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Abstract

Alcoholic hepatitis is a severe manifestation of alcohol-associated liver disease with high 

mortality. Although gut bacteria and fungi modulate disease severity, little is known about the 

effects of the viral microbiome (virome) in patients with alcohol-associated liver disease. We 

extracted virus-like particles from 89 patients with alcoholic hepatitis who were enrolled in a 

multicenter observational study, 36 with alcohol use disorder, and 17 individuals without alcohol 

use disorder (controls). Virus-like particles from fecal samples were fractionated using differential 

filtration techniques and metagenomic sequencing was performed to characterize intestinal 

viromes. We observed an increased viral diversity in fecal samples from patients with alcohol-

associated liver disease, with the most significant changes in samples from patients with alcoholic 

hepatitis. Escherichia-, Enterobacteria-, and Enterococcus phages were overrepresented in fecal 

samples from patients with alcoholic hepatitis, along with significant increases in mammalian 

viruses such as Parvoviridae and Herpesviridae. Antibiotic treatment was associated with higher 

viral diversity. Specific viral taxa, such as Staphylococcus phages and Herpesviridae, were 

associated with increased disease severity, indicated by a higher median model for end-stage liver 

disease (MELD) score, and associated with increased 90-day mortality. In conclusion, intestinal 

viral taxa are altered in fecal samples from patients with alcoholic hepatitis and associated with 

disease severity and mortality. Our study, for the first time, described an intestinal virome 

signature associated with alcoholic hepatitis.

Keywords

bacteriophages; microbiome; microbiota; alcohol-associated liver disease

INTRODUCTION

Alcohol-associated liver disease is the main cause of liver-related mortality worldwide, and 

targeted therapies are urgently needed (1). Alcoholic hepatitis is a severe form of this 

disease, with 90-day mortality as high as 50% (2). Treatment options are limited for patients 
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with alcoholic hepatitis—corticosteroids are only marginally effective (3). Early liver 

transplantation, a curative treatment, is available to only select patients and is not accepted at 

most transplant centers (2–4).

Alcohol-associated liver disease is associated with changes in the intestinal microbiota (5). 

Susceptibility to ethanol-induced liver disease is transmissible via the gut microbiota in 

mice; transplantation of feces from patients with alcoholic hepatitis to mice exacerbates 

ethanol-induced liver disease (6). In a pilot study, transplantation of stool from a healthy 

donor to patients with alcoholic hepatitis increased their survival times (7). These findings 

indicate that the gut microbiota can contribute to the severity of alcoholic hepatitis. Patients 

with alcoholic hepatitis have compositional changes in gut bacteria and fungi and decreased 

bacterial and fungal diversity compared with alcohol use disorder patients and non-alcoholic 

controls (6–10).

Although most studies of the roles of the gut microbiome in alcohol-associated liver disease 

have focused on bacteria and fungi, the enteric virome has not been studied in any liver 

disease. The human intestinal virome is specific to each individual and contains mostly 

bacteriophages (phages) (11). Phages are viruses that infect bacteria. Some phages are 

highly specific to one bacterial strain, whereas others have broader host ranges (12). Upon 

infection, virulent phages cause cell lysis (lytic cycle) (13) whereas temperate phages either 

lyse the host cell or keep it alive and reproduce normally (lysogenic cycle) (14). It is 

estimated that in many environments, phages outnumber their prokaryotic hosts by a factor 

of 10 (15). The human gastrointestinal tract contains 1015 phages, among which the order 

Caudovirales (with the families Siphoviridae, Myoviridae, and Podoviridae in particular) is 

overwhelmingly predominant (16). Other less-abundant components of the virome include 

eukaryotic viruses (animal and plant viruses), archaeal viruses, and viral-derived elements 

that can alter gene expression in cells (17, 18). Mammalian viruses are associated with 

human diseases that range from mild to fatal (19).

Alterations in the gut virome composition have been reported in patients with inflammatory 

bowel disease, yet different conclusions were drawn based on differences in analysis 

methods (20–23). A database-dependent analysis revealed that patients with inflammatory 

bowel diseases have an increased overall viral diversity with a significant expansion in 

Caudovirales phage taxa compared with healthy individuals (controls). Caudovirales was 

inversely correlated with the Bacteroidaceae family of bacteria in patients with Crohn’s 

disease (20). In contrast, a database-independent analysis method revealed no changes in 

viral richness and found increased numbers of temperate phage sequences in individuals 

with Crohn’s disease (23). Virome alterations were also observed in patients with colorectal 

cancer; fecal samples from patients had increased viral diversity and altered interactions 

between phages and oral bacterial commensals, compared with controls (24). However, 

unaltered viral diversity and richness were reported in patients with colorectal cancer 

compared to heathy controls in another study (25). These results indicate the presence of 

disease-specific viromes in patients and that interactions between bacteria and viruses might 

associate with disease activity.
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To characterize the intestinal virome in patients with alcohol-associated liver disease, we 

isolated virus-like particles from fecal samples using differential filtration techniques and 

performed metagenomic sequencing. We aimed to investigate disease-specific virome 

signatures associated with disease severity and mortality, focusing on patients with alcoholic 

hepatitis enrolled in a prospective, multicenter study.

MATERIAL AND METHODS

Patient Cohorts

Patient cohorts have been described before (8, 9, 26). In brief, our study comprised a total of 

142 subjects: 89 patients with alcoholic hepatitis, 36 patients with alcohol use disorder, and 

17 individuals who do not abuse alcohol (controls). Patients with alcoholic hepatitis were 

hospitalized in 12 centers from 7 regions (France, n=19; Mexico, n=6; Spain, n=8; United 

Kingdom, n=10; US East, n=13; US Midwest, n=16; US West, n=17) that were part of the 

InTeam Consortium (ClinicalTrials.gov identifier number: NCT02075918) between June 

2014 and May 2018. Lipopolysaccharide-binding protein (LPS-BP) was measured as 

previously described (9). Patients with alcohol use disorder were recruited from an alcohol 

treatment program in San Diego, US (n=7) and Brussels, Belgium (n=29). Patients with 

alcohol use disorder fulfilled the Diagnostic and Statistical Manual of Mental Disorders IV 

(DSM IV criteria) (27) of alcohol dependence with active alcohol consumption (self-

reported > 60 g/day for more than one year). Patients from Brussels, Belgium (n=29) were 

recruited from an alcohol withdrawal unit, followed a highly standardized and controlled 3-

week detoxification and rehabilitation program consisting of first week inpatient 

detoxification. Fecal samples were collected at the time point of the admission (28). Patients 

from San Diego (n=7) were recruited in an outpatient setting. Non-alcoholic controls were 

enrolled in Brussels, Belgium. Patients with alcohol use disorder and non-alcoholic controls 

(social drinkers who consumed alcohol less than 20 g/day as one inclusion criteria) did not 

take antibiotics or immunosuppressive medications in the 2 months preceding enrollment. A 

complete medication and medical history were collected at admission. Bio-specimens, basic 

demographic data (such as age, gender, weight, and height) were collected and patients 

underwent a physical examination. Other exclusion criteria were diabetes, inflammatory 

bowel diseases, liver diseases of any other etiology, and clinically significant cardiovascular, 

pulmonary, or renal comorbidities. The baseline characteristics of the cohort with alcoholic 

hepatitis patients are summarized in Table 1 and Table 2. Inclusion criteria for alcoholic 

hepatitis patients were active alcohol abuse (>50 g/day for men and >40 g/day for women) in 

the past 3 months; level of aspartate aminotransferase (AST) greater than level of alanine 

aminotransferase (ALT), and total bilirubin > 3 mg/dl in the past 3 months; liver biopsy 

and/or clinical picture consistent with alcoholic hepatitis. Exclusion criteria were 

autoimmune liver disease (ANA > 1/320), chronic viral hepatitis, hepatocellular carcinoma, 

complete portal vein thrombosis, extra-hepatic terminal disease, pregnancy, and lack of 

signed informed consent (29). MELD scores were calculated for all patients with available 

required data. In all patients, the clinical picture was consistent with alcoholic hepatitis and 

in patients who underwent liver biopsy, histology findings supported the diagnosis of 

alcoholic hepatitis. Liver biopsies were only collected if indicated, as part of routine clinical 

care for diagnostic purposes of alcoholic hepatitis. Biospecimens were collected during 
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patients’ admission to the hospital. The protocol was approved by the ethics committee of 

each participating center, and patients were enrolled after written informed consent obtained.

Bacterial DNA extraction and 16S rRNA sequencing

16S rRNA sequencing of human stool samples was previously described (8). Raw 16S 

sequence reads are available for download in the NCBI Sequence Read Archive (SRA) 

associated with Bioproject PRJNA525701.

Virome preparation and metagenomic sequencing

Viromes were prepared using the NetoVIR protocol with minor modifications (30). Briefly, 

human stool samples were resuspended in phosphate-buffered saline and sequentially 

filtered using 0.8 μm (PES) filter (Sartorius). Any remaining DNA that was not encapsidated 

was degraded by treating with a mixture of benzonase (EMD Millipore) and micrococcal 

nuclease (New England Biolabs) followed by EDTA inactivation of DNases. 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). Amplification was performed 

using a modified WTA2 (Complete Transcriptome Amplification Kit) protocol from Sigma 

Aldrich. Library preparation was performed using an adjusted protocol for the Nextera XT 

DNA Library Preparation kit from Illumina. The size of amplified viral products was 

determined using a High Sensitivity DNA Kit on a Bioanalyzer (Agilent Technologies), and 

concentration was measured by High Sensitivity Double Stranded DNA kit on a Qubit 

Fluorometer (Thermo Fisher Scientific). The sterile water control contained no detectable 

DNA, indicating no contamination of exogenous DNA during the analysis. Viral DNA from 

each sample was pooled into equimolar proportions and sequenced on the Illumina platform 

at the UCSD IGM Genomics Center.

Virome analysis

We obtained 3,071,815 reads per sample on average. Raw sequence reads were deduplicated 

using Clumpify (https://sourceforge.net/projects/bbmap/) followed by trimming and filtered 

for low-quality and contaminating human reads using Kneaddata (31) with the GRCh38_v25 

human genome reference. Reads were aligned and assigned taxonomy using the PathSeq 

pipeline (distributed in GATK v4.1.3.0) (32, 33). Default settings were used, including --

min-score-identity and --identity-margin, which were 0.90 and 0.02, respectively. Also, by 

default, PathSeq will discard alignments if both read pairs do not match the same organism 

(https://gatk.broadinstitute.org/hc/en-us/articles/360036717051-PathSeqScoreSpark). An 

inhouse Perl script was made (pathseq2taxsummary.pl) to convert PathSeq concatenated 

scores.txt files into a MOTHUR (34) style .taxsummary file. Unambiguous read counts for 

selected viral taxa were imported into R, data were normalized, and richness and diversity 

were calculated.

Real-time qPCR

To exclude the possibility of viral contamination from the QIAamp Viral RNA mini kit 

(Qiagen), we extracted fecal DNA from selected alcoholic hepatitis patients using a different 

DNA extraction kit, the FastDNA SPIN Kit for Soil (MP Biomedicals). Sterile water was 
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used as negative control for extraction. Primer sequences targeting the highly selective 

region of EBV, Epstein-Barr nuclear antigen-1 (EBNA-1), were GCC GGT GTG TTC GTA 

TAT GG (forward) and CAA AAC CTC AGC AAA TAT ATG AG (reverse) (35). 

Amplification of EBNA-1 gene was determined with Sybr Green (Bio-Rad Laboratories) 

using ABI StepOnePlus real-time PCR system as described previously (8). qPCR products 

were confirmed on a 2% agarose gel by 213bp band (36) (Supplementary Figure 7), which 

was subsequently purified using QIAquick Gel Extraction Kit (Qiagen) and sequenced 

(Eurofins). Sequences were analyzed by BLAST program (37) and aligned to the EBNA-1 

gene at 98% coverage (data not shown).

Statistical analysis

Results are expressed as median and range unless stated otherwise. Two groups were 

compared using the Student’s t-test or Mann-Whitney-Wilcoxon rank-sum test or the 

Fisher’s exact test for categorical variables, as appropriate. Three or more groups were 

compared using one-way ANOVA with Tukey’s post-hoc test or the Kruskal-Wallis test with 

Dunn’s post-hoc test, as appropriate, or the Fisher’s exact test for categorical variables, each 

followed by false discovery rate (FDR) procedures to correct for multiple comparisons. All 

statistical tests were two-sided. Viral diversity and richness were calculated by including all 

detected viruses (phages, mammalian viruses and other viruses, including plant/food derived 

viruses) and using the “phyloseq” package in R. The proportion of phages, mammalian 

viruses and other viruses, including plant/food derived viruses in between groups, was 

calculated at the family level. Relative abundances for further analyses were calculated 

within each virus category (phages vs mammalian viruses) for family, genus, and species 

level. Only virus families that could be assigned to known viral taxa were included when 

calculating the relative abundance. Single phages were analyzed at the species level and 

summarized according to their hosts. For mammalian viruses, we further determined not 

only the relative abundance but also the proportion of fecal samples positive or negative for a 

specific mammalian virus. The non-invasive fibrosis-4 index (FIB-4) was calculated, and 

alcohol use disorder patients were stratified in two groups using published cut-off values 

(38). We assigned alcoholic hepatitis patients according to MELD scores into tertiles, with 

cut points of 22.1 and 26.3. LEfSe was performed (39) to determine the features most likely 

to account for differences between groups. We included relative abundances of phages at 

family, genus, and species levels and mammalian viruses at family and genus levels. For 

survival analysis, we performed a multivariate Cox regression, to investigate associations of 

intestinal viruses with 90-day mortality. Patients were censored at the timepoint they were 

last seen alive. For the only patient who underwent liver transplantation, the transplantation 

date was considered as date of death. Viral taxa that were present in at least 10% of the 

patients were included in a Cox regression, adjusted for antibiotic and steroid treatment, as 

well as the geographic region where the patient was enrolled. All viral taxa with a P value 

below 0.05 were included into a multivariate model to calculate a virome-associated risk 

model associated with 90-day mortality. The maximally selected rank statistic was used to 

determine the model cutoff value that represents the maximum difference of two groups 

regarding 90-day survival (40). Kaplan-Meier curves were used to compare 90-day survival 

between these groups. To investigate associations between the abundance of intestinal 

bacteria, determined by 16S rRNA gene sequencing, we performed a heat map analysis, 
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which produced color-coded Spearman correlations. Bacterial diversity and richness were 

correlated with viral diversity and richness. We further correlated the relative abundances of 

the 30 most-abundant phages, with the 30 most abundant bacteria, at the genus level. For all 

analyses, P values of 0.05 or less were considered to be statistically significant. Statistical 

analysis was performed using R statistical software, R version 3.5.1, 2018 the R Foundation 

for Statistical Computing.

RESULTS

Altered virome composition in patients with alcohol-associated liver disease

To identify virome alterations in patients with alcohol-associated liver disease, we isolated 

virus-like particles and performed metagenomic sequencing using fecal samples from 89 

patients with alcoholic hepatitis, 36 patients with alcohol use disorder, and 17 patients 

without alcohol use disorders (controls). Most of the study subjects (75%) were male. 

Compared with patients with alcohol use disorder, patients with alcoholic hepatitis had 

significantly higher levels of bilirubin and international normalized ratio (INR) and lower 

levels of albumin, indicating decreased liver synthesis (Table 1). Among patients with 

alcoholic hepatitis, 25% had an infection, and the median model for end-stage liver disease 

(MELD) score was 24 (Table 2).

We first explored the proportion of phages, mammalian viruses, and other viruses (including 

plant/food derived viruses) among the groups. Phages were the most abundant viruses 

(Figure 1a). Remarkably, fecal samples from patients with alcoholic hepatitis contained 3-

fold more mammalian viruses than samples from controls (9% mean relative abundance in 

alcoholic hepatitis, 5% in alcohol use disorder, and 3% in controls; Figure 1a, P<0.001).

We compared the overall viral diversity and richness among groups by calculating the 

Shannon index, inverse Simpson index, and Chao1 richness. In both groups of patients with 

alcohol dependence, we observed significant increases in viral diversity and richness 

compared with controls; the largest changes were in fecal samples from patients with 

alcoholic hepatitis (Figure 1b). Heatmap analysis, which shows the log10 relative abundance 

of the 100 most abundant phages, demonstrated a wide spread of different phages in patients 

with alcoholic hepatitis compared with alcohol use disorder and controls (Figure 1c).

We summarized the most abundant phages at the species level that parasitized the same 

putative bacterial host species to determine whether there were observable trends in 

alcoholic hepatitis compared with controls. We observed decreased abundances of 

Lactococcus phages and Parabacteroides phages in alcoholic hepatitis patients, whereas 

abundances of some Proteobacteria and Firmicutes phages, such as Lactobacillus phages, 

Escherichia phages, Enterobacteria phages, and Enterococcus phages, were increased 

(Supplementary Figure 1a).

We performed linear discriminant effect size analysis (LEfSe) (39) to identify features most 

likely to account for differences among groups. Our analysis included relative abundance of 

phages at family, genus, and species levels, and mammalian viruses at family and genus 

levels. Myoviridae, Lactobacillus phages, Streptococcus phages, Podoviridae, Geobacillus 
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phages, Escherichia phages, and Herpesviridae were the most discriminating factors for 

alcoholic hepatitis. Alcohol use disorder was mainly characterized by increased Parvoviridae 
and Lactococcus phages, whereas controls were mainly characterized by Sk1virus and 

Siphoviridae (Supplementary Figure 1b, Supplementary Table 1).

We further characterized the taxonomic composition of mammalian viruses at the family 

level (Figure 1d). The Parvoviridae family was detected in all cohorts, but Parvoviridae were 

detected in a significantly higher proportion of patients with alcoholic hepatitis and alcohol 

use disorder than controls (P=0.0001). The family of Herpesviridae was only present in fecal 

samples from patients with alcoholic hepatitis (16% of patients were positive); 

Herpesviridae was not detected in any patients with alcohol use disorder or controls (Figure 

1d). Within the Herpesviridae family, 80% of sequence reads could be assigned to human 

gammaherpesvirus 4 (Epstein-Barr virus, EBV), 10% to human betaherpesvirus 7, 8% to 

human betaherpesvirus 6B, and 2% remained unassigned. These results indicate that 

alcohol-associated liver disease is accompanied by alterations in the diversity and 

composition of intestinal viruses, with the largest changes in patients with alcoholic 

hepatitis.

Disease severity associates with alterations in the gut virome in patients with alcohol use 
disorder and alcoholic hepatitis

Alcoholic hepatitis is associated with high mortality. MELD scores, calculated based on 

levels of bilirubin, creatinine, and INR, are used to determine disease severity and patient 

prognosis for patients with alcoholic hepatitis (41). To investigate if alterations in the 

intestinal virome are associated with disease severity, we grouped patients with alcoholic 

hepatitis into tertiles based on MELD scores; tertile cut points were 22.1 and 26.3. Each 

group included 29 patients with alcoholic hepatitis. Overall, we observed a 14% relative 

abundance of mammalian viruses in the high-score tertile compared with 6% in the low- and 

intermediate-score tertiles (P=0.31, Figure 2a).

Analysis of alpha diversity revealed a trend towards increased viral diversity in patients with 

increased risk of death (Figure 2b). When we compared the phages grouped by their 

bacterial host, we observed an increase of Staphylococcus phage abundance in the high-

score tertile compared with the lower-score tertiles among the groups (Figure 2c). T4virus, 

Staphylococcus phages, Phietavirus, and Citrobacter phages were the most discriminating 

factors for high MELD-score tertile group compared with the lower MELD-score tertiles 

(Figure 2d, Supplementary Table 1).

When we analyzed mammalian viruses at the family level in alcoholic hepatitis, we found 

Parvoviridae to be the most prevalent virus family, followed by Circociridae and 

Herpesviridae. Parvoviridae and Herpesviridae were more often present in fecal samples 

from patients with alcoholic hepatitis in the highest MELD-score tertile (Figure 2e). Patients 

with alcoholic hepatitis and Herpesviridae in fecal samples had a significantly higher MELD 

score than patients with alcoholic hepatitis without Herpesviridae (Figure 2f, P=0.041). 

Further, alcoholic hepatitis patients positive for Herpesviridae in fecal samples had 

significantly higher white blood cell counts, even after adjustment for steroid treatment 

(P=0.046).
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To investigate differences in the virome composition among patients with alcohol use 

disorder with different disease stages, we stratified patients into two groups according to the 

noninvasive FIB-4 index. Patients with high FIB-4 (n=5) showed a significantly increased 

alpha diversity compared with the low FIB-4 group (n=27). We observed increased 

abundances of Lactobacillus and Streptococcus phages in the high FIB-4 group whereas 

Lactococcus phages were decreased (Supplementary Figure 2).

Overall, these data indicate that compositional alterations in the intestinal virome are more 

pronounced in patients with alcohol use disorder and alcoholic hepatitis with a more severe 

disease stage.

Clinical features in alcoholic hepatitis are associated with compositional changes in the 
virome

Next, we investigated associations between the gut virome and the presence of cirrhosis 

(Supplementary Figure 3), infections (Supplementary Figure 4), and antibiotic treatment 

(Supplementary Figure 5). Whereas fecal samples from patients with alcoholic hepatitis and 

cirrhosis (n=35) did not differ in viral diversity or richness from patients without cirrhosis 

(Supplementary Figure 3b), fecal samples from patients with cirrhosis had more Klebsiella-, 

Bacteroides-, and Parabacteroides phages (Supplementary Figure 3c). Some viral taxa, 

identified by LEfSe analysis, were associated with the absence of cirrhosis (n=13) 

(Supplementary Figure 3d, Supplementary Table 1).

Fecal samples from patients with alcoholic hepatitis and infections (n=19) contained 14% of 

mammalian viruses, compared to 8% in patients without infections (n=57) (Supplementary 

Figure 4a and 4e). In the LEfSe analysis, Proteobacteria phages (e.g. Salmonella phages and 

Enterobacter phages) and Firmicutes phages (e.g. Lactococcus phages, Staphylococcus 
phages, and Enterococcus phages) significantly discriminated patients with alcoholic 

hepatitis with infections vs without infections (Supplementary Figure 4d and Supplementary 

Table 1).

Fecal samples from patients with alcoholic hepatitis treated with antibiotics (n=40), 

including prophylactic treatment, had a significant increase in viral diversity compared with 

samples from untreated patients (Supplementary Figure 5b; Shannon index, P=0.035, inverse 

Simpson index, P=0.037). Several viral taxa differed between the two groups 

(Supplementary Figure 5c–e and Supplementary Table 1).

To investigate associations with endotoxemia, we used LPS-BP as a surrogate marker for 

circulating endotoxin levels. We did not find significant differences in the proportion of 

phages/eukaryotic viruses among alcoholic hepatitis patients with high or low LPS-BP 

(based on the median LPS-BP value in the cohort) and no associations between the viral 

diversity or richness and LPS-BP (Supplementary Figure 6).

Virome alterations associate with mortality in patients with alcoholic hepatitis

After describing compositional characteristics in fecal viromes of patients with alcoholic 

hepatitis of different stages, we performed multivariate Cox regression analyses to 

investigate whether intestinal viral taxa are associated with 90-day mortality. Viral taxa (at 
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the family, genus, and species level) that were present in at least 10% of fecal samples from 

patients with alcoholic hepatitis were included in a Cox regression analysis, adjusted for 

antibiotic and steroid treatment as well as the geographic region where the patients were 

enrolled. Eleven viral taxa were associated with 90-day survival, independently of 

antibiotics, steroids, and geographic origin (Figure 3a). Herpesviridae was the only 

mammalian virus family among these 11 taxa. Based on the identified taxa, we calculated a 

virome-associated risk model by including these 11 taxa into a multivariate Cox regression 

model (see Material and Methods).

We determined a cut point using maximally selected rank statistics (40). We found that 

patients with alcoholic hepatitis with a high virome-associated risk score (n=12) had 

significantly greater risk of death within 90 days compared to patients with low virome-

associated risk score (n=70) (hazard ratio, 35.8; 95% CI, 10.8–119; P<0.001) (Figure 3b). 

This association remained significant even after adjustment for levels of creatinine, bilirubin 

and INR (components of the MELD score), platelet counts (indicator of advanced fibrosis 

and cirrhosis), antibiotics or steroid use, and geographic origin of the patients (hazard ratio, 

125.5; 95% CI, 31.1–506; P<0.001).

Correlation between phages and bacteria in fecal samples from patients with alcoholic 
hepatitis

To characterize the bacterial communities in fecal samples from patients with alcoholic 

hepatitis, we previously performed bacterial 16S rRNA sequencing in this cohort. We 

observed a significant decrease in bacterial diversity in patients with alcoholic hepatitis 

compared with alcohol use disorder and controls (8). To determine associations between the 

viral diversity and richness and bacterial diversity and richness in alcoholic hepatitis, we 

performed a heatmap analysis, representing color-coded Spearman correlations between 

those indices. Overall, a higher viral diversity correlated with a lower bacterial diversity 

(Figure 4a).

We examined relationships between the 30 most-abundant phages after combining individual 

phages by their hosts and the 30 most-abundant bacterial genera by calculating Spearman 

correlations (Figure 4b). We found positive correlations between a variety of phages and 

their hosts, such as Lactobacillus and Lactobacillus phages, Staphylococcus and 

Staphylococcus phages, Pseudomonas and Pseudomonas phages, and Clostridium_XI and 

Clostridium phages. In contrast, we found inverse correlations between Rhodoferax phages 

and Bacteroides, Faecalibacterium, Clostridium sensu stricto, Clostridium XlVa, 
Parabacteroides, and Blautia (Figure 4b).

DISCUSSION

We studied fecal viromes of patients with alcohol-associated liver disease. Compared with 

fecal samples from patients with alcohol use disorder and controls, samples from patients 

with alcoholic hepatitis had increased intestinal viral diversity along with decreased bacterial 

diversity (8). Beside alterations in the abundance of several phages, gut viromes of patients 

with alcoholic hepatitis were characterized by increases in mammalian viruses that were 
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found in a few samples from only controls. Moreover, we identified several viral taxa 

associated with disease severity and mortality in alcoholic hepatitis patients.

Using metagenomic sequencing, we identified enteric eukaryotic viruses that might 

contribute to pathogenesis of alcoholic hepatitis. Herpesviridae was detected in fecal 

samples from only alcoholic hepatitis patients. It is unclear which factors are responsible for 

detectable levels of mammalian viruses in stool samples; immune dysfunction, medication 

use, or other factors associated with alcoholic hepatitis might have caused increased carriage 

of eukaryotic viruses. The relative abundance of Herpesviridae in alcoholic hepatitis patients 

was associated with 90-day mortality after adjustment for antibiotic and steroid use. 

Previous studies have associated the seroprevalence of human herpesvirus 6 (42) and human 

herpesvirus 8 (43, 44) with severity of chronic liver diseases—in patients with alcohol use 

disorder, in particular.

In our study, most detected Herpesviriadae reads in fecal samples could be assigned to EBV. 

EBV is a member of the Gammaherpesvirinae, and hepatitis is a common feature of EBV 

infection, although the pathogenesis of EBV-associated liver injury is poorly understood 

(45). EBV has been identified as potential trigger for autoimmune hepatitis (46) and post-

transplant lymphoproliferative disease in transplant recipients (47, 48). In a recent 

retrospective study of 97 patients with liver cirrhosis, blood samples from 37% were positive 

for EBV DNA. These patients had lower level of albumin and a higher mean Child-Pugh 

score, indicating more advanced liver disease. Most importantly, the EBV-positive patients 

had a higher rate of acute-on-chronic liver failure than the EBV-negative patients (49). In a 

separate study, fecal samples from 43.9% of immunocompromised patients had detectable 

EBV DNA as compared with 25% of immunocompetent patients (50). Since 90–95% of 

adults are seropositive for EBV-IgG, the presence of EBV DNA in fecal samples in our 

alcoholic hepatitis cohort might be due to their immune dysfunction and increased 

susceptibility to EBV reactivation (51). These findings, together, raise the interesting 

question of whether EBV-reactivation might trigger or contribute to development of hepatitis 

in alcoholic patients.

Our observation of increased viral diversity in alcohol-associated disease is consistent with 

findings from some studies of patients with inflammatory bowel diseases or colorectal 

cancer (20, 24) although results among studies are in part conflicting (23, 25). Although 

viral diversity in alcoholic hepatitis patients correlated inversely with bacterial diversity, we 

observed positive correlations between many phages and their hosts, consistent with findings 

from other studies (21, 24). This observation can be explained by models of bacteria–phage 

dynamics (52, 53). The positive correlation could also be due to the expansion of phages 

integrated in the bacterial genomes or new viruses that enter the community. Further, 

antibiotic treatment was associated with higher viral diversity.

Several studies have demonstrated that patients with alcohol-associated liver disease have a 

reduced bacterial diversity and compositional changes in the gut bacterial microbiota (6, 8, 

54). There are various potential mechanisms of how alterations in the gut bacterial 

microbiota can modulate disease in these patients. Gut barrier dysfunction can lead to the 

translocation of microbial products to the liver where they can induce an inflammatory 

Jiang et al. Page 11

Hepatology. Author manuscript; available in PMC 2021 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cascade. In addition, intestinal bacteria deconjugate bile acids and convert primary bile acids 

into secondary bile acids. Primary and secondary bile acids bind to host receptors and 

modulate metabolic functions. Certain intestinal bacteria produce short-chain fatty acids, a 

reduced abundance of these bacteria might mediate colonic inflammation and gut barrier 

dysfunction (55). Further, specific virulence factors expressed by bacteria, could induce 

direct liver damage (8). In this interplay, the gut virome might play a role by either affecting 

the host directly through causing host immune responses or as a source of mammalian 

viruses, or, it could mediate disease by influencing the bacterial microbiota. It is conceivable 

that depletion of specific phages results in a quantitative increase of specific bacterial 

pathobionts that modulate disease, while increased phage numbers might deplete specific 

beneficial bacteria. On the other hand, alterations in the gut virome might also mirror the 

taxonomic composition of the bacterial microbiota or could be primarily driven by the host 

disease stage. Longitudinal studies in humans are needed to further characterize the 

interaction between bacteria and phages in patients with alcohol-associated liver disease and 

preclinical studies are required to determine the contribution of phages to disease 

progression. Increasing our understanding of correlations between intestinal phages and 

other host microbes might eventually lead to new treatment strategies for alcoholic hepatitis.

The strength of our study is the inclusion of patients from a multicenter study including 

Europe, the United States (US), and Mexico, with different environmental and dietary 

backgrounds. Although we acquired more than 3 million reads per sample, only a small 

proportion of reads could be assigned to known viral taxa. Therefore, the identity of a 

substantial fraction of intestinal viruses remains unknown. For phages, the limitation was the 

lack of depth in the available database, so we were only able to assign sequences to the 

closely related host genera. As the database expands, more sequences will be assigned to 

either phages or eukaryotic viruses.

In summary, this is the first characterization of intestinal viromes of patients with liver 

disease. We report a large increase in the viral diversity of fecal samples from patients with 

alcoholic hepatitis and identified specific viral taxa associated with disease severity and 90-

day mortality. Although this study provides novel insights into associations between the gut 

microbiome and alcohol-associated liver disease, our findings require validation in an 

independent cohort of patients with alcoholic hepatitis. Longitudinal studies will provide a 

better understanding of phage-bacteria interactions and variations in the gut virome 

associated with disease activity. Furthermore, studies are required to identify mechanisms by 

which specific viral taxa might increase liver disease severity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Altered virome composition in alcohol-associated liver disease
(a) Mean relative abundance of intestinal bacteriophages (phages), mammalian viruses, and 

other viruses, calculated at the family level, in fecal samples from patients with alcoholic 

hepatitis (AH), patients with alcohol use disorder (AUD), or controls. (b) Viral diversity, 

based on the Shannon and inverse Simpson indices, and viral richness, based on the Chao1 

index. (c) Log10 relative abundance of the 100 most-abundant phages, at the species level. 

Each column indicates one study subject and each row indicates one single phage. (d) 

Percentage of subjects in each group positive for mammalian viruses at family level; only P 
values below 0.05 are shown. Post-hoc P values for Parvoviridae are: AH vs AUD, P=0.308; 

AH vs control, P=0.0001; and AUD vs control, P=0.004. Post-hoc P values for 

Herpesviridae are: AH vs AUD, P=0.030; AH vs control, P=0.179; and AUD vs control, 

P=1.0. Panels a–d present data from 89 alcoholic hepatitis patients, 36 alcohol use disorder 

patients, and 17 controls. P values were determined by two-tailed Kruskal-Wallis test with 
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Dunn’s post-hoc test (b) and Fisher’s exact test (d), each followed by false discovery rate 

(FDR) procedures to correct for multiple comparisons. For the box and whisker plots in 

panel b, the box extends from the 25th to 75th percentile, with the center line indicating the 

median; the bottom whiskers indicate the minimum values and the top whiskers indicate the 

75th percentile plus 1.5-fold the inter-quartile distance (the distance between the 25th and 

75th percentiles). Values greater than this were plotted as individual dots. AH, alcoholic 

hepatitis; AUD, alcohol use disorder.
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Figure 2. Severity of alcoholic hepatitis is associated with alterations in fecal viromes
Patients with alcoholic hepatitis (n=87) were assigned to tertiles based on MELD scores (cut 

points of 22.1 and 26.3), with 29 patients in each tertile. (a) Relative abundance of intestinal 

phages, mammalian viruses, and other viruses, calculated at the family level, in each tertile. 

(b) Viral diversity, based on the Shannon and inverse Simpson indices, and viral richness, 

based on the Chao1 index. (c) Mean relative abundance of phages in each tertile, according 

to their bacterial host, at the species level for each group; 0–1 corresponds to 0–100% 

abundance. (d) Linear discriminant effect size analysis (LEfSe) identification of features 

most likely to account for differences between tertiles: relative abundances of phages at 

family, genus, and species levels and mammalian viruses at family and genus levels. (e) 

Percentage of subjects in each group positive for mammalian viruses, at the family level. In 

all comparisons, P values were higher than 0.05, determined by the two-sided Fisher’s exact 

test followed by false discovery rate (FDR) procedures. (f) MELD scores of 87 alcoholic 
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hepatitis patients with fecal samples either positive or negative for Herpesviridae. P values 

were determined by two-tailed Kruskal-Wallis test with Dunn’s post-hoc test followed by 

false discovery rate (FDR) procedures (b), or by the two-sided Mann-Whitney-Wilcoxon 

rank-sum test (f). For the box and whisker plots in panel b, the box extends from the 25th to 

75th percentile, with the center line indicating the median; the bottom whiskers indicate the 

minimum values and the top whiskers indicate the 75th percentile plus 1.5-fold the inter-

quartile distance (the distance between the 25th and 75th percentiles). Values greater than 

this were plotted as individual dots. LDA, Linear discriminant analysis; MELD, model for 

end-stage liver disease.
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Figure 3. Intestinal viruses associated with mortality in alcoholic hepatitis patients
(a) Cox regression model identifies associations of intestinal viruses with 90-day mortality. 

Hazard ratios (HRs) were determined using Cox regression analysis of viral taxa detected in 

at least 10% of fecal samples from alcoholic hepatitis patients, adjusted for antibiotic and 

steroid treatment and geographic regions of patient enrollment. Patients were censored at the 

timepoint they were last seen alive. For the only patient who underwent liver transplantation, 

the transplantation date was considered as date of death. Squares identify hazard ratios 

(HRs), with lower and upper 95% confidence intervals (CI) values shown as lines. Colors 

indicates origins (phage vs mammalian virus) of viral taxa. (b) A virus-associated risk model 

was calculated by performing a multivariate analysis including taxa shown in (a). Patients 

were categorized according to the model calculated for each patient using a cut-off value 

determined by the maximally selected rank statistic into a low- or high virus-associated risk 

group. Kaplan-Meier curve of survival of alcoholic hepatitis patients according to their 
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intestinal virus-associated risk. Data in both panels collected from 82 patients with alcoholic 

hepatitis. HR, hazard ratio, CI, confidence interval.
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Figure 4. Correlation between phages and bacteria in fecal samples from patients with alcoholic 
hepatitis
Heatmaps show color-coded Spearman correlations of (a) bacterial diversity and richness 

with phage diversity and richness and (b) the 30 most abundant phages with the 30 most 

abundant bacteria at genus level, determined from 16S rRNA gene sequencing. Red color 

indicates positive correlation and blue indicates negative correlation. *P<0.05 P>0.01, 

**P<0.01 P>0.001, ***P<0.001. Data obtained from 65 patients with alcoholic hepatitis and 

available 16S rRNA gene sequencing and viral metagenomic sequence data.
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Table 1.

Demographic and laboratory parameters of the study cohort

Variables Controls
(n=17)

Alcohol use disorder
(n=36)

Alcoholic hepatitis
(n=89)

P Value

Sex (% male), n (%), n=141 13 (76.5) 29 (80.6) 60 (67.4) 0.370

Age (years), n=141 39.0 (27.0–71.0) 42.0 (27.0–67.0) 51.3 (30.1–74.8) <0.001*

BMI (kg/m2), n=128 22.8 (18.8–29.6) 23.6 (17.9–31.4) 27.4 (16.3–48.3) <0.001*

Creatinine (mg/dL), n=124 0.8 (0.5–1.3) 0.8 (0.3–8.1) 0.635

Bilirubin (mg/dL), n=124 0.5 (0.2–1.5) 15.8 (2.5–41.1) <0.001

AST (IU/L), n=124 43.0 (15.0–283.0) 130.0 (41.0–394.0) <0.001

ALT (IU/L), n=124 37.0 (9.0–184.0) 44.0 (15.0–216.0) 0.148

Albumin (g/dL), n=113 4.5 (2.2–5.2) 2.4 (1.3–3.9) <0.001

INR, n=119 0.9 (0.8–1.3) 1.9 (1.0–4.4) <0.001

GGT (IU/L), n=76 42.0 (4.0–1131.0) 166.5 (33.0–3632.0) <0.001

Platelet count (109/L), n=118 222.0 (80.0–434.0) 124.0 (13.0–447.0) <0.001

FIB-4, n=118 1.4 (0.4–9.1) 8.0 (1.4–79.7) <0.001

 FIB-4 > 3.25 (F3-F4), n (%) 5 (16.1) 78 (90.1) <0.001

Post-hoc P values for age: AH vs AUD, P=0.003; AH vs controls, P=0.008; AUD vs controls, P=0.859. Post-hoc P values for BMI: AH vs AUD, 
P=0.001; AH vs controls, P=0.025; AUD vs controls, P=0.999.

*
Values presented are median with range in parentheses for continuous variables or number and percentage in parentheses for categorical variables. 

Percentages were calculated based on the actual number of patients in each group, when data were available. The number of subjects for which data 
were available is indicated in the first column.

AH, alcoholic hepatitis; AUD, alcohol use disorder; BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; INR, 
international normalized ratio; GGT, gamma-glutamyl transferase; FIB-4, fibrosis-4 index.
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Table 2.

Characteristics of patients with alcoholic hepatitis (n=89)

Variable

Steroids, n (%), n=87 33 (37.9)

Pentoxifylline, n (%), n=66 6 (9.1)

Antibiotics, n (%), n=87 40 (46.0)

Proton pump inhibitors, n (%), n=44 5 (11.3)

Infections, n (%), n=76 19 (25)

Abstinent at day 30, n=47

 Abstinent, n (%) 42 (89.4)

 Reduced alcohol consumption, n (%) 3 (6.4)

 Continued alcohol abuse, n (%) 2 (4.3)

Stage of Fibrosis, n (%), n=48 0 / 1 / 2 / 3 / 4 2 (4.1) / 0 (0.0) / 6 (12.5) / 5 (10.4) / 35 (72.9)

MELD, median (range), n=87 23.9 (13.2–48.7)

Child-Pugh stage, n (%), n=86 A / B / C 1 (1.2) / 23 (26.7) / 62 (72.1)

30-day survival rate 88.7% (95% CI 81.9–95.9%)

90-day survival rate 80.8% (95% CI 72.5–90.0%)

Antibiotics include prophylactic antibiotics. Values are presented as median (range) for continuous variables or number (percentage) for categorical 
variables. Percentages are calculated based on the actual number of patients in each group where the respective data was available. The number of 
subjects for which data were available is indicated in the first column. Survival rates were calculated using Kaplan-Meier curves. Patients were 
censored at the timepoint they were last seen alive.

MELD, model for end-stage liver disease; CI, confidence interval.
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