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Abstract

Alcohol use is a leading cause of chronic liver disease worldwide, and changes
in the microbiome associated with alcohol use contribute to patients’ risk for liver
disease progression. Less is known about the effects of alcohol use on the in-
testinal viral microbiome (virome) and interactions between bacteriophages and
their target bacteria. We studied changes in the intestinal virome of 62 clinically
well-characterized patients with alcohol use disorder (AUD) during active alco-
hol use and after 2 weeks of alcohol abstinence, by extracting virus-like particles
and performing metagenomic sequencing. We observed decreased abundance
of Propionibacterium, Lactobacillus, and Leuconostoc phages in patients with
active AUD when compared with controls, whereas after 2 weeks of alcohol
abstinence, patients with AUD demonstrated an increase in the abundance of
Propionibacterium, Lactobacillus, and Leuconostoc phages. The intestinal vi-
rome signature was also significantly differentin patients with AUD with progres-
sive liver disease, with increased abundance of phages targeting Enterobacteria
and Lactococcus species phages compared with patients with AUD with non-
progressive liver disease. By performing moderation analyses, we found that
progressive liver disease is associated with changes in interactions between
some bacteriophages and their respective target bacteria. In summary, active
alcohol use and alcohol-associated progressive liver disease are associated
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with changes in the fecal virome, some of which are partially reversible after a
short period of abstinence. Progression of alcohol-associated liver disease is
associated with changes in bacteriophage—bacteria interactions.

INTRODUCTION

Alcohol-associated liver disease is a leading cause of
liver disease worldwide. Alcohol-associated liver dis-
ease initially manifests as steatosis and can progress
to steatohepatitis, steatofibrosis, and cirrhosis.l" The
cornerstone of managing alcohol-associated liver dis-
ease is abstinence from alcohol, which can improve
steatosis in as little as 2—4 weeks.?*! Conversely, con-
tinued alcohol consumption greatly increases patients’
risk for disease progression.[‘” The pathogenesis of
alcohol-induced liver injury is not completely under-
stood, but changes in the intestinal microbiome are
considered an additional risk factor for progression of
alcohol-associated liver disease.

Chronic heavy alcohol use is associated with dys-
biosis, with a higher relative abundance of the phylum
Proteobacteria and a lower relative abundance of the
phylum Bacteroidetes and family Ruminococcaceae,
including the genus Faecalibacterium.®~"! Increases in
the family Ruminococcaceae and species Lactobacillus
and Bifidobacterium were observed after alcohol ab-
stinence, whereas patients with alcohol-associated
liver disease demonstrated lower abundance of spe-
cies within the Lactobacillaceae and Bacteroidaceae
families.®~® Patients with alcohol-associated liver dis-
ease also showed reduced levels of short-chain fatty
acid-producing bacteria, such as Faecalibacterium
prausnitzii, Coprococcus species, and members of the
Lachnospiraceae families, which may lead to dysregu-
lation of gut integrity and health.®-"" Progression to cir-
rhosis is associated with increased abundance of oral
commensals that can cause opportunistic infections,
such as Streptococcus, Veillonella, and Prevotella spe-
cies as well as endotoxin-producing members of the
Enterobacteriaceae family.[9'12]

Less is known about changes in the intestinal vi-
rome in alcohol-associated liver disease. In one study,
fecal samples from patients with alcohol-associated
liver disease and especially with alcohol-associated
hepatitis contained significantly more mammalian
viruses, such as those from the Parvoviridae and
Herpesviridae families, than controls.[® In addition
to mammalian viruses, bacteriophages targeting
Escherichia, Enterobacteria, and Enterococcus spe-
cies were overrepresented in patients with alcohol-
associated hepatitis compared with controls while
Lactococcus and Parabacteroides phages were un-
derrepresented. Alterations in the intestinal virome

can modulate the mammalian—bacterial interaction in
a variety of ways. Lytic bacteriophages Kill their hosts
by causing lysis to release virions, while lysogenic
phages integrate into the host genome and can supply
bacteria with genes involved in toxin, polysaccharide,
and carbohydrate metabolism or modulate bacterial
antigenicity.”“‘ml The composition of the microbiome
community can be altered by phage—bacterial interac-
tions or vice versa, and this crosstalk can be modu-
lated by disease states. Here, we evaluate how alcohol
use disorder (AUD) and subsequent abstinence affect
the intestinal virome, how these changes relate to liver
disease progression, and how the viral-bacterial inter-
action is affected by liver disease.

MATERIALS AND METHODS
Patient cohort

Our patient cohort and study design has been described
in detail.""'® In brief, patients who were actively drink-
ing and with a diagnosis of alcohol dependence (n =
62) were admitted for elective alcohol rehabilitation at
St. Luc University Hospital in Brussels, Belgium, from
April 2017 to January 2019. All patients were heavy
drinkers consuming over 60 g of alcohol per day (self-
reported consumption) for more than 1 year. They fol-
lowed a highly standardized and controlled 3-week
detoxification and rehabilitation program that included
a 7-day hospitalization at the start and end of the treat-
ment program, during which they received a standard-
ized hospital diet. On the day of admission, FibroScan
(Echosense, Paris, France) with controlled attenuation
parameter (CAP) was performed and a fasting blood
sample was collected. Stool samples were collected
from the first bowel movement after admission. In the
patients with AUD, FibroScan was repeated and blood
and stool samples were again collected following 2
weeks of abstinence. Patients were excluded from the
study if they used antibiotics, probiotics, or prebiotics
during the 2 months preceding enroliment, were receiv-
ing immunosuppressive medications, or suffered from
diabetes, inflammatory bowel disease, known liver dis-
ease of any other etiology, or clinically significant cardi-
ovascular, pulmonary, or renal comorbidities. The AUD
patients were compared to healthy volunteers matched
for sex, age, and body mass index (BMI) who drank
less than 20 g of alcohol per day. Data from 36 patients
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with AUD at the active alcohol use time point have been
reported in a prior study.m‘]

Serum biomarkers

Patient blood samples were tested for standard bio-
chemical serum studies, including aspartate and
alanine aminotransferases (AST, ALT), gamma-
glutamytransferase (GGT), and alkaline phosphatase
(ALP) at the clinical laboratory associated with St.
Luc University Hospital. Additionally, serum intact cy-
tokeratin 18 (CK18-M65) was measured using the
CK18-M65 enzyme-linked immunosorbent assay kit
(TECOmedical AG, Sissach, Switzerland) according to
the manufacturer’s instructions.['®!

Bacterial DNA extraction, 16S ribosomal
RNA sequencing, and read analysis

The 16S ribosomal RNA gene sequencing of human
stool samples and processing of 16S sequence reads
with  MOTHUR-based 16S analysis workflow was
performed as described."™ Raw sequence reads
are available for download in the National Center for
Biotechnology Information Sequence Read Archive as-
sociated with Bioproject PRINA786875.

Virome preparation and metagenomic
sequencing

Viral nucleic acids were extracted from fecal samples,
reverse transcribed, and subjected to metagenomic
sequencing using the Novel enrichment technique of
VIRomes (NetoVIR) protocol with minor modifications
as described.['320:21] Briefly, human stool samples were
resuspended in phosphate-buffered saline and se-
quentially filtered using a 0.8-um polyethersulfone filter
(Sartorius, Goettingen, Germany). Any remaining DNA
that was not encapsidated was degraded by treating
with a mixture of benzonase (EMD Millipore, Billerica,
MA) and micrococcal nuclease (New England Biolabs,
Beverly, MA), followed by ethylenediaminetetraacetic
acid inactivation of deoxyribonucleases. The remaining
supernatant was subjected to lysis, and virome DNA
and RNA were extracted using the QIAamp Viral RNA
mini kit without carrier RNA (Qiagen, Hilden, Germany).
Amplification was performed using a modified Complete
Transcriptome Amplification kit (WTA2) protocol from
Sigma-Aldrich (St. Louis, MO). Library preparation was
performed using an adjusted protocol for the Nextera
XT DNA Library Preparation kit from Illlumina. The
size of amplified viral products was determined using
a high-sensitivity DNA kit on a bioanalyzer (Agilent
Technologies, Palo Alto, CA), and concentration was

measured by the High Sensitivity Double Stranded DNA
kit on a Qubit Fluorometer (Thermo Fisher Scientific,
Foster City, CA). The sterile water control contained no
detectable DNA, indicating no contamination of exog-
enous DNA during the analysis. Viral DNA from each
sample was pooled into equimolar proportions and
sequenced on the lllumina platform at the University
of California San Diego (UCSD) Institute for Genomic
Medicine Genomics Center.

Virome analysis

Raw sequence reads were processed as described.[321]
Briefly, raw sequence reads were deduplicated using
Clumpify (https://sourceforge.net/projects/bbmap/) fol-
lowed by trimming and filtering for low-quality and con-
taminating human reads using Kneaddata®? with the
GRCh38_v25 human genome reference. Reads were
aligned and assigned taxonomy by using the PathSeq
pipeline (distributed in the Genome Analysis Toolkit
[GATK], version 4.1.3.0) with default settings.?>2
An in-house Perl script was made (pathseqg2taxsum-
mary.pl) to convert PathSeq concatenated scores .txt
files into a MOTHURS33-style .taxsummary file. The
Perl script is available at https:/github.com/JCVen
terinstitute/pathseg2taxsummary. Read counts, allow-
ing ambiguity, were imported into R (R Foundation for
Statistical Computing, Vienna, Austria), and data were
normalized.

Statistical analysis

For parametric data (e.g., serum markers), the Student
t test was used for comparison between two groups
and the one-way analysis of variance with Tukey’s post
hoc test was used for three or more groups. Results
were expressed as mean and SD for each continu-
ous outcome, if not stated otherwise. For nonparamet-
ric data (e.g., microbiome data), the Mann-Whitney U
test/Wilcoxon rank-sum test was used for compari-
son between two groups and the Kruskal-Wallis test
with Dunn’s post hoc test was used for three or more
groups. All statistical tests were two sided. The respec-
tive statistical test was unpaired for controls versus
subjects with AUD and paired for AUD active versus
AUD abstinent. Relative abundances for further analy-
ses were calculated within each virus category (phages
versus mammalian viruses) at the species level. Single
phages were analyzed at the species level and summa-
rized according to their hosts. Bray-Curtis dissimilarity
matrices were used for principal coordinate analysis
(PCoA) to identify differences in the relative abundance
of all phages grouped according to their hosts. p values
were determined by permutational multivariate analysis
of variance while adjusting for potentially confounding
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factors. Linear discriminant effect-size analysis (LEfSe)
was performed to determine the features most likely to
account for differences between groups.®®! To assess
for significant changes in bacterial—viral correlations
with liver disease progression, we performed general-
ized estimating equation modeling to identify variables
with a moderating effect on the bacteria—phage as-
sociation while accounting for the variables sex, age,
and BMI. We chose a generalized estimating equation
model rather than a regular regression model because
the generalized estimating equation model requires
less stringent distributional assumption of the data
when providing inference.?® Visualization of the effect
of increasing CK18-M65 on the phage—bacteria cor-
relation coefficient was performed using time-varying
coefficients linear modeling. p < 0.05 was considered
statistically significant. Statistical analysis was per-
formed using R statistical software (version 4.0.3; R
Foundation for Statistical Computing).

RESULTS

Changes in the virome in the AUD
population

The study population consisted of 62 patients with AUD
and 16 controls. The study population was similar in
terms of age, sex, and BMI. Laboratory parameters ob-
tained at the start of the study showed significant dif-
ferences in AST, ALT, GGT, ALP, bilirubin, albumin, and
creatinine between the controls and patients with ac-
tive AUD (Table 1). There were significant differences
in their fecal viromes, specifically in the composition
of bacteriophage species, as demonstrated by PCoA
analysis comparing controls with patients with AUD

TABLE 1

Characteristics

Age (years),n =78 40.8+12.3
Sex (male), n (%), n =78 13 (81.3)
BMI (kg/m?), n = 78 23.9+3.8
AST (IU/L), n=70 18.4+51
ALT (IU/L),n=70 11.3+3.6
GGT (IU/L), n =69 23.0+13.0
ALP (IU/L), n =68 458 £22.5
Bilirubin (mg/dL), n =70 0.2+0.2
Albumin (g/dL), n = 67 4.4+0.1
INR, n =61 n/a
Creatinine (mg/dL), n =70 0.97 +0.18
Platelet count (10%/L), n = 61 n/a

Control (n = 16)

regardless of alcohol use status (Figure 1A). LEfSe
was applied to identify the features most likely to ac-
count for differences between the two groups. This
revealed 18 bacteriophages more abundant in the con-
trol population, including eight bacteriophages target-
ing Propionibacterium, five targeting Enterobacteria,
and the rest targeting Salmonella, Lactobacillus,
Cronobacter, Escherichia, and Leuconostoc (Figure 1B).
Of the bacteriophage species that were significantly
more abundant in the AUD population, two bacte-
riophages targeted Streptococcus and two targeted
Lactococcus (Figure 1B—F).

Impact of abstinence on the fecal virome
in AUD

After abstaining from alcohol for 2 weeks, patients with
AUD experienced significant reductions in hepatic ste-
atosis as measured by CAP, with corresponding signifi-
cant decline in liver cell necrosis and apoptosis marker
CK18-M6527! (Table 2). The fecal virome was sig-
nificantly different between controls and patients with
AUD actively using alcohol and after 2 weeks of absti-
nence from alcohol, as demonstrated by PCoA analy-
sis (Figure 2A). LEfSe identified that phages targeting
specific Lactococcus, Leuconostoc, and Streptococcus
species and those targeting Propionibacterium and
Lactobacillus species as a whole were more abundant
in patients with AUD after abstinence (Figure 2B—H).
The proportion of actively drinking patients with bac-
teriophages targeting Lactobacillus bacteria was also
significantly lower than in patients after abstinence
(Figure 2I). Further, compared to both control sub-
jects and patients with AUD who were abstinent,
there was a significantly smaller proportion of patients

Demographic and laboratory parameters of the study population

Alcohol use disorder (n = 62) p value
44.4+11.9 0.303
44 (71.0) 0.385
243+3.8 0.676
67.5 +64.7 <0.001
53.3+423 <0.001
208.5 +291.9 <0.001
79.1+33.6 0.003
06+04 <0.001
46+04 0.009
0.98 +0.11 n/a
0.80 £0.14 0.030
2281 +79.3 n/a

Note: Values presented are mean + SD. The number of subjects for which data were available is indicated in the first column.
Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma-

glutamyltransferase; INR, international normalized ratio; n/a, not applicable.
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FIGURE 1 Patients with AUD have differences in their fecal virome compared with control subjects. (A) PCoA of fecal bacteriophages
grouped by target bacteria species in controls (n = 16) and patients with AUD (n = 62 active alcohol use and 56 after abstinence). Axes
represent the two most discriminating axes using the Bray-Curtis distance metric. The p value was determined by permutational multivariate
analysis of variance. (B) Linear discriminant analysis of bacteriophage species in patients with AUD versus controls. (C—F) Relative
abundance of species (C) Streptococcus phage D1, (D) Streptococcus phage Abc2, (E) Lactococcus phage 98201, and (F) Lactococcus
phage 28201. Axes are magnified to the left in (E) for better resolution of data. Abbreviations: AUD, alcohol use disorder; LDA, linear
discriminant analysis; PC, principal component; PCoA, principal coordinate analysis; var., variance

TABLE 2 Clinical characteristics of the study population

Characteristics Control (n = 16) AUD active (n = 62) AUD abstinent (n = 56) p value
CAP,n=92 n/a 2851 +£57.9 2442 +£59.2 0.003
LSM (kPa), n = 92 n/a 7.67 £ 9.71 9.75 £ 12.20 0.418
CK18-M65 (U/L), n =114 183.5+64.5 469.5 + 387.3 295.1 +255.2 *0.006

Note: Values presented are mean + SD. The number of subjects for which data were available is indicated in the first column.

Abbreviations: AUD, alcohol use disorder; CAP, controlled attenuation parameter; CK18-M65, caspase-cleaved and intact cytokeratin 18; LSM, liver stiffness
measurement; n/a, not applicable.

*Post hoc p values for CK18-M65: control versus AUD active, p < 0.001; control versus AUD abstinent, p = 0.014; AUD active versus AUD abstinent, p = 0.006.

who were actively drinking with Propionibacterium 0.002), with significantly lower abundance in patients
phages (Figure 2J). The relative abundance of  with AUD who were actively drinking compared to both
Propionibacterium phages was also significantly dif- control subjects (p < 0.001) and patients with AUD who
ferent across these three groups (Kruskal-Wallis, p = were abstinent (p = 0.005).
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Progression of liver disease is associated

with differences in the fecal virome

CK18 is a liver-specific cell-damage marker and is sig-
nificantly increased in patients with AUD compared

with healthy

controls.l'®27! |n conjunction with a liver
stiffness measurement (LSM) >7.9 kPa, a cut-off value
of 416 U/L for CK18-M65 can be used to help differen-
tiate patients with no or nonprogressive liver disease
(simple steatosis) from those with progressive liver
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disease (steatohepatitis or steatofibrosis).l'®! Patients
with progressive liver disease had significantly more
steatosis as measured by CAP; additionally, they dem-
onstrated significant changes in laboratory parameters
other than CK18-M65, including elevations in AST,
ALT, GGT, and ALP (Table 3). The fecal virome was
significantly different between patients with AUD with
nonprogressive and progressive liver disease, as dem-
onstrated by PCoA analysis (Figure 3A). Phages tar-
geting Enterobacteria and Lactococcus species were
more abundant in patients with AUD with progres-
sive liver disease (Figure 3B—E). Correlation analy-
sis between CK18-M65 and the group of phages with
Streptococcus as host demonstrated a positive corre-
lation between the two variables, with higher relative
abundance of Streptococcus phages in patients with
higher CK18-M65 (Figure 3F). Using random forest
classification to extract characteristics most important
in discriminating between patients with AUD with non-
progressive versus progressive liver disease, we found
that aside from CK18-M65 and LSM (used to stratify
nonprogressive versus progressive liver disease) and
CAP (a known direct marker of steatosis), the rela-
tive abundance of phages targeting Lactococcus and
Parabacteroides play an important role in differentiat-
ing the two populations (Figure 3G).

Changes in bacterial—viral correlations
seen in patients with progressive
liver disease

To better understand phage—bacteria interaction in pa-
tients with AUD in the context of liver disease progres-
sion, we used patients’ serum CK18-M65 values as a
continuous marker for severity of liver disease.”®® We
ran moderation analyses using bacteria as the response
and corresponding phage and CK18-M65 values as the
predictors and additionally included the interaction term
between the bacteriophage and CK18-M65 by using
a generalized estimating equation model (suitable for
correlated data). We discovered that among the bac-
terial species tested, Enterobacteria, Escherichia, and
Streptococcus are the only bacteria and phage pairs for
which the interaction term is significant (p = 6 x 107,

p = 0.018, and p = 0.0003, respectively). In order to
better visualize this moderation role of CK18-M65, we
also ran a varying coefficient model and presented
the change of the fitted coefficients across the level of
(scaled) CK18-M65 levels (Figure 4).

The correlation coefficient between Enterobacteria
phages and Enterobacteria bacteria grew increas-
ingly positive with progressive liver disease as did the
correlation coefficient between Escherichia phages
and Escherichia bacteria (Figure 4A,B). This is re-
flective of coincidently higher levels of Enterobacteria
and Escherichia bacteria, with higher levels of
Enterobacteria and Escherichia phage in patients with
AUD with progressive liver disease. Conversely, the
correlation coefficient between Streptococcus phage
and Streptococcus bacteria became increasingly neg-
ative with progressive liver disease (Figure 4C). In
other words, in patients with AUD with increasingly
progressive liver disease, the fecal abundance of
Streptococcus phages grew while the abundance of
Streptococcus bacteria was concurrently much lower.
Progressive liver disease did not have a significant ef-
fect on the correlation between other phage—bacteria
species pairs, such as Lactococcus (Figure 4D).

DISCUSSION

Here, we studied the changes in the intestinal virome
associated with AUD as well as the effects of alcohol
abstinence. Interestingly, we identified decreased abun-
dance of various Propionibacterium, Lactobacillus, and
Leuconostoc phages in the fecal viromes of patients with
active AUD when compared to controls, and conversely,
the abundance of Leuconostoc phages and bacterio-
phages targeting Lactobacillus and Propionibacterium
species as a group increased in patients with AUD after
2 weeks of alcohol abstinence. These findings suggest
that, with sobriety, the intestinal virome in patients with
AUD trends toward the virome community composition
of control subjects. Interestingly, in the only other exist-
ing study on changes in the intestinal virome associated
with alcohol-associated liver disease, Leuconostoc
phage was also shown to be more abundant in mild
liver disease (lower Model for End-Stage Liver Disease

FIGURE 2 Abstinence from alcohol use changes the composition of the fecal virome in patients with AUD. (A) PCoA of bacteriophages
grouped by host bacteria species in controls (n = 18), patients with AUD during active alcohol use (n = 62), and patients with AUD after
abstinence from alcohol (n = 56). Axes represent the two most discriminating axes using the Bray-Curtis distance metric. The p value was
determined by permutational multivariate analysis of variance. (B) LDA of the sum of bacteriophages grouped by target bacteria species
(sum) and individual bacteriophage species in patients with AUD during active alcohol use versus patients with AUD after abstinence

from alcohol. (C—F) Relative abundance of bacteriophage species (C) Lactococcus phage PLgT1, (D) Leuconostoc phage phiLNTR2, (E)
Leuconostoc phage phiLNTR3, and (F) Streptococcus phage 7201 in paired patients with AUD during active alcohol use versus abstinence.
(G,H) Relative abundance of the sum of bacteriophages targeting bacteria species (G) Lactobacillus and (H) Propionibacterium in paired
patients with AUD (n = 56). (I,J) Percentage of patients positive for bacteriophages targeting (I) Lactobacillus and (J) Propionibacterium
bacteria in controls, patients with AUD actively using alcohol, and after abstinence. Abbreviations: AUD, alcohol use disorder; LDA, linear
discriminant analysis; PC, principal component; (p), individual bacteriophage species; PCoA, principal coordinate analysis; var., variance
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TABLE 3 Clinical characteristics of the patients with AUD stratified by nonprogressive and progressive liver disease
Characteristics Nonprogressive (n = 77) Progressive (n = 43) p value
Age (years), n =120 445+ 11.5 47.7 £ 131 0.181
Sex (male), n (%), n = 120 52 (67.5) 31 (72.1) 0.604
BMI (kg/m?), n = 120 24.0+3.8 25.0+4.0 0.191
AST (IU/L), n =120 48.8 +441 1041 £78.3 <0.001
ALT (IU/L), n =120 414+ 374 76.9 £43.0 <0.001
GGT (IU/L), n = 118 124.4 + 138.2 376.5 +401.7 <0.001
ALP (IU/L), n = 116 73.3+15.8 90.5+49.1 0.031
Bilirubin (mg/dL), n = 120 0.5+0.3 0.7+0.5 0.101
Albumin (g/dL), n = 116 47+04 46+05 0.276
INR, n =118 0.97 £ 0.08 1.02+0.14 0.045
Creatinine (mg/dL), n = 120 0.81+0.15 0.80£0.13 0.715
Platelet count (10%/L), n = 118 2355729 203.2+95.9 0.096
CAP, n =101 256.0 £ 55.2 292.3 +£65.1 0.005
LSM (kPa), n = 101 477 +115 13.97 + 15.21 <0.001
CK18-M65 (U/L), n = 114 205.5+112.4 673.5 £ 378.0 <0.001

Note: Values presented are mean + SD. The number of subjects for which data were available is indicated in the first column. The laboratory values are all

from T1 (active use).

Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; CAP, controlled
attenuation parameter; CK18-M65, caspase-cleaved and intact cytokeratin 18; GGT, gamma-glutamyltransferase; INR, international normalized ratio; LSM,

liver stiffness measurement.

score) compared with more severe liver disease." Our
findings suggest that alcohol-associated changes in
the fecal virome may be partially reversible after a short
period of abstinence.

In this study, we also found that progression of liver
disease not only was associated with differences in
phage abundance but also in phage—bacteria interac-
tions. Interestingly, using generalized estimating equa-
tion modeling, liver disease progression was found
to significantly affect the correlation between phages
and bacteria for Enterobacteria, Escherichia, and
Streptococcus species. Specifically, progressive liver
disease was associated with coincident increase in
Streptococcus phages and decrease in Streptococcus
bacteria. This could imply that in patients with more
significant liver disease, Streptococcus phages are
more likely to have a lytic effect on bacterial hosts.
Environmental changes, such as antibiotics,?®! bile
salts,®% and intestinal inflammation,®" are reported
examples that can trigger prophage induction and re-
sumption of the lytic cycle. Perhaps changes in bile
acid secretion or inflammatory cytokines secondary
to progression in liver disease can induce phage lysis
of Streptococcus bacteria. Another recent study also
found that phage and bacterial correlations centered on
Streptococcus species were affected by progression of
liver disease, treatment with rifaximin, and hospitaliza-
tion.*?l Conversely, the correlation coefficient between
Enterobacteria phage and Enterobacteria bacteria and
Escherichia phage and Escherichia bacteria became

increasingly positive with progressive liver disease, re-
flective of coincident high levels of bacteria with high
levels of phage. Both antagonistic and mutualistic rela-
tionships between phages and their respective bacterial
hosts have been described in different environments,
including intestinal and oral.3%34 |n adverse/hostile en-
vironments, lysogeny enhances both phage and bacte-
rial host survival.l®! Temperate phages can help confer
beneficial traits on their bacterial hosts, such as intro-
ducing virulence factor production or altering metabo-
lism, through genetic integration or transduction.26:37]
In patients with AUD with progressive liver disease, one
hypothesis might be that an increased abundance of ly-
sogenic Enterobacteria and Escherichia phages could
be facilitating the growth of respective bacterial spe-
cies, which are known to be pathogenic. Another pos-
sible explanation could be that the dense population
of Enterobacteria and Escherichia bacteria in patients
with progressive liver disease spurs growth of corre-
sponding phages as in a predator—prey relationship.

In summary, we demonstrate partial reversibility of
an alcohol-associated fecal virome after abstinence
and a virome signature associated with progressive
liver disease. Our findings raise some interesting
questions regarding how liver disease might affect the
phage—bacterial relationship. Ultimately, longitudinal
collection from a larger patient cohort over time will pro-
vide more insight into the interactions between phages
and bacteria and how these interactions are modified
by the liver disease process or vice versa.
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FIGURE 3 Progressive liver disease as defined by CK18-M65 (cutoff, 416 U/L) is associated with differences in fecal virome
composition. (A) PCoA of bacteriophages grouped by host bacteria species in patients with AUD with nonprogressive (n = 77) and
progressive (n = 43) liver disease. Axes represent the two most discriminating axes using the Bray-Curtis distance metric. The p value

was determined by permutational multivariate analysis of variance. (B) LDA of individual bacteriophage species in patients with AUD with
nonprogressive versus progressive liver disease. (C—E) Relative abundance of species (C) Enterobacteria phage Sf101, (D) Lactococcus
phage blL312, and (E) Lactococcus phage bIL311. (F) Pearson’s correlation of the sum of bacteriophages targeting Streptococcus bacteria
species versus CK18-M65 of patients with AUD at the time of stool sample collection. (G) Random forest feature selection, including relative
abundance of viral taxa at the species level and grouped by target bacteria species, together with selected clinical features to discriminate
between nonprogressive and progressive liver disease. Abbreviations: AUD, alcohol use disorder; BMI, body mass index; CAP, controlled
attenuation parameter; CK18-M65, caspase-cleaved and intact cytokeratin 18; corr., correlation; LDA, linear discriminant analysis; (p)
individual bacteriophage species; PC, principal component; PCoA, principal coordinate analysis; var., variance
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FIGURE 4 Phage-hostinteractions in patients with AUD are affected by liver disease progression. (A—D) Plot of correlation analysis
between relative abundance of bacteriophages grouped by target bacteria species versus their respective target bacteria (above) for
patients with AUD with nonprogressive versus progressive liver disease. Below shows plot of correlation coefficients of the relative
abundance of respective bacteriophages and their target bacteria against scaled measured CK18-M65 for each patient with AUD. (A)
Enterobacteria, (B) Escherichia, (C) Streptococcus, and (D) Lactococcus species. Abbreviations: AUD, alcohol use disorder; CK18-M65,
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