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Immunologic Mechanism of Ischemia Reperfusion Injury in Transplantation

Jong Soo Lee, M.D."?

Division of Nephrology, Department of Internal Medicine, Ulsan University Hospital, University of
Ulsan College of Medicine', Biomedical Research Center?, Ulsan, Korea

Ischemia-reperfusion injury (IRI) is an inevitable consequence of organ transplantation that has major consequences for graft-and
patient survival. During transplantation procedures, allografts are exposed to various periods of complete ischemia. Ischemic
insult starts with brain death, and its associated hemodynamic disturbances continue during donor organ procurement, cold pres-
ervation, and implantation. Ischemia-reperfusion injury, which is a risk factor for acute graft injury, delayed graft function, and
acute and chronic rejection, is triggered following reperfusion. Along the cascade of pathogenic events that accompany ischemic
insults and cause IRI, there has been an appreciation for various immune mechanisms within the allograft itself. The pathophysio-
logical events associated with IRI originate in signals derived from pattern recognition receptors (PRRs) expressed in the donor
organ. Danger associated molecular patterns (DAMP) released from injured cells serve as ligands for PRRs expressed on many
cells in the donor organ. Activation of PRR signaling in the donor organ leads to production of proinflammatory cytokines and
activates the innate immune system, triggering adaptive immune responses as well as cell death signaling, ultimately worsening
the initial ischemic injury. Accordingly, deciphering the inflammatory pathway of innate immunity in IRI may provide a good
therapeutic target to block acute sterile inflammation caused by tissue damage.
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of A%, SalAe] B th7IAZL, el gL
3} 3ato] QIrh6). 5ol ofat 7] Lol A4

2 AR O FEH AFNSY FEE o
7] whEol wAbgel Aol Ae o 4g RIS e,
Gl WAMEIoA o] Heabo] A BA ) G,

ﬁfl

=
24 Aol m7bel Hulo] Z7), mAAS HlE A
N Ao BABE Guels AE AR B 47]0]4]
olqe] B Aat IRIe] Y9lo] Hrk7.8). AHH S|
olgt @5 VHgo] R0 of3t o] Al &4fo] 7l 7oz
SFal A 9l7] ujEol H ioj Al ol Welsta 7| do]
i) A A g,

RI= 7 @Ao ARA o]4] & o] FF= vE
Atk o] 4] 2 5-2] IRl &J%t o] 4| &A4Co= DGFE of
71g &= Qe o] Fof IRIof o) B/t A3
I AgdgE-Sol ofsf #4d AFHeS 24 4 Utk
(9,10). & 1] 4]eky ¢34 (FDA workshop) @} 0]3.9]
AAE Atoll A Alo] 4] ghapol| A o A HE&3) ehat
REET L& A AT RIS AAA S Rt

(1D). IRI= DGF, o] A Afw-g 12 1+ AHA/3k=
ok oA 7|55k WElo] ik,
DGF= 413t IRIo|] oJsf] e =il o] 9] oAl /Ao

X Ao 7 e TH,12). DGR ot A 9
o1& Al DGEL} &F7]7F A2 o] AFatatA o]
o] 9loith(12). 12 B9l A1 9] o]4]H
&l E DGF= 49| & uji= DGR A2 A7|7t
A1 A A BA7F AATH13). R A UEhE= FobA

h hl
S-S ol4H 2 WY/ (immunogenicity)& F7HA

r_ pod)

Table 1. Type of pattern recognition receptor (PRR) and their ligand

PRR

Membrane-bound form Toll like receptor
C-type lectin receptor (CLR)
NOD-like receptor (NLR)

RLR

Cytoplasmic form

LPS, Flagellin, dsRNA, CpG-DNA

A 4 7R G 4 1Y), IRIo] ofe) 2
A3} ¥l= 4=2]AF A2 (dendritic cell, DC)= naive T ¥
T8 WA} stol B4 AEINY AR 2

(14). B E°] RIx= Ao thgt AN A= F7HA]A
24 A A ABEre s 22ekcH(14). RIS A1Ao]
| sERdoA X3P 1Hd AF3HE 2 geh(15,16).

o] 4] gkAfof| A & IRIO] &J5h 7HEA -3 A it 9159
AL BEsoHL).

_1>~

B~ rz

& doXith(17). IRIo| o8l Zefel 22442
=9 2| (Toll-like receptor, TLR)Q} Z+& ofFAlo]
(pattern recognition receptor, PRR) ]| 2]7t=E AgsHA
&} O 2 3 nuclear factor kappa-light-chain-enhancer of ac-
tivated B cell (NF-kB), mitogen-activated protein kinase
(MAPK), 18]11 13 QEHE AR 93 Jd=ureS
dAH oz SAeet(17). AHAGAE F 53] =4
g AES] BT T Y27 B fmste] 2 3H
ofybgo] B4t Bl 7haLe] ofake Stk IRIo] oJat A
E&AFS ‘damage-associated molecular pattern (DAMP)’
olgtal Y &= PRR =SS Ed AT} High-mo-
bility group box 1 protein (HMGBI1), heat shock protein
(HSP), A2 @] ATPS} & EZL tjx7 2]l DAMPo|t}
HMGBI12 g2 oz A9 dlffo] Exst= DNA 2
3 SO 39048 stk HMGBIL §31
Rpo] AAL, B, A Ao olshis AelA 7)o .
AlzEAde] oJsff Alzelz WEE3E W DAMPRA <
& shmf TLRoJU RAGES} Zh2 PRRY} ZAjtsto] 95
TS 25 S keith(18,19).

Ligand Origin of ligand

Bacteria, virus, parasite

B-glucan, SAP 130 Fungus
iE-DAP, MDP Bacteria
Short dsRNA, long dsRNA RNA virus

Abbreviations: iE-DAP, D-gamma-Glu-mDAP; LPS, Lipopolysaccharides; MDP, muramyl dipeptide; NOD, nucleotide-binding oligo-

merization domain; RLR, RIG-I-like receptors SAP, serum amyloid P.
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AAEAA = LA gt 7 Al&e Wolrls=
Sh ol Qo LA F AWQO, FAH BT
A(21), AFE A= (apoptotic) A|3E2] ] 2](22)9} & A g
Q) 755wtk ol2e A2l Y)%e s e
AA|E, A A, S5, 2ea BRI SR 2
& AAUAAE FANTF gl AT E 4 27
oA AEE= AZE AT 4 Uty PRRE BUA|l=
Alole] FEZF Ol Lz E(pathogen-associated molecular

patterns, PAMPs)-S Q1A]3 Wl ofuz} Ajo] &AE =
o] 2250 DAMPE Ql4j5to] WMol zg shajst A
Zit}, tjEA<Ql PRR=ZE TLR, C-type lectin receptors
(CLRs)&} Z+e Mjxzut 3= =239} Retinoic acid-in-
ducible gene (RIG)-I-like receptors (RLRS)S’—]— NOD-like re-
ceptors (NLRs)@} -2 M2z A o] =8-A& = Aot
(23,24) (Table 1). o]&3F PRRE= tA] A Z, —’,\—Z]/E,F/H]:‘TEE}
T2 HAA L Qo= Auj Az, Dy u]A|ze}t T2 v
HAA o A = At TLRY 22 PRRo| DAMPE
©12]3}A] =] myeloid differentiation 88 (MyD88)<Q} Z+-2-

| |5
AABUES AZAR WAAAA ol FF kinase

| DAMPs are recognized by TLRs |

v

TLRs recruit adapter molecules
(TRAF6, MyD88, TIRAP, TRAM, TRIP)

v

Adapters activate kinases (IRAK1, IRAK4, TBK1, IKK) |

v

Kinases amplify and transmit the signal to
transcription factors (NF-xB, MAP3, IFR3)

v

Encoding inflammatory genes

Inflammation

Fig. 1. Schematic vies of innate inflammatory response. Abbre-
viations: DAMPs, Danger associated molecular patterns; TLRs,
Toll-like receptors; TRAF6, TNF receptor-associated factor 6;
MyD88, Myeloid differentiation primary response 88; TIRAP,
Toll-interleukin 1 receptor (TIR) domain containing adaptor pro-
tein;, TRAM, TRIF-related adaptor molecule; TRIF, TIR domain
containing adaptor protein inducing interferon; IRAKI1, Interleukin
1- receptor-associated kinase 1; TBK1, TANK binding kinase 1;
IKK, Inhibitor of nuclear factor kappa-B kinase; NFkB, Nuclear
factor kappa B; MAP3, MAP3 kinase; IFR3, Interferon regulatory
factor 3.
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(IL-1receptor associated kinase 1 [IRAK 1], IRAK4, TANK
binding kinas [TBK1], inhibitor of NF-xB kinase [IKK])Z
A3t A]71c) o]8]3t kinase5S NF-xB, MAP3 kinase
(MAP3)2} interferon regulatory factor 3 (IFR3) AAS &
AN AES ZES T ASA AN GZEAEES 24
e SAAES 25} AThO) (Fig 1),

934 Aol Ehel % I-1p9] AL AR thE PRRE
of @l ofal 25kAel] ARA ojyeh TLR A150] o
A 1) AR proL-1Bo} Fo] WA elofit
t}. pro-IL-1B%= caspase-19f oJajA] E3fjx]o] IL-1p2 &
g=lch. NLR¥} apoptosis speck-like protein (ASC):= in-
flammasome©o]2} &2+ AAE JASl=1)|, inflamma-
some-2- caspase-1-S A3} A7) 7]5-S 3H?25). o]9)F
o] PRRE WA} 220 £448 AXslo] BEom
B2 b2 PRRY} Pl ofd) AENES A ol

293} A 7)5L s}

=Py

[

olX
olo
nE
re

FIxt

o) 44T ol A Qlojibis 5% A (ischemia-re-
perfusion, IR)e]| ©J3] e =i chakat Gejo] A ELAe
DAMPE Aj4F3haL, PRRo| 77| jo] @5uhe-2 207
th. 7)) Qojubs AbHY o] AW EARS AEd A U
3 AEAYS fEdto] DAMPE A4 cHFig. 2).

1. Reactive oxygen species (ROS)
@y AEE BRI BU=A oW AbEaict A

T Az AbE2 v 4= QA SRARE Al EEASE THA]

pu

| Ischemia-reperfusion injury |

!

| ROS generation |

. :

| Cellular stress or death | | Emission of DAMP

!

Emission of DAMP |

|

| Activate PRRs and innate immunity

Fig. 2. ROS, cell stress/death, emission of DAMP axis initiating
inflammation. Abbreviations: ROS, Reactive oxygen species; DAMP,
Danger associated molecular pattern; PRR, pattern recognition
receptor.
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gk Aol o7t &40 ARRE nEFE|otof A
g% = ROSo| &JsfiA] dojubar 4= & of] AJ&tE o] 4=
ZF ol &9 4= 9JrH26,27). ROSE A4 342 7t
A 5t= n|EZE o)) HRFAG A & A (electron transport
chain associated enzyme), xanthine oxidase (XO)<2}
NADPH oxidaseo] ]3] A E ) o] Aaa}A o429 A
a5 & FoiA da oA o] EA5k= o] Rt

3 %%94 AAE BASAITE AHBF7E dofubA Al
IR A FFE= Ades BHALEY 28O0 = su-
peroxide anion¥} -2 ROSZE AFHETH28). 714 @]
AABH= AA o] Z]A] o2 Ao EA|= I3 ROS= &
HYshaL v WEgAdo] AN Hs FFO AlEZe; AL
7149 & I 4= Stk ROSE A=k, 24, )
4] 7)1 Stol| o3k DNA &A4HETE ofu] et A| 322 E A},
A Z A & M| ZAFES e 4= Utk A4ka 2+
= & 4= gl oA ol A 27]9] ROSO|| &J3t o] 41H
24 Az 2EYA

da,

o+>

HF-2(unfolded protein response,
DNA damage response)d} A|Z AP (necrosis, apoptosis,
necroptosis) 2 -3-E5}0] DAMPE AAFSH= A|dFZ] o] =}

(29-31).

2. HIE AEYA HtZHt
and cell death)
AlZ/gs7E 7Fei A Al ZARG o] 2 EAY A3

P HHe St AlZ2EY A vEgof o Al=7}

Y =38F 4= QITH(32). A EAPLS EEA A 3EAPY(accidental

cell death, ACD)3} A= A Z A} (regulated cell death,

RCD)o 2 Yeld 4 itk AET AH(necrosis) &} 7+

ACD= A|zzuto] HZ7F 4] &4z e 2 DAMP7L

A, B ERE o}, AEARRY WaEo] BeE o

298 Qo 7ItH33). 24 Abae] 7ol ne} Axe)

e ACD 32 RCDZ ZAHCLH tj®z el RCDeI

spopusis= A9} ) §133) B4 AZEL] el

ore AR Hlwa fA50] GEHSE YosA o A

A2 oA k1), TE Ao AT E A

ARl M E S| A fel =i ATP, u]zke] HSP, S100 ghi,

718] 31 histone©] DAMP 7|5

Aoz ] QITH34,35). th2 £59] RCD

= necroptosis, ferroptosis, pyroptosis =] ¢l=1)|, apopto-

siswrh o ZeE AENeS of7|aheh36).
AZEGE Aorl AEGAE Fu] AT e
© & unfolded protein response (UPR)2} DNA <=ARd}b

(DNA damage response, DDR)I} 7+ A3 AEH A v

MIZ AL (cell stress response

>

o g Jzuree o

2~ L
o4 4 3=

oo oo &

102 JKST

APgOl I o7 Sof7ith Al AE# Ao &) unfolded
protein®©] A4 =M endoplasmic reticulum (ER)o]| &4 %]
o] ER stress7} dojifi=t] o] & 3]43}7] €3] UPRo] &
o]UTH37). UPRS E4 HARRIAES 8143} A|# ERI}
WA= chaperone=-©] 34 E]o] unfolded proteinS A
AL BL T AR ojae 54 24 Rasiry
autophagy©]| O3] A|Asto] Aj22 o] G- gt
(38,39). UPR A of| A} HSP$} Calreticulin (CALR)} 7+
2 chaperon2- M|229| 2 WEE 4= gl o|s EXE
2 DAMPZEA] 7]%5& 3tt} ER stress®] A7} 4510] A
3EO] SRAMA o] BE 4 gl AL UPRE SF-A|ZA}HA}
(pro-apoptotic) HF-& S %3le] RCDE A2 71thH40).
DDR& AEAF o] J3l) ob| 4ke Bk 913t A
ZAEF 2 Hhgolth UPRY wiRb7Ex| 2 sl o ZF o
whet A3z o] o] AR E =], DNA E-tof gk A
o] B B, MlEF7] %3] A (cell cycle arrest)
3.5 A|ZAE AHapoptosis) 7} Lojuh A ETh(41,42).

3. DAMP (Damage-associated molecular pattern)
DAMPE A ~E# 2 22 £443) 22 Aol A
ZWske A BAoITh DAMPE 229] 4FNgS 3

ZAZ|AL ERE 229 BE £X%th DAMP: ad-
juvanti*i A& sho] DCO| e F3AA A5
& =gtk DAMPE] 32 1) AEH AT} 7R

>.

[ *ﬂ dho] leEE= A5, 2) AEHAAY Azy
apoptosis 7]/ Eo] Q= LA TEFH T FH| ==
785, 3) MIZEALR Qlel Alarute] mby]7h Jofuf AJERE
B Ao o Ao JuE= e, 4 A2
7140 &40 2 JE|Els follA dod 4= lrhH43,44).
Aﬂ:‘—alﬁ o] 25 pHO| Wskel Zho] Ee]4 &4 glo]

E”ﬂ "‘%L% Q T %1‘:}(45)- —’:‘JELOH 1ﬂr"o]:@ 572 DAMP
9} o] Z 7HA]51= PRRE 0| 8Hol5] 9l TH(Table 2). HMGBI
I} HSPs= Ao &4 W2 oA A A== d
2 <l DAMPo|tH46-49). o] 2|3t &8 52 TLR, RAGES}
7+ PRRI} AgFste] B o 3|

2t DCO| A<g 24t T 249 |gteS =g
= QAH(50-52). ATP B_é}, calreticuling H|#3t okt
Ao DAMPEAH
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Jong Soo Lee: Mechanism of Ischemia Reperfusion Injury

Table 2. A list of prominent damage-associated molecular patterns (DAMPs) associated with cell stress/cell death and/or tissue injury

DAMP

Adenosine triphosphate (ATP)

Biglycan (BGN)
Calreticulin (CALR)

Fibrinogen
Fibronectin extra domain A
Heat shock proteins HSP70/72,HSP90, HSP60

Heparan sulfate fragments
High-mobility group box 1 (HMGB1)

Hyaluronan fragments (fHA)

MHC class I chain-related proteins (MICs)
Monosodium urate (MSU) or uric acid
Nonmuscle myosin II-A heavy chain (NMHC-1I)
Oxidation-specific molecules/epitopes

S100 proteins (e.g. S100 A1/8/9/12)

Mode of emission

Mostly passively released;
sometimes actively secreted

Extracellular matrix

Mostly surface exposed;
sometimes passively released

Extracellular matrix

Extracellular matrix

Surface exposed; actively secreted;
passively released

Extracellular matrix

Mostly passively released;
sometimes actively secreted

Extracellular matrix

Surface exposed

Passively released

Surface exposed

Passively released

Passively released

Cognate receptor

P2Y2; P2X7; (indirectly: NLRP3)

TLR2, TLR4, P2X4, P2X7
CDO1

TLR4
TLR4?
TLR2, TLR4, CD91, SREC-1, FEEL-1

TLR4
TLR2, TLR4, RAGE, TIM3

TLR2, TLR4, NLRP3?
NKG2D
Purinergic receptors (indirect: NLRP3)
Pre-existing natural IgM antibodies
CD36, SR-A, TLR2/4, CD14,

natural IgM antibodies
RAGE, TLR4

Abbreviations: AIM2, absent in melanoma 2; CD, cluster of differentiation; cGAS, cyclic GMP-AMP synthase; cytDNA, cytosolic DNA;
FEEL-1, fasciclin epidermal growth factor-like/common lymphatic endothelial and vascular endothelial receptor-1; mtDNA, mitochondrial
DNA; NKG2D, natural-killer group 2, member D; NLRP3, NLR family, pyrin domain-containing protein 3; P2X7, purinergic P2X7
receptor; P2Y2, purinergic P2Y2 receptor; RAGE, receptor for advanced glycation end products; RIG-I, retinoic acid inducible gene I;
SREC-1, scavenger receptor class f member 1; TIM, transmembrane immunoglobulin and mucin domain; TLR, toll-like receptor.

1, =3 4~8-A|(purinergic receptor), NLR, RLR¥} Z-& aLAgEhe] %
t}efFst PRR3} HF-2-31H(53,54). gt ait=
Folzte] WAAEE ROSO] o5 IS AEHAS & 1 oo
furste] ER AEd A0k AEAEAE FEFOZA T oAISHe o
3t F72] DAMPY F2 fmsto] o|Amue Mol Aoz o
Aok AAN LY PRRE BASE AORA A5US  THE BY
Yo 71tH(30,55-57). AAR HAL FoRIo A DAMP, DGF a3

PRR, BA|A o} IL-1pe} 2 Afo| =71t 7] W71Q1 4§

A Wy o] =7 AAL TES £~ JH(7,58-61).
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a4 (inducible nitric oxide synthase, INOS)E A4l
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5o IL-10, TGF-po} G a = e Fo| =9} 720 el
AEo| ol & HTHES). M2t A e 225
SS9 2Hof Tttt M2 A A 32 = IL-10
A58 9 Ho|1, iNOSE L} argi-
naseS AFSF Z A3t} Arginase?] &4 3}= arginineX} T
AMFEREE Zehe] S SZAIZITHE).

TLR49] &/d3}= IRIof| gt A5 HATES S8
3+ AJZF A 0] tH69,70). A& IRIo| A HMGB1S} ZHe
DAMP} tff A 4| 32 TLR42] A M|z o] S3tE
G E3HH(S8,71). TLR4AI T = A 249 MyD88S 3}
o] #3207 NF-kBZ 43} A|7ith. NF-«kB: IL-1,
IL-6, IL-18, TNF-a9} 72 =54 /\]—O] E7}919] AAE
YO ItH(72-74). o2t Alo|EFRRIE 71E7}° 4 5
AEAES T4 o AdAEse
i, AAMEE ML 8P R
o} 22|E4T HEo] Rl 4

=
HaE

é‘?ﬁ\_

N

=
o =]
o
o
gulopy

CD137L

1) IR —»

,“TLRZ
2) Productio;\'

of HMGB1 ) (O]
... e 3) TLR2 signals
@

o]

t}. TLRoJ| 2Jgt oA A|329] &/d3}= phagosomeS A<
AA FAAE AL FXA]7]1aL, MHC 119 ezt
CD40, CD80Z} CD863} zg% PEAIZA O uE S

[ex]%]

BEE Rl B4 MCSFE FA15 } Al e 24}
o FAlo] ZAEE Ao| B Heom o5 Marjal
2o 2HT AL ATTS). M2 g AHEE A2 S
AR W AN ER FAFCh M2 AR
£ RS RS U FYEA YA, AEY
o @Eureo AuAE AL galolt GBS B
40§77 wsbt hAAES] AARIA WskE FEs
o M2 #@dor GrE Aoz AR QIThT6). A
AA G RAAEE A 78S FAsHeE, 210 G

4) Production of CCR5 chemokines
for NK cell migration
o

(=]
o 8
°o° g8 %o

.8 «° 5) NK cell infiltration
0 CCR5

383
N NK cells
CD137
6) CD137L signals CD137L

TECs
7) Production of
CXCL1/CXCL2
0000
®° 8 8
[e] COO o
° 9) Injury
8.9 CXCR2

Neutrophils

Fig. 3. An example of model summarizing the role of the tubular epithelial cell/NK cell/neutrophil axis in kidney IRI. Injury to TECs
following IRI (step 1) promotes release of HMGBI (step 2). This molecule stimulates TECs to produce CCR5 chemokines through TLR2
activation (step 3) in an autocrine fashion. CCR5 chemokines in turn induce NK cell recruitment (step 5). Infiltrated NK cells use their
cell surface molecule CD137 to stimulate CD137L on the surface of TECs (step 6). CD137L signaling results in the production of additional
signaling molecules, CXCL1 and CXCL2, in TECs (step 7). Once infiltrated (step 8), neutrophils participate in active tissue destruction
(step 9). Abbreviations: CCRS5, chemokine receptors 5; CD137L, CD137 ligand; CXCL1, CXC chemokine ligand 1; CXCR2, C-X-C
chemokine receptor type 2; HMGBI, High mobility group box-1 protein; IR, ischemia-reperfusion; NK cells, Natural killer cells; TECs,
tubular epithelial cells; TLR2, toll like receptor 2. Reprinted from Fig. 6 of reference [80].
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o7k Yow 20| MBS 2ol & 4 UkTI). Welx
A A EE 1103 TOF-pE FAstel FAZNS2
FESIL 2AANE Aoyt WANGS AT
(7678). IRIZ 942t37] 1a) M2 S AIA1Z % W22
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A7) AL FAND 5 Y PUES AR Fao

3. XtAASGHMIE(natural killer cell, NK cell)
AN E= B A2 -8R T Al 84171 §l

Az fzoteh vhole] 2o e Aot e HVJ
Aol NlZE AH As)stAY IFN-yﬂ- TNF-0& ‘6‘3—}\% 3}
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