cell expansion,

which favours an inflammatory effector environment.53

Although these cells can clearly be detrimental to the

graft, early neutrophil extravasation to the site of injury is

important for tissue repair. Their involvement in this

process is diminished beyond the early phase, whereby

macrophages become the main reparative agents. The het-

erogeneity of macrophages means that, like neutrophils,

their precise role is complicated and multifactorial in

transplantation. Macrophages express a wide range of

PRRs,54 and as such have an extensive ability to survey

for damage. Once activated via PRR ligation, macrophag-

es act as non-professional antigen-presenting cells, allow-

ing the induction of a secondary allospecific immune

response. These cells also contribute to graft damage

directly, via the secretion of ROS, and increase infiltration

via the production of inflammatory cytokines (i.e. tumour

necrosis factor-a, IL-18 and IL-1b). Consequently, this

population is significantly involved in the pathogenesis of

both acute and chronic rejection. The factors controlling

the balance between inflammatory and immunoregulatory

macrophage activity/phenotype requires further research.

Theoretically, the polarization towards a reparative, rather

than inflammatory, response would minimize direct dam-

age to the graft, reduce DAMP expression and promote

quiescence.

Complement co-ordinates and influences multiple fac-

ets of the immune response following transplantation.

The beauty of the complement system is that it is inte-

grally involved in the recognition of both apoptotic and

necrotic cell death, is able to distinguish between the two

and prompt innate and adaptive immunity accordingly.

Complement receptor-3 (CR3) stimulation can result in

phagocytosis of apoptotic cells without an inflammatory

response, or induce potent inflammation upon recogni-

tion of endogenous DAMPS, such as oleic acid55 and

ICAM-1.56 The response therefore appears to be tailored

to differentiate between natural and necrotic cell death,

regardless of cause. Of particular note for transplantation,

the CR3 ligand ICAM-1 is significantly up-regulated dur-

ing cold ischaemia57 and following endothelial damage.58

ICAM-1 facilitates CR3 activation and so potentially exac-

erbates the early inflammatory response to the graft. The

role of CR3 has been assessed previously,59 and was dis-

covered to be integral to the regulation of IL-12 produc-

tion, a critical determinant of cell-mediated immunity.

The elevated expression of adhesion factors such as

P-selectin and ICAMs during non-antigen-dependent stress

(i.e. cold ischaemia), initiates an interactive feedback loop
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with platelets. Platelet activation is sufficient to induce

the recruitment and activation of leucocytes and feedback

stimulation of endothelial cells, via degranulation and

release of an array of growth factors, chemoattractants

and adhesion molecules.60 Platelets have also been impli-

cated in the expression of CD154, a co-stimulatory mole-

cule primarily expressed on activated T cells.60 Thrombin-

activated platelets also secrete an active, soluble form of

CD154. Both platelet-expressed and soluble CD154 induce

DC maturation and activation, determined via CD80,

CD83, CD86 and HLA-DR expression.61 Therefore endog-

enous DAMPs indirectly contribute to alloantigen specific

immunity via the provision of activating signals to DCs.

Endogenous stress and the T-cell
response – indirect contributions to
alloantigen specific immunity

Involvement of T cells is fundamental to rejection. How-

ever, T-cell stimulation requires previous innate,

non-antigen-dependent input. As the result of MHC

restriction and co-stimulation requirements, DCs com-

prise an integral population that regulates immunity and

graft rejection. The result of antigen uptake is determined

by the maturation and activation of DCs.62 A vast array

of inducible danger signals released by stressed tissues and

haematopoietic cells are able to stimulate DC maturation.

Joffre et al.63 demonstrated that mature, resting DCs

induce the expansion of T-cell populations. This may

occur as a mechanism of local surveillance, representing a

fundamental immunological safeguard. Expanded cells

will be deleted or become anergic without the input of

activated DCs as a result of peripheral tolerance mecha-

nisms. However, direct stimulation of surface-expressed

PRRs is sufficient to induce full activation.63 Activated

DCs undergo phenotypic modifications including the up-

regulation of antigen-presenting and co-stimulatory mole-

cules (MHC, CD40, CD80 and CD86) and are able to

release IL-12, described as ‘signal 3’.63 Hypothetically such

DCs should be functionally capable of priming T cells. A

disparity in DC behaviour is therefore observed depend-

ing on the signal delivered by the tissue itself (i.e. induc-

ible or constitutive signals), which may be related to the

nature and extent of the damage/stress. Endogenous im-

munoactive ligands are released in abundance as a result

of the surgical stress that is inherent in transplantation.6–8

Although important for activation, the presence of endog-

enous signals in the absence of alloantigen would (hypo-

thetically) not lead to graft rejection. The response will be

sustained for the duration of stress, as a result of toler-

ance to healthy ‘self’ antigens being restored by peripheral

mechanisms upon quiescence. Similarly, the presence of

alloantigen in an entirely stress-free environment may not

lead to graft rejection, because of a lack of DC co-stimu-

lation. According to the danger model,64 such an occurrence

would promote T-cell apoptosis, leading to immunologi-

cal tolerance and graft acceptance.

Pre-transplant aetiology

The deleterious effect of endogenous danger signals in

transplantation may be further complicated by pre-trans-

plant disease. Elevated DAMP expression, PRR signalling,

and innate cell activation can be observed before trans-

plantation as the result of pre-existing pathology. Conse-

quently, this provides an environment in which a milieu

of pro-inflammatory and auxiliary signals is already pres-

ent, and co-stimulatory molecules are overtly expressed.

Introduction of alloantigen may simply provide the anti-

genic target for the adjuvant-primed response. The nature

of the adaptive response means that lymphocyte differen-

tiation into alloantigen-specific memory cells will occur.

Importantly, these cells may contribute significantly to

episodes of acute, as well as chronic rejection. Therefore,

alloantigen provides an antigenic stimulus without pre-

existing tolerance. Additionally, pre-transplant infection

has been recognized as a significant risk factor in graft

rejection. Renal transplant recipients with pre-existing BK

polyomavirus infection have a significantly elevated risk

of acute and chronic rejection,65 whereas pre-existing

cytomegalovirus infection has been implicated as a risk

factor for cardiac allograft vasculopathy.66 Furthermore,

chronic viral infection in a murine transplantation model

has been previously demonstrated to abate tolerance

induction and prompt rejection.67 The plasticity of con-

served PRRs on immune cells is such that ligation by

pathogenic agents or their components (e.g. lipopolysac-

charide recognition on TLR4 or cytomegalovirus recogni-

tion by TLR3/968) induces downstream signalling cascades

that mimic the response to endogenous signals. Moreover,

any damage that is caused as a result of infection may

enhance the expression of DAMPs on local tissue.

Endogens influencing adaptive memory

Antigen specificity is particularly important for adaptive

memory, yet even at this point, endogenous signalling

mechanisms remain influential. Lymphocytes express a

range of TLRs,69 although the precise role in this setting

is uncertain. Cell surface expression on T helper cells only

appears to be up-regulated on activated and memory

populations, in a TCR-stimulation-dependent manner.69

In this case, TLRs may function as co-stimulatory recep-

tors on memory cells, which could explain their reported

reduced dependence on classical co-stimulation path-

ways.70 Importantly, in the transplant setting, TLRs also

(indirectly) modulate Treg cell processes. The Treg cells

maintain peripheral tolerance to ‘self’ antigens by sup-

pressing autoreactive T-cell activation, and are activated

via TCR ligation, although their effector function is
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antigen non-specific;71 therefore, Treg cell function requires

modulation. Treg-cell-induced immunoregulation can be

interrupted via TLR-stimulated DCs.72 This implies that

DAMPs could subvert natural suppression to promote an

alloresponse. It is interesting to note that Treg cells them-

selves also express several TLRs.72–74 Their role in this set-

ting is incompletely defined, but may allow Treg cell

functions to be directly influenced by the donor tissue

environment. Intriguingly, it appears that Treg cell TLR

stimulation can inhibit or promote suppression in a vari-

able-dependent manner. Recent studies have yielded dis-

parate results, with TLR2 ligation purported to induce

opposite effects with different substrates.75,76 These dis-

crepancies increase the uncertainty surrounding the role

of TLRs on Treg cells, necessitating additional research. It

is not known whether the abrogation of Treg cell sup-

pression post-transplantation results primarily from TLR

stimulation of Treg cells, or through interaction with acti-

vated DC. Nevertheless, TLRs clearly play an important

role in modulating Treg cell suppressive capacity, and

may therefore be central in the overall response.

Reducing graft immunogenicity by modulating
endogenous stress expression

Minimizing injury to the graft is the ideal scenario during

transplantation. Techniques such as ex vivo treatment of

donor organs using non-traumatic perfusion pressures

may have some benefit; however, it is inevitable that there

will be a certain amount of tissue injury as a result of the

procedure. It is therefore necessary to consider methods

by which this expression can be minimized or their detri-

mental interactions inhibited.

Attempts to reduce the levels of endogenous stress that

accompany transplantation have yielded beneficial results

in terms of graft survival. Land77 reduced the negative

impact associated with ROS-mediated ischaemia–reperfu-

sion (IR) injury, through use of the free radical scavenger,

superoxide dismutase. Therapeutic suppression of non-

antigen-dependent injury should minimize endogenous

ligand release and therefore diminish graft immunogenic-

ity. Further experimental studies with synthetic free radi-

cal scavengers, such as MCI-186, have proven similarly

beneficial in minimizing graft infiltration and

damage.78,79

Sphingosine-1-phosphate (S1P) confers a potent car-

dioprotective effect via interaction with corresponding

sphingosine receptors on lymphocytes. S1P and synthetic

homologues (such as FTY720) reduce cell-mediated immu-

nity toward the graft and minimize IR injury.80 However,

the cytoprotective role of S1P is disrupted during tissue

injury. Sphingosine-1-lyase (S1L) is an inducible stress-

activated enzyme that is responsible for irreversibly catab-

olizing S1P, thereby promoting graft immunogenicity.

S1L has been previously identified as a novel therapeutic

target for cardiac IR injury, and can be efficaciously

inhibited by tetrahydroxybutylimidazole.81 S1L inhibition

therapy such as this, or treatment with FTY720, could be

potentially beneficial for transplantation by blocking lym-

phocyte egress.82

The negative association of neutrophilia with chronic

rejection83 has increased interest in treatment modalities

that may reduce this phenomenon. Azithromycin is an

anti-neutrophilic macrolide that has shown some benefit

in bronchiolitis obliterans syndrome, particularly in

patients with a large initial lavage neutrophil count.84,85

However, depletion of neutrophils may negatively impact

tissue repair. A recent report highlighted an increase in

IL-10 as an effect of azithromycin on DC; however, an

increase in co-stimulatory CD80 expression was also

observed.86 The effect of azithromycin on this, and other,

important cell types is not well defined, therefore necessi-

tating further research.

The use of anti-oxidants, such as N-acetyl cysteine, has

shown some efficacy in reducing primary graft dysfunc-

tion following transplantation.87 This is probably because

of a protective effect during IR. However, an increase in

acute graft-versus-host disease, as well as increased alloan-

tigen-specific T-cell mediated immunity, has been demon-

strated in vitro as a result of N-acetyl cysteine treatment.88

This is a particularly detrimental effect that would have

potentially devastating consequences in transplantation.

Further research is clearly warranted to delineate the

cause of this effect, and to ensure that the benefits of this

treatment outweigh the risks.

Ethyl pyruvate inhibits HMGB1 release, resulting in

diminished inflammatory cytokine production while

maintaining IL-10 secretion.89 Ethyl pyruvate treatment

also induces protective haem-oxygenase-1 production,

which minimizes graft damage during IR injury and acute

rejection episodes.90,91 Anti-HMGB1 blockade is similarly

effective in murine models in reducing tumour necrosis

factor-a and IL-1 production, while improving graft via-

bility.92 These methods may offer clinical benefit,

although they do not take into account other expressed/

released stress molecules.

Clinical inhibition of other endogenous PRR agonists,

such as biglycan and heat-shock proteins, is scarcely

reported. However, anti-heat-shock protein 90 treatment

efficaciously reduces inflammation and adaptive immu-

nity.93 This may hypothetically be a useful route by which

to minimize immune activation following transplantation.

Whereas removal of soluble DAMPs such as biglycan

from the site of tissue injury should decrease the inflam-

matory response, monoclonal antibodies may potentially

bind detrimentally to important extracellular forms.94

ATP released during tissue injury stimulates neutrophil

recruitment and induces the inflammasome assembly and

activation necessary for caspase-1 activity. Administration

of ATPase markedly diminished neutrophil recruitment
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following tissue injury.95 P2X7 receptor antagonism also

minimizes the inflammatory response to damage, and is

therefore of potential therapeutic benefit.96 However, we

suggest that the ATP/P2X7 interaction is not the optimal

target for treatment. The effect of ATP sequestration/

P2X7 blockade on IL-1b/IL-18 secretion will be limited

by the constitutively active caspase-1 observed in mono-

cytes.35,39 As IL-1b/IL-18 secretion by monocytes is

dependent upon TLR ligation, and TLRs are integral in

stress recognition via a milieu of additional ligands,

blockade of this pathway may be more successful.

Anti-TLR therapy prevents endogenous stress molecules

from binding to the TLR, thereby reducing leucocyte

influx, cytokine production and pro-apoptotic signalling.

This strategy significantly reduces infarct size and pre-

serves cardiac function during myocardial IR injury.97

This may be a potential therapeutic approach for antago-

nizing existing stress expression following tissue injury

and has proved efficacious in animal models.98 Anti-TLR

therapy could be beneficial as an adjunctive to reducing

stress expression. Several important endogenous ligands

use alternative receptors, such as HMGB1 binding to

receptor for advanced glycation end products (RAGE),

although the principle remains the same. Pharmacological

blockade of RAGE in murine cardiac models significantly

delayed acute rejection.99,100

Conclusion

Rejection is a complex, multifactorial process that is not

solely reliant upon antigenic disparity between donor and

recipient. The influence of DAMPs on proliferation, acti-

vation and differentiation of an array of important leuco-

cyte populations has been highlighted herein. Endogenous

ligands released during tissue stress and injury play an

essential adjuvant role in the initiation of graft rejection.

Further research is necessary to assess the implications of

treating an endogenous, rather than allogeneic source of

rejection.
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