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ABSTRACT

Introduction: Patients with chronic hepatitis B
(CHB) have a dynamic disease process and risk
of end-stage liver disease. It is critical to unam-
biguously differentiate the stages of the disease
and focus on therapy prior to onset of an irre-
versible clinical endpoint.
Methods: We retrospectively analyzed a wide
range of CHB patients at different stages. The
predictive power of serum complement

component 3 (C3) levels for the development of
acute-on-chronic liver failure (ACLF) in patients
with decompensated cirrhosis was established
and validated.
Results: The decrease in serum C3 levels paral-
leled the severity of diseases related to hepatitis
B virus. Patients with decompensated cirrhosis
who developed ACLF had significantly lower
serum C3 levels than others on admission (0.50
vs. 0.80 g/L, P\0.001). Data analysis also
revealed that low serum C3 was a significant risk
factor for developing ACLF (hazard ratio = 0.32,
P\0.01). The area under the receiver operating
characteristic curve (auROC) for serum C3 levels
that predicted the development of ACLF in
patients with decompensated cirrhosis was 0.90,
which had sensitivity and specificity of 88.2%
and 88.7%, respectively. A similar result was
observed in the validation set (auROC = 0.86
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for predicting development of ACLF in patients
with decompensated cirrhosis).
Conclusions: Serum C3 levels are valuable in
assessing the severity of CHB-related stages. Low
C3 levels signifies the development of ACLF in
patients with decompensated cirrhosis.

PLAIN LANGUAGE SUMMARY

Generally, acute-on-chronic liver failure is a
rapidly worsening liver failure syndrome. This
disease is intractable and with high mortality.
Acute decompensation of the liver is defined as
the occurrence of complications of liver disease
(i.e., ascites, hepatic encephalopathy, gastroin-
testinal bleeding, and bacterial infection).
Clinically, acute decompensation in hepatitis B
virus-related cirrhosis (a result of chronic liver
injury by virus) often develops into acute-on-
chronic liver failure. In addition, the comple-
ment component 3 is a serum protein, which
participates in the immune response against
virus infection and has been reported to be
associated with liver failure. We tried to explore
the feature of serum complement component 3
to differentiate the stages of the disease and
assess its predictive value for acute-on-chronic
liver failure. So, we analyzed the complement
component 3 data from a broad range of hep-
atitis B virus-cirrhosis patients. Through analy-
sis, we found that complement component 3
levels are valuable in assessing the severity of
chronic hepatitis B-related stages. Low comple-
ment component 3 levels can also signify the
development of acute-on-chronic liver failure in
patients with decompensated cirrhosis.

Keywords: Complement C3; Hepatitis B virus;
Cirrhosis; Acute-on-chronic liver failure

Key Summary Points

Why carry out this study?

Chronic hepatitis B (CHB) has a dynamic
disease process and acute decompensation
(AD) on hepatitis B virus (HBV)-related
cirrhosis often develops into acute-on-
chronic liver failure (ACLF).

At present, little is known about warning
biomarkers for the occurrence and
progression of ACLF among HBV cirrhosis
patients with AD.

What was learned from the study?

The decrease in serum complement
component 3 (C3) levels paralleled the
severity of diseases related to HBV (P\
0.05). The area under the receiver
operating characteristic curve (auROC) for
serum C3 levels that predicted the
development of ACLF in patients with
decompensated cirrhosis was 0.90, which
had sensitivity and specificity of 88.2%
and 88.7%, respectively. A similar result
was observed in the validation set (auROC
= 0.86).

Serum C3 levels are valuable in assessing
the severity of CHB-related stages. Low C3
levels signifies the development of ACLF
in patients with decompensated cirrhosis.

INTRODUCTION

Hepatitis B virus (HBV) infection is a common
health problem worldwide. Several challenges
remain regarding the elimination of HBV
infection; in particular, the lack of a definitive
cure for HBV carriers [1, 2]. HBV-related liver
cirrhosis manifested as a structural disorder and
liver dysfunction, with no cure. Although HBV-
related compensated cirrhosis may not have
clear clinical manifestations, it does present a
high risk of end-stage liver disease, including

1172 Adv Ther (2023) 40:1171–1186



acute decompensation (AD) and acute-on-
chronic liver failure (ACLF). ACLF manifests is
related to dysfunction and failure of major
organs, with rapid disease progression and high
short-term mortality [3–5]. Moreover, AD in
HBV-related cirrhosis often develops into ACLF.
The intractability and high mortality of ACLF
mean that it is critical to unambiguously dif-
ferentiate the stages of the disease and focus on
therapy prior to the onset of an irreversible
clinical endpoint. Nevertheless, at present, little
is known about warning biomarkers for the
occurrence and progression of ACLF among
HBV cirrhosis patients with AD.

The complement system participates in the
immune response against infection [6, 7]. Acti-
vated complement component 3 (C3) can con-
tribute to extensive tissue damage by increasing
the production of proinflammatory cytokines
from T lymphocytes [8]. Deposition of C3 in
infected tissue can be observed after various
viral infections, including influenza, coron-
avirus infection and hepatitis [7, 9, 10]. Reduced
serum C3 levels has been observed in patients
with liver failure [11]. More importantly, a
limited number of studies have indicated that
low levels of serum C3 suggest progression of
HBV-ACLF and lead to a worse short-term
prognosis [12–14]. However, the data regarding
C3 are still scarce and incomplete. In this study,
we analyzed the C3 data from a broad range of
HBV-cirrhosis patients, with or without AD, and
with ACLF, to capture the concise C3 signatures
and evaluate their value in the diagnosis and
prognosis of AD and ACLF related to HBV
cirrhosis.

METHODS

Study Design and Cohorts

We screened patients with liver injury accord-
ing to medical history and biochemical data
from the Department of Hepatology and
Department of Severe Liver Disease, Shanghai
Public Health Clinical Centre, Fudan Univer-
sity, Shanghai, China (January 2020 to Decem-
ber 2021). A total of 1039 patients with chronic
hepatitis B (CHB) were initially screened. CHB

was diagnosed according to hepatitis B surface
antigen and HBV DNA positivity over the pre-
vious 6 months according to the medical
records [3]. The following patients were exclu-
ded: (1) pregnant women; (2) coexistence of
other viral infection markers, hepatitis A, C, D
or E virus; Epstein–Barr virus or cytomegalo-
virus; (3) severe underlying comorbidities (e.g.
malignancy, or metabolic or immune disor-
ders); (4) other types of chronic hepatitis:
autoimmune/drug/alcoholic/fatty hepatitis;
and (5) duplicate cases and patients who lost
clinical data. Additionally, stable decompen-
sated cirrhosis patients (characterized by
chronic ascites or recurrent peritonitis) and
non-first occurrence of hepatic encephalopathy,
or gastrointestinal bleeding were also excluded
by initial screening. Finally, 607 patients with
CHB were assigned to different analysis groups
according to whether they had underlying cir-
rhosis, AD or ACLF. There were 147 patients
with CHB, 118 without AD of cirrhosis, 119
with AD of cirrhosis, and 223 with ACLF (Fig. 1).

The latter validation cohort was also
screened and enrolled between January and
June 2022 from the Department of Hepatology
and Department of Severe Liver Disease,
Shanghai Public Health Clinical Centre, Fudan
University, Shanghai, China. There were 86
patients with AD of cirrhosis in the validation
cohort. The patients with AD of cirrhosis and
those with ACLF of cirrhosis were named HBV-
C-AD and HBV-C-ACLF, respectively. The study
was reviewed and approved for publication by
the Institutional Review Board of the Shanghai
Public Health Clinical Centre (NO.2022-S075-
01). The requirement for individual written
informed consent was waived since the study
was retrospective in design, all patient infor-
mation was anonymous and only currently
existing data was used. We complied with the
Helsinki Declaration 1964, and its later
amendments.

Definition of Diseases and Outcomes

HBV infection was diagnosed according to
hepatitis B surface antigen and HBV DNA posi-
tivity over the previous 6 months [3]. HBV-
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cirrhosis was defined histologically as distortion
of the hepatic architecture and regenerative
nodules, which was determined by liver biopsy
or imaging (ultrasound, computed tomography,
or magnetic resonance) [15]. Cirrhosis with no
history of AD was defined as HBV-compensated
cirrhosis (HBV-CC). AD was defined by acute
development of one or more related complica-
tions of liver disease (i.e., ascites, hepatic
encephalopathy, gastrointestinal bleeding, and
bacterial infection) [4]. Patients with cirrhosis
who developed a first episode of AD at the time
of hospital admission or within 2 weeks before
admission were assigned to the HBV-C-AD
group. Patients with stable decompensated cir-
rhosis (characterized by chronic ascites or
recurrent peritonitis) and non-first occurrence
of hepatic encephalopathy, or gastrointestinal
bleeding were excluded by initial screening.
HBV-C-ACLF patients were identified according
to the criteria of the Chinese Group on the
Study of Severe Hepatitis B (COSSH): acute
hepatic insult with severe jaundice (total
bilirubin C 12 mg/dL) and coagulopathy

(INR C 1.5) [16]. ACLF grades were also identi-
fied and stratified according to the COSSH cri-
teria (Supplemental Materials). We followed the
HBV-C-AD patients to establish whether they
developed ACLF within 28 days after admission.
The poor prognosis of patients was defined as
mortality or liver transplantation (LT) within
28 days after admission. C3 levels were subject
to receiver operating characteristic (ROC) curve
analysis to evaluate their sensitivity and speci-
ficity to predict 28 days endpoints.

Assessment of Clinical Parameters

The patients underwent clinical evaluation and
laboratory examination, and we obtained this
information from the hospital clinical database.
Clinical characteristics included age, gender,
liver complications, and clinical outcomes. All
parameters were measured in the hospital’s
clinical laboratory using standard techniques,
including serum HBV markers, HBV DNA levels,
routine blood tests, coagulation function tests,
liver and renal function tests, and C3 levels.

Fig. 1 Flow diagram of study participants. We enrolled
607 CHB patients in the discovery cohort. The groups of
patients with AD of cirrhosis and patients with ACLF of
cirrhosis were named HBV-C-AD and HBV-C-ACLF,
respectively. HAV hepatitis A virus, HCV hepatitis C virus,

HDV hepatitis D virus HEV, hepatitis E virus, EBV
Epstein–Barr virus, CMV cytomegalovirus, CHB chronic
hepatitis B, HBV hepatitis B virus, HBV-CC, hepatitis B
virus-compensated cirrhosis, AD acute decompensation,
ACLF acute-on-chronic liver failure
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Table 1 Baseline characteristics, liver complications and laboratory parameters of enrollment patients

Parameters Total patients
(n5 607)

CHB
(n5 147)

HBV-CC
(n5 118)

HBV-C-AD
(n 5 119)

HBV-C-ACLF
(n5 223)

P value

Age (years) 40 (41–60) 40 (31–48) 53 (45–59) 59 (48–71) 52 (45–62) \0.001

Gender (male, %) 422 (69.5) 106 (72.1) 80 (67.8) 66 (55.5) 170 (76.2) \0.01

HBe Ag ( ?), n (%) 221 (36.4) 59 (40.1) 54 (45.8) 45 (37.8) 63 (28.3) \0.01

HBV DNA, (IU/mL)

\500 175 (28.8) 19 (12.9) 59 (50.0) 43 (36.1) 54 (24.2) \0.001

500–105 251 (41.4) 56 (38.1) 41 (34.7) 46 (38.7) 108 (48.4)

[105 181 (29.8) 72 (49.0) 18 (15.3) 30 (25.2) 61 (27.4)

Clinical complications at enrollment, n (%)

Ascites 255 (42.0) – – 84 (70.6) 171 (76.7) 0.14

Bacterial infection 93 (15.3) – – 25 (21.8) 68 (30.5) \0.01

Hepatic

encephalopathy

127 (20.9) – – 30 (25.2) 97 (43.5) \0.01

Gastrointestinal

hemorrhage

11 (1.8) – – 4 (3.4) 7 (3.1) 0.57

Laboratory parameters

ALT, U/L 199 (54–551) 521

(66–1268)

88 (25–271) 102 (33–211) 139 (48–473) \0.001

AST, U/L 159 (39–433) 357 (42–762) 77 (16–168) 89 (25–177) 120 (62–286) \0.001

Tbil, mg/dL 8.23

(5.23–10.71)

8.20

(5.41–9.44)

4.68 ± 1.65 3.72 ± 2.20 21.2 (11.5–29.6) \0.001

Albumin, g/L 33.6 (31.9–37.1) 35.2

(33.6–38.9)

32.8

(29.0–37.5)

30.9

(27.6–35.8)

31.4 (28.2–35.0) \0.05

INR 1.39 (1.21–1.78) 1.13

(0.80–1.25)

1.20 ± 0.87 1.42

(1.30 ± 1.62)

2.14 (1.63–2.95) \0.001

Creatinine, lmol/

L

59.8 (47.0–70.0) 56.1

(48.6–67.2)

55.0 ± 12.3 60.1

(45.9–72.3)

63.9 (50.4–79.8) \0.05

Urea, mmol/L 4.57 (3.99–5.19) 2.73

(2.51–3.01)

2.88

(2.63–3.78)

3.10

(2.70–4.92)

5.09 (3.44–7.03) \0.05

Glucose, mmol/L 6.01 (4.76–8.16) 6.11

(5.11–8.03)

6.32

(5.53–8.41)

6.09

(4.91–8.07)

6.83 (5.03–8.56) 0.58

WBC, 109/L 5.70 (4.11–7.31) 5.28

(3.79–6.66)

5.81

(3.98–7.98)

5.61

(4.10–7.34)

6.08 (4.40–8.35) 0.67

Hemoglobin, g/L 110 (106–127) 115

(102–133)

118

(103–138)

109 ± 16 115 ± 22 0.34
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Calculation prediction score of HBV-ACLF was
according to the COSSH criteria [16, 17]:
COSSH-ACLFs = 0.741 9 [international nor-
malized ratio (INR)] ? 0.523 9 HBV SOFA ?

0.026 9 age ? 0.003 9 total bilirubin; COSSH
ACLF IIs = 1.649 9 ln(INR) ? 0.457 9 hepatic
encephalopathy score (0, 1 point; grade �, 2
points; grade 3/4, 3 points) ? 0.425 9 ln(neu-
trophil) ? 0.396 9 ln(total bilirubin) ? 0.576 9

ln(serum urea) ? 0.033 9 age.

Statistical Analysis

All statistical analysis in this study was per-
formed using SPSS 28.0 software, MedCalc
Software (MedCalc Sofware, Belgium) and
GraphPad Prism (GraphPad Software). The Kol-
mogorov–Smirnov test was used to check the
normality of data. Normal continuous variables
were presented as the mean ± SD, non-normal
variables were presented as the median and
range (Q1–Q3), and categorical variables were
presented as the number (%). The categorical
data between two groups were compared with
Chi-square test or Fisher’s exact test. The con-
tinuous data between two groups were com-
pared by t test or Mann–Whitney-test. A
multivariate Cox regression model was used for
examining the risk factors for developing ACLF
and poor prognosis. Correlation of two variables
were calculated by Spearman’s correlation
analysis. Areas under receiver operator

characteristic (auROC) curves were built to
assess the ability of C3 levels to predict pro-
gression and prognosis of disease. All signifi-
cance tests were two-tailed, and P\0.05 was
considered as significant difference between
groups.

RESULTS

Patient Characteristics and Comparison

The baseline clinical characteristics of the dis-
covery cohort are summarized in Table 1.
Patients in this study were middle-aged, with a
median age of 40 years and 69.5% were male.
We investigated the clinical data and differ-
ences between the CHB, HBV-CC, HBV-C-AD,
and HBV-C-ACLF groups. There were significant
differences among each group, including age,
gender, hepatitis B e antigen positivity, HBV
DNA levels, clinical complications and other
laboratory parameters. There were no signifi-
cant differences between glucose, white blood
cell count and hemoglobin levels. The CHB
group had the highest level of C3, the
stable HBV-CC group had a moderate level of
C3, the HBV-C-AD group had a low level of C3,
and the HBV-C-ACLF group had the lowest level
of C3 (P\0.001) (Table 1; Fig. 2A). These data
suggest that the variation in C3 level may be
associated with stratification of the severity of
HBV-induced diseases.

Table 1 continued

Parameters Total patients
(n5 607)

CHB
(n5 147)

HBV-CC
(n5 118)

HBV-C-AD
(n 5 119)

HBV-C-ACLF
(n5 223)

P value

Platelet, 109/L 166 (121–182) 189 ± 55 133 (91–196) 94 (62–139) 88 (51–135) \0.05

C3, g/L 0.73 (0.43–0.95) 0.99 ± 0.14 0.84 ± 0.18 0.72 ± 0.25 0.36 (0.25–0.55) \0.001

The patients with AD of cirrhosis and those with ACLF of cirrhosis were named HBV-C-AD and HBV-C-ACLF,
respectively. Cirrhosis with no history of AD was defined as HBV-compensated cirrhosis (HBV-CC). Data are presented as
the median (Q1-Q3) or the number of patients (%). The categorical data between two groups were compared with Chi-
square test or Fisher’s exact test. The continuous data between two groups were compared by t test or Mann–Whitney-test
CHB chronic hepatitis B, HBV-CC hepatitis B virus-compensated cirrhosis, AD acute decompensation, ACLF acute-on-
chronic liver failure, ALT alanine aminotransferase, AST aspartate aminotransferase, Tbil total bilirubin, INR international
normalized ratio, WBC white blood cells, C3 complement component 3
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C3 Levels Varied by AD Progression
and ACLF Clinical Grades

We followed the clinical outcomes of HBV-C-
AD patients within 28 days after admission.
Patients were assigned to two groups based on

whether they developed ACLF: group 1 (n = 34,
28.6%) developed ACLF and group 2 (n = 85,
71.4%) gradually recovered after treatment.
Baseline C3 levels were compared between these
two groups (Table 2 and Fig. 2C). The patients
who developed ACLF had lower baseline serum

Fig. 2 C3 levels varied with disease severity, ACLF clinical
grades, AD progression and clinical outcomes of ACLF.
A C3 levels were associated with disease stratification in
CHB. B C3 levels differences between ACLF clinical
grades. C Patients with HBV-C-AD who developed ACLF
had lower serum C3 levels than those did not develop
ACLF. D Patients with HBV-C-ACLF with poor prog-
nosis had lower serum C3 levels than those without poor
prognosis. The patients with AD of cirrhosis and those
with ACLF of cirrhosis were named HBV-C-AD and
HBV-C-ACLF, respectively. Follow up the HBV-C-AD

patients to establish whether they developed ACLF within
28 days after admission. ACLF grades were identified and
stratified according to the COSSH criteria. The poor
prognosis of patients was defined as mortality or liver
transplantation within 28 days after admission. *\0.05;
**\0.01. C3 complement component 3, CHB chronic
hepatitis B, HBV-CC hepatitis B virus-compensated
cirrhosis, AD acute decompensation, ACLF acute-on-
chronic liver failure, COSSH Chinese group on the study
of severe hepatitis B
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C3 levels (P\0.001). Lower serum C3 was a
significant risk factor for developing ACLF
[hazard ratio (HR) = 0.32, P\0.01]. Patients
with HBV-ACLF may have had different clinical
symptoms and outcomes according to ACLF
grade; therefore, we analyzed C3 levels in three
subgroups of patients according to ACLF grade:
subgroup 1 consisted of 133 patients with ACLF
1; subgroup 2 included 64 patients with ACLF 2;
and subgroup 3 included 26 patients with ACLF
3 (Supplementary Table 1 and Fig. 2B). ACLF 3
had the lowest level of C3 (0.26 vs. 0.33 g/L
compared with ACLF 2, and 0.26 vs. 0.53 g/L
compared with ACLF 1) (P\0.001). Lower
levels of C3 were correlated with higher grades
of ACLF, which indicated worse clinical out-
comes. We grouped all 223 HBV-C-ACLF
patients into two groups, with or without poor
prognosis. C3 levels were significantly lower
among patients with poor prognosis (median
0.33 vs. 0.54 g/L, P\0.001) than in those
without poor prognosis (Supplementary Table 2
and Fig. 2D). C3 levels were significantly higher
than those observed at admission in the recov-
ery group (P\0.001). C3 levels showed a con-
tinued downward trend (not significant) among
those with a poor prognosis (Supplementary
Fig. 1D).

Association Between Hepatic
Complications, ACLF Scores and C3 Levels

To further examine the prognostic value of C3
levels in severe liver diseases, we examined liver
complications in HBV-C-ACLF patients. As a
continuous variable, baseline C3 levels were
negatively associated with liver complications
in HBC-C-ACLF patients (P\0.05) (Supple-
mentary Fig. 1A). The data also revealed a sig-
nificant negative correlation between C3 levels
and ACLF scores in HBV-C-ACLF (COSSH
ACLFs: r = - 0.5192, P\0.001 and COSSH
ACLF IIs: r = - 0.4666, P\0.001) (Supplemen-
tary Fig. 1B and C).

T
a
b
le

2
co
n
ti
n
u
ed

P
ar
am

et
er
s

D
ev
el
op

ed
A
C
L
F

(n
5

34
)

N
ot

de
ve
lo
pe
d

A
C
L
F

(n
5

85
)

P
va
lu
e

H
B
V
-C

-A
D
s

(n
5

11
9)

U
ni
va
ri
at
e
an
al
ys
is

M
ul
ti
va
ri
at
e
an
al
ys
is

H
R
(9
5
C
I%

)
P
va
lu
e

H
R
(9
5
C
I%

)
P
va
lu
e

C
O
SS
H

A
C
L
F
II
s

5.
7
(5
.2
–7

.0
)

5.
1
(4
.5
–5

.7
)

\
0.
00
1

5.
2
(4
.8
–6

.0
)

2.
30 (1
.4
2–

3.
91
)

\
0.
01

1.
84 (1
.1
1–

2.
73
)

\
0.
05

Pa
ti
en
ts
w
it
h
ci
rr
ho
si
s
w
ho

de
ve
lo
pe
d
a
fir
st
ep
is
od
e
of

A
D

at
th
e
ti
m
e
of

ho
sp
it
al
ad
m
is
si
on

or
w
it
hi
n
2
w
ee
ks

be
fo
re

ad
m
is
si
on

w
er
e
as
si
gn
ed

to
th
e
H
B
V
-C
-A
D

gr
ou
p.
T
he

ca
te
go
ri
ca
ld
at
a
be
tw
ee
n
tw
o
gr
ou
ps

w
er
e
co
m
pa
re
d
w
it
h
C
hi
-s
qu
ar
e
te
st
or

Fi
sh
er
’s
ex
ac
t
te
st
.T

he
co
nt
in
uo
us

da
ta
be
tw
ee
n
tw
o
gr
ou
ps

w
er
e
co
m
pa
re
d

by
t
te
st
or

M
an
n–

W
hi
tn
ey

te
st
.
U
ni
va
ri
at
e
an
d
m
ul
ti
va
ri
at
e
C
ox

re
gr
es
si
on

m
od
el
s
w
er
e
th
en

us
ed

to
as
se
ss
th
e
as
so
ci
at
io
ns

be
tw
ee
n
va
ri
ou
s
ri
sk

fa
ct
or
s
an
d

di
ff
er
en
t
cl
in
ic
al
ou
tc
om

es
,a
s
in
di
ca
te
d

A
C
L
F
ac
ut
e-
on
-c
hr
on

ic
liv
er

fa
ilu
re
,
A
D

ac
ut
e
de
co
m
pe
ns
at
io
n,

H
R

H
az
ar
d
R
at
io
,
A
L
T

al
an
in
e
am

in
ot
ra
ns
fe
ra
se
,
A
ST

as
pa
rt
at
e
am

in
ot
ra
ns
fe
ra
se
,
T
bi
l
to
ta
l

bi
lir
ub
in
,I
N
R
in
te
rn
at
io
na
ln

or
m
al
is
ed

ra
ti
o,
W
B
C
w
hi
te
bl
oo
d
ce
lls
,C

3
co
m
pl
em

en
t
co
m
po
ne
nt

3,
C
O
SS
H

C
hi
ne
se
gr
ou
p
on

th
e
st
ud
y
of

se
ve
re
he
pa
ti
ti
s
B
,N

A
no
t
av
ai
la
bl
e

1180 Adv Ther (2023) 40:1171–1186



Identification and Validation
of the Predictive Power of Serum C3 Levels

There is a consensus that a critical intervention
or therapeutic window may exist between the
inducement and the development of ACLF to
prevent the ACLF onset. We established that C3
levels correlated with disease progression. We
then investigated whether C3 levels accurately
predicted progression of AD in patients with
HBV cirrhosis. ROC curve analysis was per-
formed to predict the development of ACLF in
HBV-C-AD patients. AuROC for serum C3 levels
that predicted ACLF development within
28 days was 0.90, with sensitivity and specificity
of 88.2% and 88.7%, respectively (Fig. 3A and
Table 3). We used a validation cohort to test the
predictive power of C3 levels for ACLF devel-
opment. The baseline demographic and clinical
data of the validation cohort were similar to
those of the discovery cohort (Supplementary
Table 3). A consistent result was found in the
validation cohort, with an auROC of 0.86
(Fig. 3B and Table 3). Unlike the high predictive

power of ACLF development, we found that C3
levels demonstrated lower predictive power for
poor prognosis of ACLF (auROC = 0.73), while
auROC for COSSH-ACLFs and COSSH ACLF IIs
was 0.91 and 0.86, respectively) (Supplementary
Fig. 2).

DISCUSSION

We studied the serum C3 levels in patients with
HBV-related liver disease and analyzed its asso-
ciation with clinical features. A key finding was
the variation of C3 levels as a function of dis-
ease severity. Data collected from a broad range
of CHB patients with different severity showed a
declining trend in C3 levels following disease
progression, suggesting that the complement
system is modulated by liver injury. CHB carri-
ers may have a dynamic disease process, with
intermittent exacerbation and unbalanced
immune response [2, 18]. Dysregulated C3
levels imply that the complement system is
activated, and varies during disease

Fig. 3 ROC curves for predicting development of ACLF
in 119 HBV-C-AD patients. A ROC curves for predicting
development of ACLF in patients with AD of cirrhosis in
the discovery cohort (auROC = 0.90, 0.71 and 0.72 for
C3 levels, COSSH-ACLFs and COSSH ACLF IIs,
respectively). B ROC curves for predicting development
of ACLF in patients with AD of cirrhosis in the validation
cohort (auROC of 0.86, 0.64 and 0.71 for C3 levels,

COSSH-ACLFs and COSSH ACLF IIs, respectively).
Follow up of the HBV-C-AD patients to establish whether
they developed ACLF within 28 days after admission.
AuROCs for different models were calculated and com-
pared using the Z test (Delong’s method). C3 complement
component 3, COSSH Chinese group on the study of
severe hepatitis B, auROC the area under the receiver
operating characteristic
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development from CHB, stable cirrhosis and AD
to ACLF.

The complement system is activated during
hepatitis virus infection, whereby Kupffer cells
in the liver are activated by C3 to mediate
harmful inflammation, leading to severe liver
damage [7, 19]. Earlier studies have suggested
several explanations for the decreased serum
complement levels from hepatotropic infection
and related diseases [6, 12, 20, 21]. Firstly, the
liver itself is the major site of small molecular
protein synthesis, from which C3 is mainly
produced. Hepatocytic and non-hepatocytic

liver-resident immune cells (such as plasma
cells, monocytes/macrophages and T lympho-
cytes) participate in the activation and regula-
tion of complement. The major functions of the
complement system are opsonization, cytolysis
and phagocytosis, which are also closely linked
with liver biology and pathology. Most raw
materials and regulatory factors required for
synthesis of complement are also mainly syn-
thesized or expressed in hepatocytes. So, as liver
injury worsens, liver synthetic processes are
compromised and C3 levels are reduced. Sec-
ondly, antigen–antibody complexes can be

Table 3 AuROCs of prognostic models for development of ACLF in 119 HBV-C-AD patients

Predictors Development of ACLF in patients with decompensated cirrhosis

auROC 95 CI% Cut-
off

Youden Sensitivity
(%)

Specificity
(%)

1 LP 2LP PPV
(%)

NPV
(%)

Discovery cohort (n = 119)

C3 0.90 0.84–0.96 5.8 0.76 88.2 88.7 7.50 0.13 75.0 94.9

COSSH-ACLFs 0.71 0.61–0.81 5.2 0.32 85.3 47.1 1.61 0.31 39.2 88.9

COSSH ACLF

IIs

0.72 0.62–0.81 5.2 0.34 70.6 63.5 1.94 0.46 43.6 84.4

C3 vs. COSSH-

ACLFs

P = 0.0029

C3 vs. COSSH

ACLF IIs

P = 0.0018

Validation cohort (n = 86)

C3 0.86 0.77–0.95 5.7 0.68 78.8 88.7 6.96 0.24 81.2 87.0

COSSH-ACLFs 0.64 0.52–0.77 5.8 0.28 54.6 73.4 2.06 0.62 56.2 72.2

COSSH ACLF

IIs

0.71 0.59–0.84 6.4 0.45 48.5 96.2 12.90 0.54 88.9 75.0

C3 vs. COSSH-

ACLFs

P = 0.0034

C3 vs. COSSH

ACLF IIs

P = 0.0829

Patients with cirrhosis who developed a first episode of AD at the time of hospital admission or within 2 weeks before
admission were assigned to the HBV-C-AD group. AuROCs for different models were calculated and compared using the
Z test (Delong’s method). The optimal cut-off points were determined by maximizing Youden index
AuROC the area under the receiver operating characteristic, ACLF acute-on-chronic liver failure, AD acute decompensation,
C3 complement component 3, COSSH Chinese group on the study of severe hepatitis B, ?LR positive likelihood
ratio, -LR negative likelihood ratio, PPV positive predictive value, NPV negative predictive value
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induced in the immune response following liver
injury, which triggers activation of the com-
plement system and excessive consumption of
complement components. C3 can be cleaved
into anaphylatoxin C3a and opsonin C3b fol-
lowing activation, of which C3a in turn can
amplify immuno-inflammatory responses. The
combination of the above processes results in
significant decline in C3 levels as the disease
progresses. As a result, reduced C3 levels are
associated with poor liver function and refrac-
tory liver complications in these patients.

HBV-ACLF is a serious manifestation that
commonly occurs following AD of cirrhosis. It is
essential to implement aggressive treatment
early during ACLF with the aid of sensitive and
objective diagnostic measures [22, 23]. Usually,
a number of scoring systems [model for end-
stage liver disease (MELD), Child–Pugh and
COSSH], biochemical indicators (liver enzymes,
bilirubin or coagulation indicators) and clinical
manifestations (ascites and hepatic
encephalopathy) are used to monitor progres-
sion of HBV cirrhosis [16, 24, 25]. However, the
above monitoring methods have some limita-
tions, such as subjective judgment and limited
diagnostic precision. Especially, it is unclear
whether these predictive scoring systems are
also valuable for the prognosis of HBV-C-AD.
Therefore, extensive investigation is still needed
to improve and refine diagnosis for early warn-
ing of ACLF development. It is important that
the diagnostic value of other potential ACLF
biomarkers, especially those involved in the
pathophysiology of ACLF, should be considered
[26, 27]. ACLF is believed to be caused by an
excessive immune response against virus exac-
erbation or other acute insults, in which the
complement system is closely involved [18, 23].
Previous studies [11, 13, 14] and data from this
study have all found significant changes in C3
levels at all stages of HBV-related disease, but no
study has yet examined its predictive value in
end-stage cirrhosis. Here, we studied its predic-
tive performance for ACLF in patients with AD.
It is encouraging that our data showed that the
predictive effect of C3 levels alone seemed to
exceed the COSSH score in both the discovery
and validation cohorts. Based on serum C3
levels, we can more accurately differentiate the

probability of developing HBV-ACLF. In addi-
tion, we gained a better understanding of the
relationship between the complement system
and HBV-C-ACLF. Certainly, we also considered
that the value of C3 as a marker should be val-
idated in upcoming studies of more cohorts.

ACLF is considered to be the most challeng-
ing and intractable condition in HBV-cirrhosis
patients. For rapid disease progression and high
mortality [18, 22], we sought to determine
whether C3 levels can predict clinical outcomes
of ACLF. Compared with current predictive
score models, C3 levels did not seem to be an
ideal predictor of HBV-C-ACLF outcomes.
Despite this, we still observed elevated plasma
C3 levels in conjunction with recovery in HBV-
C-ACLF patients. It should be noted that the
predictive ability was calculated based on the
C3 levels measured at admission. However,
ACLF is often unstable and evolutionary, so
longitudinal monitoring remains important.
The mechanisms by which C3 levels returned to
normal in survivors also require further
investigation.

Overall, the development of modern preci-
sion medicine highlights the importance of
more integrated and accurate biomarkers for
disease management [28, 29]. The complement
system is often neglected in the clinical diag-
nosis and treatment of liver diseases, but this
study revealed that C3 levels are valuable in
assessing the severity of CHB-related stages.
More importantly, low C3 levels signifies the
development of ACLF in patients with decom-
pensated cirrhosis. Based on the data, we believe
that sequential measures of serum C3 levels in
patients with AD of cirrhosis will provide a
more accurate diagnosis of disease progression
or deterioration, and provide better guidance
for interventions. However, this study still had
several limitations. Firstly, CHB patients with
severe symptoms and higher transaminases or
bilirubin levels were more likely to be admitted
and included in our analyzed cohort due to the
follow reasons: (1) CHB patients usually receive
outpatient care, and patients with mild symp-
toms or asymptomatic cases do not need hos-
pitalization; (2) Shanghai Public Health Clinical
Centre is a regional tertiary hospital for infec-
tious diseases in eastern China, most of its
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admitted CHB patients have severe symptoms
or higher abnormal indicators than regular
medical institutions; and (3) recently, due to
the impact of the COVID-19 epidemic, the
inpatient beds in the Department of General
Liver Disease have been reduced. While, the
CHB status might affect the C3 levels as well.
The lack of the data frommilder cases precluded
further analysis of this issue. Secondly, the ret-
rospective analysis hindered the mechanistic
explanation or causality of C3 decline in HBV-
AD patients. Thirdly, we only analyzed serum
levels of C3 and did not further analyze its
expression in liver tissue. To this end, we have
been planning to study a larger cohort from
multi-center medical institutions and looking
for opportunities for further deep analysis of the
C3 expression in liver tissue in an upcoming
study.

CONCLUSION

Through analysis of the C3 data from a wide
range of CHB patients at different stages, the
concise C3 signatures have been described. We
found that serum C3 levels are valuable in
assessing the severity of CHB-related stages. Low
C3 levels can also alert the development of
ACLF in patients with decompensated cirrhosis.
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