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Abstract

Background Dysbiotic gut bacteria engage in the development and progression of severe alcoholic hepatitis (SAH). We aimed to
characterize bacterial communities associated with clinical events (CE), identify significant bacteria linked to CE, and define
bacterial relationships associated with specific CE and outcomes at baseline and after treatment in SAH.

Methods We performed 16-s rRNA sequencing on stool samples (#=38) collected at admission and the last follow-up within 90
days in SAH patients (n=26; 12 corticosteroids; 14 granulocyte colony-stimulating factor, [G-CSF]). Validated pipelines were
used to plot bacterial communities, profile functional metabolism, and identify significant taxa and functional metabolites. Conet/
NetworkX® was utilized to identify significant non-random patterns of bacterial co-presence and mutual exclusion for clinical
events.

Results All the patients were males with median discriminant function (DF) 64, Child—Turcotte—Pugh (CTP) 12, and model for
end-stage liver disease (MELD) score 25.5. At admission, 27%, 42%, and 58% had acute kidney injury (AKI), hepatic enceph-
alopathy (HE), and infections respectively; 38.5% died at end of follow-up. Specific bacterial families were associated with HE,
sepsis, disease severity, and death. Lachnobacterium and Catenibacterium were associated with HE, and Pediococcus with death
after steroid treatment. Change from Enterococcus (promotes AH) to Barnesiella (inhibits E. faecium) was significant after G-
CSF. Phenylpropanoid-biosynthesis (innate-immunity) and glycerophospholipid-metabolism (cellular-integrity) pathways in
those without infections and the death, respectively, were upregulated. Mutual interactions between Enterococcus cecorum,
Acinetobacter schindleri, and Mitsuokella correlated with admission AKI.

Conclusions Specific gut microbiota, their interactions, and metabolites are associated with complications of SAH and treatment
outcomes. Microbiota-based precision medicine as adjuvant treatment may be a new therapeutic area.

Keywords Alcohol - Cirrhosis - Dysbiosis - Fecal transplant - Intestinal bacteria - Metabolomics - Metagenomics - Microbiome -
Portal hypertension
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Bullet points of the study highlights
What is already known?

What is new in this study?

outcomes in SAH.

e Detrimental changes in quality and diversity of gut microbiota (GM) is linked to
cirrhosis and associated complications.

e Specific changes in gut bacterial diversity, genera, their metabolic function and
interactions are associated with severe alcoholic hepatitis (SAH) related clinical
events, overall outcome and treatment response.

What are the future clinical and research implications of the study findings?

e Precision-medicine based on metagenomic studies on GM to target deleterious or
supplement beneficial genera or their metabolites may help to improve treatment

Introduction

Alcoholic liver disease (ALD) is a leading cause of liver-related
morbidity and mortality worldwide. It encompasses a spectrum
ranging from simple alcoholic steatosis to cirrhosis and the high-
ly catastrophic or severe alcoholic hepatitis (SAH) in patients
with excessive alcohol use within 12 weeks that can present with
acute decompensation or acute on chronic liver failure (ACLF)
in patients with underlying chronic liver disease (CLD) [1].
Health and disease in humans are dependent on the status of
microbiota, and conditions that promote an unhealthy change
in the microbiota (the quantitative and qualitative change called
dysbiosis) can impact a disease process by affecting either initi-
ation or promotion of progression. Studies on gut microbiota
through fecal sampling studies on animal models as well as
humans have shed light on the presence of distinct changes in
gut bacterial communities, their metabolic function, and specific
disease entities in ALD [2]. Pilot studies in small animal models
and humans have also demonstrated the role of microbial mod-
ulation through probiotics and healthy donor fecal microbiota
transplantation (FMT) or ideally termed intestinal microbiota re-
institution therapy (IMRT) in improving dysbiosis that ultimate-
ly translates to beneficial clinical outcomes in the diseased host.
Multiple studies have shown associations between a specific
group of microbiota and their disruptive functional metabolism
and clinical events in patients with cirrhosis [3]. For example,
Llopis et al. showed that Streptococci, Enterobacteria, and
Bifidobacteria were associated with SAH, Enterobacteria were
associated with higher bilirubin levels, and Clostridia were as-
sociated with lower levels of jaundice in humanized germ-free
mice. Grander and colleagues found that Akkermensia
muciniphilia levels in fecal samples were associated with the
severity of ALD [4, 5]. Specific associations or relationships
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concerning intestinal bacterial communities and clinical events
and therapeutic responses in humans with SAH remain unstud-
ied. Our current study aimed to identify specific bacterial com-
munities that are significantly associated with liver disease se-
verity and liver-related events in patients with alcoholic hepatitis
(AH) and analyzed relationships between bacterial groups and
specific clinical events utilizing integrated bioinformatics tools.

Study objectives

a. To characterize significant bacterial communities and
functional metabolites with clinical events such as the
severity of hyperbilirubinemia, infections, hepatic en-
cephalopathy (HE), and acute kidney injury at admission
and on follow-up at 90 days, hyponatremia at admission,
and death after diagnosis, in patients with SAH

b. To distinguish and identify significant bacterial groups
and associated functional metabolites in patients with
SAH after corticosteroid or granulocyte colony-
stimulating factor (G-CSF) therapy

c. To identify significant relationships between pertinent
bacterial taxa associated with clinical events in SAH pa-
tients using network analysis

Methods
Patients

From January 2019 to December 2019, consecutive patients
with definite SAH (diagnosed as per clinical, biochemical, and
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histological criteria as defined by Singal et al.) presenting to
the emergency department and intensive care unit of the liver
unit and Gastroenterology Department were included [6]. The
study was a retrospective analysis of prospectively collected
data. The study and retrospective collection of data were ap-
proved by the institutional ethics committee and was per-
formed following the ethical standards of the 1964
Declaration of Helsinki and its later amendments. SAH was
treated either with corticosteroids or with G-CSF as per
patient/family preference and informed consent. Informed
consent was taken from the patient/next of kin for collection
of stool samples for next-generation sequencing of microbiota
at admission and at the last follow-up or at 12 weeks after
treatment, whichever came first. Those willing for liver trans-
plantation at the outset or during medical treatment were re-
ferred to a transplant center for definitive management and
were excluded from this study. Those patients in whom con-
sent for transjugular liver biopsy was not provided and those
with a clinical and biochemical diagnosis of AH in whom a
second etiology of liver injury was either confirmed or con-
templated were also excluded. Examples include concomitant
drug-induced liver injury due to known hepatotoxic prescrip-
tion drug use or complementary and alternative medicines;
use of known hepatotoxic agents; acute or chronic viral hep-
atitis or reactivation of viral hepatitis; the presence of positive
autoimmune hepatitis antibodies; chronic cholestatic liver dis-
ease; Wilson’s disease; hepatocellular carcinoma; or portal
vein thrombosis. Those with extrahepatic malignancies under-
going interventional vascular hepatobiliary or non-
hepatobiliary procedures, severe cardiopulmonary disease,
and those with >3 organ failures on multiple organ support
were also excluded. All patients with diagnosed SAH were
started on intravenous third-generation cephalosporins, and
antibiotics were modified as per sepsis diagnosis and drug
sensitivity. All patients were on zinc supplementation and oral
or rectal lactulose. All patients with HE received rifaximin
during the hospital stay; this was discontinued on discharge
from the medical facility. None of the patients
underwent liver transplantation or other salvage thera-
pies such as fecal microbiota transplantation during the
follow-up period. The study flow chart is shown in
Supplementary Fig. 1.

Sample collection and DNA extraction, sequencing of
bacterial communities, and bioinformatics

Stool samples (preferably Bristol score 3 or 4) were
collected within 24 h of hospital admission in sterile
containers. The samples were immediately processed in-
to aliquots within 1 h and stored at — 80 °C. Follow-up
(completion of 12 weeks or last admission/death which-
ever came earlier) stool samples were collected at the
medical facility or transported in sterile containers from

home within 6 h of collection. When a minimum of ten
samples was collected during a period, RNAlater™
(Ambion™/Invitrogen™, Thermo Fisher Scientific,
MA, USA) was added to the aliquots and transported
to the main laboratory facility within 4 h along with
maintenance of cold-chain for DNA extraction and fur-
ther analysis [7]. A published and validated methodolo-
gy was utilized for next-generation sequencing including
variable region of gene sequenced, in-house developed/
validated primers, and quality control of Illumina out-
puts [8]. Briefly, approximately 200 mg of the provided
stool sample was used for bacterial DNA extraction
using a defined and published validated protocol modi-
fication of the commercially available QIAmp DNA
Stool Mini Kitl (Qiagen, Venlo, Netherlands).
Sequencing was performed on an Illumina MiSeq next-
generation sequencer (Illumina, CA, USA) using the
[llumina kit V.3 at 2 x 300 paired-end sequencing and
classified taxonomically according to the GreenGenes
Database (version 13.8). Further aspects of the raw se-
quencing data quality such as per-base quality, per-base
guanine-cytosine (GC) content, and sequence length dis-
tribution were performed using standardized Illumina™
Output Fastq format and quality control. Alpha diversity
for species richness was ascertained using a Chaol in-
dex measure since the study included homogenous di-
agnosis (AH) in which gut microbiota study was per-
formed at the same site (stool). The Quantitative
Insights Into Microbial Ecology (QIIME version 2)
was used to ascertain the quantitative and qualitative
microbial communities. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) Pathway was utilized to
study functional metabolism interactions and relations
within the sequenced bacterial communities.

CIRCOS® representation, statistical methods, and
network analysis

We utilized the visualization tool called Circos® (v.0.69-9;
tools version: 0.23) to facilitate exploration and analysis of
similarities and differences arising from comparisons of bac-
terial communities between variables. The table viewer script
in Circos®-tools was used to format the abundance data. This
method of representation shows significant positive, negative,
or neutral interactions between communities specified for the
variable. Representation of output data was performed using a
circular chord ideogram layout for display of relationships
between microbial communities concerning clinical or inves-
tigational variables at the taxonomy levels (phylum/class/or-
der/family). To simplify the significant Circos® plots find-
ings, a representational plot image followed by grouped asso-
ciations retrieved from the plots was presented in a tabular
manner [9]. The Phylogenetic Investigation of Communities
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by Reconstruction of Unobserved States (PICRUSt, v 1.1.1)
was used for predictive metabolic functional profiling of mi-
crobial communities using 16S rRNA marker gene sequences
(precalculated for protein-coding genes present in KEGG
gene families and 16S rRNA gene copy number). The linear
discriminant analysis effect size (LEfSe) combined with the
Kruskal-Wallis and pairwise Wilcoxon tests were utilized to
identify significantly different microbial communities in their
abundance and functionality between groups. The Benjamini
and Hochberg false discovery rate correction test was applied
during multiple comparisons during biomarker discovery
(taxa and functional metabolites) as well as during network
analysis as a separate step. Bray—Curtis dissimilarity analysis
represented by dendrograms on principal coordinate analysis
was performed. P-values determined by permutational multi-
variate analysis of variance were utilized adjusting for poten-
tially confounding factors. We used default significance (al-
pha value = 0.05) and linear discriminant analysis thresholds
(2.0) at all taxonomic levels in patients between time points
[10, 11]. Networks were inferred by CoNet® (v.1.1.1-beta)
applications within Cytoscape™ (v.3.7.2). The following
measures were implemented by CoNet® and used to detect
co-presence/exclusion between bacterial communities:
Pearson, Spearman, Mutual Information, Bray—Curtis dissim-
ilarity, and Kullback—Leibler dissimilarity. For computing, the
significance of the association between each pair of nodes and
bootstrapping with the ReBoot feature of CoNet was used.
Edges (associations) with a p-value of less than 0.05 were
retained and considered significant. CoNet was set up to be
aware of the “comparison metadata” for each sample (i.e. the
respective clinical or investigational variables such as biliru-
bin level cut-off and absence/presence of infection, etc.). The
following network measures were calculated by NetworkX®
(Version: 2.2): degree centrality, betweenness centrality, and
closeness centrality. These were all added to the node attri-
butes in the graph. The centrality measure of degree assigns
the importance of a specific node (microbe at bacterial phy-
lum/family/genus level) in the form of the number of direct
connections to other nodes (microbes). The centrality measure
of betweenness represents the number of times a microbe lies
on the shortest path between other microbes. This shows
which microbes are the best “bridges” between other microbes
in the network. This measure demonstrates the bacteria that
influence flow around a system (the clinical or investigational
variable in this case). A high betweenness indicates the mi-
crobe that holds authority over different clusters in the speci-
fied network. The centrality measure of closeness represents
microbial (nodal) closeness to all other nodes (microbes) in
the network. It gives us a measure of the shortest path between
all nodes (microbes) and identifies the individual microbe best
placed to influence the entire network more quickly or those
who are good “broadcasters” of information (metabolic cross-
talk). The topology of constructed networks and significant

@ Springer

taxa (top 2% of all taxa analyzed) were represented in a sim-
plified tabular form based on these attribute indices of degree,
closeness, and betweenness centrality measures [12—15].

General statistical analysis

Statistical analysis was performed using MedCalc for
Windows, version 19.4 (Medcalc Software, Ostend,
Belgium) and Number Cruncher Statistical Systems (NCSS)
Statistical Software (NCSS, LLC., Utah, USA). Data are pre-
sented as mean and standard deviation or as median, based on
variable skewness/distribution or log transformation, as appli-
cable. The Shapiro—Wilk test was used to test normality,
Levene’s test was used for non-nominal data, and the
Bartlett homogeneity test for nominal variables was utilized
to check for equality of variances. A logarithmic transforma-
tion was applied to decrease the variability of data and make
data conform more closely to the normal distribution. Chi-
square and Fisher’s exact tests were used to compare nominal
variables. A Mann—Whitney’s U test was used to evaluate
continuous variables. The probability of patients surviving
up to the study endpoint was calculated using the Kaplan—
Meier method as represented by the survival time curve. A
comparison between the survival curves was made using the
log-rank test, and p-values < 0.05 were considered significant.

Results
Patients and characteristics at baseline

A total of 26 patients with SAH were included in the study: 12
on corticosteroids and 14 on G-CSF. Next-generation se-
quencing was performed on a total of 38 stool samples col-
lected at baseline and follow-up. All patients were males with
amean age of47.3 £9.1 years. On admission, the median total
bilirubin was 10 mg/dL, mean international normalized ratio
was 2.3 + 0.5, creatinine was 1.12 + 0.6 mg/dL, and serum
sodium was 129.6 £ 5.3 mmol/L. The median Child—
Turcotte—Pugh (CTP), discriminant function (DF), and model
for end-stage liver disease (MELD) scores at admission were
12, 64, and 25.5, respectively. Acute kidney injury, overt HE,
and confirmed infections were noted in 73.1%, 57.7%, and
42.3% of cases on admission, respectively. CTP >10, DF >65,
and MELD >25 were notable in 61.5%, 46.2%, and 50%,
respectively. Out of 12 patients on CS, five (41.6%) had con-
trolled infection at start of treatment, two developed infection
during course of CS, which was continued after control of
infection, and only two (16.7%) had AKI at admission, while
five (41.6%) developed AKI on follow-up. A total of seven
patients (58.3%) on CS developed infections at end of com-
plete follow-up. Infections were notable in 10 patients
(71.4%) at start of treatment in G-CSF group; total seven
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(50%) developed infections during completion of follow-up.
In G-CSF group, AKI was noted in five (35.7%) patients at
start of therapy, while seven patients (50%) developed AKI at
end of follow-up. The overall survival (n=26) was 73.7+4.6
days; 74.1+6.3 days in those receiving CS; and 73.3+6.7 days
in those on G-CSF. Overall, 38.5% died at 3 months follow-
up without any significant differences on Kaplan—Meier anal-
ysis on survival between treatment groups (corticosteroid
58.3% vs. G-CSF 64.3%, p=0.86).

Bacterial communities at baseline and between
grouped variables

Bacterial diversity and qualitative bacterial communities
and associated clinical variables

A total of 38 stool samples from 26 patients underwent next-
generation sequencing yielding 3511 observations. The total
count was 3,441,297 with minimum count of 8448, maximum
of 131,797, median of 90,247, mean of 93,008.02, and stan-
dard deviation 24,366.35 on observed metadata categorization
of taxonomy. The alpha diversity (within sample variance)
between patients was demonstrated using the Chaol index
to judge the magnitude of the differences (using analysis of
similarity, ANOSIM) in richness among communities orga-
nized according to baseline clinical variables as well as
follow-up grouping (Supplementary Fig. 2). The alpha diver-
sity within samples at baseline groups was not significantly
different except for hyponatremia, AKI at admission, MELD
score severity (negative correlation: higher diversity, lower
severity), and those with HE on follow-up (p < 0.05). Using
the QIIME (v.2) and GreenGenes microbial gene database, we
noted that the relative abundances (RA) of bacteria at the
phylum, family, and genus levels differed substantially for
clinical variables at admission and on follow-up. Briefly,
Firmicutes and Proteobacteria (represented by
Corynebacterium, Streptococcus, Megasphaera,
Ruminococcus, Sutterella, Enterobacter) were significantly
higher in patients with overt HE at admission, while
Actinobacteria and Bacteroidetes (consisting mainly of
Bifidobacterium, Collinsella, Slackia, Bacteroides,
Lachnospira, Trabulsiella) were relatively abundant in those
without overt HE on follow-up. Similarly, Corynebacterium,
Bifidobacterium, Collinsella, Bacteroides, Streptococcus,
Ruminococcus, Veillonella, Klebsiella, and Akkermansia were
the predominant genera associated with infection in SAH pa-
tients at admission. In contrast, RA of Actinomyces,
Corynebacterium, Coriobacteria, Atopobium, Prevotella,
Dialister, Megamonas, Megasphaera, and Klebsiella was as-
sociated with the occurrence of infection on follow-up at 90
days. Similarly, striking changes were notable between RAs
of bacterial communities based on baseline
hyperbilirubinemia cut-off (> 10 mg/dL), presence or absence

of overt HE at admission and follow-up, hyponatremia, and
AKI on admission and follow-up (Supplementary Tables 1
and 2). Importantly, species richness/diversity at baseline
and significant specific bacterial taxa association were notable
among patients of SAH with hyponatremia, renal injury, and
disease severity (MELD score) at admission and those devel-
oping HE on follow-up. Using the Circos™ graphical analy-
sis, key bacterial communities up to the family level were
identified and associated with specific clinical variables (Fig.
1). Interestingly, bacterial families associated with degra-
dation of aromatic compounds (Rhodocyclaceae), tolerant
to heavy-metal stress (Exiguobacteraceae), denitrification
(Caulobacteraceae), and entero-pathogenic
(Enterobacteriaceae, Enterococcaceae), were abundant
in patients with HE at presentation. In contrast, those as-
sociated with nitrogen fixation (Oxalobacteraceae); meth-
ane metabolism (Victivallaceae); non-pathogenic, vegeta-
tive, and highly radiation-resistant (Deinococcaceae); and
commensal (Dermabacteraceae) bacteria were specifical-
ly associated with the absence of HE at admission.
Similarly, bacterial families associated with various resis-
tance patterns to antimicrobials (Veillonellaceae), those
harboring opportunistic pathogens of humans associated
with periodontal disease (Prevotellaceae), and those asso-
ciated with ancient intrinsic resistome profiles resulting in
antibiotic ineffectiveness (Paenibacillaceae) were specif-
ically abundant in SAH patients with infections on admis-
sion. Turicibacteraceae was specifically associated with
lower IgA coating of gut mucosa and was associated with
higher DF, CTP, and MELD scores in patients with SAH.
Details of all bacterial communities associated with spe-
cific clinical variables in SAH patients on Circos® anal-
ysis are shown in Supplementary Table 3.

Significant bacterial communities and functional metabolism
associated with clinical variables

After identification of the bacterial population concerning
RAs and key bacterial families associated with specific clini-
cal events and liver disease severity, the LEfSe method was
used to determine significant bacteria and respective metabol-
ic functions most likely to explain differences between
grouped clinical and investigational variables. This method
coupled standard tests for statistical significance with addi-
tional tests encoding biological consistency and effect rele-
vance (Fig. 2). On LEfSe analysis, no significant difference
was noted between the CS and G-CSF groups at baseline
concerning bacterial communities and their functions. In pa-
tients without HE at admission, orally predominant bacteria
such as Odoribacter (increases tryptophan metabolism and
levels of favorable monoamine neurotransmitters), non-
pathogenic commensal (Actinobacillus), and beneficial
short-chain fatty acid (SCFA)—producing Catenibacterium
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Fig. 1 Circos® plot representing bacterial taxa associated with overall
outcomes (survival or death) among patients with severe alcoholic
hepatitis. The plot illustrates significant associations between outcome

(survival in red, death in green) and fecal bacterial taxa at admission.
Taxa are scaled and listed by relative abundances represented by the
several multi-colored ribbons. The relative abundances are illustrated by

were significantly elevated. In contrast, in those with overt HE
at presentation, pathogenic oral and respiratory mucosa-
predominant genera (Parvimonas, Selenomonas,
Leptotrichia), genera associated with antimicrobial resistance
(Peptostreptococcus, Mogibacterium), and those with potent
lipopolysaccharide (LPS, Fusobacterium) levels were nota-
ble. Pathways associated with ammonia scavenging (arginine
and proline metabolism), the formation of secondary metabo-
lites with anti-oxidant and anti-inflammatory activity
(phenylpropanoid biosynthesis), and endogenous production
of bacterial secondary metabolites with antimicrobial activity

@ Springer

the sizes of each color segment in the inner circle, while the percentages
outside segments refer to the contribution from each abundant taxon. A
represents pertinent bacterial taxa at the phylum and class level, while B

represents taxa at the order level. A simplified version of all of the
Circos® output is shown in Supplementary Table 3

against many Gram-positive and some Gram-negative bacte-
ria (ansamycin biosynthetic pathway) were significantly up-
regulated in patients without overt HE at baseline. Toxic and
detrimental pathways such as degradation of nitroaromatics,
C5-branched dibasic acid metabolism, and LPS synthesis
were upregulated in SAH patients with overt HE at baseline.
On follow-up at 90 days, SAH patients without infections
(irrespective of treatment received) had strikingly significant
bacterial genera associated with endogenous carbapenem pro-
duction (Erwinia), genera that assist in bacterial competition,
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Fig. 2 (A) QIIME® based bar and area plots of relative abundances of analysis effect size on functional metagenome utilizing Phylogenetic
bacterial taxa in patients with and without overt hepatic encephalopathy Investigation of Communities by Reconstruction of Unobserved States
(HE) at admission in severe alcoholic hepatitis; (B) multivariate analysis showing significant gut bacterial metabolic pathways associated with
using linear discriminant analysis effect size to identify significant taxa (green) and without (red) HE at admission in patients with severe AH
associated with and without HE at admission; (C) linear discriminant

and genera that promote resistance to colonization in the host ~ metabolism. In SAH patients with MELD score < 25,

(Trabulsiella). the Flavobacteria Capnocytophaga—an oral commensal

The significant abundance of the Actinobacterium  of humans and canines with anti-LPS activity—was sig-
Eggerthella associated with systemic bacteremia, drug in-  nificantly upregulated. Similarly, the genus Lautropia
activation, and immune dysregulation was remarkable in ~ with predominant oral-mucosa representation and patho-
patients with a CTP score >10. This score was also asso-  genicity in the immunosuppressed state was significant in
ciated with gut dysbiotic stress in the form of an upregu-  the gut in SAH patients with hyponatremia. In patients

lated functional pathway of vitamins and co-factor  receiving CS, a significant abundance in Prevotella and
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Table 1  Significant bacterial taxa between clinical, investigational, disease severity, treatment outcome and overall outcomes grouped in patients with

severe alcoholic hepatitis

Presence of hepatic encephalopathy at admission

Absence of hepatic encephalopathy at
admission

Significant bacterial genera

Veillonella, Megasphaera, Cardiobacterium, Mogibacterium, Haemophilus, Gemella, Schwartzia,
Granulicatella, Rothia, Atopobium, Fusobacterium, Parvimonas, Succinivibrio, Peptostreptococcus,
Leptotrichia, Moryella, Selenomonas, Oribacterium, Campylobacter

Significant functional metabolism

Lipopolysaccharide biosynthesis
Carbon fixation pathways
Glycosyltransferases
Folate biosynthesis
C5-branched dibasic acid metabolism
Biotin metabolism
Nitrotoluene degradation
Sulfur metabolism
Presence of hepatic encephalopathy on follow-up

Significant bacterial genera

Delftia
Pediococcus

Significant functional metabolism

No significant pathway(s) identified
Presence of infections at presentation
Significant bacterial genera

Schwartzia
Porphyromonas
Peptostreptococcus
Eikenella
Oribacterium
Presence of infections on follow-up

Significant bacterial genera

No significant taxa identified

Significant functional metabolism

No significant pathway(s) identified

Presence of acute kidney injury at presentation

Significant bacterial genera

Eikenella
Leptotrichia
Schwartzia
Leuconostoc

Presence of acute kidney injury on follow-up
Significant bacterial genera

Eggerthella
Kocuria

Child-Turcotte—Pugh score <10 at admission
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Odoribacter, Actinobacillus,
Catenibacterium

Biosynthesis of ansamycins

Fructose and mannose metabolism

Starch and sucrose metabolism
Biosynthesis of other secondary metabolites
Arginine and proline metabolism
Cyanoamino acid metabolism
Phenylpropanoid biosynthesis

Absence of hepatic encephalopathy on
follow-up

Acidaminococcus
Trabulsiella
Bifidobacterium

Phenylpropanoid biosynthesis
Absence of infections at presentation

Pseudoramibacter/Eubacterium
Catenibacterium
Megamonas

Absence of infections on follow-up

Erwinia
Trabulsiella
Acinetobacter

Phenylpropanoid biosynthesis
Cyanoaminoacid metabolism
Bile secretion

Absence of acute kidney injury at
presentation

Escherichia
Sutterella
Bulleidia
Enterococcus

Absence of acute kidney injury on
follow-up

Bifidobacterium
Erwinia
Citrobacter
Trabulsiella

Child-Turcotte—Pugh score >10 at
admission
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Table 1 (continued)

Presence of hepatic encephalopathy at admission

Absence of hepatic encephalopathy at
admission

Significant bacterial genera
Eubacterium
Significant functional metabolism

Hypertrophic cardiomyopathy pathway
Cyanoamino acid metabolism
MELD score < 25 at admission

Significant bacterial genera

Capnocytophaga

Significant functional metabolism

Glycan degradation

Sphingolipid metabolism

Streptomycin biosynthesis
Discriminant function <65 at admission
Significant bacterial genera

No significant taxa identified

Significant functional metabolism
Membrane transporters

Total bilirubin <10 mg/dL at admission

Significant bacterial genera

Aerococcus
Parabacteroides
Collinsella

Hyponatremia (serum sodium < 130 mmol/L) at admission

Significant bacterial genera

Lautropia
Before corticosteroid therapy (baseline)
Significant bacterial genera

Fusobacterium
Rothia
Micrococcus
Dorea
Blautia
Significant functional metabolism

No significant pathway(s) identified

Before G-CSF therapy (baseline)
Significant bacterial genera

Streptophyta
S Enterococcus
Significant functional metabolism

Styrene degradation

Corticosteroid-treated patients who survived

Eggerthella

Metabolism of co-factors and vitamins

MELD score > 25 at admission

Bacteroides
Ruminococcus
Clostridia
Lachnospira

Signal transduction mechanisms

Discriminant function > 65 at admission

Propionibacteria
Gemella
Fusobacteria

No significant pathway(s) identified
Total bilirubin > 10 mg/dL at admission

Actinomyces
Granulicatella
Porphyromonas
Lautropia
Oribacterium
Neisseria

Hyponatremia (serum sodium >130
mmol/L) at admission

Prevotella

After corticosteroid therapy

Enhydrobacter
Pediococcus

Sulfur metabolism
Glycosaminoglycan degradation
Taurine and hypotaurine metabolism

After G-CSF therapy

Barnesiella

No significant taxa identified
Corticosteroid-treated patients who died
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Table 1 (continued)

Presence of hepatic encephalopathy at admission

Absence of hepatic encephalopathy at
admission

Significant bacterial genera
Prevotella

G-CSF-treated patients who survived

Significant bacterial genera

No significant taxa identified

Significant functional metabolism
No significant pathway(s) identified
Overall survived at 3 months (baseline)
Significant bacterial genera
Bifidobacterium
Significant functional metabolism
No significant pathway(s) identified

Pediococcus
G-CSF-treated patients who died

Streptococcus
Neisseria
Granulicatella
Flavobacteria
TG-5

RNA transport pathway
Overall died at 3 months (baseline)

Aerococcus

Glycerophospholipid metabolism

The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt, v 1.1.1) was used for predictive metabolic
functional profiling of microbial communities using 16S rRNA marker gene sequences (precalculated for protein-coding genes present in KEGG gene
families and 16S rRNA gene copy number). The linear discriminant analysis effect size (LEfSe) combined with the Kruskal-Wallis and pairwise
Wilcoxon tests was utilized to identify significantly different microbial communities in their abundance and functionality between groups. We used
default significance (alpha value = 0.05) and linear discriminant analysis thresholds (2.0), at all taxonomic levels in the patients between time points. This
table is a simplified form of the graphical output from multivariate bioinformatic pipelines utilized to identify significant bacterial taxa associated with
specific clinical events. MELD model for end-stage liver disease, G-CSF granulocyte colony-stimulating factor

Pediococcus was associated with survival and death, re-
spectively. In patients receiving G-CSF therapy at base-
line, the Enterococcus genus that is known to be associ-
ated with SAH was preferentially modified toward an
abundance of Barnesiella. Barnesiella can inhibit and
clear vancomycin-resistant Enterococci naturally. The
complete details of multivariate graphical output using
LEfSe on significant bacterial communities, their func-
tional metabolites, and associated clinical events are sim-
plified and shown in Table 1.

Network analysis and bacterial communities’ interaction
associated with clinical variables

Network analysis for interactions using NetworkX™ re-
vealed striking differences and interactions between bac-
terial communities based on clinical and investigational
grouping (Fig. 3). For example, in patients with HE at
admission, the genus Granulicatella was the most inter-
active even though the most abundant was Enterobacter.
Concurrently, Peptostreptococcus was most influential
and Aropobium was the genus with the highest level of
metabolic cross-talk with other genera. Similarly, in SAH
patients with CTP >10, the genus Clostridia was the most
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abundant and Granulicatella had the most interactions
and metabolic cross-talk, while Bulleidia was the most
influential. Complete details on interactions based on dif-
ferent groupings are shown in Supplementary Table 4.
Using CoNet®, significant bacterial interactions were no-
table on grouping based on HE on follow-up at 90 days,
infections at admission, and AKI at admission and follow-up.
For example, a negative correlation between Bacteroides,
Parabacteroides, Erwinia, and Citrobacter genera was signif-
icant in patients with HE at follow-up. A higher abundance of
Enterococcus, Coprococcus, Megamonas, and
Catenibacterium was associated with a lower incidence of
sepsis at admission in SAH patients (Fig. 4).

Discussion

Changes in gut bacterial communities are associated with cir-
rhosis and related clinical events. There is a paucity of data on
distinct changes in the fecal microbiota in definite alcoholic
hepatitis and related clinical events. In general, alpha and beta
diversity-based analyses are utilized for community profiling.
Our objectives were to utilize bioinformatic tools for compar-
ative analysis for the study and identification of shared and
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Fig. 3 A network analysis of bacterial community interactions in severe
alcoholic hepatitis patients without infections at baseline visualized on
Cytoscape® and inferred using NetworkX™. Panel A shows the positive
(green) or negative (red) correlations between different bacterial family/
genera (node name) concerning the absence of infections at admission.
Panel B shows analysis as per NetworkX™ to appreciate measures of

unique bacterial taxa within samples belonging to the same
cohort. In our study, we demonstrate that specific intestinal
bacterial family/genera were associated with the disease se-
verity, liver, and PHT-related clinical events at admission and
follow-up as well as therapy-related outcomes in patients with
SAH. We found that admission hyponatremia and kidney in-
jury, encephalopathy on follow-up, and MELD score
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centrality between bacterial communities. The mapping attributes are
shown in the inset at the bottom right corner of panel B. Panel B shows
that the most abundant bacterial family/genera are not always the most
influential or dominant genera concerning the clinical variable in the
study.

(negative correlation) at baseline were associated with both
changes in alpha diversity (species richness) as well as signif-
icant taxonomical changes.

A change from autochthonous (indigenous) bacteria to-
ward pathogenic genera has been shown in multiple studies
in patients with cirrhosis. In the study by Chen et al. in patients
with cirrhosis, Streptococcaceae correlated positively, while
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Fig.4 Analysis outcomes of significant bacterial interactions concerning
specific clinical variables in patients with severe alcoholic hepatitis
(SAH). The variables have shown retained significance concerning
associations (network edges) on Pearson, Spearman, and Bray—Curtis
dissimilarity with p < 0.05. (A) Type of interaction (positive or
negative/co-presence or mutual exclusion) between bacterial taxa

Lachnospiraceae correlated negatively with CTP severity
[16]. Bajaj and colleagues found that Veillonellaceae was in-
creased in cirrhotics with overt HE, while Enterobacteriaceae
and Ruminococcaceae correlated positively and negatively
with MELD scores, respectively. Enterobacteriaceae and
Veillonellaceae were associated positively, and
Ruminococcaceae correlated negatively with inflammation
and endotoxemia. Bajaj et al. also found that several oral-
origin bacterial genera were only found in decompensated
cirrhosis. In yet another study, Roseburia was protective to-
ward hospitalizations, while Enterococcus was associated
with frequent hospitalizations in patients with decompensated
cirrhosis. Enterococcus, Megasphaera, and Burkholderia
were linked to poor cognition and inflammation in alcoholic
cirrhosis [17]. In ACLF, Chen et al. found that a lower abun-
dance of Lachnospiraceae was associated with overt HE,
while another study showed that Proteobacteria
(Enterobacteriaceae, Campylobacteriaceae,
Pasteurellaceae) and Firmicutes (Enterococcaceae and
Streptococcaceae) were associated with ACLF, death, and
fast unit transfer [18, 19].

Zhang and co-workers showed that Prevotellaceae inde-
pendently predicted 28-day mortality in patients with ACLF.
In a recent study, Smirnova and colleagues studied the fecal
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concerning acute kidney injury (AKI) at admission. In contrast, (B)
depth of the interaction concerning measures of centrality (degree,
betweenness, and closeness) between significant bacterial taxa; C and D
demonstrate AKI on follow-up; (E and F) hepatic encephalopathy on
follow-up; and (G and H) sepsis at admission in patients with SAH

microbiome in patients with heavy alcohol use and those with
moderate and SAH [20]. These authors found that, similar to
our observations, the development of AH was associated with
distinct changes in the fecal microbiome. An increase in
Actinomycetaceae and Fusobacteriaceae was noted among
those with SAH. They also found that treatment with steroid
or pentoxifylline altered gut microbiota differentially, but the
microbiome composition did not distinguish between moder-
ate and SAH based on MELD cut-offs. However, this study
utilized basic methods of microbiota analysis in a very small
group of patients and only at the “family” level without con-
sideration for network analysis; thus, significant conclusions
could not be made. Another study by Lang and colleagues
demonstrated distinct changes in the gut bacterial microbiome
of AH patients with more severe disease. The authors ob-
served a negative correlation between the MELD score and
bacterial diversity (which was also notable in our study).
Subjects with SAH had significantly decreased RAs of
Akkermansia, while that of Veillonella was increased; patients
receiving steroids had an increase in Veillonella abundance
[21]. Similar to their study, we found that Neisseria was asso-
ciated with high bilirubin levels and MELD scores.

We further demonstrate that pathogenic oral and respirato-
ry mucosa predominant genera with inherent antimicrobial
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resistance (Oribacterium, Rothia, Gemella,
Peptostreptococcus) and with potent LPS secretion
(Hemophilus) were significant in patients with overt HE at
admission, while on follow-up intestinal crypt-specific core
genera that modulate epithelial cell proliferation and repres-
sion through potent LPS pathways (Delfiia) were significant
in those developing HE [22, 23]. In patients without infections
at admission, genera associated with high resistance to oxida-
tive stress and health-promoting commensal groups with ox-
alate degradation ability predominated (Eubacterium,
Catenibacterium). On follow-up, quorum sensing and endog-
enous carbapenem-producing genera were significantly abun-
dant in patients who did not develop sepsis (Erwinia) [24-28].
Similarly, enrichment of proinflammatory oral pathogens, ar-
omatic oxidant stress-promoting genera, and bacteria notable
for pathogenicity in immunosuppressed states (Eikinella,
Leuconostoc, Eggerthella) were significant in patients with
renal injury at admission and follow-up [29, 30].

We also found that the overall survival was dependent on
the significant abundance of Bifidobacterium genera, while
pathogenic Aerococcus genera and inflammation-associated
pathways of glycerophospholipid metabolism predominated
in those who died. Bifidobacterium species and their metabol-
ic functions have been well described in the literature to pro-
mote gut health, improve immune functions, and substantiate
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Fig. 5 Infographic summary of pertinent findings of the study
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beneficial commensal activity in the host [31-34].
Interestingly, we found that Enterococcus was associated with
SAH at baseline following current literature; treatment with
G-CSF resulted in preferential and natural inhibition of
Enterococcus by Barnesiella genera [35, 36]. Multivariate
network analysis showed that abundance was not the most
important aspect of intestinal microbiota affecting clinical
events in AH patients. This is underscored by the fact that
identification of genera with lower abundance but with higher
centrality measures of influence and dominance over other
bacterial species was significantly associated with clinical
and investigational variables. Our findings identify and sup-
port the possible role of precision medicine using targeted
bacterial genera or their metabolites as synergistic therapy in
patients with SAH for whom currently no approved treatments
exist. A summary of the pertinent findings is shown in Fig. 5.

Intra- and inter-individual variability and diversity in the
form of alpha and beta diversity is utilized when studying two
different sets of samples at the baseline. Specifically, a high
alpha diversity (the number of species in relation to the spe-
cies’ abundance within a sample) is linked to a healthy state
and is utilized in health and disease or disease-severity com-
parisons. In our study, we applied various bioinformatic pipe-
lines in a singularly affected patient group of SAH to identify
microbiota and functionality associated with specific clinical
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events. We found that species diversity and taxonomic chang-
es significantly correlated with only hyponatremia, kidney
injury, and MELD score on admission and HE on follow-up.

Even though these studies were performed with strict
inclusion criteria as well as systematic protocols for
identification and analysis of fecal microbiota, our con-
clusions need further confirmation from other research
groups and in a larger group of patients. A small pro-
portion of patients with overt HE was treated with
rifaximin during the admission period. This could have
affected microbial communities during hospital admis-
sion. However, the use of rifaximin only briefly modu-
lated the gut microbial diversity without a major change
in the overall gut microbiota composition. This did not
affect systemic inflammation or abnormalities of gut
mucosal integrity such as the leaky gut [37, 38]. Even
though patients did not receive antibiotics prior to base-
line stool sample collection, several of them were on
antibiotics during subsequent sampling. Several studies
have shown that 7-14 days of antibiotics could result in
significant dysbiosis that may persist over the long-term.
Some studies also demonstrated that the gut bacteria
recover after that period with some non-desirable bacte-
rial species colonizing the gut [39, 40]. In our study,
the second sampling was done after 3 months from the
baseline, which could have affected dysbiosis and clin-
ical outcomes in the short-term but did not affect cur-
rent study clinical endpoints other than mortality. We
did not consider the impact of the environment, dietary
changes, use of beta-blockers, and nutritional supple-
ments on the intestinal microbiota of our patients be-
cause such confounders were difficult to assess due to
regional and dietary differences in our patient popula-
tion. However, strict measures were taken for dietary
measures in our cohort and were presumed to have been
followed as per protocol.

In conclusion, our study on fecal microbiota in SAH pa-
tients demonstrates a specific role of significant bacterial gen-
era and their functional metabolites affecting clinical and ther-
apeutic outcomes and liver disease severity at presentation.
Precision medicine utilizing beneficial genera or their metab-
olites as an adjunct therapy to improve clinical outcomes or
specific clinical events in patients with SAH could become an
important addition to the treatment armamentarium especially
in this difficult-to-treat patient population for whom no ap-
proved treatment options exist.
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