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SUMMARY

Anti-C5-antibody (Ab), whose efficacy is superior to that of
C5a blockade, exerts a marked therapeutic effect on
different acute liver failure (ALF) mice models. Anti-C5-Ab
potentially provides a novel promising strategy to inhibit
the progression of acute hepatitis to ALF.

BACKGROUND & AIMS: Acute liver failure (ALF) is a life-
threatening condition with limited treatment alternatives. ALF
pathogenesis seemingly involves the complement system.
However, no complement-targeted intervention has been clin-
ically applied. In this study, we aimed to investigate the po-
tential of Complement-5 (C5)-targeted ALF treatment.

METHODS: ALF was induced in C5-knockout (KO, B10D2/oSn)
mice and their wild-type (WT) counterparts (B10D2/nSn)
through intraperitoneal lipopolysaccharide (LPS) and D-galac-
tosamine (D-GalN) administration. Thereafter, monoclonal anti-
C5 antibody (Ab) or control immunoglobulin was administered
intravenously. Furthermore, a selective C5a-receptor (C5aR)
antagonist was administered to WT mice to compare its efficacy
with that of anti-C5-Ab-mediated total C5 inhibition. We clari-
fied the therapeutic effect of delayed anti-C5-Ab administration
after LPS/D-GalN challenge. We also assessed the efficacy of
anti-C5-Ab in another ALF model, using concanavalin-A.

RESULTS: Liver injury was evident 6 hours after LPS/D-GalN
administration. C5-KO and anti-C5-Ab treatment significantly
improved overall animal survival and significantly reduced
serum transaminase and high-mobility group box-1 release
with decreased histological tissue damage. This improvement
was characterized by significantly reduced CD41þ platelet
aggregation, maintained F4/80þ cells, and less infiltration of
CD11þ/Ly6-Gþ cells with lower cytokine/chemokine
expression. Furthermore, C5-KO and anti-C5-Ab down-
regulated tumor necrosis factor-a production by macrophages
before inducing marked liver injury. Moreover, single-
stranded-DNA cells and caspase activation were reduced,
indicating significant attenuation of apoptosis. Anti-C5-Ab
treatment protected the liver more effectively than the
C5aR antagonist, and its delayed doses were hepatoprotective.
In addition, anti-C5-Ab treatment was effective against
concanavalin-A–induced ALF.

CONCLUSIONS: C5 inhibition effectively suppresses progres-
sion to ALF in mice models of fulminant hepatitis, serving as a
new potential treatment strategy for ALF. (Cell Mol Gastro-
enterol Hepatol 2021;11:1351–1367; https://doi.org/10.1016/
j.jcmgh.2021.01.001)
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cute liver failure (ALF) is a life-threatening patho-
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high-mobility group box-1; IgG, immunoglobulin; IL, interleukin; JNK,
c-jun N-terminal kinase; KO, knockout; LPS, lipopolysaccharide; mAb,
monoclonal antibody; MAC, membrane attack complex; ssDNA, sin-
gle-stranded DNA; TNF-a, tumor necrosis factor a; WT, wild-type.
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Alogical condition with various etiologies such as viral
or autoimmune hepatitis, hepatotoxic compounds, and
metabolic or genetic diseases1 and is characterized by
massive hepatocyte necrosis, rapid deterioration of liver
function, encephalopathy or coma, and high mortality. Apart
from the direct effects of hepatotoxic agents, various immune
cells are activated and recruited to the liver, regardless of the
etiology.2 They produce numerous proinflammatory media-
tors including cytokines, chemokines, proteases, and reactive
oxygen or nitrogen species, inducing apoptotic or necrotic
changes in hepatocytes.3 Although the mechanisms under-
lying these deleterious conditions are known, treatment al-
ternatives remain limited. Moreover, liver transplantation, a
rapid salvage procedure, is still required in approximately
30% of ALF patients.4,5

The complement system plays a key role in liver homeo-
stasis and immune responses6 and is involved in the patho-
genesis of various diseases, including fibrosis, alcoholic disease,
nonalcoholic steatohepatitis, hepatocellular carcinoma, and
liver ischemia-reperfusion injury.6–11 C3-knockout (KO), C3aR
(C3a-receptor)/C5aR-antagonists, and CR2-fH (complement-
receptor-2 and factor-H) protect the liver from lipopolysac-
charide (LPS)/D-galactosamine hydrochloride (D-GalN)–
induced injury in mice.12 Moreover, the C5a-C5aR pathway is
important in the pathogenesis ofmurine fulminant hepatitis via
its induction of the expression of fibrinogen-like protein 2.13,14

Thus, the complement system may be closely involved in ALF
pathogenesis; however, complement-targeting interventions
against ALF have yet to be applied in the clinical setting.

Paroxysmal nocturnal hemoglobinuria was the first
complement-mediated disease for which Eculizumab, a hu-
manized monoclonal antibody (mAb) to the terminal com-
plement component-5 (C5) was approved.15 Thereafter, its
indications have expanded to various complement-mediated
refractory diseases, including atypical hemolytic uremic
syndrome, refractory generalized myasthenia gravis, and
aquaporin-4 antibody–positive neuromyelitis optica spec-
trum disorder.16–19 Furthermore, eculizumab treatment
reportedly alleviates intractable symptoms in severe Guil-
lain-Barré syndrome.18 It inhibits the enzymatic cleavage of
C5 to C5a and C5b by directly interacting with C5. Without
interfering with other host immune processes, eculizumab
prevents not only C5a-mediated chemotaxis among proin-
flammatory immune cells but also the assembly of C5b-9,
known as the membrane attack complex (MAC), which
triggers caspase activation through NLRP3 (Nod-like re-
ceptor family protein 3) inflammasome activation.20,21

Therefore, we hypothesized that C5-targeted regulation
is a promising early interventional strategy for ALF. In this
study, we aimed to investigate the role of C5 in ALF path-
ogenesis and the therapeutic potential of C5 regulators with
anti-C5-Ab in ALF.
Results
Chronological Alterations in Complement
Hemolytic Activity in ALF

To determine whether anti-C5-Ab treatment completely
inhibited systemic terminal complement activity in our
mouse model, serum hemolytic activity was assessed after
30 minutes and 1, 3, 7, 9, and 10 days of intravenous anti-
C5-Ab administration. As shown in Figure 1A, 1 dose of
BB5.1 completely inhibited complement hemolytic activity
until day 9, and activity recovered on day 10.

Furthermore, hemolytic activity in the ALF model was
assessed with or without anti-C5-Ab administration. As
shown in Figure 1B, serum complement activity was grad-
ually increased on LPS/D-GalN administration up to 203%
at 4 hours in the control mice (WTþControl-IgG) and was
completely inhibited upon anti-C5-Ab treatment throughout
the study period.

As shown in Figure 1C, MAC deposition was observed in
pericentral zone 3 after LPS/D-GalN administration in con-
trol mice (WTþControl-IgG) but not in the other groups.
These findings indicate that C5b-9 (MAC) directly targeted
hepatocytes; this effect was completely suppressed by C5-
KO and anti-C5-Ab treatment.

Transaminase Release and Histopathological
Findings

In WTþControl-IgG, LPS/D-GalN–induced liver injury
was detected at 4 hours, which became severe after 6 hours.
Hepatocellular damage, reflected by serum alanine amino-
transferase (ALT) levels, was significantly decreased by
anti-C5-Ab treatment and C5-KO at 6 hours (P < .001)
(Figure 1D). Histopathological grading revealed significantly
alleviated liver damage in all treatment groups compared
with that in WTþControl-IgG mice at 6 hours (P < .001)
(Figure 1E). Representative tissue sections are shown in
Figure 1F, revealing the alleviation of apoptosis and necrosis
and inflammation after C5 inhibition (C5-KO and anti-C5-
Ab) compared with that inWTþControl-IgGmice (P < .001).

High-Mobility Group Box-1 Release
High-mobility group box-1 (HMGB-1) is intricately

involved in the progression of LPS/D-GalN–induced ALF22

and is passively released from dying cells,23 leading to
massive release of proinflammatory cytokines and

http://creativecommons.org/licenses/by-nc-nd/4.0/
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chemokines by interacting with soluble molecules such as
Toll-like receptor-4. Therefore, to comprehensively evaluate
liver damage and its impact on subsequent inflammatory
A

C

6 h

WT+Control-IgG WT+Anti-C5-Ab KO+C

Time after Anti-C5 mAb injection

B

Ti

0 12
0

50

100
KO

Hou

Su
rv

iv
al

 (%
)

H

6 h

WT+Control-IgG WT+Anti-C5-Ab KO+CF

0 h 2 h 4 h 6 h

Se
ru

m
AL

T 
(IU

/L
)

Time after LPS/D-GaIN injection
0 h

0

1

2

3

In
ju

ry
 G

ra
de

D E

‡
‡

‡

0

2000

4000

6000

2 h 4 h 6 h
0

100

200

300

Se
ru

m
 H

M
G

B-
1 

(n
g/

m
l)

0 h

‡
‡

‡

G

30
-m

in
Day

-1
Day

-3
Day

-7
Day

-9

Day
-10

0

25

50

75

100

H
em

ol
ys

is
 (%

)

0 h
0

50

100

150

200

H
em

ol
ys

is
 (%

)

responses, serum HMGB-1 concentrations were determined
using enzyme-linked immunosorbent assay (ELISA). HMGB-
1 was detected at 4 hours and its level sharply increased at
ontrol-IgG KO+Anti-C5-Ab

me after LPS/D-GaIN injection

24 36 48 60 72

KO+Anti-C5-Ab (P = .011)

WT+Control-IgG 

WT+Anti-C5-Ab (P = .048)

+Control-IgG (P = .011)

rs after LPS/D-GaIN injection

ontrol-IgG KO+Anti-C5-Ab

WT+Control-IgG
WT+Anti-C5-Ab
KO+Control-IgG
KO+Anti-C5-Ab

2 h 4 h 6 h

‡ ‡
‡

2 h 4 h 6 h

WT+Control-IgG
WT+Anti-C5-Ab

Negative Control



1354 Kusakabe et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 5
6 hours in WTþControl-IgG mice (Figure 1G). In contrast,
C5-KO and anti-C5-Ab treatment significantly attenuated the
HMGB-1 burst at 6 hours.

Animal Survival
To determine whether C5 regulators simply delay liver

injury or exert sustained protective effects and prevent
mortality, animal survival was assessed after LPS/D-GalN
challenge. Among the control mice (WTþControl-IgG), 5 of
8 mice died within 8 hours, whereas only 1 died from
among WTþAnti-C5-Ab mice. No C5-KO mice died within an
8-hour period. Two of 8 (25.0%) wild-type (WT) control
mice displayed long-term survival; however, 6 (75.0%) and
7 (87.5%) mice in the anti-C5-Ab and C5-KO groups,
respectively, survived for 3 d (Figure 1H).

Proinflammatory Cytokines and Chemokines
Proinflammatory cytokines play pivotal roles in ALF

pathogenesis. Among macrophage-derived cytokines, tumor
necrosis factor a (TNF-a) particularly mediates and exacer-
bates LPS/D-GalN–induced liver damage.24,25 CXC chemo-
kines (eg, CXCL-1 and CXCL-2) serve as neutrophil
chemoattractants. Both C5-KO and anti-C5-Ab treatment
significantly downregulated proinflammatory cytokines and
chemokines at the messenger RNA level at 6 hours
(Figure 2A). TNF-a messenger RNA was significantly down-
regulated upon C5-KO and anti-C5-Ab treatment at earlier
phases of 2 and 4 hours, respectively. Serum TNF-a levels
were significantly decreased from 2 hours upon C5-KO and
anti-C5-Ab treatment (Figure 2B). Thus, liver damage allevi-
ated by C5 regulators was associated with early down-
regulation of TNF-a but no other proinflammatory cytokine.

C5aR Antagonist and Macrophage Activation
The TNF-a storm early after the LPS/D-GalN challenge

was significantly attenuated through C5 inhibition. Because
C5aR is expressed on macrophages, and C5a is a potent
Figure 1. (See previous page). Hemolytic and complement a
hemolytic activity in mouse sera after intravenous administratio
immediately after this treatment until day 9 and rapidly recov
Transition of hemolytic activity in the sera of ALF model mic
WTþControl-IgG mice (red line), hemolytic activity peaked 4 hou
levels. In WTþAnti-C5-Ab mice (blue line), hemolytic activity was
at each time point). (C) Representative liver sections for immuno
administration (n ¼ 6 mice/group, magnification, �200). Scale b
observed around some central veins (arrows), representing the
groups. (D) In WTþControl-IgG mice, serum ALT levels sharpl
however, significantly alleviated upon anti-C5-Ab treatment or C
hours, as the values are negligible. All data are presented as me
via 2-way repeated-measurement analysis of variance (P < .001
.001 vs WTþControl-IgG. (E) Histopathological grading (n ¼ 8 m
variance, P < .001; time-point assessment using Bonferroni’s p
release, tissue damage was significantly alleviated upon C5-KO
eosin–stained liver tissue sections at 6 hours after intravenous L
100 mm. (G) Serum HMGB-1 concentrations after LPS/D-GalN
were significantly reduced upon C5-KO and anti-C5-Ab treatm
point assessment, ‡P < .001 vs WTþControl-IgG). (H) Kaplan-
each). C5-KO and anti-C5-Ab significantly improved overall mort
in log-rank tests.
macrophage chemoattractant,6,26,27 we investigated
whether C5a-C5aR inhibition suppresses proinflammatory
macrophage activation. Activated macrophages are one of
the major extrahepatic sources of various complement
proteins.28 As shown in Figure 2C, C5aR-antagonist signifi-
cantly and dose-dependently attenuated TNF-a production
from activated macrophages, indicating a pivotal role of the
anaphylatoxin, C5a, in TNF-a/macrophage-mediated liver
damage in ALF.
Platelet Aggregation in Hepatic Microcirculation
Microcirculatory impairment is a pathognomonic feature

of ALF.13,14,29 Platelet thrombi, represented by CD41þ
spots, were significantly fewer in WTþAnti-C5-Ab and KO
mice than in WTþControl-IgG at 4 and 6 hours after LPS/D-
GalN challenge (Figure 3A). Thus, platelet aggregation was
significantly suppressed by C5 regulators before the peak of
acute liver injury.
Altered Populations of Liver-Resident and
Infiltrating Macrophages

C5a is a potent macrophage chemoattractant,26 and
resultant macrophage infiltration indicates ALF exacer-
bation.30–32 To examine alterations in macrophage compo-
sitions in ALF, we performed immunohistochemical staining
for F4/80 and CD11b. F4/80 is a representative marker for
macrophages, mainly Kupffer cells, while CD11b is for
infiltrating macrophages.33,34 As shown in Figure 3B, the
number of F4/80þ cells gradually decreased in the
WTþControl-IgG mice but was significantly retained in
WTþAnti-C5-Ab and KO mice.

In contrast, CD11bþ cells were recruited to control
livers time dependently. Such macrophage infiltration was
significantly attenuated upon C5-KO and anti-C5-Ab treat-
ment from 2 and 4 hours, respectively (Figure 3B). Altered
macrophage populations (ie, reduced number of Kupffer
cells and increased number of infiltrating macrophages) are
ctivity, liver damage, and animal survival. (A) Transition of
n of anti-C5-Ab. Hemolytic activity was completely inhibited
ered on day 10 (n ¼ 3 mice/group at each time point). (B)
e intravenously administered anti-C5-Ab or control IgG. In
rs after LPS/D-GalN injection, approaching 203% of baseline
completely inhibited throughout the study (n ¼ 4 mice/group
histochemical staining for C5b-9 at 6 hours after LPS/D-GalN
ars ¼ 100 mm. In WTþControl-IgG mice, MAC deposition was
“mosaic” pattern; however, it was not detected in the other
y increased at 6 hours. Severe hepatocyte destruction was,
5-KO (P < .001). Boxes and bars are mostly invisible until 4
an ± SEM values. Differences among groups were assessed
; n ¼ 8 mice/group), followed by Bonferroni’s posttest. ‡P <
ice/group; intergroup difference through the 2-way analysis of
osttest, ‡P < .001 vs WTþControl-IgG). Consistent with ALT
and anti-C5-Ab treatment. (F) Representative hematoxylin and
PS/D-GalN administration (magnification, �200). Scale bar ¼
injection sharply increased at 6 hours in WTþControl-IgG but
ent (n ¼ 6 mice/group; intergroup difference: P < .001; time-
Meier curves plotted after the LPS/D-GalN challenge (n ¼ 8
ality rates compared with those amongWTþControl-IgGmice
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Figure 2. Proinflammatory cytokines and chemokines. (A) Quantitative reverse-transcription PCR analysis of expression of
proinflammatory cytokines (Il1b, Il6, and Tnf) and chemokines (Cxcl1 and Cxcl2). C5-KO and anti-C5-Ab significantly down-
regulated these factors at 6 hours, among which Tnf was significantly downregulated earlier from 2 and 4 hours upon C5-KO
and anti-C5-Ab treatment, respectively. Data points are not visible owing to negligible values at 0 hours. Gene expression
levels were normalized to those of Gapdh (mean ± SEM, n ¼ 6 mice/group). The data were represented as fold differences by
the 2-DDCt method, with the control mice (WTþControl-IgG) at 0 hours as a reference. Differences among the groups were
assessed using 2-way analysis of variance (P < .001. P ¼ .001; P < .001, P ¼ .053, and P ¼ .007 in Il1b, Il6, Tnf, Cxcl1, and
Cxcl2, respectively), followed by Bonferroni’s posttest (*P < .05; †P < .01; ‡P < .001 vs WTþControl-IgG). (B) Serum cytokine
concentrations after LPS/D-GalN injection, measured using ELISA. TNF-a levels sharply increased at 2 hours among
WTþControl-IgG mice and were significantly reduced upon C5-KO and anti-C5-Ab treatment (n ¼ 6 mice/group; intergroup
difference: P ¼ .62 for IL-1b, P ¼ .82 for IL-6, P ¼ .005 for TNF-a; time point assessment, ‡P < .001 vs WTþControl-IgG). (C)
Peritoneal macrophages were stimulated with LPS in the presence of high C5aR antagonist concentrations (PMX53: 0, 1, 10,
and 100 mg/mL). C5aR antagonist significantly and dose-dependently attenuated TNF-a production (mean ± SEM; n ¼ 6 each;
Mann-Whitney U test).
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a pathognomonic feature of acute liver injury.30–32 These
deleterious alterations were significantly attenuated upon
C5-KO and anti-C5-Ab treatment.
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resultant tissue injury in ALF.25 In this study, the number
of Ly6Gþ cells (ie, activated neutrophils) sharply
increased between 4 and 6 hours after LPS/D-GalN chal-
lenge in WTþControl-IgG mice (Figure 4A). Furthermore,
the number of Ly6-Gþ cells was significantly reduced
upon C5-KO and anti-C5-Ab treatment after 6 hours,
indicating the significant attenuation of neutrophil infil-
tration through total C5 inhibition.
Oxidative Tissue Damage
The generation of reactive oxygen species and resulting

oxidative stress are central pathologies in acute liver
injury.35 The 8-hydroxy-2’-deoxyguanosine (8-OHdG)–posi-
tive cells, a sensitive marker for oxidative DNA damage,
were diffusely distributed in WTþControl-IgG mice; how-
ever, they were sporadic around portal venules (zone 1) in
the other groups (Figure 4B).
Cell Apoptosis
Because apoptotic hepatocyte death is a major attribute

of different liver diseases,36 we examined apoptosis through
single-stranded DNA (ssDNA) staining of liver tissues after
LPS/D-GalN exposure. As shown in Figure 4C, the number of
ssDNA-positive cells markedly increased between 4 and 6
hours after LPS/D-GalN administration in WTþControl-IgG
mice, which was significantly attenuated in WTþAnti-C5-Ab
and KO mice.
c-Jun N-Terminal Kinase Signaling and Caspase
Expression

Because C5-KO and anti-C5-Ab suppressed apoptosis by
80% and 70%, respectively, we comprehensively assessed
the upstream signaling pathways leading to apoptosis,
including c-jun N-terminal kinase (JNK) signaling and
caspases.24,37–41 As shown in Figure 5, only JNK activation
was downregulated upon C5-KO and anti-C5-Ab treatment
at 2 hours. Furthermore, downstream cascades, caspase-8/-
9 activation, cytochrome c (Cyt C) release, and the subse-
quent cleavage of caspase-3/-7 was assessed at 2 and 4
hours using Western blotting. Cleaved caspase-8 and -9 and
Cyt C levels were lower in WTþAnti-C5-Ab and KO mice
than in WTþControl-IgG mice at 4 hours. Consequently,
cleaved caspase-3 and -7 levels at 4 hours were also lower
in WTþAnti-C5-Ab and KO mice than in WTþControl-IgG
mice.
Figure 3. (See previous page). Platelet aggregation and al
sections stained for CD41 at 6 hours after LPS/D-GalN chal
quantification using ImageJ. CD41þ particles (ie, intrahepatic pla
KO mice than inWTþControl-IgG at 4 and 6 hours. (B) Immunoh
(magnification, �200; scale bar ¼ 100 mm) and their quantific
WTþControl-IgG mice; however, they were significantly retain
CD11bþ cells were recruited to control livers in a time-depend
and anti-C5-Ab treatment from 2 and 4 hours, respectively. A
group). Intergroup differences: P < .001, P ¼ .007, and P < .0
assessment by posttests: *P < .05, †P < .01, ‡P < .001 vs WT
Total C5 vs Selective C5a Inhibition in LPS/D-
GalN–Induced Liver Injury

A selective C5aR antagonist, PMX53, was used to
compare the hepatoprotective effects of total C5 and C5a
inhibitors. Serum ALT was significantly decreased by
treatment with anti-C5-Ab than that with the C5aR antago-
nist at 6 hours after LPS/D-GalN injection (Figure 6A).
Furthermore, anti-C5-Ab treatment reduced pathological
grades and HMGB-1 release compared with the C5aR
antagonist, demonstrating superior hepatoprotection
through total C5 inhibition than selective C5a blockade
(Figure 6B and C).

Delayed Doses of Anti-C5-Ab: Effective or Not?
In clinical practice, ALF patients are always encountered

after the manifestation of symptoms. Therefore, therapeutic
agents must be effective even upon treatment after the
onset of liver damage. Therefore, we investigated whether
delayed doses of anti-C5-Ab after LPS/D-GalN challenge
were effective. Serum ALT, pathological grades, and HMGB-1
release at 6 hours after LPS/D-GalN injection were signifi-
cantly improved upon anti-C5-Ab treatment at 2 hours, and
this effect was comparable to that upon simultaneous
administration (Figure 6D–F). Although these differences
were not significant for each parameter, even a 4-hour delay
in anti-C5-Ab administration reduced liver injury.

Anti-C5-Ab in Concanavalin-A–Induced ALF:
Protective or Not?

Concanavalin-A (Con-A)–induced hepatitis is an estab-
lished ALF model with immune-mediated liver injury
depending on T-cells and TNF signaling.24,38,42 Serum ALT,
histological grading, and HMGB-1 release were all signifi-
cantly ameliorated upon anti-C5-Ab treatment and C5-KO at
4 hours (Figure 6G–I). Regarding animal survival
(Figure 6J), all mice died within 24 hours in the WTþCon-
trol-IgG group; however, 50.0%, 75.0%, and 87.5% of mice
survived throughout the study period in theWTþAnti-C5-Ab
(P ¼ .007), KOþControl-IgG (P < .001), and KOþAnti-C5-Ab
(P < .001) groups, respectively.

Discussion
This study showed the therapeutic effect of C5 inhibition

on ALF and the underlying mechanisms. Total C5 inhibition
through anti-C5-Ab treatment significantly alleviated LPS/
D-GalN–induced liver injury, which was comparable with
tered macrophage populations. (A) Representative tissue
lenge (magnification, �200; scale bar ¼ 100 mm) and their
telet thrombi) were significantly fewer inWTþAnti-C5-Ab and
istochemical staining for F4/80þ and CD11bþ cells at 6 hours
ation using ImageJ. F4/80þ cells were gradually reduced in
ed in WTþAnti-C5-Ab and KO mice at 6 hours. In contrast,
ent manner, which was significantly attenuated upon C5-KO
ll data are presented as mean ± SEM values (n ¼ 6 mice/
01 for CD41, F4/80, and CD11b, respectively, and time point
þControl-IgG.
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the effect of C5-KO, and surpassed C5a inhibition only.
Considering that ALF patients visit the hospital only upon
symptom onset, delayed doses of anti-C5-Ab after the onset
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results highlight the therapeutic potential of anti-C5-Ab in
deterring progression of acute and fulminant hepatitis to
ALF, regardless of the underlying etiologies.

C5a is a well-known anaphylatoxin that enhances
leukocyte activation and transmigration and promotes
vascular permeability and vasoconstriction.43 These re-
actions occur when C5a binds to C5aR, which is expressed
on various cells, including macrophages, neutrophils, and
platelets.6,27 In this study, the therapeutic effects of C5
regulators were observed in various cells at different time
points. TNF-a production by macrophages was reduced
from the early stage of liver injury, accompanied by reduced
sinusoidal platelet aggregation. Neutrophil activation was
inhibited at the late stage. These phenomena are interlinked
and should not be interpreted separately. However, the
inhibitory effects on C5a-C5aR interactions, a central player
in ALF progression,12–14 on various effectors significantly
attenuate acute liver injury in a cooperative manner.

In contrast to that of C5a, the potential role of MAC in
ALF pathogenesis remains unclear. On comparing the effi-
cacy of total C5 and selective C5aR inhibition, we elucidated
the significance of MAC, an innate effector that generates
cytotoxic pores on microbial cell surfaces, in ALF. Moreover,
MAC promotes interleukin (IL)-1b secretion, neutrophil
recruitment, and caspase activation through NLRP3
inflammasome activation20,21,44 and induces the release of
a-granules and microparticles from platelets, stimulating
their procoagulant activity by augmenting pro-
thrombinase.44 Hence, MACs may be intricately involved in
the upregulation of inflammatory mediators and cause
microcirculatory dysfunction, both being crucial to ALF
pathogenesis.13,14,39

Furthermore, anti-C5-Ab treatment significantly reduced
TNF-a production early after LPS/D-GalN administration.
Notably, our in vitro study indicated that the C5aR-
antagonist decreased TNF-a production from activated
macrophages in the absence of other complement-related
factors. Aside from hepatocytes, activated macrophages
produce complement components including C3a and C5a,
thereby eliciting their auto-stimulation.27,45 C5a regulation
by anti-C5-Ab mitigates this bidirectional feedback loop
both locally and systemically. Similar to LPS/D-GalN–in-
duced liver injury, Con-A–induced hepatitis is reportedly
TNF dependent,24 as revealed through significant reduction
in hepatocyte death in TNF-KO animals.46,47 Consequently,
significant TNF-a downregulation in the early phase
Figure 4. (See previous page). Neutrophil infiltration, oxidati
for Ly6-G at 6 hours after LPS/D-GalN (magnification, �200; sc
number of Ly6Gþ cells was sharply increased at 6 hours in
significantly suppressed in WTþAnti-C5-Ab and KO mice. (B) R
marker, 8-OHdG at 6 hours (n ¼ 6 mice/group, magnification, �
was high in nuclei sustaining severe DNA damage. Positive c
sporadic around portal venules (zone-1) in the other groups. (C) R
LPS/D-GalN challenge (magnification, �200; scale bar ¼ 100 mm
(arrows) was markedly increased at 6 hours in WTþControl-IgG
anti-C5-Ab treatment. All data are presented as mean ± SEM v
Ly6G and ssDNA, and Bonferroni’s posttests: *P < .05 and ‡P
lymphocyte antigen 6 complex locus G.
through C5 regulation helped markedly alleviate ALF in this
study.

Apoptosis in hepatocytes is mediated through the
extrinsic, death receptor–dependent pathway and the
intrinsic, mitochondrial-dependent pathway.23,41,48,49 Death
ligands include FasL, TNF-a, and TNF-related apoptosis-
inducing ligand. The extrinsic pathway is activated through
the interaction of death ligands with death receptors.
Caspase-8 is initially triggered, followed by activation of the
effector caspase cascade including caspase-3 and -7. The
intrinsic pathway is characterized by Cyt C release and
caspase-9 activation, which further promotes the effector
caspase cascade. In this study, C5 regulation significantly
attenuated the activation of both the extrinsic and intrinsic
pathways in ALF. Inhibition of the latter is critical for alle-
viating liver injury because it amplifies the effector caspase
cascade in TNF-a/TNR receptor-1–mediated hepatocyte
apoptosis.48,50

JNK, an upstream signal before caspase cleavage, plays a
critical role in LPS/D-GalN– and Con-A–induced hepatocyte
apoptosis.37,51 Concurrently, this study showed that JNK
phosphorylation was significantly suppressed through C5
inhibition in LPS/D-GalN–induced ALF. C5b-9 directly in-
duces JNK-dependent necrotic cell death52; however, it re-
mains unknown whether C5 and its derivatives directly
activate JNK-mediated apoptosis in hepatocytes. In this
study, it is plausible that C5 inhibitor–mediated reduction in
TNF-a levels interfered with JNK activation, leading to
caspase-8 cleavage and Cyt C release.41,53,54 However, the
precise role of JNK in TNF-a–mediated hepatocyte damage
remains controversial. Das et al24 reported that JNK is
essential for TNF-a expression in hematopoietic cells but
not in hepatocytes. Moreover, they reported comparable
liver damage through TNF-a in both hepatocyte-specific
JNK1/2-KO and control mice. The question remains
whether C5 regulation reduces hepatocyte apoptosis
directly by inhibiting JNK-mediated downstream caspases
or indirectly by downregulating TNF-a.

In addition to the aforementioned unresolved issue, a
potential limitation may exist regarding the application of
the C5aR antagonist, PMX-53, thus inhibiting the major type
of C5aR, CD88, but not the minor type, C5L2.55 Both re-
ceptors are expressed on similar cells, and a functional as-
sociation between the 2 has been suggested. However, CD88
was markedly upregulated compared with C5L2,55 and
C5L2 may merely function as a decoy receptor. Thus, the
ve stress, and apoptosis. (A) Immunohistochemical staining
ale bar ¼ 100 mm) and their quantification using ImageJ. The
WTþControl-IgG mice; however, neutrophil infiltration was
epresentative liver sections stained with the oxidative stress
200; scale bar ¼) 100 mm). The staining intensity of 8-OHdG
ells were diffusely distributed in WTþControl-IgG mice but
epresentative ssDNA staining of liver sections at 6 hours after
) and its quantification (ImageJ). The number of ssDNAþ cells
mice, which was significantly attenuated upon C5-KO and

alues (n ¼ 6 mice/group). Intergroup difference: P < .001 for
< .001 vs WTþControl-IgG. HPF, high-power field; Ly6-G,
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Figure 5. Western blots for caspases and upstream signals. (A) JNK phosphorylation at 2 hours after LPS/D-GalN chal-
lenge was significantly suppressed upon C5-KO and anti-C5-Ab treatment, leading to significant downregulation of caspase-
3, -7, -8, -9, and Cyt C at 4 hours. Notably, C5-KO and anti-C5-Ab treatment did not affect any other signal. (B, C) Protein
expression levels were quantified using ImageJ and normalized to those of (B) JNK and (C) b-actin (mean ± SEM, n ¼ 5 mice
group; *P < .05, ‡P < .001 vs WTþControl-IgG).
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therapeutic antagonism of CD88 has been evaluated only in
clinical trials on C5a-C5aR inhibition.56 Therefore, it is
reasonable to focus on CD88 inhibition to evaluate methods
for C5a-C5aR blockade.
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GalN–induced liver injury. Considering its significant hep-
atoprotective effects even with delayed doses after the onset
of liver injury and increased information regarding clinical
safety, anti-C5-Ab potentially provides a novel promising
strategy to inhibit the progression of acute hepatitis to ALF.

Materials and Methods
Animals

Male WT, B10D2nSn-Slc (C5þ/þ) and KO, B10D2oSn-J
(C5–/–) mice (8–10 weeks old, 20–25 g) were purchased
from Japan SLC (Hamamatsu, Japan) and the Jackson Lab-
oratory (Bar Harbor, ME), respectively. All animals were
housed under specific pathogen-free conditions in a tem-
perature- and humidity-controlled environment with a 12-
hour light/dark cycle and were provided ad libitum access
to tap water and standard chow pellets. All animals received
humane care in accordance with the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines. All
experimental protocols were approved by the Animal
Research Committee of Kyoto University (MedKyo-17546
and -18193). All authors had access to the study data and
had reviewed and approved the final manuscript.

Murine Models of ALF
Mice were anesthetized with isoflurane and intraperi-

toneally administered LPS (30 mg/kg, from Escherichia coli
O111:B4; Sigma-Aldrich, St. Louis, MO)/D-GalN (400 mg/kg;
Wako Pure Chemical Corporation, Osaka, Japan) followed by
intravenous administration of anti-C5-Ab, BB5.1,57 provided
by Alexion Pharmaceuticals (Cheshire, CT), at 60 mg/kg.
Thereafter, they were euthanized, and liver and blood
samples were obtained 2, 4, and 6 hours after the LPS/D-
GalN injection. Liver tissues were sampled from the left
posterior segment, and blood was sampled from the vena
cava. Control WT and KO mice were treated with the same
dose of control immunoglobulin (mouse IgG1 isotype con-
trol, clone MOPC-21; Bio X Cell, Lebanon, NH) instead of
anti-C5-Ab. Furthermore, WT mice were treated with C5aR-
antagonist (PMX53; Tocris Bioscience, Minneapolis, MO),58 a
cyclic hexapeptide AcF (OpdChaWR), at 1 mg/kg.13,58,59

Sham-operated mice were intraperitoneally administered
sterile phosphate-buffered saline. To assess the efficacy of
anti-C5-Ab in another mouse model of ALF induced through
a different method, additional mice were intravenously
administered 30 mg/kg of Con-A (Wako Pure Chemical
Corporation).24,42
Figure 6. (See previous page). Total C5 vs selective C5a in
histopathological grades, and (C) HMGB-1 release at 6 hours af
Ab treatment, rather than that with the C5aR antagonist. Delaye
(E) histopathological grades, and (F) HMGB-1 release at 6 hours
after LPS/D-GalN injection was as effective in reducing liver da
were not significant for each parameter, anti-C5-Ab treatment a
were assessed using the Mann-Whitney U test (vs WTþControl
Con-A–induced ALF: protective or not? (G) Serum ALT, (H) histo
after Con-A administration. All parameters were significantly imp
group; *P < .05, †P < .01 vs WTþControl-IgG). (J) Kaplan-Meie
C5-Ab treatment significantly improved the overall mortality rate
respectively).
Complement Hemolytic Assay
Terminal complement activity in mouse sera was

assessed using the standard method, including its ability to
lyse presensitized chicken erythrocytes with erythrocyte-
specific Abs, as previously reported.11,60 The results were
confirmed using another hemolytic assay. Briefly, the extent
of hemolysis of unsensitized sheep erythrocytes was
determined by incubating them with mouse serum in the
presence of zymosan. In this so-called reactive lysis, eryth-
rocytes are lysed if the complement cascade is activated in
the serum, rather than on erythrocyte membranes.

Assessment of Hepatocellular Damage
Serum ALT levels in peripheral blood, an indicator of

hepatocellular injury, were determined using a standard
spectrophotometric method with an automated clinical
analyzer (JCA-BM9030; Jeol, Tokyo, Japan).

Histological Analysis
Paraffin-embedded liver tissue specimens were cut into

4-mm-thick sections and stained with hematoxylin and
eosin. The severity of liver damage (steatosis, apoptosis/
necrosis, or inflammation) was graded by 2 independent
pathologists in a blinded manner as follows: 0, absent; 0.5,
minimal; 1, mild; 1.5, mild to moderate; 2, moderate; 2.5,
moderate to marked; 3, marked.25,39

Enzyme-Linked Immunosorbent Assay
Serum HMGB-1 levels were quantified using the HMGB-1

ELISA Kit II (Shino-Test, Tokyo, Japan) in accordance with
the manufacturer’s protocol. Serum IL-1b, IL-6, and TNF-a
levels were measured using Mouse Quantikine ELISA Kits
(R&D Systems, Minneapolis, MN) in accordance with the
manufacturer’s instructions.

Quantitative Reverse-Transcription Polymerase
Chain Reaction Analysis

Genes encoding proinflammatory cytokines (Il1b, Il6, and
Tnf) and chemokines (Cxcl1 and Cxcl2) in liver tissues
treated with or without C5 regulators were subjected to
quantitative reverse-transcription polymerase chain reac-
tion (PCR) analysis. Briefly, total RNA was extracted from
liver tissues, using an RNeasy Kit (Qiagen, Venlo, the
Netherlands) and complementary DNA was prepared using
an Omniscript RT kit (Qiagen), as reported previously.11
hibition in LPS/D-GalN–induced ALF. (A) Serum ALT, (B)
ter LPS/D-GalN challenge were ameliorated through anti-C5-
d doses of anti-C5-antibody: effective or not? (D) Serum ALT,
after LPS/D-GalN challenge. Anti-C5-Ab treatment at 2 hours
mage as the simultaneous injection. Although the differences
t 4 hours still lowered liver injury. Differences among groups
-IgG, mean ± SEM, n ¼ 6–8 mice/group). Anti-C5 antibody in
pathological injury grades, and (I) HMGB-1 release at 4 hours
roved upon C5-KO and anti-C5-Ab treatment (n ¼ 6-8 mice/
r curves after Con-A challenge (n ¼ 8 each). C5-KO and anti-
s (P < .001 and P ¼ .007 vs WTþControl-IgG by log-rank test,
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Thereafter, quantitative reverse-transcription PCR was
performed using the StepOnePlus Real-Time PCR System
(Life Technologies, Tokyo, Japan). The following primers
were used to amplify specific gene fragments: GAPDH
forward (f) 50-TGTGTCCGTCGTGGATCTGA-30, reverse (r)
50-TTGCTGTTGAAGTCGCAGGAG-30; IL-1b (f) 50-
GGTCAAAGGTTTGGAAGCAG-30, (r) 50-TGTGAAATGC-
CACCTTTTGA-30; IL-6 (f) 50-ACCAGAGGAAATTTTCAA-
TAGGC-30, (r) 50-TGATGCACTTGCAGAAAACA-30;
TNF-a (f) 50-AGGGTCTGGGCCATAGAACT-30, (r)
50-CCACCACGCTCTTCTGTCTAC-30; CXCL-1 (f)
50-TCTCCGTTACTTGGGGACAC-30, (r) 50-CCACACTCAA-
GAATGGTCGC-30; CXCL-2 (f) 50-TCCAGGTCAGTTAGCCTTGC-
30, (r) 50-CGGTCAAAAAGTTTGCCTTG-30. Target gene
expression levels were normalized to those of the house-
keeping gene, Gapdh. The data were represented as fold
differences by the 2-DDCt method, where DCt ¼ Cttarget gene –
CtGAPDH and DDCt ¼ DCtinduced – DCtreference, with the con-
trol mice (WTþControl-IgG) at 0 hours as a reference.
Immunohistochemistry
Liver tissue specimens were deparaffinized, antigen

retrieval was performed using citrate buffer (10 mM, pH
6.0). After blocking with Protein Block Serum-Free (X0909,
DAKO, Tokyo, Japan), sections were incubated with rat mAb
against mouse F4/80 (#14-4801, 1:50, eBioscience, San
Diego, CA), mouse mAb against 8-OHdG (clone N45.1, 1:10;
Japan Institute for the Control of Aging, Nikken SEIL, Shi-
zuoka, Japan), and rabbit polyclonal Abs against mouse C5b-
9 (#ab55811, 1:1000; Abcam, Cambridge, United Kingdom),
mouse CD11b (#ab75476, 1:400, Abcam), and mouse ssDNA
(#18731, 1:600; IBL, Fujioka, Japan). Rat mAbs against
mouse CD41 (MWReg30, 1:100; GeneTex, Irvine, CA) and
lymphocyte antigen 6 complex locus G (Ly6-G) (#5931,
1:10; Tonbo Biosciences, Irvine, CA) were applied to frozen
liver sections. For light microscopy, sections were treated
with biotinylated rabbit anti-rat immunoglobulin G (IgG)
and goat anti-rabbit IgG (1:300). After incubation, immu-
noperoxidase (VECTASTAIN Elite ABC Kit; Vector Labs,
Burlingame, CA) was applied, and then the sections were
visualized using DAB (Sigma-Aldrich) solution with
hematoxylin counterstaining. Exceptionally, Avidin-biotin-
alkaliphosphatase complex (VECTASTAIN ABC-AP Stan-
dard Kit; Vector Labs) and Fast Red (Fast Red II Substrate
kit; Nichirei Biosciences, Tokyo, Japan) were used for visu-
alization for 8-OHdG staining instead of avidin-peroxidase
complex and DAB because endogenous peroxidase activity
was not blocked by H2O2, which produces hydroxiradical,
converting deoxyguanosine into 8-OHdG. For fluorescence
microscopy, sections were treated with Alexa 488-
conjugated goat anti-rat IgG (1:500) and covered with
Vectashield mounting medium containing DAPI (Vector
Labs). The sections were observed using a BZ-9000 fluo-
rescence microscope (Keyence, Osaka, Japan). Positive cells
were enumerated in a blinded manner from 10 high-
magnification fields per section (�400). Negative controls
were generated through incubation with normal rat IgG or
rabbit IgG (sc-2026, -2027; Santa Cruz Biotechnology, Santa
Cruz, CA) instead of the initial Abs. The CD41-positive area
was quantified using ImageJ version 1.51 (National In-
stitutes of Health, Bethesda, MD).
Western Blot Analysis
Liver tissues were homogenized in radio-

immunoprecipitation buffer (Thermo Fisher Scientific,
Waltham, MA), soluble protein lysates (30 mg/sample) were
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (12% resolving gel), and the protein bands
were electrotransferred onto polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA). After blocking the
membranes with 5% skim milk, they were probed with
unconjugated primary antibodies in the dilution buffer
(0.5% skim milk in Tris-buffered saline-Tween 20) with
overnight agitation at 4�C. Rabbit mAbs against mouse
caspase-3 (#14220, 1:1000), caspase-7 (#12827, 1:1000),
Cyt C (#11940, 1:1000), p-IkBa (#2859, 1:1000), p-JNK
(#4671, 1:1000), p-ERK1/2 (#4370, 1:2000), p-p38 (#4511,
1:1000), p-Akt (#4060, 1:2000), IkBa (#4812, 1:1000),
ERK1/2 (#4695, 1:1000), p38 (#8690, 1:1000), Akt (#4691,
1:1000), and PI3K (#4257, 1:1000), and rabbit polyclonal
Abs against mouse caspase-9 (#9504, 1:1000), p-PI3K
(#4228, 1:1000), and JNK (#9252, 1:1000) were purchased
from Cell Signaling Technology (Danvers, MA). Rabbit
polyclonal Ab against mouse caspase-8 (#AF1650, 1:400)
was purchased from R&D Systems (Minneapolis, MN).
Rabbit polyclonal Ab against mouse b-Actin (#PM053,
1:2000) was purchased from MBL (Nagoya, Japan). After
being washed, the membranes were probed with horse-
radish peroxidase-conjugated secondary antibody (P0448;
DAKO, Santa Clara, CA). Chemiluminescence was detected
using ImmunoStar Zeta (Wako Pure Chemical Industries,
Osaka, Japan), and the protein signals were visualized using
a charge-coupled device camera (EZ-capture; Atto Corpo-
ration, Tokyo, Japan). Protein band intensity was quantified
using ImageJ.
In Vitro Assays for TNF-a from Macrophages
Thirty additional WT mice were intraperitoneally

administered 1.5 mL of 4% Brewer thioglycolate medium
(Sigma-Aldrich). Four days later, thioglycolate-elicited
peritoneal macrophages were harvested through perito-
neal lavage with RPMI 1640 medium (Thermo Fisher Sci-
entific). The extracted cells were enumerated and
suspended in the same medium supplemented with 10%
heat-inactivated fetal bovine serum (Thermo Fisher Scien-
tific), -U/mL penicillin (Thermo Fisher Scientific), 100-mg/
mL streptomycin (Thermo Fisher Scientific), 50-mM 2-
mercaptoethanol (Thermo Fisher Scientific), and 2-mM L-
glutamine (Thermo Fisher Scientific). Macrophages were
seeded at 2.0 � 105 cells in 0.5 mL/well into 24-well cell-
culture plates and incubated in a humidified atmosphere
of 5% CO2 and 95% air. After 3 hours, the wells were
washed thrice with phosphate-buffered saline to eliminate
nonadherent cells and then incubated with or without LPS
(1 ng/mL) and several concentrations of C5aR antagonist
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(n ¼ 6 each). Five hours later, the supernatants were har-
vested and stored at -80�C until ELISA.
Statistical Analysis
All data are expressed as mean ± SEM values. Differ-

ences among experimental groups were analyzed using 2-
way analysis of variance, followed by post hoc tests at
each time point to compare therapeutic effects with those in
the control mice (WTþControl-IgG), if appropriate. Kaplan-
Meier analysis and the log-rank test were performed to
assess survival. The Mann-Whitney U test was performed to
compare the 2 groups in Figures 2C and 6A–F. A P value
<.05 was considered to indicate statistical significance. All
tests were performed using Prism 7 (GraphPad Software,
San Diego, CA).
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