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Hepatic ischemia-reperfusion injury (IRI) is a major
factor influencing graft outcome in liver transplanta-
tion, but its mechanism is not well defined. Although
complement, including the membrane attack com-
plex (MAC), a terminal product of complement acti-
vation, is thought to be involved in the multiple reac-
tions subsequent to the ischemia-reperfusion (IR)
process, the role of MAC in the pathogenesis of he-
patic IRI requires further investigation. We used a
warm ischemia-reperfusion injury model in mice and
a syngeneic orthotopic liver transplantation model in
rats to define the role of complement, including MAC,
in hepatic IR. CD59-deficient mice had more severe
liver dysfunction, evidenced by increased aspartate
aminotransferase levels and increased injury of liver
parenchymal and nonparenchymal cells than did
CD59-sufficient mice during warm hepatic IR. Fur-
thermore, complement depletion in CD59-deficient
mice by pretreatment with cobra venom factor (CVF)
or the genetic introduction of C3 deficiency partially
protected against development of the severe liver dys-
function that occurred in CD59-deficient mice. Sever-
ity of liver dysfunction correlated with MAC deposi-
tion, apoptotic cells, and increased inflammatory
mediators such as tumor necrosis factor a. Moreover,
depletion of complement with CVF in orthotopic liver
transplantation recipient rats attenuated IRI of the
donor livers. Taken together, these results highlight
the protective role of CD59 and pathogenic role of
complement, including MAC, in the pathogenesis
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of hepatic IRL. (4m J Pathol 2011, 179:2876-2884; DOIL:
10.1016/j.ajpath.2011.08.040)

Liver transplantation is a routine and powerful approach
for treatment of patients with acute or chronic liver failure
of various causes.' Nevertheless, hepatic ischemia-rep-
erfusion (IR) remains a major deleterious factor influenc-
ing graft outcome in organ transplantation. The incidence
of primary graft failure (5% to 15%) and initial poor func-
tion (10% to 25%) is strongly dependent on the extent of
ischemia-reperfusion injury (IR1).2-* IRl also initiates later
graft failure by triggering irreversible intrahepatic biliary
tract injury (ischemic-type biliary lesion) or by promoting
rejection through activation of innate immunity.® At pres-
ent, because of the shortage of organs for transplanta-
tion, the donor pool has been expanded by utilization of
marginal organs from old donors or non-heart-beating
donors, as well as grafts with prolonged cold storage,
and even allografts donated after cardiac death. It is
conceivable that grafts from such donors could cause
severe liver injury, because they have usually experi-
enced a long ischemia time. To improve the outcome of
liver transplantation, therefore, it is imperative to better
understand the mechanisms involved in IRl and to design
novel therapeutic strategies for prevention of IRI.
Ischemia-reperfusion injury is characterized by the
presence of activated polymorphonuclear leukocytes,
oxygen radical formation,® and cytokine release.”® The
process that temporarily blocks blood supply followed by
blood reperfusion to the living donor after the transplan-
tation causes attraction, activation, adhesion, and migra-
tion of neutrophils at the site of donor organ, thereby
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leading to both local tissue and remote organ damage.®
Recently, clinical and experimental studies in several or-
gan systems have shown that IR also results in excessive
activation of the complement system, which is indicative
of the critical role of complement in the IRI."°~'2

The complement system, an important mediator of in-
nate immune defense and inflammation, is activated
through three different cascades: the classical, alterna-
tive, and lectin pathways.'®'* All three activation path-
ways converge at the C3 level, forming the membrane
attack complex (MAC). The MAC forms a macromolecu-
lar pore capable of inserting itself into cell membranes
and lysing heterologous cells, including bacteria and vi-
ruses.' MAC formation in autologous cell membrane
plays multiple and complex functions.’® Sublytic MAC in
endothelial and smooth muscle cells is also an important
mediator of cellular signals that trigger mitogenic ef-
fects’” and release growth factors such as basic fibro-
blast growth factor (bFGF) and platelet-derived growth
factor (PDGF), as well as cytokines such as IL-1 and
monocyte chemotactic protein-1 (MCP-1)."8"° To protect
autologous cells from MAC-mediated attack, an array of
complement regulators have evolved to restrict comple-
ment activation, including CD59. A glycosyl-phosphati-
dylinositol (GPI)-linked membrane protein, CD59 strongly
restricts MAC formation by preventing C9 incorporation
and polymerization.2°—22

Experimental and clinical evidence indicates that IR
triggers complement activation in several organs.?® Re-
cently, using a novel inhibitor CR2-Crry to inhibit MAC
formation and C3 activation at the site of complement
activation, He et al®* demonstrated that an enhanced
susceptibility to IRl of steatotic livers was associated with
complement activation in a mouse model. Additionally,
C6 deficiency in rats protects against ischemia dam-
age in rat orthotopic liver transplantation (OLT) recipi-
ents, which indicates the role of MAC in the pathogen-
esis of hepatic IRI.%5-2® Nonetheless, the protective role
of CD59 and the pathogenic role of complement, in-
cluding MAC, in the pathogenesis of IRl still require
further investigation.

To assess the role of CD59 and MAC in warm IRI, we
used mCd59a and mCdb9b double-knockout mouse
model?” and our own mCd59a, mCd59b, and C3 triple-
knockout mouse model, together with a complement de-
pletion method [ie, preadministration of mCd59ab ™~
mice with cobra venom factor (CVF)]. Furthermore, to
extend the present study to a clinically relevant context of
liver transplantation, rats with complement deficiency in-
duced by CVF were used to investigate the role of com-
plement activation in IRI after syngeneic OLT.

Materials and Methods

Animals

All animals were housed in a specific pathogen-free
facility and were confirmed to be negative for common
murine viral pathogens by routine sera analysis. All
mice on a C57BL/6 (B6) genetic background were 8 to
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12 weeks old, with 20 to 30 g body weight. mCd59a
and mCd59b double-knockout mice (mCd59ab ")
and mCd59a, mCd59b, and mC3 triple-knockout mice
(mCd59ab~"~/mC3~/~) in a B6 background were gen-
erated at the Laboratory for Translational Research at
Harvard Medical School as previously described by Qin
et al.?” In the rat experiment, all adult male Wistar rats
(200 to 250 g body weight) were purchased from the
Animal Facility of Shanghai Jiao Tong University. The
mouse experiments were conducted at the Laboratory for
Translational Research at Harvard Medical School and
the rat experiments at the Department of General Surgery
of Shanghai First People’s Hospital at Shanghai Jiao
Tong University. The protocols for hepatic IRl were ap-
proved by the respective animal committees of Harvard
Medical School and Shanghai Jiao Tong University.

Cells

The hepatoma cell line Hep3B was obtained from the
Shanghai cell bank of the Chinese Academy of Sciences.
Cells were propagated in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal
calf serum, 2 mmol/L L-glutamine, and 1% penicillin/
streptomycin (Gibco; Invitrogen, Carlsbad, CA).

Hepatic Warm IRl and Complement Depletion

in Mice

Mice were anesthetized by mixed isoflurane (Baxter In-
ternational, Deerfield, IL) inhalation (5%) with oxygen at 3
L/min, and were subjected to total warm hepatic ischemia
as described previously.?® After 45 minutes of hepatic
ischemia, surviving mice were sacrificed at 6, 12, or 24
hours after reperfusion.

Pretreatment with CVF (Quidel, San Diego, CA) is a
well established method to deplete complement for as-
sessing the role of complement in animal models of hu-
man diseases.?® Thus, CVF was used for induction of
complement depletion in vivo for mCd59ab™* and
mCD59ab™~ mice with injection of a single dose (1.5
na/g i.p.) at 24 hours before hepatic IR.

Surgical Procedure of Hepatic IR by Syngeneic
OLT in Rat

To deplete complement in the rats, CVF was adminis-
tered (1 g/kg body weight, i.p.) to recipient rats 24 hours
before syngeneic OLT. Donor rats underwent isoflurane
inhalation anesthesia. After a flushing via the cannulated
portal vein with 20 mL of heparinized University of Wis-
consin solution (DuPont Pharmaceuticals, Wilmington,
DE), the liver was isolated and stored at 4°C for 2 hours
before transplantation. A cuff was used for revasculariza-
tion for the portal vein and inferior vena cava after the
superior vena cava was reconstructed with 6—0 running
suture (Prolene; Ethicon, Somerville, NJ) in rat nonarteri-
alized OLT.2° The abdomen was closed in a double layer
using 5-0 USP suture (Monocryl; Ethicon), and 1 mL
sterile lactated Ringer’s solution (Baxter International)
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was administered subcutaneously to compensate for op-
erative fluid loss.

Assessment of Biochemistry and Chemokine

Blood aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) levels were determined spectrapho-
tometrically using plasma prepared from collected blood,
as described previously.®" AST and ALT values were
expressed in international units per liter (IU/L). Plasma
TNF-«, IL-6, IL-12, and MIP-2 levels were determined with a
Bio-Plex multiplex cytokine assay (Bio-Rad Laboratories,
Hercules, CA), using a protocol described previously.3?
sP-selectin and plasma Von Willebrand factor (VWF) activity
were measured using an ELISA kit (R&D Systems, Minne-
apolis, MN), as described previously.3>** To monitor the
kinetics of complement depletion, serum C3 levels of
mice with and without CVF treatment were measured by
ELISA using F(ab’)2 fragments of goat anti-mouse C3 as
capture antibody and peroxidase-conjugated goat anti-
mouse C3 as the second antibody.®® Optical density
(OD,444) was determined in a 96-well plate by means of an
ELISA plate reader. All samples were tested in duplicate.

Evaluation of Liver Histology and Injury

Liver tissue were fixed in 10% formalin and processed for
paraffin embedding. Sections of 4-um thickness were cut
for H&E staining. A pathologist (W.X.), in a blinded fash-
ion, evaluated and graded the severity of liver damage in
the sections based on sinusoidal congestion, cytoplas-
mic vacuolization, hepatocellular necrosis, and neutro-
phil infiltration, as described previously.*®

In brief, a grade of 0 indicates minimal or absent ne-
crosis; grade 1 indicates individual mild injury with cyto-
plasm vacuolization and focal nuclear pyknosis; grade 2
indicates moderate to severe injury with extensive nu-
clear pyknosis, cytoplasmic hypereosinophilia, and loss
of intercellular borders; and grade 3 indicates severe
necrosis with disintegration of hepatic cords, hemor-
rhage, and neutrophil infiltration. Ten high-powered fields
per section were analyzed in relation to the central vein to
determine the percentage of necrotic cells.

Detection of in Situ Cell Death

In situ apoptosis was evaluated by TUNEL staining
(Roche Applied Science, Indianapolis, IN) and immuno-
histochemistry staining with anti-active caspase-3 anti-
bodies according to the manufacturer’s instructions. Flu-
orescent staining results were analyzed and evaluated
using Image-Pro Plus version 4.5 software (Media Cyber-
netics, Silver Spring, MD). The percentage of TUNEL-
positive cells served as the apoptosis index. The apop-
tosis rate confirmed by immunohistochemistry staining
with anti-active caspase-3 antibodies was calculated as
the number of activated caspase-3 stained cells per 1000
hepatocytes.

Determination of MAC Deposition in Liver Tissue

Frozen sections were stained with rabbit anti-rat C9,
which cross-reacts with mouse C9 (kindly provided by
Dr. B. Paul Morgan, University of Wales), as we have
described previously.®%37

Cytotoxicity Assay

Hep3B cells were used because this cell line has been
demonstrated to highly express human CD59.%% We fol-
lowed the same protocol as described previously®®3° to
culture the cells and to perform complement-mediated
cytotoxicity assay. Briefly, 10° cells were treated with
anti-hCD59 antibody (Bric 229 clone) for 40 minutes.
After three washings with PBS, the cells were incubated
at 37°C for 1 hour with a rabbit anti-human asialoglyco-
protein receptor (ASGPR) polyclonal antibody (Abcam,
Cambridge, UK) for activating the complement classical
pathway, and 25% human serum or heat-inactivated hu-
man serum as a source of complement. We used cells
cultured in the medium as untreated control. Supernatant
(20 L) was collected from each well after centrifugation
and processed with 150 ulL europium solution (DELFIA;
PerkinElmer-Wallac, Turku, Finland) for fluorescent stain-
ing. The fluorescence was measured with a 1420 multi-
label counter (PerkinElImer-Wallac).

Statistical Analysis

Comparisons between two groups were performed using
an unpaired t-test. Comparisons across multiple groups
and various time points were analyzed using analysis of
variance followed by a Fisher’s protected least significant
difference (PLSD) post hoc test. P = 0.05 was consid-
ered statistically significant. All data were analyzed using
SigmasStat version 3.5 software (SPSS, Chicago, IL). Val-
ues are presented as means = SEM.

Results

Accelerated IRl in CD59-Deficient Mice Is
Complement Dependent

To define the protective role of CD59 and pathogenic role
of MAC in the pathogenesis of IRI, we used mCd59ab ™"~
mice and an established murine IR model. AST levels, a
marker for liver function routinely tested in clinical labo-
ratories, were used to monitor the dynamic change of
liver function. At 12 hours after warm reperfusion,
mCd59ab ™"~ mice had significantly higher levels of AST,
compared with CD59-sufficient wild-type mice (P < 0.05;
Figure 1A). Also, levels of AST and ALT in mCd59ab™"~
mice tended to be higher than those of mCd59ab™*
mice, although the difference did not reach statistical
significance at 6 hours or 24 hours after reperfusion (Fig-
ure 1A; see also Supplemental Figure S1A at http.//
ajp.amjpathol.org). These results indicate that CD59 pro-
tects against hepatic IRI.
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Figure 1. CD59 deficiency accelerated liver IRI. A: Serum levels of AST
measured after ischemia and 6, 12, and 24 hours of reperfusion. *P < 0.05
versus mCd59ab*’"; TP < 0.05 versus mCd59ab~’~/mC3~/~. B: Serum
levels of C3a measured after ischemia and 12 hours of reperfusion. The
mice were pretreated with PBS buffer or CVF. *P < 0.05 versus
mCd59ab™""/mC3~/"; 'P < 0.05 versus CVF pretreatment. Data are ex-
pressed as means = SEM.

In addition to its anti-MAC role, CD59 has a comple-
ment-independent function in regulating activity of NK, B,
and T cells,3”%4" which may also contribute to hepatic
IRI. To define the underlying mechanism by which the
deficiency of CD59 accelerates the IRI, we generated
mCd59ab~"~/mC3~'~ mice by crossing mC3 C3-defi-
cient mice (MC3~/~) with mCd59ab "~ mice. Absence of
C3 in mCd59ab~"~/C3~~ functionally confirmed the C3
deficiency in mCd59ab ™~ (Figure 1B). At 12 hours after
warm IR, the mCd59ab~"~/C3/~ had a significantly
lower level of AST, compared with mCd59ab ™~ mice. At
6 and 24 hours after reperfusion, AST levels tended to be
lower in mCd59ab~"~/C37/~ mice, compared with
mCd59ab~~ mice (Figure 1A). Furthermore, there were
no significant difference at the level of AST between
mCd59ab~"~/C3~/~ and mCd59ab™*’* mice (Figure 1A).
These data indicate that the accelerated IRl in CD59-
deficient mice is complement-dependent and that the
MAC contributes to the development of IRI.

Increased MAC Deposition in mCd59ab '~
Mice Correlates with Increased Apoptotic Cell
Numbers and Liver Damage after Hepatic IR/

Because CD59 is a key regulator for the formation of
MAC, "2 we analyzed MAC deposition through immunofluo-
rescence assay for C9. Consistently, we observed signifi-
cantly increased MAC deposition in mCd59ab™~ than in
mCad59ab ™+ or mCd59ab~~/C3~"~ mice (Figure 2B). His-
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tological analysis of liver tissues revealed much more
evident inflammation of mCd59ab "~ livers, with remark-
able hepatocyte swelling and vacuolization, sinusoidal
congestion, spotty necrosis in centrilobular areas, and
diffuse neutrophil infiltration in the portal spaces, com-
pared with mCd59ab™* or mCd59ab™~/C3™/~ mice
(Figure 2, A and C). These results highlight the critical
roles of MAC in the pathogenesis of hepatic IRI.

Increased TNF-o, VWF, and P-Selectin Levels in
mCd59ab '~ Mice after Warm IRI

The inflammatory response to hepatic IR is associated with
an increase in cytokine production.*? The biphasic pattern
of hepatic IRl was characterized by Kupffer cell activation
and release of proinflammatory cytokines in the early phase,
followed by massive neutrophil infiltration and further pro-
duction of the inflammatory mediators in the late phase. To
investigate the molecular mechanisms by which MAC may
be involved in IRI, we measured plasma levels of TNF-q,
IL-12, IL-6, and MCP-1, the cytokines commonly elevated
in liver damage,*>** at 6 and 12 hours after reperfusion.
At the 12-hour time point, plasma TNF-a levels of
mCd59ab ™~ mice were significantly higher than those of
mCd59ab™* and mCd59ab~~/C3~/~ (Figure 3). Fur-
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Figure 2. CD59 deficiency Increased MAC deposition in liver after IR. Az
Representative micrographs show liver histopathology, H&E staining, after
12 hours of liver ischemia. Original magnification, X20. B: Representative
micrographs show C9 deposition in liver (arrows), stained by rabbit anti-rat
C9 or isotype control plus fluorescein isothiocyanate-conjugated secondary
antibodies after 12 hours of liver ischemia. Original magnification, X40. C:
Histological injury score of liver tissues after IR. The mean score for each rat
was calculated out of 10 evaluations. Data are expressed as medians with
25% to 75% interquartile range. Mann-Whitney rank sum test. *P < 0.05
versus mCd59ab~""/mC3~/"; TP < 0.05 versus mCd59ab™’*.
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Figure 3. Increased levels of cytokines, vWF,
and P-selectin in mCd59ab~’~ mice after warm
IRL. Levels of cytokines IL-6 (A) and TNF-a (B)
in different IR mice at 6 and 12 hours. *P < 0.05
versus mCd59ab™""/mC3~/~ at 12 hours; 1P <
0.01 versus mCd59ab™’* at 12 hours. C: vWF
levels were measured after ischemia and 2 hours
of reperfusion. *P < 0.05 versus mCd59ab™~"~/
mC3~"; TP < 0.05 versus mCd59ab™". Dz Se-
rum levels of P-selectin in different IR mice were
measured after ischemia and 2 hours of reperfu-

sion. *P < 0.05 versus mCd59ab™’*. Data are
I expressed as means *= SEM.

thermore, the plasma IL-6 levels of mCd59ab™~ mice
tended to be higher than those of mCd59ab™™* and
mCd59ab~/~/C3~/~ (Figure 3, A and B). There were no
significant differences for levels of IL-12 and MCP-1
among the groups (data not shown). These results indi-
cate that increased TNF-a and IL-6 may be associated
with the development of MAC-accelerated hepatic IRI.

We also measured plasma levels of vVWF and sP-se-
lection, the biomarkers for endothelial dysfunction and
platelet activation,®*#°46 to define the cellular mecha-
nisms of complement in the IRI. mCd59ab ™~ mice had
significantly higher level of plasma vWF and sP-selectin
than did mCd59ab*’* and mCd59ab~"~/mC3~/~ mice at
2 hours after liver reperfusion, but not at 6 or 12 hours
(Figure 3, C and D). These data indicate that MAC-me-
diated endothelial damage and platelet activation during
the early stage of IR may also be involved in the devel-
opment of hepatic IRI.

Complement Depletion in mCd59-Deficient and
mCd59-Sufficient Mice Protects against
Development of IR

To further evaluate complement activation in the patho-
genesis of IR, we depleted complement activity in
mCd59ab~~ and mCd59ab™’* mice by pretreatment
with CVF, a strong complement activator that causes
complement consumption after injection.*” Complement
depletion was confirmed by a significantly lower level of
C3a in the mice after CVF pretreatment, compared with
vehicle treatment (Figure 1B). We selected the time point
of 12 hours after reperfusion to assess the role of com-
plement activation in the pathogenesis of IR because we
detected the maximal difference in liver function among
the three groups at this time point (Figure 1A). CVF-
pretreated mCd59ab ™~ had significantly lower levels of
AST, compared with vehicle-pretreated mice (Figure 4).
This result further confirms the finding that the acceler-

ated IRl in CD59-deficient mice is complement-depen-
dent. Moreover, CVF-pretreated mCd59ab™’™ mice had
significantly lower levels of AST than did vehicle-pre-
treated mice. There was no significant difference in AST
levels between CVF-pretreated mCd59ab™™* and
mCd59ab~~ mice (Figure 4). Taken together, these re-
sults suggest that complement activation also plays a
critical role in the pathogenesis of IR in both CD59-suffi-
cient and CD59-deficient conditions.

CVF-Mediated Complement Depletion
Attenuates IRI after Liver Transplantation in Rat

To investigate the role of complement in both warm and
cold ischemia followed by sequential reperfusion during
liver transplantation, a clinically relevant condition, we
depleted the complement activity by pretreatment of CVF
in Wistar recipient rats at 24 hours before OLT. Syngeneic
OLT between Wistar rats was chosen to exclude the
inevitable interference of complement activation in allo-
geneic OLT. We found that CVF-pretreated recipient rats
had significantly lower levels of AST (Figure 5A) and ALT

O mCd59ab** O mCd59ab™
n=9
450 *
400 _ 1
4 n=

) I n= n=6
5 300 s "
= I s
2 2001

1001

0

12hours CVF-12hours

Figure 4. Complement deficiency partially rescues liver IRI. Serum levels
of AST were measured after ischemia and 12 hours of reperfusion. *P <
0.05 versus mCd59ab™’ ;TP < 0.05 versus mCd59ab~""; ¥P < 0.01 versus
mCd59ab*’*. Data are expressed as means = SEM.



500
4001
o 300- g
= ] B
3 ] o
= 200 5
[}
2 i =
100
0

Normal POH12 POH12+CVF

CD59 and Complement in Hepatic IRl 2881
AJP December 2011, Vol. 179, No. 6

C TUNEL staining

n=5
POH12

POH 12 POH12+CVF

Figure 5. IRI in rats with or without CVF pretreatment at 12 hours after syngeneic OLT (POH12). A: AST level in treated and untreated rats. *P < 0.05 versus
POHI12+CVF; TP < 0.01 versus normal; P < 0.05 versus normal. B: Apoptotic hepatocytes by TUNEL assay in treated or untreated rats. *P < 0.05 versus
POH12+CVF. C: Apoptotic hepatocytes by TUNEL assay in rats without CVF at 12 hours after syngeneic OLT. Note intense apoptosis in the liver of rats after 12

hours of OLT. Fluorescent signal highlights the nuclei (arrows).

(see Supplemental Figure S1B at http://ajp.amjpathol.org)
associated with apoptotic cells detected by TUNEL (Fig-
ure 5, B and C) and caspase 3 immunohistochemistry
staining (see Supplemental Figure S2 at http.//ajp.
amjpathol.org), and had decreased hepatocellular necro-
sis, sinusoidal congestion, and neutrophil infiltration (Fig-
ure 6), compared with nontreated rats. Moreover, CVF-
pretreated rats had reduced MAC deposition, relative to
nontreated rats (data not shown). These results further
support the critical roles of complement activation in the
pathogenesis of hepatic IRI after OLT.

Discussion

Here, we report the protective role of CD59 in hepatic IRI
determined in mCd59a and mCd59b double-knockout
mice. Although the protective role of CD59 in hepatic IRI
has not been defined previously, the protective role of
CD59 in renal IRI%® and in cerebral ischemia®® has been
elucidated by utilization of deficiency of the mCd59a, a
primary murine.?”49%° These results, together with the
fact that CD59 is universally expressed in almost of all
cells in a variety of organs, indicate that CD59 may pro-
tect against the IRl in organs other than liver, kidney, and
brain. Furthermore, CR2-CD59, a novel targeting comple-
ment inhibitors for complement activation sites, recently
developed by Tomlinson’s research group®' may provide
a new avenue to protect organs and donor grafts, includ-
ing liver, from IRI.

We also demonstrated that C3 deficiency rescues ac-
celerated hepatic IRl in mCd59 deficient mice, and that
MAC deposition correlates with the severity of hepatic
IRI. These results shed light on the critical role of MAC in
the pathogenesis of hepatic IRI. Consistent with these
findings, the critical role of complement (including MAC)
in liver transplantation has been demonstrated in an OLT
Ce-deficient rat model,2® and similarly for gastrointestinal
and renal IRl in an anti-murine C5 antibody study®? and in
mice deficient in C3, C4, C5, and C6,%® respectively.
Nonetheless, the molecular and cellular mechanisms by
which MAC accelerates organ IRl remain elusive. In the
present study, we have demonstrated that inhibition of
CD59 function in vitro sensitizes hepatocyte cells to com-
plement-mediated cytotoxicity (see Supplemental Figure
S3 at http://ajp.amjpathol.org), a finding in accord with
results reported by Halme et al.*® MAC also mediates

apoptotic effect on cells.3839%4 Consistently, we have
demonstrated that pretreatment to deplete complement
protects hepatocytes against complement-mediated
apoptotic effect. Moreover, we found that the potential
effect of MAC on endothelial damage and platelet acti-
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Figure 6. Complement depletion with CVF attenuates IR injury after liver
transplantation in rat. Representative images from different animals are
shown. A: Liver histopathology in H&E-stained liver sections was examined
at original magnification of X10 and X40. In CVF-treated liver
(POH12h+CVP), the area of necrosis is associated with intense neutrophil
recruitment. In CVF-untreated liver (POH12h), severe hemorrhagic necrosis
with widespread destruction of hepatic architecture is observed, but with less
neutrophil accumulation. B: Histological injury score of liver tissue in rats
treated or untreated CVF after syngeneic OLT 12 hours: The mean score for
each rat was calculated out of 10 evaluations. Data are expressed as medians
with 25% to 75% interquartile range. Mann-Whitney rank sum test. *P < 0.05.
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vation may contribute to the development of IRI. It is well
documented that sinusoidal endothelial cells are suscep-
tible to ischemia injury during liver transplantation.®® Ex-
tensive clinical and experimental studies have shown an
increase in VWF in the peripheral blood of patients who
received OLT and in rats that received heart or lung
grafts.>6-6° Plasma levels of VWF increased early after
partial hepatectomy, probably because of both acute-
phase reaction and decreased degradation.®® P-selectin
levels correlate with graft viability in cold-preserved rat
livers.®”

Consistently, we observed significantly increased vWF
and P-selectin levels at 2 hours after liver reperfusion in
mCd59ab™~ mice, compared with mCd59ab™™* or
mCd59ab~"~/mC3~"~ mice. Our results also indicate that
TNF-a and IL-6 may participate in the pathogenesis of
MAC-accelerated IRI. It has been reported that IL-6 pre-
vents fatty liver transplantation failure by improving mi-
crocirculation,®' and that it protects against mitochon-
drial DNA damage in the liver.? TNF-a, however, plays
paradoxical dual roles in both prevention and promotion
of IRl in the liver tissue. Recent reports indicate that
inhibiting TNF-a production improves donor livers.®364
Although our results highlight the critical role of MAC in
the pathogenesis of hepatic IRI, the MAC-mediated en-
dothelial damage and platelet activation, as well as in-
flammatory effects in the pathogenesis, still require fur-
ther investigation.

In addition, we have demonstrated that complement
activation plays a critical role not only in CD59-deficient
mice but also in CD59-sufficient mice, and that the liver
damage resulted from hepatic IRl in CVF-pretreated
CD59-deficient mice is the same as that in CVF-pre-
treated CD59-sufficient mice. The difference in hepatic
IRl between CD59-deficient and CD59-sufficient mice in-
dicates the critical role of MAC in the pathogenesis.
These results indicate that bioproducts of complement
activation such as C3a and Cba may participate in the
pathogenesis of hepatic IRI, which requires further inves-
tigation with C3a and Cba receptor-deficient mice. Con-
sistently, we demonstrated that complement depletion in
the recipient rats significantly protects the donor liver
against hepatic IRI. This result further suggests that com-
plement such as C3a, C5a, and MAC may play a critical
role in hepatic IRl in liver transplantation. These results
are consistent with findings reported by He et al.®* It is
well established that C3a and Cba bind with high affinity
to the Cha receptor (C5aR) on polymorphonuclear leuko-
cytes, monocytes, and macrophages® to stimulate oxi-
dative metabolism and the production of reactive oxygen
species in neutrophils and T cells, thereby leading to the
amplification of inflammatory responses.®>-¢¢

It is worth noting that we did not have any primary
reasons to select AST instead of ALT as a main param-
eter for the detection of the degree of liver injury in our
experiments. It has been widely accepted that both AST
and ALT are standard clinical and experimental biomark-
ers for monitoring the liver damage.®" Consistently, we
demonstrated that either AST or ALT levels in the OLT
rats are significantly higher than those in OLT recipient
rats pretreated with CVF. Given the limited amount of

serum obtained from the mice, we measured the levels of
serum ALT only in a few mice at 6 hours after IR. We also
observed no significant difference in serum ALT levels
among the three groups (see Supplemental Figure S1A at
http://ajp.amjpathol.org), which is similar to the findings
for serum AST among the three groups at 6 hours after IR.

Taken together, our present results and results re-
ported previously highlight the roles of C3a, Cba, and
MAC in the pathogenesis of the organ IRI. Understand-
ing of their relative roles and the underlying mecha-
nisms in the pathogenesis of complement-mediated
donor IRl is important for the design of therapeutic
strategies for the prevention of donor IRI, and requires
further investigation.
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