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ABSTRACT

The fungal microbiota plays an important role in the pathogenesis of alcohol-associated liver
disease (ALD) and nonalcoholic fatty liver disease (NAFLD). In this study, we aimed to compare
changes of the fecal fungal microbiota between patients with ALD and NAFLD and to elucidate
patterns in different disease stages between the two conditions. We analyzed fungal internal
transcribed spacer 2 (ITS2) sequencing using fecal samples from a cohort of 48 patients with ALD,
78 patients with NAFLD, and 34 controls. The fungal microbiota differed significantly between ALD
and NAFLD. The genera Saccharomyces, Kluyveromyces, Scopulariopsis, and the species Candida
albicans (C. albicans), Malassezia restricta (M. restricta), Scopulariopsis cordiae (S. cordiae) were
significantly increased in patients with ALD, whereas the genera Kazachstania and Mucor were
significantly increased in the NAFLD cohort. We identified the fungal signature consisting of
Scopulariopsis, Kluyveromyces, M. restricta, and Mucor to have the highest discriminative ability to
detect ALD vs NAFLD with an area under the curve (AUC) of 0.93. When stratifying the ALD and
NAFLD cohorts by fibrosis severity, the fungal signature with the highest AUC of 0.92 to distinguish
ALD FO-F1 vs NAFLD FO-F1 comprised Scopulariopsis, Kluyveromyces, Mucor, M. restricta, and
Kazachstania. For more advanced fibrosis stages (F2-F4), the fungal signature composed of
Scopulariopsis, Kluyveromyces, Mucor, and M. restricta achieved the highest AUC of 0.99 to differ-
entiate ALD from NAFLD. This is the first study to identify a fungal signature to differentiate two
metabolic fatty liver diseases from each other, specifically ALD from NAFLD. This might have
clinical utility in unclear cases and might hence help shape treatment approaches. However, larger
studies are required to validate this fungal signature in other populations of ALD and NAFLD.
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Introduction

Alcohol-associated liver disease (ALD) and nonal-
coholic fatty liver disease (NAFLD) are associated
with significant morbidity and mortality and con-
tinue to become more common worldwide.'™* The
prevalence of ALD is estimated to be 4.8% globally
and that of NAFLD 30% globally."* Better nonin-
vasive biomarkers are required to more easily
detect early and more advanced stages of liver
disease.”® One noninvasive biomarker is the intest-
inal microbiota. The gut microbiota plays a role in

many liver diseases, as evidenced by studies with
germfree and conventional mice.” Specific bacterial
signatures for the diagnosis of advanced fibrosis
and cirrhosis were recently identified for
NAFLD.*’

We previously investigated the role of the fungal
microbiome, or mycobiome, in ALD'"'? and
NAFLD." Since a number of similar shifts of the
fungal microbiome are associated with higher
severity of both ALD and NAFLD, such as

CONTACT Bernd Schnabl @ beschnabl@ucsd.edu @ Department of Medicine, University of California San Diego, 9500 Gilman Drive, La Jolla, CA MC0063,

USA
*equal contribution.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/19490976.2024.2307586

This work was authored as part of the Contributor’s official duties as an Employee of the United States Government and is therefore a work of the United States Government. In
accordance with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law.

This is an Open Access article that has been identified as being free of known restrictions under copyright law, including all related and neighboring rights (https://creativecommons.
org/publicdomain/mark/1.0/). You can copy, modify, distribute, and perform the work, even for commercial purposes, all without asking permission. The terms on which this article
has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


https://doi.org/10.1080/19490976.2024.2307586
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2024.2307586&domain=pdf&date_stamp=2024-01-31

2 G. VIEBAHN ET AL.

increased fecal proportions of Candida albicans (C.
albicans),'*"> we now aimed to compare the
changes of the fungal microbiota between ALD
and NAFLD and to elucidate patterns in different
disease stages between the two conditions.

Material and methods
Patients

Our patient cohort and study design has been pre-
viously described in detail.'*** In brief, our cohort
consisted of 34 control patients, 58 alcohol-asso-
ciated liver disease (ALD) patients, and 78 nonal-
coholic fatty liver disease (NAFLD) patients. All
ALD patients were heavy drinkers consuming
over 60 g of alcohol per day for more than 1 year
and had associated liver disease as evidenced by
serum aspartate aminotransferase (AST) level >40,
alanine aminotransferase (ALT) level >40, con-
trolled attenuation parameter (CAP) per
FibroScan >250 dB/m (presence of steatosis further
confirmed by Doppler ultrasound), liver stiffness
measurement per FibroScan>7.6 kPa,"” and/or
serum caspase-cleaved and intact cytokeratin 18
(CK18-M65) >266.'° Patients with alcohol use dis-
order (AUD) without evidence of ALD have been
excluded for our analysis. The patients with ALD
were prospectively enrolled at St. Luc University
Hospital in Brussels, Belgium from April 2017 to
January 2019, where they were admitted for a
highly standardized and controlled 3-week detox-
ification and rehabilitation program, during which
a FibroScan was performed, and a fasting blood
sample was collected on the day of admission.
Stool samples were obtained from the first bowl
movement after admission. Exclusion criteria
included use of antibiotics, probiotics, or prebiotics
during the 2 months preceding enrollment, use of
immunosuppressive medications, diabetes, inflam-
matory bowel disease, known liver disease of any
other etiology, or clinically significant cardio-vas-
cular, pulmonary, or renal co-morbidities, and age
<18 y. NAFLD patients, diagnosed by the presence
of steatosis in >5% of hepatocytes on liver biopsy or
by clinical, laboratory, and imaging findings con-
sistent with cirrhosis, were prospectively enrolled
at the University Hospital of Cologne in Cologne,
Germany from March 2015 to December 2018.

Exclusion criteria included antibiotic use within 6
months prior to the study, known malignancy,
pregnancy, and age <18y. These subjects were
compared with healthy volunteers enrolled in
Cologne, Germany (n = 16) and Brussels, Belgium
(n =18), matched for gender, age, and body mass
index (BMI), who drank less than 20 g of alcohol
per day. Clinical, demographic and microbiota-
related data from ALD patients and NAFLD

patients have been reported upon in prior studies.”
12-14

Ethics

The study protocol conforms to the ethical guide-
lines of the 1975 Declaration of Helsinki and was
approved by the institution’s human research and
ethical committee (Université Catholique de
Louvain, Brussels, Belgium; B403201422657 and
the local Ethics Committee at the University of
Cologne, Germany; # 15-056), as previously
described, and patients were enrolled after written
informed consent was obtained.'*'*

Serum biomarkers

All blood samples were collected under fasting
conditions. ALD patient blood samples were tested
at the clinical laboratory associated with St. Luc
University Hospital, Brussels, Belgium. NAFLD
patient blood samples were tested at the
University Hospital of Cologne, Germany.'*'*

Liver stiffness and steatosis measurement

Vibration-controlled  transient elastography
(FibroScan, Echosens, Paris, France) was per-
formed in fasting patients by experienced opera-
tors, blinded to all clinical patient data. At least 10
valid measurements were performed, and the med-
ian value of these measurements was reported in
kPa. Patients were first scanned with the M probe,
and if indicated by the equipment, patients were
rescanned with the XL probe, in accordance with
the manufacturer’s protocol. Liver stiffness mea-
surement cutoff of 7.6 kPa was used to discriminate
mild fibrosis (stage FO-F1) from significant fibrosis
(stage F2-F4) and controlled attenuation parameter



cutoff of 250dB/m was used for significant
steatosis.' ™71

Fecal DNA extraction, fungal sequencing, and
bioinformatic processing of ITS2 sequences

Internal transcribed spacer 2 (ITS2) sequencing
data have been reported before'>'* and have been
re-analyzed for this analysis. In brief, fecal DNA
was extracted using the DNA fast stool mini kit
(Qiagen, Hilden, Germany) according to the man-
ufacturer’s protocol, as described.'>'>'” Before
DNA extraction, bead beating of fecal samples
with lysis buffer was performed using 0.7 mm gar-
net PowerBead tubes (Qiagen, Hilden, Germany).
Bead beating was performed using the BioSpec
Mini-BeadBeater 96 for 2 x 30 seconds at 50 Hz.
PCR and sequencing of the ITS2 genomic region
was performed as previously described using the
following primer pair (italics = overhang adapter
sequence, bold = region-specific sequence): 5.8S-
Fun (read 1) [TCGTCGGCAGCGTCAGATGTGTA
TAAGAGACAGAACTTTYRRCAAYGGATCW-
CT] and ITS4-Fun (read 2) [GTCTCGTGGGCTC
GGAGATGTGTATAAGAGACAGGCCTCCGCT-
TATTGATATGCTTAART],” using Illumina’s
Fungal Metagenomic Sequencing Demonstrated
Protocol (https://support.illumina.com/down
loads/fungal-metagenomic-sequencing-demon
strated-protocol-1000000064940.html).
Amplification was performed using KAPA HiFi
HotStart ReadyMix (Thermo Fisher Scientific,
Waltham, USA). Illumina indices and sequencing
adaptors were attached using the Nextera® XT v2
Index Kit following the Illumina ITS SOP. DNA
from each sample was pooled into equimolar pro-
portions and sequenced on an Illumina MiSeq plat-
form (PE250) at the University of California, San
Diego IGM Genomics Center.

CutAdapt v1.8.1*" (cutadapt -a ACCTCCG
CTTATTGATATGCTTAART...AGWGATCCR
TTGYYRAAAGTT - discard-untrimmed - mini-
mum-length 50 -o trimR2_001.fastq.gz R2_001.
tastq.gz) was used to trim amplicon reads of
region-specific primer sequences and to discard
short reads and reads lacking ITS target primer
sequences. Species-level Operational taxonomic
units (OTUs), clustered at 97% identity, were
generated de novo from the adapter-trimmed
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reads using J. Craig Venter Institute’s (JCVI’s)
pipeline adaptation of UPARSE (https://github.
com/JCVenterlInstitute/Uparse_16S_pipeline).**"
** Briefly, trimmed R2 sequence reads (from ITS4-
fun) were used as input. Sequences of low-quality
were discarded and the remaining reads derepli-
cated prior to determination of abundances.
Chimera filtering of the sequences was completed
during clustering by the cluster_otus command
within the UPARSE-OTU algorithm of
USEARCH v8.1 (https://drive5.com/usearch/man
ual8.1/cmd_cluster_otus.html) while taxonomy
was assigned to the OTUs with mothur v 1.36.1*
using a customized subset of the UNITE fungal
ITS database®® as the reference (described below).
OTUs and corresponding taxonomy assignment
tables were generated and used in subsequent
analyses. Downstream analyses (including princi-
pal coordinate analyses (PCoA) and predictive
performance analyses of fungal markers for
detecting ALD vs NAFLD based on relative abun-
dance of fungal populations) were performed
using the R statistical platform, as detailed
below.””

A custom ITS database was generated from
the sh_refs_qiime_ver8_97_s_all_04.02.2020 ver-
sion of the UNITE database that contained both
full-length and partial matches to the ITS2
region at least 50 bp in length and only con-
tained taxa known to be host-associated. This
was accomplished by first extracting host-asso-
ciated fungal taxa by selecting genus names
matching those in the THF database v1.6.1.>*
Full and partial sequences at least 50 bp in
length matching the ITS2 region were extracted
by running the “host-associated” subset of the
UNITE database through ITSx v1.1.2*° using the
command (ITSx -i sh_refs_giime_ver8_97_-
s_all 04.02.2020.THF.fasta -o UNITE_THFdb -
cpu 16 -multi_thread T - positions T - not_-
found T - detailed_results T - partial 49 -
save_regions ITS2 —-table T). Non-fungal popu-
lations detected by ITS2 primers were excluded
from final figures. Only fungal populations that
were detected in at least one sample in the ALD
and the NALFD cohorts respectively were
included in the analysis. Similarly, OTUs with
less than 10 sequences in the study population
were removed.
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Data availability

Raw sequences from ITS2 gene sequencing were
registered at NCBI  under  BioProjects
PRJNA698272 (NAFLD cohort) and PRJNA703732
(ALD cohort).

Statistics

Two groups with continuous outcomes were com-
pared using the Wilcoxon-Whitney-Mann rank-
sum test. Three or more groups with continuous
outcomes were compared using the Kruskal-
Wallis test; if the Kruskal-Wallis test was statisti-
cally significant, a pairwise Wilcoxon-Whitney-
Mann rank-sum test was performed with Holm
correction. Results with continuous outcomes are
expressed as median, and upper and lower quar-
tiles in brackets, if not stated otherwise.
Categorical variables were compared using the
Pearson’s Chi-squared test and results are
expressed as number and percentage, if not stated
otherwise. All statistical tests were two-sided. A p
value equal to or less than 0.05 was considered
statistically significant, uncorrected for two
groups and corrected after Holm adjustment for
multiplicity for three or more groups. The fungal
sequence reads were normalized to obtain the
proportional, relative abundance of each fungus
in each patient for further statistical analysis.
Fungal diversity markers Shannon index and
inverse Simpson index were calculated using the
“phyloseq” package in R.*° To calculate and visua-
lize $3-diversity, we used principal coordinate ana-
lyses (PCoA) based on the Jaccard and Bray-
Curtis dissimilarity matrices and p values were
determined by nonparametric multivariate analy-
sis of variance (MANOVA). Linear discriminant
analysis (LDA) effect size (LEfSe) was used to
identify fungal genera and species whose relative
abundances differed significantly by at least 2.0 on
the logarithmic LDA score between groups.’'
Area under the curve (AUC), best threshold to
maximize the Youden index, sensitivity, specifi-
city, accuracy, positive predictive value, negative
predictive value, and p value between two AUCs
of receiver operating characteristic (ROC) curves
per DeLong method were calculated using the
pROC library in R; and to identify fungal genera

and species with the highest feature importance
for detecting ALD cohorts vs NAFLD cohorts, the
mean decrease accuracy was calculated with the
randomForest library in R, as described.’**’
Statistical analysis was performed using R statis-
tical software, R version 1.3.1093 for Mac, 2020
the R Foundation for Statistical Computing.

Results

Study population with alcohol-associated liver
disease (ALD) and nonalcoholic fatty liver disease
(NAFLD)

The study population consisted of 58 patients with
ALD, 78 patients with NAFLD, and 34 control
subjects (Table 1). Both liver disease groups had
significantly higher age and body mass index (BMI)
medians than controls, with the NAFLD patients
having a significantly higher age and BMI median
than the ALD patients (NAFLD 55.6 y vs ALD 43.5
y vs controls 33.5y as well as NAFLD 30.1 kg/m? vs
ALD 24.2 kg/m” vs controls 21.1 kg/m?). The liver
disease markers aspartate aminotransferase (AST),
alanine aminotransferase (ALT), gamma-glutamyl-
transferase (GGT), alkaline phosphatase (AP), total
bilirubin levels and the steatosis marker controlled
attenuation parameter (CAP) and liver stiffness per
FibroScan were higher in the ALD and NAFLD
cohorts compared with controls, respectively (all
comparisons were significant, except bilirubin and
liver stiffness only had a trend for control vs ALD).
Of all liver laboratory and imaging markers, only
AST and albumin were significantly higher in the
ALD cohort vs the NAFLD cohort (53.5 TU/L vs
35.0 IU/L and 4.6 g/L vs 4.4g/L, respectively)
(Table 1).

The fungal microbiome is different in patients with
ALD from NAFLD patients

The intestinal mycobiome of controls from the
ALD cohort was not significantly different from
controls from the NAFLD cohort per principal
coordinate analysis (PCoA, n=18 vs n=16, p=
0.116, not shown). We therefore combined both
control groups (n = 34, Table 1). When comparing
all 3 groups, there was a significant difference per
nonparametric multivariate analysis of variance



Table 1. Baseline demographic and laboratory data of the study population.
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n Control (n=34) Alcohol-associated liver disease (n = 58) Nonalcoholic fatty liver disease (n=78) p value
Gender [male], n [%] 170 20 (58.8%) 40 (69.0%) 38 (48.7%) 0.061
Age [years] 170 33.5 [30.6;44.9] 43.5 [36.2;53.0] 55.6 [43.3;63.4] 0.001
BMI [kg/m? 170 21.1 [20.0;24.1] 24.2 [22.0;27.5] 30.1 [27.5;33.5] <0.001
AST [IU/L] 160 19.0 [16.0;25.0] 53.5[29.0;101] 35.0 [28.0;52.0] <0.001
ALT [IU/L] 160 13.0 [9.00;15.0] 46.5 [24.2;87.5] 48.0 [33.0;78.0] <0.001
GGT [IU/L] 160 16.0 [11.0;20.4] 108 [42.0;289] 72.0 [46.0;125] <0.001
AP [IU/L] 158 55.5 [49.6;62.1] 75.0 [60.0;88.0] 75.0 [65.0;94.0] 0.001
Bilirubin [mg/dL] 158 0.30 [0.15;0.58] 0.50 [0.30;0.60] 0.50 [0.40;0.80] 0.029
Albumin [g/dL] 157 4.40 [4.40;4.50] 4.60 [4.30,4.93] 4.40 [4.20;4.60] 0.004
INR 148 1.00 [1.00;1.00] 0.98 [0.91;1.03] 1.00 [0.90;1.00] 0.599
Creatinine [mg/dL] 159 0.81[0.71;1.00] 0.81[0.72;0.87] 0.85[0.71;1.02] 0.378
Platelets [10°/L] 150 240 [230;264] 231 [171;277] 217 [181;278] 0.496
CAP [dB/m] 99 195 [184;200] 310 [268;330] 280 [261;314] <0.001
Stiffness [kPa] 146 4.60 [4.00;5.35] 5.50 [4.12;6.68] 6.20 [4.80;13.0] 0.003

Values are presented as median and upper and lower quartiles in brackets. The number of subjects for which data were available is indicated in the first column.
Continuous variables were compared using the Wilcoxon-Whitney-Mann rank-sum test. Categorical variables were compared using the Pearson’s Chi-squared
test. Bold font indicates statistical significance (p < 0.05). ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body
mass index; CAP, controlled attenuation parameter; GGT, gamma-glutamyltransferase; INR, international normalized ratio.

*post-hoc p values.

Control vs ALD

Control vs NAFLD ALD vs NAFLD

Age 0.004
BMI 0.002
AST <0.001
ALT <0.001
GGT <0.001
AP <0.001
Bilirubin 0.098

Albumin 0.057

CAP [dB/m] <0.001

Stiffness [kPa] 0.070

<0.001 <0.001
<0.001 <0.001
<0.001 0.016
<0.001 0.462
<0.001 0.077
<0.001 0.474
0.029 0.340
0.638 0.005
<0.001 0.210
0.004 0.070

(MANOVA) using the Jaccard index (p=0.029)
(Figure 1a). The p value was 0.059 per Bray-
Curtis dissimilarity. The fungal microbiome was
significantly different between the ALD and
NAFLD cohorts per Jaccard index (p=0.026)
(Figure 1b). The p value between ALD and
NAFLD was 0.068 per Bray-Curtis dissimilarity.
Furthermore, alpha diversity markers were differ-
ent between the groups: The p value per Kruskal-
Wallis test was 0.065 between the three groups for
the Shannon Index. The Shannon Index was lower
in the ALD cohort vs the NAFLD cohort (unad-
justed p = 0.036, adjusted p = 0.11) (Supplementary
Figure Sla). The inverse Simpson Index was sig-
nificantly decreased in the ALD cohort vs the
NAFLD  cohort (adjusted p=  0.048)
(Supplementary Figure S1b).

We then performed linear discriminant analysis
(LDA) effect size (or LEfSe)®! to identify which
fungal genera and species were significantly differ-
ent between the ALD and NAFLD cohorts. The
genera Saccharomyces, Kluyveromyces, and

Scopulariopsis were significantly increased in
patients with ALD, whereas unidentified genera,
Kazachstania, Cyberlindnera, and Mucor were sig-
nificantly increased in the NAFLD cohort (Figure
Ic). Similarly, the ALD group had significantly
increased fungal species including Candida albi-
cans (C. albicans), Malassezia restricta (M.
restricta), Scopulariopsis cordiae (S. cordiae), M.
globosa, and C. dubliniensis, while subjects with
NAFLD had increased unknown species, C. argen-
tea, and Pichia kluyveri (Figure 1d). Likewise, the
relative abundance of the genus Mucor was low and
that of Kluyveromyces elevated in the ALD group
compared with the NAFLD group (Figure le-f).
The relative abundances of the species C. albicans
and M. restricta were significantly increased in the
ALD cohort in relation to NAFLD (Figure 1g-h).

A fungal signature differentiates ALD from NAFLD

To identify fungal genera and species with the high-
est feature importance for detecting ALD vs
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Figure 1. The intestinal fungal microbiome differs significantly between patients with ALD and NAFLD. (a) Principal coordinate analysis
(PCoA) of mycobiome in ALD patients (n = 58), NAFLD patients (n = 78), and controls (n = 34). (b) PCoA of mycobiome in ALD patients
(n=58) and NAFLD patients (n = 78). (c-d) Linear discriminant analysis (LDA) of (c) genera and (d) species of ALD patients vs NAFLD
patients. (E-H) Relative abundance of genera (e) Mucor, (f) Kluyveromyces, and of species (g) Candida albicans and (h) Malassezia
restricta. A p value of equal or less than 0.05 was considered as statistically significant.

NAFLD, we determined the mean decrease accuracy
per random forest analysis, as described before.***
Among the top genera differentiating ALD from
NAFLD were Scopularopsis, Kluyveromyces, uniden-
tified genera, Mucor, Saccharomyces, and
Kazachstania (Figure 2a). Among the fungal species
with the highest feature importance for detecting

ALD vs NAFLD were S. cordiae, M. restricta,
unknown species, S. cerevisiae, and C. albicans
(Figure 2b). In a second step, we determined their
discriminative value for ALD vs NAFLD (Figure 2c).
The highest area under the curve (AUC) value for
single fungal predictors were 0.70 for M. restricta,
0.68 for Scopulariopsis and S. cordiae, and 0.67 for
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Figure 2. A fungal signature differentiates ALD from NAFLD. (a-b) Mean decrease accuracy by random forest analysis was quantitated
for (a) fungal genera and (b) species to determine their respective feature importance for detecting ALD vs NAFLD. (c) ROC curves of
fungal genera and species for detecting ALD vs NAFLD (ALD patients, n = 58; NAFLD patients, n = 78). ALD, alcohol-associated liver
disease; AUC, area under the curve; K, Kluyveromyces; M, Mucor; MR, Malassezia restricta; NAFLD, nonalcoholic fatty liver disease; ROC,

receiver operating characteristic; SCO, Scopulariopsis/S. cordiae.

Kluveromyces (Figure 2c). We then compared var-
ious combinations of the fungal markers with the
highest AUC values in order to maximize the dis-
criminative ability for ALD vs NAFLD. We identi-
fied the fungal signature consisting of Scopulariopsis,
Kluyveromyces, M. restricta, and Mucor to have the
highest discriminative ability with an excellent AUC

of 0.93, which was significantly better per DeLong
test than the AUC of 0.89 for the fungal signature
comprising Scopulariopsis, Kluyveromyces, and M.
restricta, p =0.038 (Figure 2c, Table 2). The sensi-
tivity, specificity, accuracy, positive, and negative
predictive value (PPV and NPV) for this fungal

signature consisting of  Scopulariopsis,
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Table 2. ALD vs NAFLD predictors.

Marker AUC  Youden Threshold Sens Spec Acc PPV NPV pvalue DelLong's test
Scopulariopsis/S. cordiae (SCO) 0.68 0.35 >0.0020% 038 097 072 092 0.68
Kluyveromyces (K) 0.67 0.33 >0.0022% 040 094 0.71 0.82 0.8
Mucor (M) 0.65 0.32 <0.0031% 0.95 037 062 0.53 091
Saccharomyces/S. cerevisiae 0.59 0.30 >91.38% 036 094 0.69 081 0.66
Kazachstania 0.66 0.33 <0.0024% 0.90 044 063 0.54 0.85
M. restricta (MR) 0.70 0.41 >0.00026% 048 092 074 0.82 0.71
C. albicans 0.64 0.30 >0.00026% 0.62 0.68 0.65 0.59 0.71
C. argentea 0.59 0.18 <0.00001% 0.97 0.22 0.54 0.48 0.90
SCO+K 0.80 0.58 $CO > 0.0020%, K > 0.0022% 0.67 091 0.81 0.85 0.79 <0.001 vs SCO
SCO+K+MR 0.89 0.76  SCO>0.0020%, K > 0.0022%, MR > 0.00026% 0.93 0.83 0.88 0.81 0.94 0.007 vs SCO+K
SCO+K+MR+M 0.93 0.82  SCO >0.0020%, K > 0.0022%, MR >0.00026%, 0.91 0.91 0.91 0.88 0.93 0.038
M < 0.0031% vs SCO+K+MR

The best threshold was determined to maximize the Youden index (= sensitivity + specificity — 1) for each marker. N = 136. Acc, accuracy; AUC, area under the
curve; C, Candida; K, Kluyveromyces; M, Mucor; MR, Malassezia restricta; NPV, negative predictive value; PPV, positive predictive value; S. cerevisiae,
Saccharomyces cerevisiae; SCO, Scopulariopsis/S. cordiae; sens, sensitivity; spec, specificity.

Table 3. Baseline demographic and laboratory data of the study population stratified by fibrosis severity.

n ALD FO-F1 (n=48) ALD F2-F4 (n=10) NAFLD FO-F1 (n=43) NAFLD F2-F4 (n=30) p value
Gender [male], n [%] 131 33 (68.8%) 7 (70.0%) 22 (51.2%) 14 (46.7%) 0.154
Age [years] 131 42.0 [34.0;53.0] 50.0 [43.2;62.5] 52.3 [38.5;58.6] 60.7 [55.2;66.0] <0.001
BMI [kg/m? 131 24.2 [21.9;26.6] 25.5 [22.3;28.4] 29.6 [27.0;31.2] 31.4 [27.5;36.6] <0.001
AST [IU/L] 131 47.5 [28.8;84.8] 107 [64.5;178] 30.0 [26.5;37.5] 50.0 [33.2;63.2] <0.001
ALT [IU/L] 131 39.5 [23.0;77.5] 81.0 [46.8;93.5] 44.0 [30.5;58.5] 54.0 [34.0;84.0] 0.135
GGT [IU/L] 131 90.0 [40.2;212] 415 [259;896] 83.0 [42.0;120] 70.5 [49.5;124] 0.002
AP [IU/L] 130 73.0 [61.0;86.0] 88.0 [59.0;135] 73.0 [61.0;93.0] 77.5 [67.2;94.5] 0.343
Bilirubin [mg/dL] 130 0.50 [0.30;0.60] 0.55 [0.40;0.70] 0.40 [0.30;0.70] 0.60 [0.40;0.90] 0.128
Albumin [g/dL] 129 4.65 [4.43;5.00] 4.40 [4.03;4.57] 4.50 [4.30;4.65] 4.30 [4.03;4.47] <0.001
INR 130 0.94 [0.89;1.01] 1.11 [1.04;1.21] 1.00 [0.90;1.00] 1.00 [1.00;1.10] <0.001
Creatinine [mg/dL] 131 0.81 [0.74;0.92] 0.74 [0.71;0.81] 0.85 [0.70;1.03] 0.84 [0.70;0.98] 0.361
Platelets [10°/L] 130 240 [188;284] 169 [136;230] 250 [186;287] 208 [146;250] 0.028
CAP [dB/m] 84 308 [265;326] 328 [295;347] 279 [249;309] 291 [269;325] 0.321
Stiffness [kPa] 131 5.05 [3.98;6.12] 17.2[12.7;24.4] 4.80 [4.40;5.55] 13.7 [11.0;17.5] <0.001

Values are presented as median and upper and lower quartiles in brackets. The number of subjects for which data were available is indicated in the first column.
Continuous variables were compared using the Wilcoxon-Whitney-Mann rank-sum test. Categorical variables were compared using the Pearson’s Chi-squared
test. Bold font indicates statistical significance (p < 0.05). ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body
mass index; CAP, controlled attenuation parameter; GGT, gamma-glutamyltransferase; INR, international normalized ratio.

*post-hoc p values.

ALD FO-F1 vs ALD F2-F4 NAFLD FO-F1 vs NAFLD F2-F4 ALD FO-F1 vs NAFLD FO-F1 ALD F2-F4 vs NAFLD F2-F4

Age 0.13 0.001
BMI 0.354 0.103
AST 0.008 <0.001
GGT 0.003 0.897
Albumin 0.018 0.011
INR <0.001 0.004
Platelets 0.147 0.183
Stiffness <0.001 <0.001

0.171 0.184
<0.001 0.013
0.017 0.016
1.000 0.001
0.022 0.813
0.556 0.043
0916 0.864
0.665 0.606

Kluyveromyces, M. restricta, and Mucor were 0.91,
0.91, 0.91, 0.88, and 0.93, respectively (Table 2).

Fungal subpopulations distinguish ALD and NAFLD
with no or mild fibrosis

We then stratified the ALD and NAFLD cohorts by
fibrosis severity into fibrosis stages FO-F1 and F2-

F4 in order to evaluate whether the fungal genera
and species differ already significantly with no or
mild fibrosis and whether the fungal differences are
even more pronounced between ALD and NAFLD
with more significant fibrosis. The demographic
and laboratory data for each stratum is shown in
Table 3. As expected, the BMIs were significantly
higher in both FO-F1 and F2-F4 NAFLD cohorts
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Figure 3. Fungal subpopulations distinguish ALD and NAFLD with no or mild fibrosis. (a-b) Linear discriminant analysis (LDA) of (a)
genera and (b) species of ALD FO-F1 vs NAFLD FO-F1. (c-f) Relative abundance of genera (c) Kluyveromyces, (d) Mucor, and of species (e)
Candida albicans and (f) Malassezia restricta. (g) ROC curves of fungal genera and species for detecting ALD FO-F1 vs NAFLD FO-F1 (ALD
FO-F1 patients, n = 48; NAFLD FO-F1 patients, n =43). A p value of equal or less than 0.05 was considered as statistically significant.
ALD, alcohol-associated liver disease; AUC, area under the curve; K, Kluyveromyces; KAZ, Kazachstania; M, Mucor; MR, Malassezia

Predictor

Scopulariopsis/Scopulariopsis cordiae (SCO), AUC = 0.67
Kluyveromyces (K), AUC = 0.66

Kazachstania (KAZ), AUC = 0.65
Saccharomyces/Saccharomyces cerevisiae, AUC = 0.59
Mucor (M), AUC =0.62

Malassezia restricta (MR), AUC = 0.72

Candida argentea, AUC = 0.6

Candida albicans, AUC = 0.69

SCO+K, AUC =0.77

SCO+K+M, AUC = 0.83

SCO+K+M+MR, AUC =0.91

SCO+K+M+MR+KAZ, AUC = 0.92

restricta; NAFLD, nonalcoholic fatty liver disease; ROC, receiver operating characteristic; SCO, Scopulariopsis/S. cordiae.
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relative to their respective ALD counterparts. The
AST levels were significantly higher in the ALD FO-
F1 group vs the NAFLD FO-F1 group. The AST and
GGT levels were significantly higher in the ALD
F2-F4 vs the NAFLD F2-F4 cohorts (Table 3).

When comparing the cohorts with no or mild
tibrosis, the ALD FO-F1 had significantly increased
fungal genera Kluyveromyces and Scopulariopsis
and significantly decreased unknown genera,
Kazachstania, and Mucor compared with NAFLD
FO-F1 per LEfSe (Figure 3a). Additionally, C. albi-
cans, C. dubliniensis, M. restricta, and S. cordiae
were significantly enriched and C. argentea was
significantly reduced in the ALD FO0-F1 vs the
NAFLD FO0-F1 groups per LEfSe (Figure 3b).
Consistent with these results, the fecal relative
abundance of Kluyveromyces, C. albicans, and M.
restricta was significantly increased in the ALD FO-
F1 cohort, whereas the fecal relative abundance of
Mucor was significantly decreased in the ALD FO-
F1 cohort compared with the NAFLD F0-F1 cohort
(Figure 3c-f). The fungal genera and species with
the highest feature importance for detecting ALD
FO-F1 vs NAFLD FO-F1 as expressed as the highest
mean decrease accuracy per random forest analysis
were Scopulariopsis, Kluyveromyces, Kazachstania,
Saccharomyces, and Mucor as well as S. cordiae, M.
restricta, C. argentea, S. cerevisiae, and C. albicans
(Supplementary Figure S2a-b). Finally, we deter-
mined their discriminative value for ALD F0-F1 vs
NAFLD F0-F1 (Figure 3g). The highest AUC for
single fungal predictors were 0.72 for M. restricta,
0.69 for C. albicans, and 0.67 for Scopulariopsis and
S. cordiae. The fungal signature with the highest
AUC of 0.92 to discriminate ALD FO0-F1 from
NAFLD FO0-F1  comprised  Scopulariopsis,
Kluyveromyces, Mucor, M. restricta, and
Kazachstania (Figure 3g).

A fungal signature differentiates ALD from NAFLD
with significant fibrosis

We next compared both liver disease cohorts with
significant fibrosis. The ALD F2-F4 had significantly
enriched fungal genera  Debaryomyces,
Scopulariopsis, and Kluyveromyces and significantly
decreased Mucor compared with NAFLD F2-F4 per
LEfSe (Figure 4a). Moreover, M. restricta, and S.
cordiae were significantly increased in the ALD F2-

F4 vs the NAFLD F2-F4 groups per LEfSe (Figure
4b). Likewise, the fecal relative abundances of
Debaryomyces and M. restricta were significantly
increased in the ALD F2-F4 cohort, whereas the
fecal relative abundance of Mucor was significantly
decreased in the ALD F2-F4 cohort compared with
the NAFLD F2-F4 cohort (Figure 4c-d). The fungal
genera and species with the highest feature impor-
tance for identifying ALD F2-F4 vs NAFLD F2-F4
per mean decrease accuracy were Scopulariopsis,
Kluyveromyces, Mucor, and Debaryomyces as well
as S. cordiae, M. restricta, and Cyberlindera jadinii
(Supplementary Figure S2c-d). Lastly, we deter-
mined their discriminative value for ALD F2-F4 vs
NAFLD F2-F4 (Figure 4e). The highest AUC for
single fungal predictors were 0.76 for Scopulariopsis
and S. cordiae, 0.74 for Debaryomyces, and 0.73 for
Mucor. The fungal signature with the highest AUC
of 0.99 to identify ALD F2-F4 vs NAFLD F2-F4
included Scopulariopsis, Kluyveromyces, Mucor, and
M. restricta (Figure 4e).

Discussion

Here, we report that the fungal microbiota differs
significantly between ALD and NAFLD.
Importantly, a specific fungal signature comprising
Scopulariopsis, Kluyveromyces, Mucor, and M.
restricta (with or without Kazachstania) can differ-
entiate ALD from NAFLD in general as well as
stratified by fibrosis severity with an excellent dis-
criminative ability (AUC > 0.9). A bacterial micro-
biome signature for the diagnosis of advanced
fibrosis and cirrhosis has been identified for
NAFLD previously.>* However, this current study
is the first to report a fungal signature in liver
disease.

We have previously investigated the fungal
microbiome in ALD'"'? and NAFLD"? separately,
and found that the relative abundance of C. albi-
cans correlated with disease severity in both ALD
and NAFLD. We found that fecal proportions of C.
albicans, Mucor species, Pichia barkeri, and
Cyberlindnera jadinii are significantly higher in
patients with nonalcoholic steatohepatitis (NASH)
vs nonalcoholic fatty liver and also higher in
patients with NAFLD and fibrosis stages F2-F4 vs
patients with NAFLD and fibrosis stages FO-F1."
Further, plasma anti-C. albicans immunoglobulin
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Figure 4. A fungal signature differentiates ALD from NAFLD with significant fibrosis. (a-b) Linear discriminant analysis (LDA) of (a)
genera and (b) species of ALD F2-F4 vs NAFLD F2-F4. (c-d) Relative abundance of genera (c) Mucor and Debaryomyces, and of species
(d) Malassezia restricta. (e) ROC curves of fungal genera and species for detecting ALD F2-F4 vs NAFLD F2-F4 (ALD F2-F4 patients, n =
10; NAFLD F2-F4 patients, n=30). A p value of equal or less than 0.05 was considered as statistically significant. ALD, alcohol-
associated liver disease; AUC, area under the curve; K, Kluyveromyces; M, Mucor; MR, Malassezia restricta; NAFLD, nonalcoholic fatty
liver disease; ROC, receiver operating characteristic; SCO, Scopulariopsis/S. cordiae.

G levels are significantly higher in patients with
NAFLD and advanced fibrosis vs patients with
NAFLD and no, mild, or moderate fibrosis only
or healthy controls."” Of note, we trialed a non-
absorbable antifungal (amphotericin B) orally in a
20-week long western diet experiment in a prior

study, and found that amphotericin B improves
liver cell injury per ALT levels, hepatic triglycer-
ides, liver inflammation and fibrosis in experimen-
tal diet-induced steatohepatitis in mice."”
Antifungal therapy could hence represent an
attractive new therapy in NAFLD. Similarly, the
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relative abundance of C. albicans correlates with
disease severity in ALD and is especially high in
alcohol-associated hepatitis, and the level of anti-S.
cerevisiae IgG antibodies (ASCA) - that C. albicans
is an important immunogen for - predicts survival
in alcohol-associated hepatitis.'*"'* Likewise, use of
antifungals improves experimental ethanol-
induced steatohepatitis as well."

In the current study, C. albicans was increased in
the entire ALD and the ALD FO-F1 cohorts com-
pared with the entire NAFLD and the NAFLD F0-
F1 cohorts, respectively, but we did not find a
significant difference between both F2-F4 cohorts.
This finding could be secondary to a type II error
given a lower number of patients with ALD F2-F4
(n=10).>* Of note, C. albicans did not significantly
improve the discriminative ability to distinguish
ALD from NAFLD, nor when stratified by fibrosis
severity.

Interestingly, the fungal signature can differenti-
ate ALD from NAFLD already in early stages when
no or only mild fibrosis is present. This means that
fungal dysbiosis — or an imbalance of beneficial and
potentially pathogenic microbes/fungi'®* - is
already present in early disease stages and specific
for ALD and NAFLD. It is well known that diet
shapes the bacterial’® and fungal microbiome.”
Fecal proportions of C. albicans are significantly
higher in patients with ALD compared with control
subjects.''* Intriguingly, only 2 weeks of alcohol
abstinence significantly decrease the relative abun-
dance of C. albicans but also that of Kluyveromyces
and M. restricta in patients with alcohol use
disorder,"” indicating that alcohol as part of the
diet molds the fungal microbiota. Similarly, vegetar-
ian or animal-based diets affect the fungal micro-
biome structure as well.”® However, although diet
impacts the microbiota, the identified fungal signa-
ture consisting of Scopulariopsis, Kluyveromyces,
Mucor, and M. restricta actually has a significantly
better discriminative ability for ALD F2-F4 vs
NAFLD F2-F4 than for ALD F0-F1 vs NAFLD FO-
F1 (AUC=0.99 vs AUC =0.91), indicating that the
disease-specific fungal structure is more solidified in
more advanced disease stages than in earlier stages.

Previously, bacterial signatures have been identi-
fied for NAFLD and ALD. Advanced fibrosis in
NAFLD has been associated with significantly lower
proportions of Firmicutes, Ruminococcus obeum,

Eubacterium rectale, and Faecalibacterium prausnitzii
vs mild-to-moderate fibrosis, whereas Proteobacteria
were more numerous.® NAFLD-cirrhosis is associated
with an increased fecal relative abundance of
Enterobacteriaceae, Veillonella parvula, Veillonella
atypica, Ruminococcus gnavus, Clostridium bolteae
and Acidaminococcus sp. D21 and a reduced relative
abundance of Catenibacterium compared with con-
trols, and lower Peptostreptococcaceae than patients
with NAFLD but without advanced fibrosis.””” On
the other hand, common fecal signatures of alcohol-
associated hepatitis include increased Bacilli,
Lactobacillales,  Veillonella, —and  decreased
Bacteroides, Akkermansia, Eubacterium, Oscillibacter
and Clostridiales compared with healthy controls.*>*'
Patients with alcohol use disorder also have decreased
Akkermansia compared with controls but increased
Bacteroides.** Enterococcus faecalis and presence of its
secreted protein cytolysin predict disease severity and
mortality in alcohol-associated hepatitis.*’

Further, it is important to note that the gut
microbiota plays a central role in maintaining
liver homeostasis, but it can also function as a
reservoir of pathobionts and their products that
can contribute to the pathogenesis of ALD and
NAFLD. There is a bidirectional crosstalk between
the intestine and the liver, which involves multiple
molecules and products including nutrients,
microbial antigens, metabolites, and bile acids, reg-
ulating metabolism and immune responses,
thereby controlling gastrointestinal health and
liver diseases.**™*°

In conclusion, this is the first study to identify a
fungal signature to differentiate two fatty liver dis-
eases from each other, specifically ALD from
NAFLD. This might have clinical utility in unclear
cases, as liver histology is oftentimes very similar in
both conditions, and might hence help modify
treatment approaches. However, larger clinical stu-
dies are required to validate this fungal signature in
other populations of ALD and NAFLD.

Abbreviations

ALD alcohol-associated liver disease
ALT alanine aminotransferase

AP alkaline phosphatase

AST aspartate aminotransferase
AUC area under the curve



BMI body mass index

CAP controlled attenuation parameter
GGT gamma-glutamyltransferase
INR international normalized ratio
ITS Internal transcribed spacer 2

K Kluyveromyces

KAZ Kazachstania

LDA Linear discriminant analysis
LEfSe LDA effect size

M Mucor

MANOVA multivariate analysis of variance
MR Malassezia restricta

NAFLD nonalcoholic fatty liver disease
NPV negative predictive value

PCoA Principal coordinate analysis
PPV positive predictive value

ROC receiver operating characteristic
SCO Scopulariopsis/S. cordiae.
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