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Complement 5 Inhibition Ameliorates Hepatic
Ischemia/reperfusion Injury in Mice, Dominantly

via the C5a-mediated Cascade

Jiro Kusakabe, MD," Koichiro Hata, MD, PhD,’ Ichiro Tamaki, MD, PhD," Tetsuya Tajima, MD,’
Hidetaka Miyauchi, MD, PhD," Yi Wang, PhD,? Yermek Nigmet, MD, PhD,’

Yusuke Okamura, MD, PhD," Toyonari Kubota, MD, PhD," Hirokazu Tanaka, MD,’

Tatsuaki Tsuruyama, MD, PhD,® and Shinji Uemoto, MD, PhD'

Background. Hepatic ischemia/reperfusion injury (IRI) is a serious complication in liver surgeries, including transplanta-
tion. Complement activation seems to be closely involved in hepatic IRI; however, no complement-targeted intervention
has been clinically applied. We investigated the therapeutic potential of Complement 5 (C5)-targeted regulation in hepatic
IRI. Methods. C5-knockout (B10D2/0Sn) and their corresponding wild-type mice (WT, B10D2/nSn) were exposed to
90-minute partial (70%) hepatic ischemia/reperfusion with either anti-mouse-C5 monoclonal antibody (BB5.1) or corre-
sponding control immunoglobulin administration 30 minutes before ischemia. C5a receptor 1 antagonist was also given
to WT to identify which cascade, C5a or C5b-9, is dominant. Results. C5-knockout and anti-C5-Ab administration to
WT both significantly reduced serum transaminase release and histopathological damages from 2 hours after reperfu-
sion. This improvement was characterized by significantly reduced CD41+ platelet aggregation, maintained F4/80+ cells,
and decreased high-mobility group box 1 release. After 6 hours of reperfusion, the infiltration of CD11+ and Ly6-G+ cells,
cytokine/chemokine expression, single-stranded DNA+ cells, and cleaved caspase-3 expression were all significantly allevi-
ated by anti-C5-Ab. Cha receptor 1 antagonist was as effective as anti-C5-Ab for reducing transaminases. Conclusions.
Anti-C5 antibody significantly ameliorated hepatic IRI, predominantly via the C5a-mediated cascade, not only by inhibiting
platelet aggregation during the early phase but also by attenuating the activation of infiltrating macrophages/neutrophils and
hepatocyte apoptosis in the late phase of reperfusion. Given its efficacy, clinical availability, and controllability, C5-targeted

(Transplantation 2020;104: 2065-2077).

intervention may provide a novel therapeutic strategy against hepatic IRI.

/

INTRODUCTION

Ischemia/reperfusion (IR) injury (IRI) is one of the major
causes of liver failure in liver surgeries, including trans-
plantation (liver transplantation [LT]). Systemic hypoxia

or hypoperfusion in trauma, massive hemorrhage, sep-
sis, and congestive heart or respiratory failure also cause
hepatic IRI. Hepatic IRI is a well-known deleterious factor
that influences graft outcomes in LT, leading not only to
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delayed graft function (10%-25%) and primary nonfunc-
tion (5%-15%)" but also to late graft failure by causing
ischemic cholangiopathy or enhancing immunological
alloreactions through the activation of innate immunity.”
Increasing clinical evidence also demonstrates that hepatic
IRI may accelerate cancer recurrence after LT for hepa-
tocellular carcinoma.* Furthermore, the current critical
shortage of donor organs has expanded the use of extended-
criteria donors from the elderly, those with steatosis, and
donation after circulatory-death (DCD) donors; however,
these “marginal” organs are particularly vulnerable to IRI.
To improve the outcomes of LT, the mechanisms underly-
ing hepatic IRI need to be elucidated and novel therapeutic
approaches developed for deleterious conditions.

The complement system is closely involved in hepatic
IRL.>® Various means of complement inhibition have been
investigated, and cobra venom factor, Cl-inhibitor, and
soluble complement receptor 1 were greviously reported
to effectively attenuate hepatic IRL>"* However, comple-
ment-targeting interventions against hepatic IRI have not
yet been applied in clinical practice. Eculizumab, a human-
ized monoclonal antibody to complement component-5
(C35), has been approved for diverse complement-mediated
disorders, such as paroxysmal nocturnal hemoglobinuria,
atypical hemolytic uremic syndrome, and refractory gener-
alized myasthenia gravis, in many countries.” Eculizumab
has yielded better therapeutic effects against these intrac-
table diseases than ever before.'®'" Its indication has
been expanding to other complement-mediated refractory
diseases, including Guillain-Barré syndrome and aqua-
porin-4 antibody-positive neuromyelitis optica spectrum
disorder.'>"* Eculizumab has also been described in kid-
ney antibody-mediated rejection.'*'® By binding directly
to C3, eculizumab inhibits the enzymatic cleavage of C5
into C5a and CS5b, thereby preventing not only the C5a-
induced chemotaxis of proinflammatory immune cells but
also the formation of C5b-9, also known as membrane
attack complex (MAC)." Due to its dramatic efficacy
and simultaneous safety achieved by inhibiting terminal
complement activities without interfering with other host
immunities, we hypothesized that C5-targeted regulation
is a promising therapeutic option for hepatic IRI.

Besides evaluating the therapeutic effects of C5 inhibi-
tion, it is also essential to obtain a better understand-
ing of the mechanisms underlying the C$ involvement in
hepatic IRI in rodent models before its clinical applica-
tion. Previous studies reported the impact of C5a or C5b
blockade in hepatic,">'®!” as well as in renal IRI**?%
however, the dominant cascade, C5a or C5b, has yet to
be identified. Hepatic IRI is a biphasic phenomenon.*
Early-phase injury is initiated by the release of endoge-
nous damage-associated molecular patterns and the acti-
vation of liver-resident macrophages and dendritic cells,
followed by microcirculatory disturbance.”® In the late
phase, activated monocytes and neutrophils are recruited
into hepatic parenchyma to amplify local immune
responses.”* However, previous studies mainly exam-
ined alterations in late-phase pathologies by complement
modulation in hepatic IRI. Therefore, C5 involvement in
hepatic IRI as well as the mechanisms by which C5 inhi-
bition ameliorates liver damage throughout the dynamic
process need to be clarified before proceeding to clinical
applications.

www.transplantjournal.com

Therefore, the present study investigated the therapeutic
potential of C5 regulation in hepatic IRI and the mecha-
nisms underlying C5 involvement by comparing the effects
of total C5 blockade with C5a receptor 1 (C5aR1) inhibi-
tion in both the early and late phases.

MATERIALS AND METHODS

Animals

Male wild-type (WT), B10D2nSn-Slc (C5+/+, WT)
and knockout (KO), B10D20Sn-] (C5-/—, KO) mice (8-
10 wks, 20-25¢g) were purchased from Japan SLC, Inc.,
(Hamamatsu, Japan) and the Jackson Laboratory (Bar
Harbor, ME), respectively. All animals were kept in specific
pathogen-free conditions in a temperature- and humidity-
controlled environment with a 12-hour light-dark cycle
and were allowed free access to tap water and standard
chow pellets ad libitum. All animals received humane
care in accordance with the Guide for the Care and Use
of Laboratory animals (National Institutes of Health
Publication 86-23, 2011 revision). All experimental proto-
cols were approved by the Animal Research Committee of
Kyoto University (MedKyo-17546 and -18193).

Liver IRI Model

We used the established mouse model of partial warm
hepatic IRI (Figure 1).2*” Mice were anesthetized under
isoflurane. An atraumatic clip (AS-1; Natsume Seisakujo
Co., Ltd., Tokyo, Japan) was used to interrupt the artery
and portal venous supply to the left and middle liver lobes,
inducing segmental (70%) hepatic ischemia without intes-
tinal congestion. After 90-minute ischemia, the clamp was
removed and reperfusion was initiated. Mice were given
an intravenous injection of anti-C5-Ab, BB5.1*® provided
by Alexion Pharmaceuticals (Cheshire, CT) at a dose of
40 mg/kg 30 minutes before ischemic insult."”” They were
then humanely sacrificed, and liver/blood samples were
collected 2 and 6 hours after reperfusion. Portions of liver
tissue were procured from ischemic lobes, and blood was
collected from the vena cava. Control WT and KO mice
were pretreated with the same dose of control immunoglob-
ulin (IgG) (mouse IgG-1 isotype control, clone MOPC-21,
BioXCell, NH). WT mice were also treated with C5aR1-
antagonist (PMX53, Tocris Bioscience, Minneapolis,
MO),” a cyclic hexapeptide AcF (OpdChaWR) at a dose
of 1mg/kg.”’! Sham-operated mice underwent the same
procedure but without any vascular occlusion. We used
OpdChaWR (PMX353) in our study because its ghar—
macokinetics has been thoroughly investigated,”’=*>

and it was used in various complement-related rodent
studies. 8301

Complement Hemolytic Assay

Terminal complement activity in mouse sera was meas-
ured by the standard method to assess its ability to lyse
chicken erythrocytes, which had been presensitized with
erythrocyte-specific Abs, as detailed elsewhere.** Normal
B10D2nSn-Slc mouse serum diluted 1 of 10 in gelatin
veronal-buffered saline (GVBS) (B100, CompTech, Tyler,
TX) was used as the 100% lysis control. Experimental
samples were prepared by diluting the test serum 1 of
10 in GVBS then mixing with human C5-deficient serum
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FIGURE 1. Schematic illustration of the experimental design. C5-KO (B10D2/0Sn) and their corresponding WT mice (WT, B10D2/nSn)
were exposed to partial (70%) hepatic ischemia of the left and median lobes for 90 min, followed by reperfusion. IgG-1 isotype control
(clone MOPC-21), anti-C5-Ab (BB5.1), or C5aR1-antagonist (PMX53) was administered 30min before ischemia. C5aR1-Ant, Cba
receptor 1 antagonist; IgG, immunoglobulin; KO, knockout; WT, wild-type.

and GVBS. Each sample was triplicated, and 2 pL of 500
mmol/L EDTA was added to the third well to be used as
“no hemolysis” color control standards. Chicken eryth-
rocytes were presensitized with an antichicken red blood
cell polyclonal Ab (103-4139, Rockland, PA) at 4°C for
15 minutes, added to the plate, and then incubated at
37°C for 30 minutes. After centrifugation, the superna-
tant was transferred to microtiter plates and then read at
OD415 using a microplate reader. The degree of hemolysis
was calculated using the following formula: % hemoly-
sis=100x ([OD sample—OD sample color control]/[OD
100% lysis control-OD 100% lysis color control]). The
results obtained were confirmed by another hemolytic
assay (data not shown). Briefly, hemolytic activity was cal-
culated based on the extent of hemolysis of unsensitized
sheep erythrocytes after the incubation with mouse serum
in the presence of zymosan. In this so-called reactive lysis,
erythrocytes are lysed if the complement cascade is acti-
vated not on erythrocyte membranes but in the fluid phase.

Hepatocellular Damage

Serum alanine aminotransferase (ALT) levels in periph-
eral blood, an indicator of hepatocellular injury, were
measured using a standard spectrophotometric method
with an automated clinical analyzer (JCA-BM9030; JEOL,
Ltd., Tokyo, Japan).

Histology

Liver paraffin sections (4-um thickness) were stained with
hematoxylin & eosin. The severity of hepatic IRI (necrosis,

sinusoidal congestion, and centrilobular ballooning) was
blindly graded by 2 independent pathologists, according to
the modified Suzuki criteria on a scale of 0-4.%

ELISA

High-mobility group box 1 (HMGB-1) is passively
released to the extracellular space from necrotic or apop-
totic cells.’® In hepatic IR, Toll-like receptor-4 (TLR-4)
signaling drives HMGB-1 release, which, in turn, acti-
vates immune cells and inflammatory responses through
its interaction with soluble molecules, such as TLR-4.%”
Serum HMGB-1 levels were quantified with HMGB-1
ELISA Kit II (Shino-Test, Tokyo, Japan) according to the
manufacturer’s protocol.

Quantitative Reverse-transcription Polymerase
Chain Reaction

Proinflammatory cytokines play pivotal roles in hepatic
IRI.>® CXC chemokines, including CXCL-1 and CXCL-
2, act as neutrophil chemoattractants and are also cru-
cial in IRL*® Therefore, proinflammatory cytokines and
chemokines in liver tissues with or without C5 regula-
tion were analyzed by reverse-transcription polymer-
ase chain reaction (RT-PCR). Total RNA was extracted
from liver tissues using an RNeasy Kit (Qiagen, Venlo,
the Netherlands), and ¢cDNA was prepared using an
Omniscript RT kit (Qiagen). Quantitative RT-PCR was
performed using the StepOnePlus Real-Time PCR System
(Life Technologies, Tokyo, Japan). The primers used to
amplify specific gene fragments are listed in Supplemental
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Digital Content 1, SDC, http:/links.lww.com/TP/B938.
Target gene expression was calculated by the ratio to the
housekeeping gene, GAPDH.

Immunohistochemistry

After the deparaffinization of liver sections, the antigen
was retrieved with citrate buffer (10 mmol/L, pH 6.0). After
blocking with Protein Block Serum-Free (X0909, DAKO,
Tokyo, Japan), sections were incubated with the primary
antibodies (Table S1, SDC, http://links.lww.com/TP/B938).
In light microscopy, sections were treated with biotinylated
rabbit anti-rat IgG and goat anti-rabbit IgG (1:300). After
an incubation, immunoperoxidase (VECTASTAIN Elite
ABC Kit, Vector Labs, Burlingame, CA) was applied and
then visualized using 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) solution with hematoxylin counterstain-
ing. In fluorescence microscopy, sections were treated
with Alexa 488-conjugated goat anti-rat IgG (1:500)
and covered with Vectashield mounting medium contain-
ing 4,6-diamidino-2-phenylindole (Vector Laboratories,
Burlingame, CA). Sections were observed with a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan). Positive
cells were counted blindly at 10 high-power fields/section
(x400). Negative controls were prepared by an incubation
with normal rat-IgG or rabbit-IgG (sc-2026 and -2027;
Santa Cruz Biotechnology, Santa Cruz, CA) instead of the
first Abs. The CD41-positive area was quantified using
Image] Software (NIH, Bethesda, MD).

Western Blot

Liver tissues were homogenized in RIPA buffer (Thermo
Fisher Scientific Inc., Waltham, MA), soluble protein
lysates (30 pg/sample) were subjected to 12%-gradient
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and then transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, Hercules, CA). After block-
ing with 5% skim milk, primary antibodies recognizing
cleaved caspase-3 (Asp175; CST, Danvers, MA) and (-
actin (PM053; MBL, Nagoya, Japan) were applied at dilu-
tions of 1:500 and 1:2000, respectively, at 4°C overnight.
After washing, the membranes were reacted with the
horseradish peroxidase-conjugated secondary antibody
(P0448; DAKO, Santa Clara, CA). Chemiluminescence
was detected with ImmunoStar Zeta (WAKO Pure
Chemical Industries, Ltd., Osaka, Japan) and visualized
with a charge-coupled device camera (EZ-capture, Atto
Corporation, Tokyo, Japan). Band intensities were quanti-
fied with Image] Software.

Statistical Analysis

All data are expressed as means=SEM. Differences
among experimental groups were analyzed using 1-way
ANOVA for unpaired data, followed by post hoc tests
to compare therapeutic effects with WT+Control-IgG,
if appropriate. P<0.05 was considered to be significant.
All calculations were performed with Prism 7 (Graph Pad
Software, Inc., San Diego, CA).

www.transplantjournal.com

RESULTS

Chronological Alterations in Complement Hemolytic
Activity

To investigate whether anti-C5-Ab sufficiently inhib-
ited systemic terminal complement activities in our mouse
model, serum hemolytic activity was assessed 30 minutes,
1, 3, 7, 9, and 10 days after an intravenous injection of
anti-C5-Ab. As shown in Figure 2A, 1 dose of BBS5.1 com-
pletely inhibited complement hemolytic activity until day
9, and this activity recovered on day 10.

Hemolytic activity was then measured in hepatic IRI
with or without anti-C5-Ab immediately after; 2 and
6 hours after; and 1, 3, and 4 days after reperfusion. As
shown in Figure 2B, 70%-lobar hepatic IR showed peaked
serum complement activity 2 hours after reperfusion
(WT+Control-IgG). It gradually decreased thereafter until
day 4. Of note, hemolytic activity was completely inhibited
by anti-C5-Ab throughout. This inhibition was confirmed
by 2 different hemolytic assays.

In liver tissues after hepatic IRI, MAC deposition was
observed only in some hepatocytes around the central veins
(zone 3) 2 and 6 hours after reperfusion, representing the
“mosaic” pattern in WT+Control-IgG (Figure 2C). MAC
deposition was rarely observed in the other groups, except
for 1 slide-in WT+C5aR1-Ant 6 hours after reperfusion.

Transaminase Release and Histopathological
Analyses

Serum ALT was significantly lower in WT+Anti-C5-Ab
than in WT+Control-IgG, which was similar to those in
KO mice. As shown in Figure 3A, C5aR1-antagonist also
showed significant improvements 2 and 6 hours after rep-
erfusion. Figure 3B shows consistent histopathological
improvements in lobular edema, congestion, ballooning,
and hepatocellular necrosis by C5/C5aR1 inhibition in the
4 treatment groups from WT+Control-IgG (P<0.001).
Suzuki’s histological scoring showed significantly amelio-
rated liver tissue damage in all the treatment groups from
that in WT+Control-IgG (Figure 3C), indicating the signif-
icant protective effects of C5-KO, anti-C5-Ab, and C5aR1-
antagonist against hepatic IRI.

HMGB-1 Release

To evaluate comprehensive liver damage and assess
the impact of HMGB-1 release on subsequent inflam-
matory responses, serum HMGB-1 was measured using
ELISA. Serum HMGB-1 concentrations in WT+Control-
IgG were higher 2 hours after reperfusion than at 6 hours
(Figure 4A). C5-KO, anti-C5-Ab, and C5aR1-antagonist
attenuated HMGB-1 release as early as 2 hours after rep-
erfusion, resulting in significant reductions in subsequent
inflammatory responses.

Proinflammatory Cytokines and Chemokines
Alterations in proinflammatory cytokines (IL-1p, IL-6,
and TNF-a) and chemokines (CXCL-1 and CXCL-2)
in liver tissues with or without the C5 regulation were
analyzed by RT-PCR. Although no marked trends were
observed 2 hours after reperfusion, C5-KO, anti-C5-Ab,
and CS5aR1-antagonist reduced the expression levels of
proinflammatory cytokines and chemokines induced by IR
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activity. A, Transition of hemolytic activity in mouse sera after an

intravenous injection of anti-C5-Ab. Hemolytic activity was completely inhibited immediately after the injection until d 9 and recovered
by d 10 (=3 mice/group, at each time point). B, Transition of hemolytic activity in mouse sera after an intravenous injection of anti-
C5-Ab or control IgG in the hepatic IRI model. In WT+Control-IgG (the red line), hemolytic activity peaked 2 h after reperfusion, reaching
up to 218% of the preischemic value. It gradually decreased thereafter to d 4. In WT+Anti-C5-Ab (the blue line), hemolytic activity was
completely inhibited throughout the experimental period (n=3 mice/group, at each time point). This inhibition was confirmed by 2
different hemolytic assays. C, Representative liver sections of immunohistochemical staining for C5b-9 with the antibody recognizing
mouse C5b-9 2 and 6h after reperfusion (n=6 mice/group, magnification x200). The scale bar in each panel indicates 100 um. Arrows
in enlarged images indicate hepatocytes with membrane attack complex (MAC) deposition. In WT+Control-IgG, MAC deposition was
observed only around some central veins in 2 and 3 out of 6 slides 2 and 6h after reperfusion, respectively. MAC deposition was not

detected in the other groups, except for 1 slide-in WT+C5aR7-An

t, 6h after reperfusion. C5aR1-Ant, Cba receptor 1 antagonist; IgG,

immunoglobulin; IRI, ischemia/reperfusion injury; KO, knockout; MAC, membrane attack complex; WT, wild-type mice.

to less than those of the control 6 hours after reperfusion
(Figure 4B).

Altered Populations in Liver-resident and Infiltrating
Macrophages

Macrophages are well-known key players in the patho-
genesis of hepatic IRL*** C5a has been identified as a
potent macrophage chemoattractant.*® As shown in
Figure 5, F4/80+ cell numbers were significantly lower in
WT+Control-IgG than in sham controls but were main-
tained in WT+Anti-C5-Ab, KO mice, and WT+C5aR]1-
Ant 2 hours after reperfusion. These alterations were also
observed 6 hours after reperfusion. F4/80 is a representa-
tive marker for macrophages, mainly Kupffer cells (KC),
and its decrease leads not only to the disruption of home-
ostatic balance in liver tissues but also to the activation
of infiltrating macrophages/neutrophils in hepatic IR.*!

The recruitment of CD11b+ cells in WT+Control-IgG
did not significantly differ from that in sham controls 2
hours after reperfusion; however, they were recruited
thereafter, and significantly more CD11b+ cells were evi-
dent in WT+Control-IgG than in sham controls in the late

phase (6h). This infiltration was significantly attenuated
in WT+Anti-C5-Ab, KO mice, and WT+C5aR1-Ant. Liver
macrophage subsets were previously reported to be char-
acteristically altered by hepatic IR, that is, decreases in
KCs and increases in infiltrating macrophages.*' C5-KO,
anti-C5-Ab, and C5aR1-antagonist significantly amelio-
rated decreases in macrophages, mainly KCs, represented
by F4/80+ cells, and increases in infiltrating macrophages/
neutrophils, represented by CD11b+ cells, 2 and 6 hours
after reperfusion, respectively.

Platelet Aggregation in the Hepatic Microcirculation

Platelet aggregation and subsequent microcircula-
tory impairments are critical in the pathogenesis of
hepatic IRL* which is enhanced by complement activa-
tion.* Platelet thrombi, represented by CD41+ spots,
were significantly fewer in WT+Anti-C5-Ab, KO mice,
and WT+CSaR1-Ant than in WT+Control-IgG 2 and 6
hours after reperfusion (Figure 6). Thus, platelet aggrega-
tion occurred early after hepatic IR, and this deleterious
phenomenon was significantly suppressed by C5-KO, anti-
CS5-Ab, and C5aR1-antagonist.
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FIGURE 3. Improved hepatic IRI by C5 regulation. A, Serum ALT levels, given as indices for hepatocellular damage, were significantly
reduced by C5-KO, anti-C5-Ab, and C5aR1-antagonist 2 and 6 h after reperfusion. All data are presented as the mean + SEM. Differences
among groups were assessed via a 1-way ANOVA (P<0.001, n=8 mice/group), followed by Bonferroni’s posttest (1: P<0.001 vs
WT+Control-IgG), unless otherwise indicated. Graphs are invisible due to small values in sham-operated groups. B, Representative
tissue sections (hematoxylin & eosin staining) of ischemic livers after reperfusion (magnification x200). The scale bar in each panel
indicates 100 um. C, Suzuki’s histological grading of IRI (intergroup difference by a 1-way ANOVA, P<0.001; time-point assessment by
Bonferroni’s posttest, 1: P<0.01, : P<0.001 vs WT+Control-IgG). These results were consistent with serum ALT release. ALT, alanine
aminotransferase; C5aR1-Ant, C5a receptor 1 antagonist; IgG, immunoglobulin; IR, ischemia/reperfusion; KO, knockout; WT, wild-type.

Neutrophil Infiltration

CSa is a well-known neutrophil chemoattractant,* and
neutrophils play a pivotal role in inflammatory responses
and resultant tissue injury during hepatic IR.* Ly6-G+ cells,
that is, activated neutrophils, were not yet recruited 2 hours
after reperfusion in all groups, including WT+Control-IgG.
The number of Ly6-G+ cells was significantly lower in
WT+Anti-C5-Ab, KO mice, and WT+CS5aR1-Ant than in
WT+Control-IgG 6 hours after reperfusion (Figure 7A and

B). Thus, neutrophil infiltration was significantly attenuated
by total CS inhibition and C5aR1-antagonist, although the
effects of the latter were not similar to those of the former
at the peak of hepatic IRI.

Oxidative Tissue Damage

The generation of reactive oxygen species (ROS) and
resulting oxidative stress is central pathologies in hepatic
IRI. 8-OHdG is a sensitive marker for oxidatively damaged
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FIGURE 4. Reductions in HMGB-1 release and proinflammatory cytokines/chemokines. A, Serum HMGB-1 concentrations 2 and 6h
after hepatic ischemia/reperfusion. They were significantly reduced by C5-KO, anti-C5-Ab, and C5aR1-antagonist at both time points
(n=6 mice/group; intergroup difference: P<0.001; time-point assessment: 1: P<0.01, $: P<0.001 vs WT+Control-IgG). Of note, serum
HMGB-1 concentrations were higher at 2h than at 6h. B, Quantitative reverse transcription-polymerase chain reaction analysis of
proinflammatory cytokines and chemokines (IL-1p, IL-6, TNF-a, CXCL-1, and CXCL-2) 2 and 6h after reperfusion. Although no marked
trends were observed 2h after reperfusion, C5-KO, anti-C5-Ab, and C5aR1-antagonist all significantly decreased the expression of
proinflammatory cytokines and chemokines from those in the WT control group 6 h after reperfusion. Data were normalized to GAPDH
gene expression (n=6 mice/group). All data are presented as the mean + SEM. Differences among the groups were assessed via a
1-way ANOVA, followed by Bonferroni’s posttest (*: P<0.05, t: P<0.01, 1: P<0.001 vs WT+Control-IgG). C5aR1-Ant, Cba receptor
1 antagonist; GAPDH, glyceraldehyde-3-phosphate; HMGB-1, high-mobility group box 1 protein; IgG, immunoglobulin; KO, knockout;

WT, wild-type.

DNA. As demonstrated in Figure 7C and D, 8-OHdG+
cells were partially observed at 2 hours after reperfusion.
At 6 hours, WT+Control-IgG showed diffusely scattered
positive hepatocytes panlobularly. In the other treatment
groups, however, oxidative damage was significantly
alleviated.

Cell Apoptosis

Since apoptosis is one of the main forms of cell death in
IRL* we examined whether C5 regulation affects hepato-
cyte apoptosis induced by IR. As shown in Figure 8A and
B, ssDNA-positive cell numbers were significantly lower
in WT+Anti-C5-Ab, KO mice, and WT+CSaR1-Ant than
in WT+Control-IgG 6 hours after reperfusion (P<0.001).
Cleaved caspase-3 expression was also significantly low-
ered in WT+Anti-C5-Ab and KO+Control-IgG than in
WT+Control-IgG at 6 hours after reperfusion (Figure 8C
and D, P<0.001). Collectively, these results indicate that
apoptotic cell death markedly increased between 2 and
6 hours after reperfusion, which was more-significantly

ameliorated by total C5 inhibition than by C5aR1 block-
ade at 6 hours.

DISCUSSION

In the present study, we demonstrated the therapeutic
impacts of C5 and C5aR1 inhibition on hepatic IRI and
elucidated the underlying mechanisms. Most previous
reports investigating hepatic IRI in rodent models have
focused on biological reactions at 6 hours or later after
reperfusion. One novelty in the current study was, there-
fore, detailed assessments for acute-phase reactions, that is,
just 2 hours after reperfusion. Total C5 and C5aR1 inhibi-
tion both significantly ameliorated hepatic IRI, which was
characterized by the suppression of (1) platelet aggrega-
tion in the hepatic microcirculation; (2) HMGB-1 release
in the early phase of reperfusion, as well as by the down-
regulation of (1) infiltrating macrophages and neutrophils,
(2) cytokine and chemokine release, (3) ROS generation,
and (4) hepatocyte apoptosis in the late phase.
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FIGURE 5. Alterations in liver macrophage populations after hepatic IRI. A, Representative tissue sections of ischemic livers stained by
F4/80 and CD11b 2 and 6h after reperfusion (magnification x200). The scale bar in each panel indicates 100 um. B, Quantification of
hepatic F4/80+ and CD11b+ cell accumulation. The number of F4/80+ cells in WT+Control-IgG was lower than that in sham controls 2
and 6h after reperfusion. In contrast, F4/80+ cell numbers were significantly maintained by C5-KO, anti-C5-Ab, and C5aR1-antagonist,
particularly 2h after reperfusion. The recruitment of CD11b+ cells was significantly greater in WT+Control-lgG than in sham controls
6h after reperfusion. This distinctive alteration in liver macrophage subsets after IR was significantly alleviated by C5-KO, anti-C5-Ab,
and ChaR1-antagonist 6h after reperfusion. All data are presented as the mean + SEM (n=6 mice/group). Differences among the
groups were assessed via a 1-way ANOVA at each time point, followed by Bonferroni’s posttest (*: P<0.05, t: P<0.01, : P<0.001 vs
WT+Control-IgG). C5aR1-Ant, Cba receptor 1 antagonist; IgG, immunoglobulin; KO, knockout; WT, wild-type.

CSa is a well-known anaphylatoxin that amplifies the
activation and transmigration of leukocytes, causes baso-
phil/mast cell degranulation, enhances vascular permeabil-
ity, and promotes vasoconstriction.*® On the other hand,
C5b constitutes MAC formation that triggers inflamma-
tion, apoptosis, and cell lysis.* By using C5-KO animals
(the complete and permanent inhibition of total C5 activ-
ity), anti-C5-Ab (complete, but transient inhibition of
total C§ activity), and C5aR1-antagonist (interrupting
the C5a-C5aR1 interaction only without any interference
with C5b and its downstream cascades), we demonstrated
that the interruption of the C5a-mediated cascade was
the main mechanism underlying the protection by CS5 reg-
ulation in hepatic IRI. In fact, C5aR1-antagonist was as

effective as anti-C5-Ab for reducing hepatocellular dam-
age, represented by transaminase release. In hepatic IR,
CS5a mediates leukocyte activation and transmigration,
resulting in hepatocyte necrosis and apoptosis. C5b and
MAC then directly lyse target cells, promoting the release
of damage-associated molecular patterns, cytokines,
chemokines, and additional anaphylatoxins."*"” MAC
deposition was not obvious, even in WT controls exposed
to IRI in our model. Collectively, the present results sug-
gest that the C5a-mediated cascade functions dominantly
in the complement-mediated pathogenesis of hepatic IRI.

Although the efficacy of the C5aR1 blockade was simi-
lar to that by total C5 inhibition in the present study, previ-
ous studies demonstrated the significance of C5b-9 (MAC)
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FIGURE 6. Platelet aggregation. A, Representative tissue sections of ischemic livers stained by CD41 2 and 6h after reperfusion
(magnification x200). The scale bar in each panel indicates 100 pm. B, Quantification of intrahepatic platelet thrombi. CD41+ particles
were significantly decreased by C5-KO, anti-C5-Ab, and C5aR1-antagonist from those in WT+Control-IgG 2 and 6 h after reperfusion.
All data are presented as the mean + SEM (n=6 mice/group). Differences among the groups were assessed via a 1-way ANOVA at
each time point, followed by Bonferroni’s posttest (*: P<0.05, 1: P<0.01, £: P<0.001 vs WT+Control-IgG). C5aR1-Ant, Cba receptor

1 antagonist; IgG, immunoglobulin; KO, knockout; WT, wild-type.

in the pathogenesis of hepatic IRL."*'” MAC appears to
trigger Nod-like Receptor Protein 3 (NLRP3) inflamma-
some activation, thereby promoting neutrophil recruit-
ment,’® IL-1f secretion, and caspase activation, which
results in apoptosis.” In fact, the present results showed
that decreased neutrophil infiltration and reduced hepato-
cyte apoptosis were more clearly observed following total
CS inhibition than with C5aR1 blockade, even though
no significant difference existed in many parameters
including transaminases. These highly suggest that C5b-9
(MAC) also plays some role in neutrophil infiltration and
hepatocyte apoptosis in hepatic IRI. In comparison with
anti-C5-Ab, the long-term efficacy and adverse effects of
the C5aR1 blockade remain unclear. In contrast, not only
short-term but also long-term efficacy as well as adverse
events by humanized anti-C5-Ab, eculizumab, have been
accumulated in clinical practice over the last 2 decades.

The liver is a characteristic immune organ that includes
nearly 90% of tissue-resident macrophages in the whole
body, well-known as KCs.** Therefore, KCs have been
extensively investigated in diverse liver pathologies
because of their significance in innate and adaptive immu-
nities. However, the roles of KCs in hepatic IRI remain
controversial.*»*3* A recent study reported that hepatic
IR resulted in the necrotic depletion/reduction of KCs
(F4/80+, CD11b-), whereas monocyte-derived mac-
rophages (F4/80+, CD11b+), in turn, transmigrated to
the liver.*! These findings are consistent with the present
results obtained from WT livers exposed to IR. The pre-
sent study provided direct evidence to show that these
distinctive alterations in liver macrophage subsets were
significantly alleviated by total C5 and C5aR1 inhibition.
Of note, C5-KO, anti-C5-Ab, and C5aR1-antagonist all
significantly maintained F4/80+ cell numbers in ischemic
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FIGURE 7. Neutrophil infiltration and oxidative stress. A, Representative liver sections stained by Ly6-G 2 and 6h after reperfusion
(magnification x200). Aggregation of Ly6-G + cells was highlighted in red circles. The scale bar in each panel indicates 100 um. B,
Quantification of Ly6-G accumulation into the hepatic parenchyma. The infiltration of Ly6-G + cells became evident 6h after reperfusion
in WT+Control-lgG and was significantly decreased by C5-KO, anti-C5-Ab, and C5aR1-antagonist from that in WT+Control-IgG. C,
Representative liver sections stained by the oxidative stress marker, 8-OHdG 2 and 6 h after reperfusion (n =6 mice/group; magnification
x200). The scale bar in each panel indicates 100 pm. The staining intensity of 8-OHAG was high in nuclei with severe DNA damage.
Two h after reperfusion, 8-OHdG+ cells were partially scattered around the portal (zone-1) or central venules (zone 3) in 2 out of 6 slides
in WT+Control-IgG, as highlighted by red circle. This result was only observed in 0-1 out of 6 slides in the other groups. At 6h, all slides
in WT+Control-IgG exhibited diffusely scattered positive hepatocytes panlobularly, as outlined by red lines. In the other groups, this
change was only observed in 0-2 out of 6 slides. D, Quantification of oxidative stress. The 8-OHdG+ hepatocytes became evident 6h
after reperfusion in WT+Control-IgG, which were significantly higher than those in the other groups. All data are presented as the mean
+ SEM (n=6 mice/group). Differences among the groups were assessed via a 1-way ANOVA at each time point, followed by Bonferroni’s
posttest (*: P<0.05, 1: P<0.01 vs WT+Control-IgG). C5aR1-Ant, C5a receptor 1 antagonist; IgG, immunoglobulin; KO, knockout; Ly6-
G, lymphocyte antigen 6 complex locus G; WT, wild-type; 8-OHdG, 8-hydroxy-2’-deoxyguanosine.



1971ZIMNZIDBPXZOBBAROATIAEIDYIASALLIAIPO0AEIEAHIOIN/AOAUMYTXOMADYOINX

OHISABZIYTCA+ePNIOITWNOTIZTARNHAOSHAIAYE AQ reusnofuejdsue/wod’ mm| sfeulnol//:dny woly papeojumod

€202¢/v7¢/e0 uo

© 2020 The Author(s). Published by Wolters Kluwer Health, Inc. Kusakabe et al 2075

A WT+Control-lgG WT+Anti-C5-Ab KO+Control-IgG KO+Anti-C5-Ab  WT+C5aR1-Ant

.

B
&100- 2h &100- ®e 6 h
I I % i
£ .. £91" ¢ *
Z torog 3 3
S |F? A P I
O-Mﬂ—ﬁﬂ— 0-—.—%3;—'#:—@—&
O ® 0 »® & L& O ® O » & &
\\(}3\9 ,C)Qf?.\s&'g 095?. QL\V‘ 'G}@O%(\% \\0\‘\q. pgv$c§‘g. ,O@I?. Q},V‘ '53\\@09(‘%
S S S
SEFEE  pPcooot EFEFEE P <0.001
2h 6h
C (kD)
: i — 19
Cleaved Caspase-3 | = & =17
0 & O 0 0 &
FELEFFEY FELEF L
& & F X F & F XL &
LG E & S EE
2 20- 2 201
© © L
c 2h = * B6h
S 1.5+ B 151 j[, 5 %
A A
% 104 ° i 1.0 o = A, i
8 - & . J_'f .
8 051 Q'E . . 8 o054 °
o F e miE -I:E- © % [ ]
g 5 .5 % -
ool ot L F ool
o O 9 0 5 o O P 0 O &
ROR RO (IR S ROFE RO SR
OO OO NS 9 O O O U N DO 9
& LFES CFEELES
KPR NN NG RO SN e N
o & o «x
FEE & & p=015 N € & P =0.021

FIGURE 8. Apoptotic cell death. A, Representative ssDNA (single-stranded DNA) staining of liver sections 2 and 6 h after reperfusion
(magnification x200). The scale bar in each panel indicates 100 upm. B, Quantification of intrahepatic apoptosis. ssDNA+ cell numbers
were higher in WT+Control-IgG at 6 h than at 2 h after reperfusion. However, they were significantly decreased by C5-KO, anti-C5-Ab,
and CbaR1-antagonist. C, Western blot analysis for cleaved caspase-3 expression 2 and 6 h after reperfusion. Protein expression was
quantified with Imaged Software and normalized to that of $-actin. Cleaved caspase-3 was strongly expressed in WT+Control-IgG 6h
after reperfusion and was significantly decreased by anti-C5-Ab and C5-KO. All data are presented as the mean + SEM (n=6 mice/
group). Differences among groups were assessed via a 1-way ANOVA, followed by Bonferroni’s posttest (*: P<0.05, : P<0.001 vs
WT+Control-IgG). C5aR1-Ant, Cba receptor 1 antagonist; IgG, immunoglobulin; KO, knockout; ssDNA, single-stranded DNA; WT,
wild-type.
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livers and significantly attenuated CD11b+ cell infiltra-
tion after reperfusion. Based on the similar impact of all
3 C5 and C5a interventions on macrophage alterations,
it is plausible that C5a-mediated signals play pivotal roles
in shifting macrophage populations after hepatic IRI.
Although a “chicken-or-the-egg” argument remains as to
whether the altered macrophage response was the cause or
merely a result of improved hepatic IRI, C5/C5aR1 inhibi-
tion significantly diminished overall hepatic IRI with the
significant maintenance of the physiological population in
liver macrophages from the early phase.

Microcirculatory disturbance is a detrimental phenom-
enon in hepatic IRI, resulting in an insufficient energy
supply and impaired ATP restoration upon reperfusion.*’
Ischemia induces the expression of tissue factors on mono-
cytes and vascular endothelia, which increases thrombin
generation. Fibrin and platelet thrombosis subsequently
form early in hepatic IRL.> Moreover, increasing attention
is being paid to “signal crosstalk” between the complement
and coagulation systems®’: platelet activation is enhanced
by several complement factors.* The initiator of the clas-
sical pathway, Clq, is involved in the regulation of platelet
activation by upregulating P-selectin, and C3a and C5a
also activate platelets through their receptors on the plate-
let surface.’® C5b-9 induces the release of a-granules and
microparticles from platelets and stimulates their procoag-
ulant activities by augmenting prothrombinase.’’ Recent
clinical trials demonstrated that C5 inhibition markedly
attenuated thrombotic microangiopathy (TMA)-related
symptoms in patients with paroxysmal nocturnal hemo-
globinuria and atypical hemolytic uremic syndrome.'®!!
These functions of C5a and C5b-9 on platelets explain, at
least in part, our result showing that C5 and C5aR1 inhi-
bition significantly suppressed the formation of platelet
thrombi from the early to late stages of reperfusion.

One of the limitations of the present study is that
CS5aR1-antagonist, PMXS53, does not block a minor type
of C5aR, known as C5L2.*°% C5L2 is expressed on simi-
lar cells that express the major type of C5aR, CD88, and a
functional link between the 2 receptors has been suggested.
However, C5L2 expression levels were markedly lower
than those of CD88,%® and C5L2 may merely function as
a decoy receptor. Thus, it is generally accepted that CD88
primarily exerts effector functions, and clinical trials for
C5a inhibition have evaluated the therapeutic antagonism
of CD88 only.”” Therefore, it appears to be reasonable to
focus on CD88 inhibition. Another limitation may be the
lack of a group with MAC inhibition only because a spe-
cific inhibitor of MAC was not commercially available. We
herein analyzed MAC formation using immunohistochem-
istry and found that MAC deposition was minimal, even
in WT livers after IR. These results suggest that the C5b-
mediated cascade plays a less important role than the C5a-
mediated cascade in hepatic IRL.

In conclusion, the anti-C5 antibody significantly atten-
uated hepatic IR, predominantly via the C5a-mediated
cascade. However, no complement-targeting intervention
has yet been applied in clinical practice. Based on its effi-
cacy, clinical availability, and controllability, the anti-C35
antibody and C35aR1-antagonist may provide a novel
therapeutic strategy for various pathologies, including
liver surgeries.

www.transplantjournal.com
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