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Introduction
Acute-on-chronic liver failure (ACLF) is a life-threatening clinical 
condition that occurs in patients with preexisting chronic liver dis-
ease (CLD). It can progress rapidly and has a mortality rate of more 
than 50%, even after aggressive treatments (1–3). HBV infection is 
a major etiology of ACLF, and there are currently 350 million indi-

viduals infected with HBV worldwide (4). In most Asian countries, 
HBV-related ACLF (HBV-ACLF) accounts for over 70% of ACLF 
cases (5, 6). Reports have shown that the patient’s condition at 
admission is linked to the outcome of ACLF (1, 7); thus, biomarkers 
that enable early and accurate risk stratification are needed. Addi-
tionally, ACLF is a highly dynamic process; therefore, sequential 
assessments of biomarkers that reflect the course of liver failure 
during hospitalization may enhance the management of patients 
with ACLF (7–9). However, to our knowledge, no biomarker has 
satisfactorily addressed these challenges.

Patients with CLD who experience an episode of acute hepat-
ic insult causing liver dysfunction are considered to have acute 
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sion in HepG2 cells treated with HNF-1α siRNA (Supplemental 
Figure 2). Additionally, pathway enrichment analysis showed that 
DEPs were overrepresented in the complement and coagulation 
cascades, cholesterol metabolism, and Staphylococcus aureus infec-
tions (Figure 3A). Also, those DEPs enriched in the complement 
and coagulation cascades were downregulated in HBV-ACLF sur-
vivors compared with HBV-AHD patients and further downregu-
lated in HBV-ACLF nonsurvivors (Figure 3, B–D).

Biomarkers predict the outcome for patients with HBV-ACLF. Of 
the 136 DEPs between the HBV-AHD and HBV-ACLF patients, 14 
were downregulated and 2 were upregulated in HBV-ACLF non-
survivors compared with those in survivors (Supplemental Table 
1). Multivariate principal component analysis (PCA) showed that 
these candidate biomarkers clearly separated HBV-AHD patients, 
HBV-ACLF survivors, and HBV-ACLF nonsurvivors (Figure 4A). 
We built supervised orthogonal partial least squares discrimi-
nant analysis (OPLS-DA) models to identify protein signatures 
that could distinguish patients with HBV-ACLF from those with 
HBV-AHD, and HBV-ACLF nonsurvivors from survivors (Fig-
ure 4, B and C). Plasminogen, pigment epithelium–derived fac-
tor (SERPINF1), scavenger receptor cysteine-rich type 1 protein 
M130 (CD163), complement factor B (CFB), coagulation factor IX 
(F9), kininogen-1 (KNG1), and complement factor I (CFI) made 
the greatest contributions to differentiating HBV-ACLF survivors 
from nonsurvivors (predictive variable importance in projection 
[VIPpred] >1; Supplemental Table 1).

Preliminary validation of biomarkers. Among the 7 candidate 
biomarkers with a VIPpred greater than 1, the liver-specific pro-
teins plasminogen, CFB, F9, KNG1, and CFI were validated in a 
cross-sectional cohort. As shown in Supplemental Figure 3, the 
levels of these 5 proteins decreased with increasing HBV disease 
severity (all P < 0.001). Importantly, plasminogen and CFI lev-
els in ACLF nonsurvivors were significantly lower than those in 
survivors (P < 0.05), and CFB and F9 levels tended to be lower in 
nonsurvivors (both P < 0.10). The area under the receiver operat-
ing characteristics curves (AUCs) of plasminogen and CFI for the 
prediction of ACLF outcomes in the cross-sectional cohort were 
0.770 (0.610–0.888) and 0.687 (0.521–0.824), respectively.

Validation of plasminogen in a prospective, longitudinal HBV-
ACLF cohort. Given that plasminogen was suggested to be the 
most promising prognostic biomarker in the preliminary valida-
tion (Supplemental Table 1 and Supplemental Figure 3), we next 
focused on the prognostic utility of plasminogen in a prospective 
HBV-ACLF cohort (cohort 2, n = 207).

Of the patients with HBV-ACLF, 61.8% had prior cirrhosis, 
78.2% were men, and 32.1% died within 30 days. The most frequent 
precipitating event for HBV-ACLF was HBV reactivation (60.9%), 
followed by bacterial infection (36.7%) and drug use (13.5%).

The organs that failed most frequently, in order, were the liver 
(72.5%), coagulation system (28.5%), and lungs (24.6%). Kidney 
and circulation failure were rare in patients with HBV-ACLF (1.4% 
and 1.9%, respectively). Of these patients, 44.0% had single- 
organ failure, whereas 24.2% and 14.0% had 2 and 3 or more failed 
organs, respectively.

As shown in Figure 5A, the plasminogen level at admission in 
the nonsurvivor group was significantly lower than that in the sur-
vivor group (32.69 [29.39–39.89] vs. 48.57 [40.91–61.38] μg/mL, 

hepatic decompensation (AHD), which can further progress to 
ACLF hallmarked by multiorgan failure and high mortality rates. 
Therefore, AHD is considered a pre-ACLF condition, and the 
prognoses for AHD and ACLF differ considerably (2, 10). The 
emergence of quantitative proteomics technologies has facilitated 
the high-throughput discovery of candidate biomarkers, particu-
larly noninvasive blood biomarkers, of liver pathophysiology such 
as those for liver regeneration (11), hepatocyte differentiation and 
dedifferentiation (12), and acute injury and failure (13, 14). Howev-
er, few studies have focused on biomarkers distinguishing ACLF 
from AHD, or ACLF survivors from nonsurvivors.

Here, we report the discovery of a promising prognostic bio-
marker for HBV-ACLF. First, we used isobaric labeling–based 
quantitative proteomics to assess ACLF-associated proteomic 
changes. Second, on the basis of the differentially expressed pro-
teins (DEPs) identified in patients with ACLF, we verified several 
candidate biomarkers that allowed differentiation between ACLF 
nonsurvivors and survivors in a cross-sectional cohort. Third, 
we confirmed the prognostic power of plasminogen, the most 
promising biomarker, in a prospective, longitudinal cohort and 
developed a prognostic score (the P5 score) based on plasmino-
gen levels, hepatic encephalopathy occurrence, age, international 
normalized ratio (INR), and total bilirubin. Finally, the prognostic 
value of plasminogen and the P5 score was further validated in a 
second multicenter, prospective cohort.

Results
Proteomics analysis. The overall design of this study is shown in Fig-
ure 1. During the discovery stage, 729, 699, and 703 proteins were 
identified in tandem mass tag–labeled (TMT-labeled) proteom-
ics experiments 1, 2, and 3, respectively (raw data are available at 
https://www.iprox.org/page/project.html?id=IPX0001802000; 
project ID: IPX0001802000). In total, 584 proteins were iden-
tified in all 3 experiments (Figure 2A). Using a FDR filter under 
0.05 with a difference of 1.5-fold or more, we identified 136 DEPs 
among patients with HBV-related AHD (HBV-AHD) and those 
with HBV-ACLF (Figure 2B). As expected, these patients could be 
distinguished in an unsupervised clustering analysis based on over-
all expression trends of DEPs (Figure 2C). Gene Ontology (GO) 
enrichment analyses revealed that the molecular functions of DEPs 
were primarily related to complement activity, protease inhibi-
tor activity, and transporter activity, whereas the main biological 
processes involved protein metabolism, the immune response, 
and energy pathways. As for the cellular components term in the 
GO analysis, DEPs were mainly localized in extracellular compo-
nents, exosomes, and lysosomes (Supplemental Figure 1, A–C; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI130197DS1). Hepatocyte nuclear factor-1α (HNF-
1α), followed by estrogen-related receptor α (ESRRα), and nuclear 
receptor subfamily 4 group A member 2 (NR4A2) were predicted to 
be upstream transcription factors related to DEPs in patients with 
HBV-ACLF (Figure 2D). Western blot analysis showed a gradual-
ly decreasing level of HNF-1α in healthy controls (HCs) compared 
with patients with chronic hepatitis B (CHB), HBV-related liver 
cirrhosis (LC), HBV-AHD, or HBV-ACLF (Figure 2E). To validate 
the transcriptional connection between HNF-1α and plasminogen, 
we observed a dose-dependent inhibition of plasminogen expres-
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minogen levels were slightly lower in patients with liver failure 
and respiratory failure than in those without these conditions (P 
= 0.042 and P = 0.049, respectively). We observed no significant 
difference in plasminogen levels between patients with circulation 
failure and those without (Figure 5, G–K).

Sequential plasminogen measurements reflect the clinical course 
of HBV-ACLF. To observe the dynamic alterations of plasmino-
gen during the patients’ hospitalization, we assessed HBV-ACLF 
nonsurvivors with available 7-day follow-up serum samples (n 
= 36) and HBV-ACLF survivors with available 14-day follow-up 
serum samples (n = 48). We found that plasminogen levels grad-
ually increased in survivors (P < 0.001) and gradually decreased 
in nonsurvivors (P = 0.019) (Figure 6A). Among these 84 patients, 
18 experienced a deterioration in their condition, 30 had fluctua-

P < 0.001). The AUC of plasminogen levels for 30-day mortality 
was 0.848, with a sensitivity of 0.688 and a specificity of 0.893 at 
an optimal cut-off value of 35.47 (Figure 5B). We divided patients 
with ACLF into high-plasminogen (>35.5 μg/mL) and low-plas-
minogen (≤35.5 μg/mL) groups according to the optimal cut-off 
value. The cumulative survival rate of the high-plasminogen 
group was significantly higher than that of the low-plasminogen 
group (P < 0.0001; Figure 5C). The plasminogen level at admis-
sion decreased as the number of failed organs increased from 0 
to more than 3 (52.03 [45.71–63.28], 50.74 [41.07–62.11], 39.90 
[34.11–44.90], and 32.61 [25.42–35.30] μg/mL, P < 0.001; Figure 
5F). Additionally, the plasminogen levels at admission were mark-
edly lower in patients with coagulation failure and cerebral failure 
than in those without these conditions (both P < 0.001). The plas-

Figure 1. Study design. First, HBV-ACLF DEPs and candidate prognostic biomarkers differentiating HBV-ACLF nonsurvivors from survivors were identified 
with TMT-labeled proteomics. Second, the candidate biomarkers were preliminarily validated with a cross-sectional cohort (n = 144) of HBV-related CLDs 
by ELISA. Third, a final promising prognostic biomarker was further screened from the candidate prognostic biomarkers and validated with 2 prospective 
HBV-ACLF cohorts (n = 207 and n = 148) by ELISA. Finally, another cross-sectional cohort of individuals (n = 142) with autoimmune or alcoholic CLD were 
enrolled to determine whether the final prognostic biomarker could be extended to ACLF caused by non-HBV etiologies. ACLF-S, ACLF survivors; ACLF-D, 
ACLF deaths; TF, transcription factor.
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tium ACLF (CLIF-C ACLF), Chinese Group on the Study of Severe 
Hepatitis B (COSSH), and HINT (A prognostic score based on 
hepatic encephalopathy occurrence, INR, neutrophil count, and 
thyroid-stimulating hormone) scores (r = 0.78, 0.80, 0.88, and 
0.89, respectively; all P < 0.001; Supplemental Figure 4). The AUC 
of the P5 score for 30-day mortality was 0.955, with a sensitivity 
of 0.896 and a specificity of 0.906 at an optimal cut-off value of 
16.95 (Supplemental Table 3). The P5 score showed significant-
ly greater predictive power for 30-day mortality for HBV-ACLF 
patients than did the Child-Pugh, MELD, CLIF-C ACLF, COSSH, 
and HINT scores (all P < 0.05; Figure 7B and Supplemental Tables 
3 and 4). When patients were divided into risk subgroups accord-
ing to the optimal P5 cut-off value, we found that the mortality 
rate of the high-risk (P5 >17) group was significantly higher than 
that of the low-risk (P5 ≤17) group (74.1% vs. 3.3%, P < 0.001). The 
cumulative survival rate for the high-risk P5 group was significant-
ly lower than that for the low-risk P5 group (P < 0.001; Figure 7C).

Validation of plasminogen and P5 in an external, prospective 
cohort. We used an external, prospective HBV-ACLF cohort 
(cohort 3) from 3 hospitals to validate the performance of plasmin-
ogen levels and the P5 score. The comparisons of clinical and lab-
oratory characteristics at admission between the derivation and 
validation cohorts are listed in Supplemental Table 5. Consistent 
with the results from the derivation cohort, plasminogen levels 
in the nonsurvivor group were significantly lower than those in 
the survivor group (33.60 [27.86–42.62] vs. 51.02 [40.40–65.58] 
μg/mL, P < 0.001; Figure 5A). The plasminogen AUC for 30-day 

tions in their condition, and 36 experienced improvement in their 
condition during hospitalization (Supplemental Table 2). Com-
pared with plasminogen levels at admission, the levels at the final 
follow-up assessment (14 days after admission or discharge) were 
significantly decreased in the deterioration group (P = 0.008) but 
significantly increased in the improvement group (P < 0.001), and 
were unchanged in the fluctuation group (P = 0.943) (Figure 6B). 
In summary, plasminogen levels closely correlated with the clini-
cal course of HBV-ACLF.

Development and evaluation of a plasminogen-based prognos-
tic model. We next evaluated the performance of plasminogen in 
combination with clinical parameters at admission to predict the 
outcomes of HBV-ACLF using the derivation cohort (cohort 2). 
Univariate and multivariate logistic regression analyses showed 
that plasminogen levels, age, hepatic encephalopathy (HE) occur-
rence, total bilirubin (TBil) levels, and the INR were independent 
prognostic factors for HBV-ACLF (Table 1). Therefore, we devel-
oped a prognostic panel (P5) based on the following 5 parameters: 
P5 = 4.3 × ln (age) + 2.3 × (HE) + 2.1 × ln (TBil) + 4.7 × ln (INR) − 2.9 
× ln (plasminogen), where HE = 0 for patients without HE; HE = 1 
for patients with mild HE (grades 1–2); and HE = 2 for patients with 
severe HE (grades 3–4). The P5 score for the nonsurvivor group 
was significantly higher than that for the survivor group (20.05 
[17.74, 21.89] vs. 13.86 [12.05, 15.80], P < 0.0001; Figure 7A). The 
P5 score was positively associated with the Child-Pugh score (r = 
0.54, P < 0.001) and more strongly associated with the Model for 
End-stage Liver Disease (MELD), Chronic Liver Failure Consor-

Figure 2. Bioinformatics analysis of proteomics data. (A) Venn diagram of the 3 TMT experiments. (B) Volcano plot of the 136 DEPs between AHD and 
ACLF patients. (C) Unsupervised clustering heatmap of the 136 DEPs between AHD and ACLF patients. Up, upregulated; Down, downregulated; Not, no 
change. (D) Prediction of upstream transcription factors related to DEPs. The value in parentheses indicates the percentage of proteins in the 136 DEPs 
predicted to be regulated by each TF, and the value in each sector indicates hypergeometric P value of the TF enrichment analysis. (E) Expression of HNF-
1α in liver tissues. All patients with LC, AHD, or ACLF had an underlying HBV infection. BACH1, transcription regulator protein BACH1; PPARγ, peroxisome 
proliferator–activated receptor γ; FOXA1, hepatocyte nuclear factor 3-α; ESR2, estrogen receptor β; NR1H3, oxysterols receptor LXR-α.
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Figure 3. Enriched KEGG pathways. (A) Schematic representation of the 11 enriched 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (all P < 0.01). Small dots 
indicate proteins, and large dots indicate enriched pathways. (B) Interactions of pro-
teins associated with the complement and coagulation cascades. Blue indicates refer-
ence expression levels, and green indicates downregulation (magnitude is indicated by 
color intensity). All proteins shown were downregulated in HBV-ACLF survivors and to 
a greater degree in HBV-ACLF nonsurvivors compared with patients with HBV-AHD. (C 
and D) Relative expression levels of DEPs involved in the complement and coagulation 
cascades. Rank correlation was analyzed by the Spearman method. *P < 0.05 and ***P 
< 0.001. C1R, complement C1r subcomponent; C1S, complement C1S subcomponent; 
C2, complement C2; C3, complement C3; C4BPA, C4b-binding protein α chain; C4BPB, 
C4b-binding protein β chain; C5, complement C5; C6, complement C6; C8A, comple-
ment component C8 α chain; C8B, complement component C8 β chain; C8G, comple-
ment component C8 γ chain; C9, complement component C9; CFB, complement factor 
B; CFI, complement factor I, CLU, clusterin; CPB2, carboxypeptidase B2; F2, prothrom-
bin; F5, coagulation factor V; F9, coagulation factor IX; FGA, fibrinogen α chain; FGB, 
fibrinogen beta chain; FGG, fibrinogen γ chain; KNG1, kininogen-1; PLG, plasminogen; 
PROC, vitamin K–dependent protein C; SERPINA5, plasma serine protease inhibitor; 
SERPINC1, antithrombin-III; SERPIND1, heparin cofactor 2; VTN, vitronectin.
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mortality was 0.812, with a sensitivity of 0.762 and a specificity of 
0.717 (Figure 5D). The cumulative survival duration for patients 
with high plasminogen levels was significantly longer than that 
for patients with low plasminogen levels (P < 0.0001; Figure 5E). 
Plasminogen levels decreased as the number of failed organs 
increased (P < 0.001; Figure 5F). Plasminogen levels at admission 
were dramatically lower in patients with coagulation failure and 
cerebral failure than in those who did not have these conditions 
(both P < 0.001). We observed no significant difference in plas-
minogen levels between patients with liver failure, respiratory fail-
ure, or circulation failure and those without (Figure 5, G–K). Thus, 
the relationships between plasminogen levels and the number and 
type of failed organs were similar to those in the derivation cohort.

Nonsurvivors had a significantly higher P5 score than did sur-
vivors (19.69 [16.91, 22.39] vs. 13.80 [12.45, 15.92], P < 0.0001; 
Figure 7A). As in the derivation cohort, the P5 score was positively 
associated with the Child-Pugh and MELD scores (r = 0.48 and 
0.60, respectively; P < 0.001) and more strongly associated with 
the CLIF-C ACLF, COSSH, and HINT scores (r = 0.77, 0.88, and 
0.88, respectively; all P < 0.001; Supplemental Figure 5). The 
AUC of the P5 score for 30-day mortality was 0.907, which was 

significantly higher than that of the Child-Pugh, MELD, and 
HINT scores (AUC = 0.718, 0.680, and 0.856 respectively, all P < 
0.05) and tended to be higher than those of the CLIF-C ACLF and 
COSSH scores (AUC = 0.857 and 0.868; P = 0.0566 and 0.0686; 
respectively; Figure 7D and Supplemental Table 4). The AUCs are 
listed in Supplemental Table 3. The mortality rate for the high-risk 
P5 group (P5 >17) was significantly higher than that for the low-
risk P5 group (P5 ≤17) (72.1% vs. 10.5%, P < 0.001, Figure 7E).

Estimation of HBV-ACLF mortality based on the P5 score. To 
facilitate the clinical application of the P5 score, we estimated the 
HBV-ACLF mortality rates in the derivation and validation cohorts 
on the basis of the P5 score using Fisher’s canonical discriminant 
analysis. The mortality rate approached zero when the P5 score was 
lower than 10; increased to 18.3% and 90.5% for P5 scores of 15 and 
20, respectively; and reached 100% for P5 scores above 24 (Figure 
7F). For P5 scores from 15 to 20, the mortality rate of HBV-ACLF 
increased by 18.5% for each 1-point increment in the P5 score.

Performance of the P5 score in different HBV-ACLF subtypes. 
Among the patients with HBV-ACLF in the derivation and valida-
tion cohorts, 133 (37.5%) did not have prior cirrhosis (noncirrhotic 
ACLF, type A), 137 (38.6%) had prior compensated cirrhosis (com-
pensated cirrhotic ACLF, type B), and 85 (23.9%) had prior decom-
pensated cirrhosis (decompensated cirrhotic ACLF, type C). For 
the prediction of outcomes for patients with type A HBV-ACLF, 
the AUC of the P5 score was significantly higher than that of the 
Child-Pugh, MELD, CLIF-C ACLF, and HINT scores (0.955 vs. 
0.807, 0.818, 0.906, and 0.921 respectively; all P < 0.05). In addi-
tion, for the prediction of the outcomes for patients with type-B 
HBV-ACLF, the AUC of the P5 score was significantly higher than 
the Child-Pugh, MELD, CLIF-C ACLF, and COSSH scores (0.938 
vs. 0.697, 0.785, 0.872, and 0.874, respectively; all P < 0.05) and 
tended to be higher than the AUC of the HINT score (0.938 vs. 
0.903, P = 0.09). Finally, for the prediction of the outcomes for 
patients with type C HBV-ACLF, the P5 score was comparable to 
the other 5 scores (0.869 vs. 0.759, 0.774, 0.803, 0.842, and 0.791, 
respectively; all P > 0.05). The comparison between the P5 score 
and other scores according to HBV-ACLF subtype is shown in Sup-
plemental Figure 6 and Supplemental Tables 6 and 7.

Plasminogen levels in autoimmune and alcoholic ACLF. In order 
to investigate whether the predictive potential of plasminogen 
could be extended to ACLF caused by non-HBV etiologies, the 
present study enrolled another cross-sectional cohort (cohort 4) 
that included 30 HCs and 112 patients with CLD whose diseases 
were either autoimmune in origin or caused by alcohol (Supple-
mental Table 8). Surprisingly, plasminogen levels also gradually 
decreased from HCs to non-LC, to LC, to AHD, and then to ACLF. 
Plasminogen levels in ACLF nonsurvivors were significantly 
lower than those in survivors (P < 0.01, Supplemental Figure 8). 
These encouraging results suggest that plasminogen may also 
serve as a prognostic biomarker for ACLF of other etiologies and 
warrant further studies.

Figure 4. PCA and OPLS-DA of candidate biomarkers. (A) Unsupervised 
PCA model of patients with AHD, ACLF-S, or ACLF-D showing a clear 
separation between them. OPLS-DA models differentiating (B) AHD from 
ACLF and (C) ACLF-S from ACLF-D. All patients with AHD or ACLF had an 
underlying HBV infection.
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Discussion
A few studies utilized proteomic approaches to identify biomarkers 
for HBV-ACLF (15–17). However, these studies were conducted with 
small sample sizes, and, consequently, the results were inconclusive. 
Additionally, these studies did not include HBV-AHD, which is diffi-
cult to differentiate from HBV-ACLF, did not attempt to differentiate 
HBV-ACLF survivors from nonsurvivors, and did not analyze the 
clinical course of HBV-ACLF in a prospective, longitudinal manner. 
In summary, the molecular signature of HBV-ACLF was still incom-
plete. Therefore, we performed this study with the aim of identifying 
effective biomarkers that reflect the progression of HBV-ACLF.

Unsupervised clustering of proteomics data showed that 136 
DEPs could distinguish HBV-ACLF from HBV-AHD unambigu-

ously, suggesting that these proteins might predict the occurrence 
of ACLF. Additionally, HNF-1α was predicted to be the key tran-
scriptional regulator that leads to significant alterations in DEPs 
during HBV-ACLF (Figure 2D). Moreover, hepatic expression of 
HNF-1α was confirmed to gradually decrease from HCs to HBV-
ACLF. HNF-1α has been reported to regulate complex networks of 
biological pathways, including complement activation, the clotting 
cascade, and cholesterol metabolism (18–21). Coincidentally, these 
pathways were found to be enriched in the present study (Figure 
3A). In addition, another study has revealed that 2 transcriptional 
activation sites of plasminogen are recognized by HNF-1 (22). The 
present study further revealed that expression of the plasminogen 
gene was decreased in HNF-1α–knockdown HepG2 cells and that 

Figure 5. Association of plasminogen level at admission with HBV-ACLF prognosis and organ failure. (A) Plasminogen distribution for patients with 
HBV-ACLF in both the derivation and validation cohorts. Prediction of 30-day mortality according to plasminogen levels in patients with HBV-ACLF in the 
(B) derivation and (D) validation cohorts. Survival rates after 30 days of patients in the high- and low-plasminogen groups in the (C) derivation and (E) val-
idation cohorts. Plasminogen levels at admission decreased with (F) increasing numbers of failed organs. Plasminogen distribution of HBV-ACLF patients 
with and without (G) liver failure (LF) , (H) coagulation failure (CoF) , (I) cerebral failure (CeF), (J) respiratory failure (RF), and (K) circulation failure (CF) in 
the derivation and validation cohorts. Plasminogen levels were compared using the Mann-Whitney U test, rank correlation was analyzed by the Spearman 
method, and Kaplan-Meier plots were compared by log-rank test. *P < 0.05 and ***P < 0.001.
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er regeneration after injury (27). Therefore, markedly decreased 
plasminogen levels in patients with ACLF would hamper liver 
regeneration by reducing the production of hepatocyte growth 
factor and impeding remodeling (28, 29). Thus, patients with 
ACLF are subjected to a vicious circle of liver injury, plasmino-
gen depletion, and impaired hepatocyte regeneration. Further 
investigations are needed to ascertain the mechanism underly-
ing decreased plasminogen levels in patients with ACLF.

Because ACLF involves multiple systems and has a complex 
pathology (1, 9), a comprehensive prognostic score that includes 
indicators of multiple pathological processes is needed to predict 
the outcome of ACLF. Similar to previous reports (30–32), we 
demonstrated comparable abilities of CLIF-C ACLF, COSSH, and 
HINT scores to determine HBV-ACLF prognosis. Here, we showed 
that the P5 score, based on plasminogen levels and 4 other clin-
ical parameters, outperformed the Child-Pugh, MELD, CLIF-C 
ACLF, COSSH, and HINT scores in both a single-center derivation 
cohort and a multicenter validation cohort. According to the esti-
mated HBV-ACLF mortality rate, P5 scores below 15 and above 20 
indicated good and poor prognoses, respectively, enabling patient 
stratification. In addition, 40.8% of patients with HBV-ACLF had 
P5 scores of 15 to 20, and the mortality rate for patients with HBV-
ACLF increased by 18.5% for each 1-point increment in the P5 
score in this range, facilitating a dynamic monitoring of the dis-
ease during hospitalization. Notably, the P5 score showed a con-
siderably higher predictive power for HBV-ACLF types A and B, 
but its ability to predict type C was comparable to that of the other 
scores. The latter may be due to the small sample size used. There-
fore, the P5 score enables the prediction of outcomes for patients 
with ACLF and decision-making regarding the allocation of inten-
sive care resources and priorities for urgent liver transplantation.

This study has several limitations. First, we identified 136 
DEPs that could predict the occurrence of ACLF, which may pro-
vide a rich biomarker pool for HBV-ACLF diagnosis, but further 
refinement of the diagnostic biomarkers from this pool is needed. 
Second, we focused on plasminogen as a prognostic biomarker for 
HBV-ACLF and verified its performance in multiple cohorts; but 
whether the addition of other candidate biomarkers could increase 
the predictive power for HBV-ACLF has not been investigated. 
Third, whether plasminogen is a prognostic predictor of ACLF 
caused by other etiologies still needs further study, although the 
plasminogen levels were verified as having gradually decreased 
with increasing disease severity in a small cross-sectional cohort 
of individuals with autoimmune or alcoholic CLD.

plasminogen levels were negatively correlated with the degree of 
knockdown. Thus, we postulate that decreased HNF-1α levels lead 
to a deficiency in complement/clotting components and cholester-
ol metabolism during HBV-ACLF pathogenesis, but this concept 
requires further investigation.

When AHD progresses to ACLF, risk stratification is necessary 
to identify patients who are in urgent need of a liver transplant and 
those who are not (23). Indicators for this purpose, including sol-
uble CD163 (24), macrophage inflammatory protein 3α (25), and 
connexin 43 (26), have been proposed. However, these indica-
tors are still a long way from clinical application. Thus, we further 
refined biomarkers to differentiate HBV-ACLF nonsurvivors from 
survivors. Among the 16 candidate biomarkers, plasminogen, the 
most promising biomarker discovered by OPLS-DA, was verified 
in 2 prospective cohorts. We observed that a decreased plasmin-
ogen level at admission was markedly associated with mortali-
ty in patients with HBV-ACLF. During hospitalization, a 14-day 
longitudinal observation showed that plasminogen levels gradu-
ally increased in survivors, but the levels gradually decreased in 
nonsurvivors. These changes in plasminogen levels reflected the 
course of improvement, deterioration, and fluctuation. Notably, 
plasminogen levels were negatively associated with the number 
of failed organs and were markedly lower in patients with HBV-
ACLF with cerebral failure or coagulation failure. These results 
robustly demonstrated that plasminogen is a promising biomarker 
for HBV-ACLF and that sequential plasminogen measurements 
reflect the clinical course of HBV-ACLF. Moreover, when analyzed 
together with the clinical parameters, plasminogen remained an 
independent prognostic factor for HBV-ACLF in a multivariate 
logistic regression analysis.

It would be expected that plasminogen, as a liver-specific 
protein, along with other coagulation factors, would dramat-
ically decrease when liver functions are severely impaired. In 
theory, a decrease in plasminogen levels should parallel an 
increase in the INR value in patients with ACLF as a result of 
impaired synthetic functions of the liver. In this study, however, 
the plasminogen level was weakly correlated with the INR val-
ue (r = 0.55–0.58, Supplemental Figure 7), implying that plas-
minogen may be involved in additional pathological processes 
apart from the coagulation cascade during the pathogenesis of 
ACLF. In patients with liver failure, liver regeneration was com-
monly accompanied by necrosis and shown to be necessary for 
the patients’ recovery. Plasminogen activation by the plasmin/
α2-antiplasmin system reportedly plays an important role in liv-

Figure 6. Longitudinal changes in plasmin-
ogen levels according to clinical course. 
(A) Longitudinal changes of plasminogen 
levels in HBV-ACLF survivors and nonsur-
vivors during hospitalization. (B) Changes 
in plasminogen levels between the initial 
(admission) and final (14 days after admis-
sion or discharge) assessments. Paired and 
repeated-measures data were analyzed by 
the Wilcoxon test and the Greenhouse-Geisser 
method, respectively. *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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plasminogen measurements facilitated predictions of the clinical 
course of HBV-ACLF.

We then showed that the P5 score was superior to currently 
available prognostic models and validated its performance in an 

In conclusion, we investigated the proteomes of patients 
with HBV-ACLF by TMT quantitative proteomics. The most 
promising biomarker, plasminogen, allowed the differentiation 
of HBV-ACLF nonsurvivors from survivors, whereas sequential 

Table 1. Characteristics at admission according to outcomes for the derivation cohort

Variable Total (n = 207) Nonsurvivors (n = 48) Survivors (n = 159) Univariate logistic regression Multivariate logistic regression
HR (95% CI) P HR (95% CI) P

Clinical and laboratory parameters
Age (yr) 48.26 ± 12.47 52.42 ± 12.29 47.00 ± 12.28 1.036 (1.009–1.064) 0.009 1.089 (1.035–1.145) 0.001
Sex (female/male) 45/162 13/35 32/127 0.678 (0.322–1.429) 0.678
Fatigue 10 (4.8%) 3 (6.3%) 7 (4.4%) 1.448 (0.360–5.828) 0.603
Alcoholism 17 (8.2%) 5 (10.4%) 12 (7.5%) 1.125 (0.648–1.955) 0.675
HBV reactivation 126 (60.9%) 34 (70.8%) 92 (57.9%) 1.769 (0.881–3.553) 0.109
Drug use 28 (13.5%) 4 (8.3%) 24 (15.1%) 1.920 (0.678–5.435) 0.219
Bacterial infection 76 (36.7%) 25 (52.1%) 51 (32.1%) 2.302 (1.193–3.257) 0.013
Ascites (mild/severe) 71/50 16/13 55/37 1.106 (0.737–1.660) 0.625
UGIB 29 (14.0%) 7 (14.6%) 22 (13.8%) 0.941 (0.375–2.359) 0.896
Cirrhosis 128 (61.8%) 25 (52.1%) 103 (64.8%) 0.591 (0.308–1.136) 0.114
Decompensation history 52 (25.1%) 8 (16.7%) 44 (27.7%) 0.523 (0.227–1.205) 0.128
HE (mild/severe) 13/21 6/19 7/2 11.163(4.952–25.163) <0.001 9.472 (3.154–28.448) < 0.001
TSH (mIU/L) 0.49 (0.17–1.08) 0.15 (0.10–0.39) 0.73 (0.29–1.32) 0.177 (0.073–0.427) <0.001
CRP (mg/L) 10.40 (6.90–15.58) 11.20 (6.90–16.90) 9.90 (6.90–15.10) 1.012 (0. 985–1.040) 0.379
WBC (×109/L) 6.70 (5.00–8.80) 8.25 (5.58–10.78) 6.20 (4.70–7.80) 1.180 (1.070–1.301) 0.001
Neutrophils (×109/L) 4.30 (3.10–6.30) 5.95 (3.95–8.38) 4.00 (3.00–5.70) 1.214 (1.089–1.354) <0.001
RBC (×1012/L) 4.03 ± 0.75 4.07 ± 0.75 4.01 ± 0.75 1.113 (0.718–1.726) 0.632
Platelets (×109/L) 108.29 ± 53.47 104.50 ± 44.98 109.43 ± 55.86 0.998 (0. 992–1.004) 0.575
Total protein (g/L) 58.80 ± 8.41 58.57 ± 7.47 58.87 ± 8.69 0.971 (0.913–1.034) 0.360
Albumin (g/L) 31.48 ± 4.46 31.24 ± 4.50 31.55 ± 4.46 0.996 (0.958–1.035) 0.669
ALT (U/L) 246.00 (90.00–630.00) 323.00 (141.50–582.75) 215.00 (86.00–674.00) 1.000 (1.000–1.001) 0.612
AST (U/L) 184.00 (91.00–386.00) 265.50 (132.75–507.75) 157.00 (86.00–349.00) 1.001 (1.000–1.002) 0.023
Serum bilirubin (mg/dL) 16.99 (11.58–23.22) 20.79 (16.95–26.26) 15.62 (10.58–22.71) 1.091 (1.045–1.141) <0.001 1.099 (1.016–1.189) 0.018
Creatinine (mg/dL) 0.72 (0.63–0.83) 0.75 (0.65–0.97) 0.71 (0.62–0.81) 6.822 (2.215–21.013) 0.001
Potassium (mmol/L) 4.19 ± 0.60 4.32 ± 0.59 4.15 ± 0.60 1.584 (0.938–2.673) 0.085
Sodium (mmol/L) 137.61 ± 3.88 137.90 ± 3.75 137.52 ± 3.92 1.026 (0.942–1.117) 0.558
INR 1.98 (1.70–2.55) 2.89 (2.49–3.52) 1.86 (1.64–2.22) 11.762 (5.552–24.918) <0.001 6.313 (2.023–19.698) 0.002
HBV-DNA (log10 IU/mL) 4.99 (3.65–6.46) 5.52 (4.22–7.23) 4.72 (3.49–6.04) 1.164 (0.988–1.372) 0.069
HBsAg (log10 IU/mL) 2.94 (1.88–3.49) 2.96 (1.84–3.74) 2.93 (1.92–3.46) 1.022 (0.806–1.295) 0.859
Plasminogen (μg/mL) 45.68 (36.06–58.74) 32.69 (29.39–39.89) 48.57 (40.91–61.38) 0.891 (0.856–0.927) <0.001 0.926 (0.872–0.982) 0.011
Organ failure and prognostic score
Liver, n (%) 150 (72.5%) 44 (91.7%) 106 (66.7%) 5.500 (1.876–16.121) 0.002
Coagulation, n (%) 59 (28.5%) 37 (77.1%) 22 (13.8%) 20.946 (9.320–47.074) <0.001
Cerebral, n (%) 21 (10.1%) 19 (39.6%) 2 (1.3%) 3.940 (2.734–23.125) 0.001
Lung, n (%) 51 (24.6%) 18 (37.5%) 33 (20.8%) 2.291 (1.139–4.608) 0.020
Circulation, n (%) 4 (1.9%) 4 (8.3%) 0 (0%) 22.488 (22.162–22.837) 0.001
Kidney, n (%) 3 (1.4%) 3 (6.3%) 0 (0%) 22.465 (22.142–22.848) 0.001
Proportion of failed 
organs (1/2/≥3)

91/50/29 4/19/25 87/31/4 12.209 (5.995–24.868) <0.001

Number of failed organs 1.00 (1.00–2.00) 3.00 (2.00–3.00) 1.00 (1.00–1.00) 10.594 (5.411–22.175) <0.001
Child-Pugh 10.71 ± 1.55 11.79 ± 1.20 10.38 ± 1.50 2.061 (1.560–2.724) <0.001
MELD 22.50 ± 5.38 28.31 ± 5.38 20.75 ± 3.97 1.471 (1.308–1.655) <0.001
CLIF-C ACLF 41.96 ± 9.76 52.51 ± 7.77 38.74 ± 7.83 1.239 (1.164–1.319) <0.001
COSSH-ACLF 6.21 (5.49, 7.04) 7.96 (6.91, 8.92) 5.86 (5.31, 6.49) 7.237 (4.004–13.211) <0.001
HINT –1.56 (–2.50, –0.05) 1.59 (0, 3.54) –2.10 (–2.82, –1.04) 2.80 (2.07, 3.79) <0.001
P5 15.07 (12.63, 17.44) 20.05 (17.74, 21.89) 13.86 (12.05, 15.80) 2.654 (2.010–3.505) <0.001

UGIB, upper gastrointestinal bleeding; RR, relative risk; TSH, thyroid-stimulating hormone; CRP, C-reactive protein; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; HBsAg, HBV surface antigen.
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with vasoactive agents. Respiratory failure was determined when the 
ratio of arterial oxygen partial pressure to fractional inspired oxygen 
(PaO2/FiO2) was 200 or less or the ratio of pulse oxymetric saturation 
to FiO2 (SpO2/FiO2) was 214 or less. The clinical course was assessed 
as described previously (30) by comparing the CLIF-SOFA scores at 
admission and on day 14 thereafter or at discharge. Improvement and 
deterioration were defined as a 2-point or greater decrease or increase 
in the CLIF-SOFA score, respectively, whereas fluctuation was defined 
as the difference between −1 and 1.

Study design and patient enrollment. As shown in Figure 1, three 
batches of TMT-labeled quantitative proteomics analyses were per-
formed for 10 patients with HBV-AHD and 20 patients with HBV-ACLF 
(10 survivors and 10 nonsurvivors). Then, 4 cohorts of subjects were 
enrolled for preliminary and further verification of screened biomark-
ers. A cross-sectional cohort (cohort 1), comprising 26 HCs, 26 CHB, 
26 HBV-related LC, 26 HBV-AHD, and 40 HBV-ACLF inpatients and 
outpatients from May 1 to August 1, 2016 from the First Affiliated Hos-
pital of Zhejiang University, was enrolled for preliminary verification 
of those biomarker candidates identified by quantitative proteomics. 
A prospective, longitudinal HBV-ACLF cohort (cohort 2, derivation 
cohort, n = 207), enrolled from June 1, 2017 to September 1, 2018 at the 
First Affiliated Hospital of Zhejiang University, was used to validate the 
prognostic performance of plasminogen and to develop a prognostic 
score for HBV-ACLF. We also included an external prospective, multi-
center HBV-ACLF cohort (cohort 3, validation cohort, n = 148), enrolled 
from June 1, 2016 to May 30, 2017 at the First Affiliated Hospital of Zhe-
jiang University (n = 86), the Xiangya Hospital of Central South Univer-
sity (n = 35), and the Shulan Hospital of Hangzhou (n = 27). Cohort 3 

external, multicenter cohort. We believe that both the level of plas-
minogen and the P5 score, translated from bench to clinic, will facil-
itate clinical decision-making in the management of HBV-ACLF.

Methods
Definitions. CHB and LC were diagnosed according to criteria outlined 
in previous reports (33–36). HE was defined and graded using the West 
Haven criteria (37). HBV-AHD was diagnosed on the basis of previous 
studies (38–41). Briefly, patients with HBV-related CLD, with or with-
out cirrhosis, experience acute hepatic insults resulting in liver dys-
function (manifesting as a serum TBil level ≥2 mg/dL and prolongation 
of the prothrombin time of ≥3 seconds, with or without the presence 
of ascites, HE, or variceal hemorrhage) but do not meet the criteria for 
HBV-ACLF, and are thus considered to have HBV-AHD. HBV-ACLF 
was diagnosed according to slightly modified Asian Pacific Association 
for the Study of the Liver (APASL) criteria (30). In brief, HBV-ACLF was 
defined as TBil levels of 5 mg/dL or higher and an INR of 1.5 or high-
er (or prothrombin activity <40%) for patients with HBV-related CLD 
who have suffered acute hepatic insults within 4 weeks.

Organ failure was diagnosed using the chronic liver failure–
sequential organ failure assessment (CLIF-SOFA) score as described 
previously (2). Briefly, patients were considered to have liver failure if 
their TBil level was 12 mg/dL or higher and brain and kidney failure 
if they had grade III–IV HE and of a serum creatinine level of 2 mg/
dL or higher, respectively. Coagulation failure was confirmed when 
the INR was 2.5 greater or the platelet count was 20 × 109/L or low-
er. Circulation failure was determined when the mean arterial pres-
sure was less than 70 mmHg or when the patient was under treatment 

Figure 7. Correlations between the P5 score and HBV-ACLF prognosis. (A) P5 score distribution for patients with HBV-ACLF in the derivation and valida-
tion cohorts. ***P < 0.001. Prediction of 30-day mortality for patients with HBV-ACLF according to the P5 and other scores in the (B) derivation and (D) 
validation cohorts. Thirty-day survival rates for the high-risk P5 (High P5) and low-risk P5 (Low P5) groups in the (C) derivation and (E) validation cohorts. 
Cumulative survival was compared by log-rank test (P < 0.0001 for all). (F) Estimation of HBV-ACLF mortality based on the P5 score. Plasminogen levels 
were compared by the Mann-Whitney U test (A), Kaplan-Meier plots were compared by the log-rank test (C and E), and the ROCs were compared by z test 
(Delong’s method) (B and D).
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compared by Student’s t test, 1-way ANOVA, Mann-Whitney U test, or 
Kruskal-Wallis H test, as appropriate. Paired and repeated-measures 
data were analyzed by the Wilcoxon test and the Greenhouse-Geiss-
er method, respectively. Rank correlation was analyzed by the Spear-
man method. Independent prognostic factors for HBV-ACLF were 
identified by multivariate logistic regression according to the forward 
Wald method, with entry and removal probabilities of 0.05 and 0.10, 
respectively. Kaplan-Meier plots were used to compare the cumu-
lative survival rates. A multivariate logistic regression analysis was 
performed to develop a prognostic score for HBV-ACLF. The receiver 
operating characteristic curves (ROCs) were compared using a z test 
(DeLong’s method). The HBV-ACLF mortality rate based on the P5 
score was estimated by Fisher’s canonical discriminant analysis. All 
tests were 2-tailed, and P values of less than 0.05 were considered sta-
tistically significant.

Study approval. This study was conducted in compliance with the 
principles of the 1975 Declaration of Helsinki and was approved by the 
Ethics Committees of the First Affiliated Hospital, Zhejiang Universi-
ty, Xiangya Hospital, Central South University, and Shulan Hospital of 
Hangzhou. Written informed consent was obtained from all patients 
or their legal representatives prior to their participation in the study.
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was used to further validate the performance of plasminogen and the P5 
score. Finally, another cross-sectional cohort (cohort 4), which includ-
ed 30 HCs and 112 patients with autoimmune (n = 64) or alcoholic (n = 
48) CLD enrolled from July 1 to October 1, 2019 at the First Affiliated 
Hospital of Zhejiang University, was included to assess the performance 
of plasminogen in non–HBV-related ACLF. Among the 112 patients, 33 
with presented noncirrhotic liver disease, 18 had LC, 33 had AHD,and 
28 had ACLF. All patients with ACLF were followed for 30 days or until 
death, whichever occurred first. Exclusion criteria for patients with 
HBV-ACLF are detailed in the Supplemental Methods.

Management of patients with HBV-ACLF. The management of 
patients with HBV-ACLF is detailed in the Supplemental Methods.

Proteomic protocols and bioinformatics analysis. High-abundance 
serum proteins (albumin and IgG) were depleted from samples using the 
ProteoPrep Blue Albumin and IgG Depletion Kit (PROTBA, Sigma-Al-
drich). Next, 120 μg albumin/IgG-depleted serum was reduced, alkylat-
ed, and digested with DTT, iodoacetamide (IAA), and trypsin. The pep-
tide solution was labeled with a TMT-10plex Isobaric Label Reagent Set 
plus TMT11-131C Label Reagent (A34808, Thermo Fisher Scientific) 
and divided into 15 fractions. Fractions were dried, resuspended, and 
loaded onto a nanoACQUITY ultraperformance liquid chromatogra-
phy (UPLC) system (Waters). Outcoming data were acquired using the 
Q-Exactive coupled mass spectrometer (Thermo Fisher Scientific). All 
protocols were performed according to the manufacturers’ instructions 
(see also Supplemental Methods). RAW files were searched against the 
human UniProt database (version 11-2018; https://www.uniprot.org/
statistics/Swiss-Prot) using MaxQuant software (version 1.6.3.3). Bio-
informatics analyses were performed using Perseus (version 1.6.1.3), 
Cytoscape (version 3.7.0), FunRich (version 3.1.3), and SIMCA (version 
14.0) software, as described in the Supplemental Methods.

Western blotting, ELISA, and HNF-1α interference in HepG2 cells. 
HNF-1α, a transcription factor predicted by FunRich software accord-
ing to the DEPs, was validated by Western blotting on liver tissues 
from donors, recipients of liver transplantation, or liver biopsies. The 
levels of selected biomarker candidates in serum were measured using 
ELISA kits. The regulation of plasminogen by HNF-1α was confirmed 
by detection of interference in HepG2 cells. Western blotting, ELISA, 
and HNF-1α interference protocols are described in detail in the Sup-
plemental Methods.

Calculation of scores. The Child-Pugh, MELD, CLIF-C ACLF, 
COSSH, and HINT scores were calculated as detailed in the Supple-
mental Methods.

Statistics. Statistical analysis was performed using SPSS (version 
18.0, SPSS Inc.) and MedCalc (MedCalc Software). Categorical data, 
presented as numbers (percentages), were compared using χ2 or Fish-
er’s exact test. Continuous data are presented in tables as the mean 
± SDs or the median with percentiles (P25–P75) and in graphs as dot 
plots with box-and-whisker plots. The lines within the boxes indicate 
the median, and the bounds of the boxes represent the 25th and 75th 
percentiles. Whiskers indicate both the maximum and minimum val-
ues, and dots out of whiskers represent outliers. Continuous data were 
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