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Alcohol-associated hepatitis (AH) is a form of liver failure with high short-term mortality. Recent
studies have shown that defective function of hepatocyte nuclear factor 4 alpha (HNF4a) and systemic
inflammation are major disease drivers of AH. Plasma biomarkers of hepatocyte function could be useful
for diagnostic and prognostic purposes. Herein, an integrative analysis of hepatic RNA sequencing and
liquid chromatographyetandem mass spectrometry was performed to identify plasma protein signatures
for patients with mild and severe AH. Alcohol-related liver disease cirrhosis, nonalcoholic fatty liver
disease, and healthy subjects were used as comparator groups. Levels of identified proteins primarily
involved in hepatocellular function were decreased in patients with AH, which included hepatokines,
clotting factors, complement cascade components, and hepatocyte growth activators. A protein
signature of AH disease severity was identified, including thrombin, hepatocyte growth factor a,
clusterin, human serum factor H-related protein, and kallistatin, which exhibited large abundance shifts
between severe and nonsevere AH. The combination of thrombin and hepatocyte growth factor a
discriminated between severe and nonsevere AH with high sensitivity and specificity. These findings
were correlated with the liver expression of genes encoding secreted proteins in a similar cohort,
finding a highly consistent plasma protein signature reflecting HNF4A and HNF1A functions. This un-
biased proteomic-transcriptome analysis identified plasma protein signatures and pathways associated
with disease severity, reflecting HNF4A/1A activity useful for diagnostic assessment in AH.
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Plasma Protein Signatures in AH
Alcohol-related liver disease (ALD) is the main cause of
liver-related mortality worldwide.1,2 Although many pa-
tients have silent disease, others develop alcohol-related
hepatitis (AH), a life-threatening subacute form of liver
failure that occurs in the setting of prolonged heavy alcohol
use in patients with underlying alcoholic cirrhosis or
advanced fibrosis. Severe AH (sAH) presents with jaundice,
abnormal clotting function, hepatic encephalopathy, and
complications of portal hypertension. Although a histologic
prognostic score system can be used,3 transjugular biopsy is
not available in most centers, and new noninvasive bio-
markers could be useful for patient stratification and treat-
ment allocation in clinical trials. The current standard of
care for severe AH (ie, prednisolone) has limited efficacy
and does not prolong survival beyond 28 days.4,5 Moreover,
up to 30% to 40% of patients do not respond to cortico-
steroids, and their 6-month mortality can exceed 60%.6,7

The development of novel targeted therapies represents an
urgent need in clinical hepatology.

Impaired function of liver-enriched transcription factors
(LETFs), such as hepatocyte nuclear factor 4 alpha
(HNF4a)/HNF1a, as well as systemic inflammatory
response syndrome are key drivers of liver and subsequent
multiorgan failure in patients with severe AH.8,9 Identifi-
cation of plasma biomarkers that reflect impaired hepatic
function and/or systemic inflammation may have prognostic
value and can favor precision medicine. To achieve this
goal, global proteome analysis of blood plasma has been
highly informative across multiple clinical conditions.10e13

Current mass spectrometry techniques provide exceptional
sensitivity and quantification toward understanding the
network of protein pathways, secretion systems, and re-
sponses to stimuli.14,15 Herein, this approach was used to
provide a novel comprehensive study of plasma proteome in
a large cohort of patients with ALD, including AH, and
suggest specific markers associated to AH severity. An
unbiased identification of specific plasma signatures of he-
patocellular failure in patients with AH was obtained,
revealing key proteins associated with severity and
providing a novel noninvasive molecular tool for clinical
and research purposes.

Materials and Methods

Study Population

Plasma samples from patients with AH were obtained by the
human biorepositories of the National Institute of Alcohol
Abuse and Alcoholismefunded Southern California Alco-
holic Hepatitis Consortium and the InTeam Consortium.
The diagnosis of AH was established following the National
Institute of Alcohol Abuse and Alcoholism guidelines.16 All
participating clinical sites and analysis sites had approval
from their institutional review board before the start of the
investigation, and annually thereafter. All patients signed
informed consents before providing plasma specimens. A
The American Journal of Pathology - ajp.amjpathol.org
total of 57 patients with AH were included in the plasma
proteome analysis. Plasma was collected from all patients at
baseline visit (before starting corticosteroids or other treat-
ment for AH), and patients with AH were stratified on the
basis of severity, with severe AH group (biopsy proven and
Maddrey discriminant function >32; N Z 43) forming the
primary comparison with the control populations. The
remaining 14 patients had nonsevere AH (nsAH; Maddrey
discriminant function <32). Plasma samples from 49 sub-
jects, including healthy controls (n Z 16) and those with
nonalcoholic fatty liver disease (n Z 11), were also
analyzed. In addition, to study the effects of alcohol intake
and chronic alcohol-related liver disease on plasma prote-
ome, patients with ALD and recent alcohol intake (abstinent
<30 days; N Z 11) and abstinent (no alcohol intake >6
months; N Z 11) were analyzed. Table 1 shows the clinical
characteristics of the study participants.

Proteomics Analysis

Plasma Sample Processing for Proteomics
Blood was collected into EDTA tubes, followed by centri-
fugation, placement of plasma in cryovials, and freezing at
e80�C. Individual human plasma samples were partitioned
and depleted of 14 specific highly abundant proteins using a
ProteomeLab 12.7 � 79.0-mm human IgY14 LC10 affinity
liquid chromatography column (Beckman Coulter, Full-
erton, CA), which was performed using the manufacturer’s
instructions. Further processing of the flow-through portion
of the plasma depletion included automated protein isola-
tion, denaturation, tryptic digestion, and peptide isolation, as
previously described.17 Tandem Mass Tag (TMT) 10 la-
beling (Thermo Fisher Scientific, Waltham, MA) was per-
formed as dictated by the manufacturer’s protocol. A total of
35 mg of peptide was included in each channel with the
inclusion of a universal reference in each TMT10 experi-
ment. Each TMT10 multiplexed experiment was subjected
to offline high-performance liquid chromatography separa-
tion, as previously described,14,18 which resulted in a
concatenated 12 fractions for each TMT10 experiment.

Liquid ChromatographyeMass Spectrometry Analysis
A PAL autosampler (CTC Analytics AG, Zwingen,
Switzerland) equipped with two six-port valves (Valco In-
struments Co Inc., Houston, TX) was used for sample in-
jection. After being injected into a 25-mL loop, the sample
was concentrated into a solid phase extraction column (150
mm i.d., 360 mm o.d., 4 cm long) at a flow rate of 5 mL/
minute. The nano-liquid chromatography column (50 mm
i.d., 360 mm o.d., 50 cm long) was packed with 3-mm C18
packing material (300-Å pore size; Phenomenex, Terrence,
CA). Mobile phases (buffer A: 0.1% formic acid in water;
and buffer B: 0.1% formic acid in acetonitrile) were deliv-
ered by a nanoeultra-performance liquid chromatography
pump (Dionex UltiMate NCP-3200RS; Thermo Scientific,
Waltham, MA) at a flow rate of 150 nL/minute. The liquid
1659
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Table 1 Baseline Clinical Parameters for All Patients

Variable

AH: severe
SCAHC
(n Z 23)

AH: severe
InTeam
(n Z 20)

AH:
nonsevere
(n Z 14) HC (n Z 16)

NAFLD
(n Z 11)

AC: recent
(n Z 11)

AC: abstinent
(n Z 11)

Age, years 48 (39 to 56) 55 (48 to 62) 48 (43 to 60) 28 (20 to 54) 47 (36 to 60) 56 (45 to 62) 56 (49 to 62)
Sex, % male 96 80 64 62 72 100 100
Ethnicity, %

African
American

8.7 10 7.2 13 18 0 0

White,
Hispanic

61 35 43 31 27 64 82

White,
non-Hispanic

30 50 50 0 45 27 18

Asian 0 0 0 38 9 0 0
American
Indian

0 5 0 13 0 0 0

Pacific
Islander

0 0 0 0 0 9 0

Total bilirubin,
mg/dL

11.9 (7.75 to
15.35)

17.4 (9.8 to
26.15)

5.1 (3.5 to
7.1)

0.5 (0.4 to
0.7)

0.85 (0.7 to
1)

3.6 (1.2 to
5.4)

1.2 (0.85 to
2.1)

AST, IU 115 (91.8 to
149)

126 (83.5 to
157)

127 (103 to
297)

18 (14 to
21.5)

59 (49 to
67.5)

49 (35.8 to
65.5)

39 (27.5 to
46)

ALT, IU 50 (35.5 to
53.5)

50 (29.5 to
66)

38 (32 to 84) 17 (13.5 to
23.5)

95 (64.5 to
114)

32 (26 to
39.5)

25 (19.5 to
14.3)

MELD 22.4 (21.4 to
25.7)

32.8 (30.1 to
35.2)

17.1 (14.4 to
19.0)

6.5 (6 to
7.3)

7 (7 to 7.8) 17 (10.9 to
22.5)

10 (9 to
13.4)

Maddrey DF 51.3 (40.3 to
64.1)

65.9 (45.2 to
95.3)

26.2 (17.8 to
29.5)

0.4 (e1.1 to
4.2)

4.1 (3.5 to
5.1)

33.2 (12.0 to
54.5)

10 (7.25 to
14.3)

Results are presented as median (interquartile range) unless noted otherwise.
AC, alcoholic cirrhotic; AH, alcohol-associated hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DF, discriminant function; HC,

healthy control; MELD, Model for End-Stage Liver Disease; NAFLD, nonalcoholic fatty liver disease; SCAHC, Southern California Alcoholic Hepatitis Consortium.
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chromatography method was programmed as a 100-minute
linear gradient from 8% to 22% Buffer B, followed by a 15-
minute linear gradient to 45% Buffer B, after which the
column was washed with 90% Buffer B for 5 minutes and
re-equilibrated with 2% Buffer B for 20 minutes. The
separated peptides were analyzed using a Thermo Scientific
Q Exactive Plus. Data were acquired in a data-dependent
mode with a full mass spectrometry scan from m/z 350 to
1800 at a resolution of 70,000 at m/z 400 with automated
gain control setting set to 5 � 105 and maximum ion in-
jection period set to 50 milliseconds. Top 10 precursor ions
having intensities >2.5 � 104 and charges between 2 and 8
were selected with an isolation window of 2 Da for tandem
mass spectrometry sequencing at a high-energy C-trap
dissociation energy of 33%. Tandem mass spectrometry
spectra were acquired at a resolution of 17,500. The auto-
mated gain control target was 1 � 105, and the maximum
ion accumulation time was 200 milliseconds. The dynamic
exclusion time was set at 40 seconds.

Proteomics Data Analysis
Liquid chromatographyetandem mass spectrometry raw data
were converted into dta files using Bioworks Cluster 3.2
(Thermo Fisher Scientific, Cambridge, MA). The
MSGF þ algorithm19 was used to search tandem mass
1660
spectrometry spectra against the Human Uniprot database
(Uniprot_SPROT 2017 to 04-12; 20,198 entries). The key
search parameters used were 20 ppm tolerance for precursor
ion masses, 2.5- and e1.5-Da window on fragment ion mass
tolerances, no limit on missed cleavages, partial tryptic
search, no exclusion of contaminants, dynamic oxidation of
methionine (15.9949 Da), static iodoacetamide alkylation on
cysteine (57.0215 Da), and static TMT modification of lysine
and N-termini (144.1021 Da). The decoy database searching
method20,21 was used to control the false discovery rate at the
unique peptide level to <0.01% and subsequent protein level
to <0.1%. Quantification was based on initially summing to
the protein level the sample-specific peptide reporter ion
intensities captured for each channel across all 12 analytical
fractions. Final data for statistical analysis was the ratio of
each protein summed value with the pooled reference control
within each TMT10 experiment to adjust for experiment-
specific variability. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
22 with the data set identifier PXD016117 (http://
proteomecentral.proteomexchange.org/cgi/GetDataset?
IDZPXD016117, last accessed September 14, 2022) and
MassIVE Accession MSV000084528 (https://massive.ucsd.
edu/ProteoSAFe/static/massive.jsp, last accessed September
14, 2022).22
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Workflow of the comparison of the
study. A: For unbiased proteomics, the plasma was
depleted from the top 14 most abundant proteins, and
peptides were labeled and multiplexed. B: Plasma
from a total of 90 subjects was analyzed: healthy
subjects, patients with nonalcoholic fatty liver disease
(NAFLD), patients with advanced alcohol-related liver
disease (ALD), and patients with alcoholic hepatitis
from two different cohorts, Southern California Alco-
holic Hepatitis Consortium (SCAHC) Discovery cohort
and InTeam Confirmatory cohort (AH). A total of 100
proteins were uniquely altered in patients with AH
when compared with healthy and diseased controls.
Blue indicates differentially abundant proteins for
Discovery cohort, and green indicates proteins for
Confirmatory cohort. N Z 16 healthy subjects (B);
N Z 11 patients with NAFLD (B); N Z 22 patients
with ALD (B); N Z 42 patients with AH (B). LC-MS/
MS, liquid chromatographyetandem mass spectrom-
etry; TMT, Tandem Mass Tag.

Plasma Protein Signatures in AH
Proteomics Statistical and Pathway Analysis
Protein-level TMT ratio abundance values were central
tendency normalized and then subjected to statistical com-
parison between patient populations and time points of in-
terest. Primary comparisons were based on analysis of
variance analysis at a <0.05 P-value threshold coupled with
a fold change criteria minimum of �0.15 between protein
ratio abundances. Pathway mapping was performed utilizing
Gene Ontology annotations extracted from DAVID version
6.8 (https://david.ncifcrf.gov, last accessed March 29, 2021)
using the ontology for biological process (GOTERM_BP_
DIRECT). Bonferroni correction for only those Gene
Ontology term pathways that had a P < 0.05 was
selected. For inferring general pathways of differential
proteome, Cytoscape network analysis was performed
(version 3.8.2), where the nodes are gene sets from the
Molecular Signatures Data Base (Broad Institute,
Cambridge, MA) and the edges are the
similaritydoverlapdbetween gene sets. A node cutoff of
0.08 and edge cutoff (similarity) of 0.375 was used for
depicting the network with the data analysis.
Liver RNA Sequencing Analysis

RNA sequencing data were obtained from normal livers
(n Z 10) and from biopsies of patients with early silent ALD
(n Z 12), nonsevere AH (n Z 9), and severe AH (n Z 28);
the processing, sequencing, and clinical data have been
described previously,9 and the raw data and metadata are
publicly available in the Database of Genotypes and Pheno-
types of the National Library of Medicine under the accession
study code phs001807. v1. p1 (https://www.ncbi.nlm.nih.gov/
projects/gap/cgi-bin/study.cgi?study_idZphs001807.v1.p1,
last accessed September 22, 2022).
The American Journal of Pathology - ajp.amjpathol.org
Proteome: Liver RNA Sequencing Integrative Analysis

Using a ranked list with fold ratios and with a threshold
false discovery rate of 0.001, Ingenuity Pathway Analysis
(Qiagen, Hilden, Germany; version 2019) was used to infer
transcription factor signatures. Log fold ratios were used to
compare the changes in the liver transcriptome with the
changes observed in the plasma proteome. Correlation plots
were made to infer the genes codifying secreted proteins
using Compartment Data Base.23 Criteria to define a
secreted gene included having as Localization parameter,
one of the following: Extracellular space, Extracellular
Region, Extracellular region part, and/or Extracellular exo-
some. To infer the transcription factor target genes in an
unbiased manner, the transcription factor category within
the C3 collection (Motif) of the Molecular Signatures Data
Base was used. For calculating correlation coefficients,
psych package version 1.9.12 (https://cran.r-project.org,
last accessed September 22, 2022) was used. Correlation
plots, box plots, bar plots, and heat maps were performed
using ggplot2 package. Gene-gene correlation plots were
made using corrplot package.
Statistical Analysis

After mean-centered normalization, differences of protein
abundance between patients with severe and nonsevere AH
were compared using t test. Only proteins with P < 0.01
were considered for logistic regression analysis. To perform
logistic regression, a generalized linear model using each of
the top candidates was fitted using stats package. Odds ra-
tios were plotted using ggplots package. Receiver operating
characteristic curves were visualized using pROC package.
Area under the curve and CIs were calculated using the
same package.
1661
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Results

Identification of Plasma and Liver-Derived Protein
Signatures in AH

In total, 18,399 peptides corresponding to 1504 plasma pro-
teins were uniquely identified and quantified (Figure 1A and
Supplemental Table S1). To identify a specific AH proteomic
signature, a tiered analysis strategy was executed that incor-
porated the comparison of severeAH from twodifferent study
cohorts together with appropriate healthy and disease control
plasma samples. Interestingly, as liver disease progresses
both from healthy liver to metabolism-related damage
(nonalcoholic fatty liver disease) or alcohol-related liver
cirrhosis (ALD), the number of differential plasma proteins
decreases, indicating that some components of the differential
proteome in AH are shared with other causes of liver damage
and with chronic alcohol-associated cirrhosis without AH
phenotype (Figure 1B and Supplemental Table S2). In total,
an overlapping set of 100 proteins were uniquely altered in
patients with severe AH in both cohorts. An unbiased analysis
of top differentially abundant proteins included hepatocyte-
specific transporters and apolipoproteins, such as hemo-
pexin (HPX gene), apolipoprotein C, apolipoprotein A (LPA
gene), retinol-binding protein 4 (RBP4 gene), and serum-
derived hyaluronan-associated protein, proteins related to
coagulation, such as kallikrein B1 or heparin cofactor 2
(HEP2; SERPIND1 gene), and other transport/functional
proteins, such as insulin-like growth factor modulators [in-
sulin-like growth factor binding protein 2 (IBP2) and insulin-
like growth factor-binding protein complex acid labile sub-
unit (ALS)], which were down-regulated (Figure 2A). Top
up-regulated proteins included immunomodulatory factors,
such as complement 7, Golgi membrane protein 1, C-reactive
protein, intercellular adhesion molecule 1, and the monocyte
surface scavenger C163A (CD163 gene) (Figure 2A), many
of which have been previously investigated.8,24e26 Gene Set
Enrichment Analysis was used to provide an expanded
network, and infer the potential relationship between extra-
cellular matrixeimmune system modulators and proteins
related to liver dysfunction associated with AH. The driving
features of these altered pathways included the down-
regulation of the coagulation and complement systems
(Figure 2, B and C) and pathways related to cytoskeleton,
such asRhoGTPases (Figure 2, B andC) and others (Figure 2,
B andC); and the up-regulation of the extracellular matrix and
cell-cell interactions (Figure 2, B and C), and the protein
glycosylation pathways (Figure 2, B and C) and others
(Figure 2, B and C). As expected, when performing protein-
protein correlation analysis in plasma of patients with AH,
down-regulated liver-specific proteins conversely correlated
with up-regulated proinflammatory proteins (Supplemental
Figure S1), specifically in each patient with AH, indicating
that these two processes are tightly connected in AH. Inter-
estingly, many of the inflammatory mediators, whose origins
are probably immune cells, were found progressively
1662
up-regulated on alcohol-mediated damage (Figure 2D and
Supplemental Figure S2).

Integrated Analysis of Liver Secretome Expression and
Proteome Identifies Biomarkers of Hepatocyte-
Enriched Transcription Factor Activation

The main genetic signature revealed in livers of patients with
severe AH is the down-regulation of HNF4A-dependent tran-
scription.9 The expression of LETFs is also impaired in AH
when compared with early-compensated phases of ALD.9

Conversely, the activity of other transcription factors, such as
STAT3, nuclear factor kappa B subunit 1 (NFKB1), or nuclear
factor NF-kappa-B p65 subunit (RELA), is up-regulated in the
liver transcriptome of patients with AH.9 The study aimed to
find the presence of plasmatic noninvasive signatures of tran-
scription factor activity in the liver. After filtering out plasma
proteins for which there is no liver gene expression, the over-
lapping liver gene expression was compared with their
respective plasma protein abundance. Interestingly, the
changes in whole plasma proteome of patients with AH versus
healthy controls were significantly correlated with the changes
in the transcriptome of AH livers versus normal livers
(NZ 930; RZ 0.258; PZ 1.3� 10�15), indicating a driving
role of liver dysfunction and protein expression in the plasma
proteome (Figure 3A and Supplemental Tables S3 and S4). A
transcription factor footprint was then computed from the
differentially expressed genes in severe AH when compared
with normal livers (Figure 3B) using data previously pub-
lished.9 By using Gene Set Enrichment Analysis and the
UniprotDB localization knowledge base, the number of tran-
scription factoredependent secreted target genes was inferred.
Interestingly, activator protein 1 (AP1) and HNF4A had the
highest number of Gene Set Enrichment Analysiseannotated
target genes (Figure 3C), whereas the percentage of secreted
proteins among target genes was similarly high in HNF1A and
AP1 (Figure 3C). Further mapping of these transcription factor
signatures revealed that HNF1A and HNF4A had the highest
number of detectable targets in our plasma data, whereas only
half of the secreted AP1 signatures were detectable in plasma
(Figure 3D). In addition, although there was a significant cor-
relation between the liver and plasma HNF1A and HNF4A
signatures, the AP1 signature was not significant in patients
with AH from the Southern California Alcoholic Hepatitis
Consortium (SCAHC)Discovery cohort (Figure 3, EeG). This
finding was further confirmed in the InTEAM cohort
(Supplemental Figure S3, A and B), with great concordance of
HFN4A and HFN1A signatures between the two cohorts of
patients with severeAH (Supplemental Figure S3C) andwith a
set of HNF1A/HNF4A commonly and specifically regulated
target genes in both cohorts (Supplemental Figure S3D). More
importantly, most of the target genes of HNF4A and HNF1A
were down-regulated and were related to hepatic-specific
synthetic function, such as albumin, HEP2, antiethrombin 3,
serum amyloid S component, and protein C (Figure 3H). Other
proteins, annotated as HNF4A-secreted targets by Gene Set
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Protein-based pathway mapping of the alcohol-associated hepatitis (AH)especific plasma signature. A: Heat map showing the top deregulated
proteins (log fold change >1.7) when comparing AH with controls. Normalized protein abundance changes on plasma of healthy (H), nonalcoholic fatty liver
disease (NF), abstinent cirrhotic (Ab-Cirr), recently drinking cirrhotic (Dk-Cirr), nonsevere AH (NS-AH), and severe AH (S-AH) patients are shown. B and C:
Gene Set Enrichment Analysis (GSEA) was used to analyze the pathways highly relevant in differential AH transcriptome. The whole set of gene expression
data, ranked by fold protein abundance between normal subjects and subjects with AH, was used. The pathways were then visualized in Cytoscape
Enrichment Map software to generate the interconnected pathway network. C: Detailed view of top clusters of gene sets from GSEA data. Cytoscape cluster
number corresponds to the ones on B. Vertical dotted lines indicate the gene set sizes of 60 and 120. D: Examples of progressively up-regulated proteins in
the SCAHC cohort. ES, enrichment score; FDR, false discovery ratio; GS, gene set; NES, normalized enrichment score; P, P value; PA, protein abundance;
TMT, Tandem Mass Tag.

Plasma Protein Signatures in AH
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Figure 3 Patients with alcohol-associated hepatitis (AH) display a circulating liver-enriched transcription factor signature. A: Correlation between the
relative expression of genes encoding secreted proteins in the liver and the abundance of their circulating levels. Shaded area indicates 95% CI. B: Tran-
scription factor (TF) signatures in the liver transcriptome of patients with AH, when compared with normal livers. C and D: Characteristics of TF signatures,
including the number of target genes encoding extracellular (secreted) proteins per TF (C) and the percentage of secreted proteins detected by proteomics (D).
EeG: Correlation of the expression and the abundance of HNF4A (E), HNF1A (F), and Fos proto-oncogene, AP-1 transcription factor subunit (FOS/AP1) (G).
Shaded areas indicate 95% CI. H: HNF4A and HNF1A top differentially regulated secreted target genes indicating the fold change in liver expression and in
protein abundance. IeK: Hepatic mRNA expression and plasma protein abundance of representative HNF4A target genes antiethrombin 3 (ANT3; I), heparin
cofactor 2 (HEP2; J), and complement 8A (CO8A; K). Box represents the 25th and 75th percentiles, median values are represented by the lines, and error bars
represent the 90th and 10th percentiles.
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Plasma Protein Signatures in AH
Enrichment Analysis, such as Kunitz-type protease inhibitor 1,
an inhibitor of hepatocyte growth factor, and epidermal growth
factorecontaining fibulin-like extracellular matrix protein 1,
were up-regulated both in liver RNA expression and plasma
protein (Figure 3H). Interestingly, Kunitz-type protease in-
hibitor 1 and fibulin-like extracellular matrix protein 1 are
strongly associated with transforming growth factor beta 1
(TGFB1) and epidermal growth factor receptor signaling,
respectively, the two main pathways involved in HNF4A
down-regulation in AH livers.9 A clear parallelism of plasma
protein levels and liver RNA was shown for several HNF4A
targets, such as antiethrombin 3 (Figure 3I), HEP2 (Figure 3J),
and complement 8A (Figure 3K).Overall, these results indicate
that it is possible to identify blood plasma signatures of liver
transcription factor activity, especially those dependent on
LETFs, such as HNF4A and HNF1A. Analysis of the confir-
matory cohort indicated similar results. A direct correlation of
liver RNA expression and plasma protein abundance for
HNF4AandHNF1Asecreted targets (Supplemental FigureS3,
AandB)with a complete overlap of the targets betweencohorts
(Supplemental Figure S3C) and a transcription factor speci-
ficity (Supplemental Figure S3D and Supplemental Table S5).
However, the confirmatory cohort missed some of the hits
encountered in the original cohort. Top target genes were
down-regulated or up-regulated at similar levels in both dis-
covery and confirmatory sAH cohorts, as is shown for
antiethrombin 3, HEP2, and complement 8A (Supplemental
Figure S3E), and for fibulin-like extracellular matrix protein
1 and neuropilin-1 (NRP1) (Supplemental Figure S3F).

Proteome Analysis Identifies a Signature of Disease
Severity in AH

Although clinical scores [such as Maddrey discriminant func-
tion, Model for End-Stage Liver Disease, Glasgow Alcoholic
Hepatitis Score, or age-bilirubin-international normalized
ratio-creatinine (ABIC)] have proven to be useful for deciding
treatment, new equally noninvasive molecular markers of
severity in the context of AH could help better understand the
biology of this form of liver failure, discriminate the type of
progression among patients evaluated for suspected AH, and
stratify the risk of progression to liver failure in the future.
Therefore, the study aimed at establishing an unbiased clini-
cally relevant protein signature of severity in AH.As expected,
the plasma proteome of patients with nsAH had fewer differ-
ently abundant proteins than severeAH (sAH)when compared
with healthy or diseased control plasma samples (Figure 4A).
In total, 51 proteins were changed in patients with nsAH, of
which20were also identified inpatientswith sAH, revealing an
expected overlap between nsAH and sAH signatures
(Figure 4A and Supplemental Table S6). The abundant distri-
bution of both sets of proteins indicated homogeneity among
the differential protein abundance in the nsAHand sAHcohorts
compared with healthy control, indicating similar mechanisms
taking place at a higher degree along with the severity of the
disease (Figure 4B). To identify protein signatures that could
The American Journal of Pathology - ajp.amjpathol.org
potentially discriminate patientswith sAHand nsAH, the study
focused on the 80 discriminatory proteins that were changed in
patientswith sAHbut not in patientswith nsAH.Most of the 80
sAH-specific proteins were down-regulated when compared
with healthy controls (71%) (Figure 4, C and D). As stated
above, in most cases, changes in patients with nsAH repre-
sented an attenuated version of sAH changes (Figure 4, B and
C). Odds ratio calculation identified a clear subset of proteins
appearing most differentially abundant between sAH and
nsAH (Figure 4D). Association of the plasma levels of these
proteins to patients with sAH was analyzed by logistic
regression when compared with nsAH. The plasma levels of
clusterin, thrombin, FA9, hepatocyte growth factor a (HGFA),
kallistatin, and C163A showed significant association with the
sAH phenotype (Figure 4C and Supplemental Table S7).

Whether the plasma levels of these proteins could be used
to discriminate between patients with severe and nonsevere
AH was analyzed by plotting the receiver operating charac-
teristic curves of these markers (Supplemental Table S8).
Thrombin and HGFA showed the greatest potential in the
discovery SCAHC cohort with the combination linear model
providing improved discrimination (Figure 5A). These results
were also validated in the InTEAM confirmatory cohort of
sAH (Supplemental Figure S4, A and B). To investigate
further the relationship of these targets against additional liver
disease scoring functions, these targets were correlated
against the Model for End-Stage Liver Disease, Child Pugh
patient evaluations (Figure 5, B and C), and other clinical
parameters (Supplemental Figure S5). These results indicate a
robust correlation and P value, which was also validated in
the confirmatory cohort (Supplemental Figure S4, B and C).
Discussion

This study used a sensitive liquid chromatographyetandem
mass spectrometry proteomic method to identify, quantify,
and compare >1500 plasma proteins from patients with AH
and controls, including those with alcoholic cirrhosis, those
with nonalcoholic fatty liver disease, and healthy controls.
This analysis differs from previous clinical AH targeted
plasma studies by providing an unbiased view of the plasma
proteome signature within AH. Patients with biopsy-proven
severe AH from two separate National Institute of Alcohol
Abuse and Alcoholismefunded consortia, as well as multiple
comparison groups, including abstinent and recently drinking
alcohol-related cirrhosis were included.

Prior studies showed that systemic inflammatory response
is a key event associated with multiorgan failure and early
death in patients with severe AH.8 The molecular drivers
mediating this condition are not well known. The current
study showed increased circulating C163A in patients with
AH. C163A is likely shed from activated monocytes and
macrophages and has also been associated with several liver
diseases, including viral hepatitis, nonalcoholic fatty liver
disease/nonalcoholic steatohepatitis, and drug-induced liver
1665
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Figure 4 Key elements of the coagulation and complement system are discriminant of alcohol-associated hepatitis (AH) severity. A: Schematic diagram of
the groups compared to obtain a plasma signature of nonsevere AH. The severe AH group was then compared with nonsevere AH, to identify markers of severity
through a Venn diagram. The specific nonsevere AH signature included 51 differentially abundant proteins, whereas the specific severe AH signature included
100 plasma proteins. A total of 20 proteins were dysregulated in all patients with AH, regardless of the severity. B: Plasma protein abundance of nonsevere AH
and severe AH discriminatory markers. C: Box plot of representative differentially abundant proteins when comparing severe versus nonsevere AH. Box
represents the 25th and 75th percentiles, median values are represented by the lines, and error bars represent the 90th and 10th percentiles. D: Forest plot of
odds ratios for the most discriminatory plasma proteins in severe AH versus nonsevere AH determination. P values are depicted in color heat map. ALD,
alcohol-related liver disease; CLUS, clusterin; HGFA, hepatocyte growth factor a; KAIN, kallistatin; NAFLD, nonalcoholic fatty liver disease; PA, protein
abundance; THRB, thrombin; TMT, Tandem Mass Tag.
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injury.24,27e31 In addition, cell adhesion and extracellular
matrix components, including intercellular adhesion molecule
1, cell adhesion molecule 1 (CADM1), CD166, and sushi,
von Willebrand factor type A, EGF and pentraxin domain
containing 1 (SVEP1), are also highly abundant in the sys-
temic circulation. Although several cell surface markers,
including intercellular adhesion molecule 1,24,32 have been
investigated previously in AH, others, such as CD166,
SVEP1, and CADM1, have not been associated with this
disease. CD166 (alias activated leukocyte cell adhesion
molecule) is involved in processes of T-cell adhesion and
migration. A nonsynonymous single-nucleotide poly-
morphism in SVEP1 (Gln581His) has been associated to
poor outcomes in sepsis,33 and its role appears to be associ-
ated with leukocyte adhesion. Finally, CADM1 is a well-
known cell adhesion molecule participating in processes of
immune cell activation and migration but is also involved in
the intercellular junctions in several cell types.34 A recently
1666
correlated study of proteomic and phosphoproteomic inves-
tigation of liver biopsy tissue, which overlapped with 34 of
the SCAHC patients with AH,35 further confirmed the tissue-
specific indicators of AH-driven inflammation. Specifically,
intercellular adhesion molecule 1, CD166, and SVEP1 were
significantly up-regulated in the liver tissue samples among
patients with AH compared with non-ALD controls, consis-
tent with what was observed in plasma. However, C163A and
CADM1 protein levels were not altered in the liver of pa-
tients with AH, possibly suggesting that the elevated plasma
levels of C163A and CADM1 have additional sources of
secretion other than from liver. Prospective studies should
evaluate whether the expression of inflammatory biomarkers
is associated with the development of extrahepatic organ
damage, such as renal failure, ultimately leading to multi-
organ failure and death. It is also plausible that maneuvers
interacting with these mediators could have therapeutic po-
tential in AH.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Receiver operating characteristic (ROC) curve and correlation of top discriminatory protein signatures. A: ROC curve plots of thrombin (THRB),
hepatocyte growth factor a (HGFA), and a linear model using both THRB and HGFA for severity discrimination [severe alcohol-associated hepatitis (sAH) versus
nonsevere alcohol-associated hepatitis (nsAH)] with the Discovery cohort. Shaded areas indicate 95% CI. B: Pearson correlation of within nsAH and sAH
patients for discriminatory markers. C: Pearson correlation of discriminatory markers with patient Child Pugh score. AUC, area under the curve; MELD, Model for
End-Stage Liver Disease.

Plasma Protein Signatures in AH
Integrating the known activity of liver transcription factors
and their downstream effects onto the differential protein
plasma observations allowed for the identification of a
proteome-based noninvasive signature of the activity of
HNF4A and other companion factors, such as HNF1A.
This led to the important finding that proteins reflecting LETF
activity, which are master regulators of hepatocellular bio-
logical function, are potential plasma biomarkers in patients
with AH. Thus, HNF4a-dependent coagulation system ele-
ments, such as antiethrombin 3, HEP2, factors 10 and 12, or
proteins belonging to the complement system, such as com-
plement 8A, are markedly reduced in the plasma of patients
with AH, especially in patients with greater disease severity.
Down-regulation of these genes was also associated with se-
vere AH stages. Similarly, proteins that are modulated by
HFN1a regulating clotting cascade, such as kallistatin and
protein C, were decreased in the plasma and the liver of pa-
tients with severe AH. Interestingly, other HNF1A targets
essential for liver regeneration and hepatocyte function, such
as hepatocyte growth factor activator (HGFA), were also
down-regulated at the mRNA and protein levels. We further
compared our findings on LETF target genes with the
The American Journal of Pathology - ajp.amjpathol.org
proteomic study on liver samples.35 Interestingly, in contrast
with reduced protein level in plasma and down-regulation of
mRNA in liver, the protein level of LETF targets in AH liver
tissue appeared elevated. Such findings allude to the possible
disruption of secretory mechanisms, proteosome functions,
and overall protein translocation processing causing discrep-
ancy in proteome abundance versus genomic activation.
Additional possible mechanisms include regulation from liver
to plasma via protein post-translational modifications. Hepatic
albumin expression is regulated by HNF4a, and Tagliabracci
et al36 have shown that kinase Fam20A/C was responsible for
albumin phosphorylation at serine82, which facilitated its
secretion process. The coupled proteomic and phosphopro-
teomic analysis on liver samples discovered that although
hepatic albumin was increased in AH, the phosphorylation of
albumin at serine82 was reduced among patients with AH;
thus, dysregulation of phosphorylation could lead to discrep-
ancy between plasma and liver protein level. Non-LEFT target
proteins were dysregulated in patients with severe AH.

A selected group of proteins, such as kallistatin, human
serum factor H-related protein, clusterin, thrombin, FA9,
HGFA, and C163A, classified the patients with AH by
1667
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disease severity, with thrombin and HGFA providing robust
receiver operating characteristic evaluations. These circu-
lating proteins represent potential biomarkers to assess liver
synthetic dysfunction in AH, and a more exhaustive cross-
evaluation of these markers with higher-throughput
orthogonal measures to better quantify protein levels will
likely generate a robust AH severity signature. Our sample
and data set will allow us to measure dynamic changes in
these proteins and whether changes predict the spontaneous
recovery and/or response to therapy with treatment.

In conclusion, the current study used an integrative multi-
omic approach to identify markers of systemic inflammation
(C163A and leukocyte adhesion proteins) and hepatocellu-
lar dysregulation in patients with AH. These plasma bio-
markers can be useful for diagnostic and prognostic
purposes and can favor precision medicine in this patient
population. Prospective longitudinal studies can be used to
evaluate the performance of these biomarkers in monitoring
the response to therapy. Moreover, given the biological
functions of some of these proteins, it is plausible that drugs
interfering with inflammatory mediators have beneficial ef-
fects by preventing multiorgan failure.

Overall, the current study had several strengths and weak-
nesses. The inclusion of biopsy-proven severe AH from two
separate cohorts and the inclusion of multiple control groups,
especially currently drinking alcoholic cirrhosis, abstinent
alcoholic cirrhosis, and nonsevere AH, all of which share
considerable liver pathophysiologywith severeAH (eg, alcohol
use, cirrhosis, and liver injury), suggests that the top candidates
shown herein could be of clinical relevance. Liquid
chromatographyetandem mass spectrometry has known
sensitivity limits for lowabundance proteins.For example, it did
not detect some cytokine-related proteins that have been re-
ported to be elevated in AH plasma using more sensitive
enzyme-linked immunosorbent assay methods. Third, the
interpretation of changes in plasma proteins, as they relate to
pathophysiology of liver injury or to the consequence of sys-
temic inflammatory response, will require mechanistic studies.
The study applied an unbiased assessment of a broad number of
plasma proteins, without prior assumptions. In summary, this
study provides a robust, comprehensive, and unbiased view of
plasma proteins in AH from which informed decisions can be
drawn for further investigation. Specifically, it identified core
sets of proteins that differentiate AH from relevant control
populations, including nonsevere versus severe AH, being thus
related to diagnosis. Additional studies will be needed to vali-
date the specific protein signatures thatwe have identified and to
assess their role in the diagnosis and prognosis of patients with
AH, and for mechanistic studies of alcohol-related liver injury.
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