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SUMMARY
Alcohol-associated liver disease is accompanied by intestinal mycobiome dysbiosis, yet the impacts on liver
disease are unclear. We demonstrate that Candida albicans-specific T helper 17 (Th17) cells are increased in
circulation and present in the liver of patients with alcohol-associated liver disease. Chronic ethanol admin-
istration in mice causes migration of Candida albicans (C. albicans)-reactive Th17 cells from the intestine to
the liver. The antifungal agent nystatin decreased C. albicans-specific Th17 cells in the liver and reduced
ethanol-induced liver disease in mice. Transgenic mice expressing T cell receptors (TCRs) reactive to
Candida antigens developedmore severe ethanol-induced liver disease than transgene-negative littermates.
Adoptively transferring Candida-specific TCR transgenic T cells or polyclonal C. albicans-primed T cells
exacerbated ethanol-induced liver disease in wild-type mice. Interleukin-17 (IL-17) receptor A signaling in
Kupffer cells was required for the effects of polyclonal C. albicans-primed T cells. Our findings indicate
that ethanol increases C. albicans-specific Th17 cells, which contribute to alcohol-associated liver disease.
INTRODUCTION

Alcohol-associated liver disease is a spectrumof liver diseases in

patients with alcohol use disorder. Almost 90% of patients with

alcohol use disorder develop hepatic steatosis, which can be

considered the earliest stage of alcohol-associated liver disease.

As disease progresses, more of the healthy liver undergoes

inflammation, swelling, and scarring, leading to alcohol-associ-

ated steatohepatitis, fibrosis, cirrhosis, and eventual liver fail-

ure.1,2 Alcohol-associated liver disease is now the leading indica-

tion for liver transplantation in theUnited States3 and is one of the

main contributors to alcohol-attributable death and illness.4
Cell Host & M
The composition of the gut microbiota is an important factor in

the development of alcohol-associated liver disease.5 Despite

most research focusing on the bacterial component of the gut

microbiota, the contribution of the fungal mycobiome to

alcohol-associated liver disease is understudied and poorly

defined.6,7 Chronic alcohol consumption leads to intestinal

fungal dysbiosis and overgrowth. Patients with different stages

of alcohol-associated liver disease had lower fungal stool diver-

sity and increases in fecal Candida albicans (C. albicans).8,9

Serum levels of specific anti-C. albicans immunoglobulin

G (IgG) and IgM were significantly higher in patients with

alcohol use disorder compared with non-alcoholic control
icrobe 31, 389–404, March 8, 2023 Published by Elsevier Inc. 389
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Figure 1. Patients with alcohol use disorder and liver disease have increasedC. albicans-reactive Th17 responses vs. non-alcoholic controls

(A) Absolute frequencies of fungus-reactive CD154+CD45RA-memory CD4+ T cells (Tmem) in non-alcoholic controls (n = 33) and patients with alcohol use

disorder (AUD) and liver disease (n = 36).

(legend continued on next page)
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participants,10 indicating an increase in systemic exposure and

immune response to intestinal fungi.

T helper 17 (Th17) cells mediate immune responses against

extracellular bacteria and fungi at barrier sites, such as the intes-

tinal tissues and the skin.11 In mice, Th17 induction depends on

certain microbial species within the gastrointestinal tract.12–14

Th17 cells locally induced in the intestine are antigen-spe-

cific,12,14 but they can also migrate to peripheral organs.15 In hu-

mans, the microbial species that induce Th17 responses remain

largely unknown, but C. albicans has been identified as a domi-

nant driver of fungus-specific Th17 responses.16 Re-circulation

of C. albicans-specific Th17 cells from the intestine and re-acti-

vation by local airborne fungi promotes pathogenic airway

inflammation in susceptible patients via cross-reactive Th17

cells. This finding indicated that the CD4+ T cell-mediated

Th17 response can become pathological if dysregulated or

directed to inappropriate target tissues.16 Here, we investigated

whether C. albicans-specific Th17 cells contribute to alcohol-

associated liver disease.

RESULTS

Patients with alcohol use disorder and liver disease
have increased peripheral and hepatic C. albicans-
specific Th17 responses
To determine whether patients with alcohol use disorder and

liver disease have an increased C. albicans-reactive Th17

response, we analyzed peripheral CD4+ T cells specific for

C. albicans in non-alcoholic subjects (controls, n = 33) and pa-

tients with alcohol use disorder and liver disease (AUD, n = 36)

(Table S1). We used the antigen-reactive T cell enrichment

(ARTE) approach for highly sensitive detection and characteriza-

tion of C. albicans-reactive CD4+ T cells.16–19 After ex vivo stim-

ulation of peripheral blood mononuclear cells (PBMCs) with

whole fungal lysates for 7 h, fungus-reactive T helper cells

were magnetically enriched using the T cell activation marker

CD154 and analyzed for the production of effector cytokines.

Specificity of the fungal lysate-activated T cells has been shown

previously.16 Compared with controls, patients with alcohol use

disorder and liver disease had higher frequencies of CD154+

memory CD4+ T cells after stimulation with C. albicans lysate

(Figure 1A). However, no statistically significant differences
(B) Flow cytometry plots of IL17A+CD154+ cells within CD4+ T cells. Numbers in

(C) Absolute frequencies of fungus-reactive IL17A+ producers within total CD4+

(D) Cytokine production analyzed by ex vivo fungus-reactive Tmem, from controls

C. albicans or S. cerevisiae lysate. Relative frequencies of Ki67, IntB7, IL22, IL21

(%Marker+ / CD154+ Tmem). Significant differences are indicated by red text an

(E) C. albicans-stimulated CD154+ memory T cells from the peripheral blood of p

purified and analyzed by single-cell gene expression. UMAP visualization shows t

gene expression clusters.

(F) Bubble plot visualization showing the gene expression of selected markers in

and the size of the bubbles indicates the proportion of cells expressing the resp

(G) Bulk TCR sequencing was performed from bulk liver biopsies and total CD4+

dataset. Proportions of C. albicans-stimulated TCR alpha and beta sequences w

(H)C. albicans-stimulated TCR clonotypes that showed identical TCR sequences

color-coded according to the identified functional clusters.

(I) Phenotype distribution of C. albicans-stimulated clonotypes showed identica

stimulated clonotypes from PBMCs. Figures 1A–1D were performed in 12 indep

pressed as mean ± SEM. p value determined by one-way ANOVA with Holm-Sid
were observed between patients and controls in response to

stimulation with Saccharomyces cerevisiae (S. cerevisiae) lysate,

used as a control yeast (Figure 1A). S. cerevisiae is a

major component of the normal fungal mycobiota.20,21 Strikingly,

C. albicans-reactive T cells from patients with alcohol use disor-

der and liver disease had increased production of interleukin 17A

(IL17A) and IL22, compared with T cells from controls, whereas

levels of IL21, interferon gamma (IFNG), IL2, IL10, GM-CSF,

Ki67, and Integrin-b7 (IntB7) did not differ significantly

(Figures 1B–1D and S1A). By contrast, stimulation with

S. cerevisiae did not induce different responses in T helper cells

from controls vs patients with alcohol use disorder and liver dis-

ease. Frequency of C. albicans-reactive Th17 cells correlated

with liver stiffness in patients with alcohol use disorder and liver

disease, a clinical indicator for progressive and fibrotic liver dis-

ease (Figure S1B). As body-mass index (BMI) was significantly

higher in patients with alcohol use disorder and liver disease

than control subjects (Table S1) and may act as a possible

confounder for a higher frequency of C. albicans-reactive Th17

cells, wematched the patients with alcohol use disorder and liver

disease and control subjects (BMI median 22.8 [3.8] with n = 14

and 22.6 [4.0] with n = 14, p = 0.84 per Mann-Whitney U test) and

found patients with alcohol use disorder and liver disease still

had significantly higher frequencies of IL17+CD154+CD4+

T cells after stimulation with C. albicans lysate compared with

controls (3.53 3 10�4 [5.56 3 10�4] vs. 7.16 3 10�5 [5.75 3

10�5], p = 0.004 per Mann-Whitney U test), demonstrating that

the difference in BMI did not skew our results. Together, these

results indicate that C. albicans-reactive Th17 cells are specif-

ically increased in patients with alcohol use disorder and liver

disease.

To analyze whether C. albicans-reactive T cells are present in

the livers of patients with alcohol-associated liver disease, we

performed single-cell RNA sequencing (scRNA-seq) and T cell

receptor (TCR) sequencing of fluorescence-activated cell sorting

(FACS)-purified C. albicans-stimulated CD154+ memory T cells

from PBMCs as well as bulk TCR sequencing from liver biopsies

and peripheral CD4+ T cells and compared their sequences

of TCR clonotypes (Figure S1C; Table S2). Uniform

manifold approximation and projection (UMAP) cluster analysis

of C. albicans-stimulated T cells revealed four Th17-associated

clusters characterized by differential expression of Th17
dicate the percentage of IL17A+ cells within CD154+ memory T cells.

T cells.

and patients with alcohol use disorder and liver disease, after stimulation with

, IL17F, IL17A, IL10, IL2, IFNG, and GM-CSF within CD154+ Tmem are shown

d asterisks.

atients with alcohol-associated liver disease (ALD) (n = 2) were ex vivo FACS

he subset composition of the C. albicans-stimulated cells colored by functional

each T cell cluster. Colors represent the Z score normalized gene expression,

ective genes.

T cells from the blood of the same individuals as the C. albicans scRNA-seq

ithin the liver and peripheral CD4+ T cells are shown for both donors.

with bulk TCR data from the liver samples are highlighted in the UMAP plot and

l TCR sequences with liver samples compared with the total of C. albicans-

endent experiments with 2–5 patients and controls each time. Results are ex-

ak post hoc test. **p < 0.01, ***p < 0.001. See also Figure S1.

Cell Host & Microbe 31, 389–404, March 8, 2023 391



S
.c

er
ev

is
ia

e

C
.a

lb
ic

an
s

LiverPortal vein bloodMesenteric lymph nodes

A B C

D E

0.00

0.05

0.10

0.15

0.20

S. cerevisiae C. albicans

Mesenteric lymph nodes

*

0.0

0.5

1.0

1.5

2.0

2.5
Portal vein blood

**

0

1

2

3

4
Liver

***

G

1.670.42
Control Ethanol

Control
Ethanol

%
 IL

17
+C

D
15

4+
 / 

Ph
ot

oc
on

ve
rte

d 
ce

lls

CD154

CD154

w
/o

 a
nt

ig
en

C
.a

lb
ic

an
s

IL
17

IL
17

F

%
IL

17
+C

D
15

4+
/C

D
4+

%
IL

17
+C

D
15

4+
/C

D
4+

%
IL

17
+C

D
15

4+
/C

D
4+

0.19

0.78

C
.a

lb
ic

an
s

C
.a

lb
ic

an
s

0.039

C
.a

lb
ic

an
s 0.120.12

0.039 0.29

1.83

19 0.29

S. cerevisiae C. albicans S. cerevisiae C. albicans

0

1

2

3
Liver

**

S. cerevisiae C. albicans

(legend on next page)

ll
Article

392 Cell Host & Microbe 31, 389–404, March 8, 2023



ll
Article
cytokines (IL17A, IL17F, IL21, and IL22), homing markers (CCR4

and CCR6), and transcription factor RORC. In addition, one Th1

cluster (IFNG and TBX21) and two different central memory

(Tcm) clusters, characterized by expressions of CCR7, SELL,

and IL2RA, were observed (Figures 1E and 1F). Comparison of

TCRs identified in paired liver and blood samples showed that

identical C. albicans-stimulated TCR alpha and beta sequences

(clonotypes) recovered from circulating C. albicans-stimulated

CD4+ T cell populations were enriched in liver samples

compared with CD4+ T cells from PBMCs (Figure 1G). We

next analyzed the single-cell phenotype of C. albicans-stimu-

lated TCRs that were also detected in the liver. To this

end, the different Th17 and Tcm clusters were pooled. Several

C. albicans-stimulated TCRs from the liver had a Th17 pheno-

type, but also Th1 and Tcm cells were detected (Figures 1H

and 1I). Although the specificity of C. albicans-stimulated TCRs

identified in the scRNA-seq dataset has not further been vali-

dated, e.g., by NFAT reporter assay-based major histocompati-

bility (MHC)/peptidemultimers, previous data demonstrated that

fungal lysate-activated CD154+ T cells are highly specific.16 In

summary, these data indicate that C. albicans-stimulated Th17

cells migrate to and are present in the liver of patients with

alcohol use disorder and might contribute to liver disease.

Ethanol administration increases C. albicans-specific
Th17 responses in mice
To investigate whether ethanol induces a C. albicans-specific

Th17 cell-mediated response, wild-type mice were placed on a

chronic-plus-binge ethanol diet or isocaloric (control) diet,22

and fungus-activated Th17 cells were identified. Three different

compartments were analyzed: mesenteric lymph nodes, where

luminal antigens from the intestine are presented by antigen-pro-

ducing cells to CD4+ T cells; portal vein blood, where cells travel

from the intestine to the liver, and the liver itself. Fungus-acti-

vated Th17 cells are identified based on antigen-induced upre-

gulation of CD154 and IL17A after 6 h in vitro stimulation with

fungal lysates. In mice on the control diet, IL17A production by

immune cells in response to C. albicans and S. cerevisiae lysate

was low in mesenteric lymph nodes, compared with ethanol-fed

mice, in which C. albicans induced a significantly higher propor-

tion of Th17 cells (Figures 2A, 2D, S2A, and S2B). Comparedwith

S. cerevisiae,C. albicans also generated a robust Th17 response

in immune cells from portal vein blood following ethanol feeding

(Figures 2B, 2D, S2A, and S2C). Furthermore, and similar to our

findings in humans, the proportion of IL17+CD154+ CD4+ T cells

in the liver following ex vivo stimulation with C. albicans lysate

was increased in mice on the ethanol diet (Figures 2C, 2D,
Figure 2. Ethanol administration increases C. albicans-specific Th17 c

(A–D) C57BL/6 mice were fed a chronic plus binge ethanol diet (ethanol, blue) or

(A–C) Fungus-activated Th17 cells inmesenteric lymph nodes (A), portal vein bloo

ex vivo stimulation with C. albicans or S. cerevisiae lysate.

(D) Flow cytometry plots of IL17A+CD154+ cells among CD4+ T cells.

(E–G) Kaede mice were fed a chronic-plus-binge ethanol diet or isocaloric diet.

(E) Migration of cells from mesenteric lymph nodes (MLNs) to liver using Kaede m

48 h. Created with BioRender.com.

(F) Fungus-activated Th17 cells in the liver, detected after isolation of mononucle

(G) Flow cytometry plots of IL17A+CD154+ cells amongmigrated (photoconverted

3–4 independent experiments. Figures 2E–2G were conducted in 2 independent e

mice fed with control diet or ethanol diet are determined by one-way ANOVA with
S2A, and S2D). Collectively, these data indicate that chronic

ethanol administration increases C. albicans-activated Th17

cells in mesenteric lymph nodes, portal vein blood, and liver.

To directly monitor the migration of C. albicans-specific Th17

cells from the intestine to the liver, we studied mice that express

the Kaede transgene and placed themon chronic ethanol or con-

trol diets. Kaede is a photoconvertible fluorescent protein that

irreversibly changes from green to red upon exposure to violet

light.23 Cells in mesenteric lymph nodes were photoconverted

and their migration to the liver wasmonitored (Figure 2E). Hepat-

ic mononuclear cells were isolated, stimulated for 6 h with

C. albicans or S. cerevisiae lysates, and then analyzed for the

presence of red fluorescence and the frequency of fungus-acti-

vated Th17 cells. Compared with sham-operated Kaede mice,

hepatic mononuclear cells from photoconverted Kaede-trans-

genic mice were fluorescent red (Figures S2E and S2F). We

found that the proportion of photoconverted (red) IL17+CD154+

CD4+T cells in the liver following stimulation with C. albicans,

but not with S. cerevisiae lysate, was increased in mice on the

chronic ethanol diet vs the control diet (Figures 2F and 2G).

This finding indicates that photoconverted C. albicans-specific

Th17 cells migrate frommesenteric lymph nodes to the liver dur-

ing ethanol feeding.

Reducing intestinal fungi decreasesC. albicans-specific
Th17 cells in the liver and attenuates ethanol-induced
liver disease in mice
To study whether reducing intestinal fungi results in a decrease

of C. albicans-specific Th17 cells in the liver, mice were placed

on a chronic Lieber DeCarli diet or isocaloric diet in the presence

or absence of the poorly absorbable antifungal agent nystatin for

the last 10 days. Nystatin decreased the proportion of C. albi-

cans-specific IL17+CD154+ CD4+ T cells in the livers of

ethanol-fed mice (Figures 3A and 3B). Intestinal fungal over-

growth and Candida spp. were reduced in ethanol-fed mice

following nystatin administration (Figures 3C–3E). Compared

with mice given vehicle, mice given nystatin developed less-se-

vere ethanol-induced liver injury, indicated by a significantly

lower level of serum alanine aminotransferase (ALT) (Figure 3F)

and decreased hepatic steatosis, measured by hepatic triglycer-

ides, and shown by the oil red O staining of liver sections

(Figures 3G and 3H). Nystatin also decreased hepatic mRNA

expression of the macrophage marker F4/80 (Figure 3I). Nystatin

administration did not affect intestinal absorption or hepatic

metabolism of ethanol, based on serum levels of ethanol and he-

patic levels of Adh1 and Cyp2e1 mRNAs, which encode en-

zymes that metabolize ethanol in the liver (Figures 3J–3L).
ells in mice

isocaloric diet (control, white).

d (B), and liver (C), detected after the isolation of mononuclear cells following 6 h

ice. Photoconversion was performed in MLNs, and livers were collected after

ar cells following 6 h ex vivo stimulation with C. albicans or S. cerevisiae lysate.

) cells after stimulationwithC. albicans lysate. Figures 2A–2Cwere performed in

xperiments. Results are expressed as mean ± SEM. p values among groups of

Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.

Cell Host & Microbe 31, 389–404, March 8, 2023 393

http://BioRender.com


C
on

tro
l

Nystatin

Et
ha

no
l

A B

C
on

tro
l

Et
ha

no
l

0

100

200

300

400

500
Serum ethanol

0

1

2

3

4

5
S. cerevisiae C. albicans

*

Nystatin

0

20

40

60

80

100

U
/L

ALT

*

10

20

30

40

50

m
g/

g

*
Triglycerides

Nystatin
0.0

0.5

1.0

1.5

2.0
Cyp2e1

Nystatin
0.0

0.5

1.0

1.5

2.0
Adh1

Nystatin

F G

J K

H

L

Nystatin

Nystatin

Nystatin

Nystatin

m
g/

dl

Fo
ld

 c
ha

ng
e

Fo
ld

 c
ha

ng
e

CD154

C

IL
17

Nystatin

I

0

5

10

15

20

*

F4/80

Nystatin

Fo
ld

 c
ha

ng
e

Et
ha

no
l

CD154

IL
17

Et
ha

no
l

Nystatin

1.40 0.43

Control
Ethanol

%
IL

17
+C

D
15

4+
/C

D
4+

0

1.0 104

2.0 104

3.0 104

4.0 104

5.0 104

Fu
ng

al
C

FU
/g

fe
ce

s *

Nystatin
0

1

2

3

Fo
ld

ch
an

ge

*
Candida spp.

Nystatin

D E

Figure 3. Antifungal agent reduces hepatic C.albicans-activated Th17 cells and attenuates ethanol-induced liver disease in mice

(A and B) C57BL/6 mice were fed a chronic plus-binge ethanol diet (NIAAA model) or an isocaloric (control) diet, with or without the antifungal drug nystatin.

(A) Fungus-activated Th17 cells in the liver detected after isolation of mononuclear cells, following 6 h ex vivo stimulation with C. albicans or S. cerevisiae lysate.

(B) Flow cytometry plots of IL17A+CD154+ cells among CD4+ T cells.

(C–L) C57BL/6mice were placed on a chronic Lieber DeCarli diet or control diet for 8 weeks. Diets were supplementedwith or without nystatin for the last 10 days.

(legend continued on next page)
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Nystatin did not induce hepatic inflammation in control-fed mice

(Figure S3A). Nystatin did not significantly affect the overall

composition of the bacterial microbiota in control- or ethanol-

fed mice (Figures S3B–S3D). Altogether, these findings indicate

that reducing intestinal fungi protects against ethanol-induced

liver disease, which is associated with a decrease in hepatic

C. albicans-specific Th17 cells.

Candida-specific TCR transgenic T cells promote
ethanol-induced liver disease
To further define the importance of the C. albicans-specific Th17

cell-mediated response in the development of ethanol-induced

liver disease, we placed Candida-specific TCR transgenic mice

(Rag1�/�/CaTCRtg) and their transgene-negative littermates

(Rag1�/�) on chronic-plus-binge ethanol diets. In these

transgenicmice, peripheral CD4+ T cells express a transgene en-

coding TCRs that specifically recognize Candida-derived anti-

gens.24 Compared with ethanol-fed transgene-negative litter-

mates, Candida-specific TCR transgenic mice had higher

frequencies of C. albicans-activated Th17 cells in the liver

(Figures 4A, 4B, S4A, and S4B) and developed more severe

ethanol-induced liver injury (Figure 4C), steatosis (Figures 4D

and 4E), and inflammation (Figure 4F); intestinal absorption or

hepatic metabolism of ethanol did not differ significantly be-

tween transgene-negative and -positive mice (Figures 4G–4I).

To demonstrate that the Candida-induced Th17 response

contributes to the development of ethanol-induced liver disease,

we investigated the effects of an antibody against IL17 on liver

damage in Candida-specific TCR transgenic mice. The adminis-

tration of a neutralizing antibody against IL17 significantly

decreased liver injury and steatosis in Rag1�/�/CaTCRtg mice

(Figures 4J–4L) and did not affect serum ethanol levels or hepatic

metabolism of ethanol (Figures 4M–4O). IL17 therefore mediates

the disease-exacerbating effect of the Candida-specific TCR

transgene.

Candida-specific T cells are a small subset of antigen-specific

T cells within the entire polyclonal repertoire in a physiological

context.24 To further study the disease-promoting effect of

Candida-specific TCR transgenic T cells, we adoptively trans-

ferred C. albicans-primed T cells from Candida-specific TCR

transgenic mice (Rag1�/�/CaTCRtg) or non-transgenic control

wild-type mice into wild-type mice during chronic-plus-binge

ethanol feeding. For the adoptive transfer of C. albicans-primed

T cells, Rag1�/�/CaTCRtg and wild-type C57BL/6 mice were

gavagedwithC. albicans. CD4+T cells from the spleen and lymph

nodes were collected and co-cultured with antigen-presenting

bone-marrow-derived dendritic cells in the presence of
(C) Fecal samples from controls and ethanol-fed mice were cultured on YPD aga

(D) Colony forming units (CFUs) of fungi in fecal samples were counted.

(E) Fecal fungal DNA was extracted, and the abundance of Candida spp. was dete

control diet.

(F) Serum levels of ALT.

(G) Hepatic triglyceride content.

(H) Representative oil red O staining of liver sections (scale bar, 100 mm).

(I) Hepatic levels of F4/80 mRNA.

(J) Serum levels of ethanol.

(K and L) Hepatic levels of Cyp2e1 and Adh1 mRNAs. Figures 3A and 3B were p

independent experiments. Results are expressed as mean ± SEM. p values b

determined by two-way ANOVA with Tukey’s post hoc test (A, D–G, and I) or tw
C. albicans lysate. After 6 days of expansion, CD4+ T cells were

transferred towild-type recipientmice during chronic-plus-binge

ethanol feeding (Figures 5A and S4C). C. albicans-primed

Thy1.1+ CD4+ Va2+ hector T cells from Rag1�/�/CaTCRtg mice

were detected in livers of ethanol-fed wild-type recipient mice

(Figures 5B, 5C, and S4D), suggesting successful adoptive

transfer and in vivo expansion.Comparedwithmice that received

C. albicans-primed CD4+ T cells from wild-type mice, mice with

adoptively transferred C. albicans-primed CD4+ T cells from

Rag1�/�/CaTCRtg mice showed more severe ethanol-induced

liver injury (Figure 5D), steatosis (Figures 5E and 5F), and inflam-

mation (Figure 5G) but similar serum ethanol levels and hepatic

metabolism of ethanol (Figures 5H–5J), indicating an exacer-

bating effect of C. albicans-primed hector Rag1�/�/CaTCRtg
T cells for ethanol-induced liver disease.

For the adoptive transfer of non-primed T cells from Candida-

specific TCR transgenic mice (Rag1�/�/CaTCRtg) and wild-type

C57BL/6 mice, CD4+ T cells from the spleen and lymph nodes

were collected and transferred to wild-type recipient mice during

chronic-plus-binge ethanol feeding (Figure S5A). Mice with

adoptively transferred CD4+ T cells from Rag1�/�/CaTCRtg
mice had more ethanol-induced liver disease as compared

with mice that received CD4+ T cells from wild-type mice

(Figures S5B–S5H), indicating that hector Rag1�/�/CaTCRtg
T cells withoutC. albicans priming also promote ethanol-induced

liver disease.

Adoptively transferred C. albicans-primed polyclonal
T cells exacerbate ethanol-induced liver disease inwild-
type mice
To further investigate the role of C. albicans-primed polyclonal

T cells in the development of ethanol-induced liver disease, we

adoptively transferred C. albicans-primed polyclonal T cells into

wild-type mice during chronic-plus-binge ethanol feeding.

IL17A-eGFP reporter mice were gavaged with C. albicans or

S. cerevisiae. CD4+ T cells from the spleen and lymph nodes

were collected and co-cultured with antigen-presenting bone-

marrow-derived dendritic cells in the presence of C. albicans

or S. cerevisiae lysate. After 6 days of expansion, polyclonal

CD4+ T cells were assessed for IL17A-eGFP+ expression and

then transferred to wild-type recipient mice during chronic-

plus-binge ethanol feeding (Figures 6A and S6A). Polyclonal

CD4+ T cells from C. albicans-gavaged mice that were stimu-

lated with C. albicans lysate contained 7.04% IL17A-eGFP-pro-

ducing T cells, whereas S. cerevisiae-primed T cells comprised

1.09% IL17A-eGFP-producing T cells (Figures 6B and S6B). A

higher number of adoptively transferred, C. albicans-primed,
r plates with antibiotics; representative agar plates are shown.

cted by qPCR. Fold change was calculated relative to vehicle-treated mice on

erformed in 3 independent experiments. Figures 3C–3L were conducted in 2

etween groups of mice fed the ethanol diet, with vs. without nystatin, were

o-sided Student’s t test (J–L). *p < 0.05. See also Figure S3.
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Figure 4. Candida-specific TCR transgenic mice develop more severe ethanol-induced liver disease
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IL17A-eGFP+ CD4+ T cells were found in the livers of ethanol-fed

mice than of S. cerevisiae-primed IL17A-eGFP+ CD4+ T cells

(Figures 6C, 6D, and S6C).Micewith adoptively transferredC. al-

bicans-primed polyclonal CD4+ T cells had more ethanol-

induced liver injury (Figure 6E), steatosis (Figures 6F and 6G),

and inflammation (Figure 6H) but similar serum ethanol levels

and hepatic metabolism of ethanol (Figures 6I–6K) compared

with mice that received S. cerevisiae-primed CD4+ T cells, sup-

porting the role of C. albicans-specific Th17 cells in the develop-

ment of ethanol-induced liver disease.

Kupffer cells mediate the disease-exacerbating effect
of adoptively transferred C. albicans-primed polyclonal
T cells
IL17 receptor A (IL17ra) is a common receptor for the IL17 family

cytokines.25 To determine whether the disease-promoting effect

of C. albicans-primed T cells is mediated by IL17ra, we gener-

ated IL17ra bone marrow chimeric mice (IL17raDBM) using a

combination of clodronate-mediated Kupffer cell depletion, irra-

diation, and bone marrow transplantation.26 Wild-type recipient

mice were transplanted with bone marrow cells from mice lack-

ing IL17ra or wild-type mice. Chimeric mice were subjected to

the chronic-plus-binge ethanol diet model and adoptively trans-

ferred C. albicans-primed polyclonal T cells (Figure S7A).

Chimeric mice with bone-marrow-derived cells lacking IL17ra

and injected with C. albicans-primed polyclonal T cells showed

less ethanol-induced liver injury, steatosis, and inflammation

compared with wild-type mice transplanted with wild-type

bone marrow (Figures S7B–S7G). No significant difference was

observed in serum ethanol level and hepatic expression of

Adh1 and Cyp2e1 between groups (Figures S7H–S7J).

To further confirm the effector cells of hepatic Th17, we adop-

tively transferred IL17A-eGFP cells stimulated with C. albicans

lysate into mice that lack IL17ra expression on Kupffer cells

(IL17raDKC) or hepatocytes (IL17raDHep). Liver disease exacerba-

tion of C. albicans-primed T cells was reduced in ethanol-fed

IL17raDKC as compared with their ethanol-fed IL17rafl/fl littermate

controls (Figures 7A–7H). No differences in liver injury and

steatosis were found between ethanol-fed IL17raDHep mice and

IL17rafl/fl controls following the adoptive transfer of C. albicans-

primed T cells (Figures S7K–S7Q). These results indicate that

the disease-promoting effect of adoptively transferred C. albi-
(A) Fungus-activated Th17 cells in the liver were detected after isolation of hepa

(B) Flow cytometry plots showing IL17A+ and CD154+ staining of CD4+ T cells.

(C) Serum levels of ALT.

(D) Hepatic triglyceride content.

(E) Representative oil-red-O-stained liver sections (scale bar, 100 mm).

(F) Hepatic levels of Il1b mRNA.

(G) Serum levels of ethanol in ethanol-fed mice.

(H and I) Hepatic levels of Cyp2e1 and Adh1 mRNAs in ethanol-fed mice.

(J–O)Candida-specific TCR transgenic mice (Rag1�/�/CaTCR tg) were fed a chro

white) or antibody against IL17A (green) 5 days before sacrifice.

(J) Serum levels of ALT.

(K) Hepatic triglyceride content.

(L) Representative oil-red-O-stained liver sections (scale bar, 100 mm).

(M) Serum levels of ethanol.

(N and O) Hepatic levels of Cyp2e1 and Adh1 mRNAs. Figures 4A–4O were cond

p values determined by two-sided Student’s t test (A, G–K, and M–O) and two-wa

also Figure S4.
cans-primed polyclonal T cells is mediated via IL17ra signaling

on Kupffer cells following ethanol administration.

DISCUSSION

Intestinal fungal dysbiosis is characterized by an increase in the

fungal pathobiontC. albicans in patients with alcohol-associated

liver disease.8–10 Th17 cells participate in immune surveillance in

the barrier site to prevent dysbiosis, fungal overgrowth, and

translocation across intestinal barriers. C. albicans is the stron-

gest known inducer of the Th17 cell-mediated response in

humans.16 In this study, Th17 cells directed against C. albicans

increase in the blood and liver of patients with alcohol-associ-

ated liver disease. C. albicans-specific Th17 cells migrate from

the intestine to the liver, where they contribute to ethanol-

induced liver disease (graphical abstract). Our results provide

evidence that the immune-protective Th17 cell-mediated

response promotes liver disease via the migration of these cells

to the liver, continuous exposure of antigens to the liver via the

portal vein, and secretion of IL17. Similar to this study, intestinal

inflammation expanded C. albicans-specific and cross-reactive

Th17 cells, which can contribute to lung inflammation induced

by airborne A. fumigatus.16 In that study and ours, intestine-

primed C. albicans-specific CD4+ T cells migrated to other or-

gans and induced a chronic inflammatory response upon expo-

sure to fungal antigens, which are delivered via the airways to the

lungs or the portal vein to the liver. Chronic alcohol use is asso-

ciated with a dysfunctional gut barrier, which allows the portal

vein to deliver microbial antigens from the intestine to the liver.

The fungal proteins that prime C. albicans-specific Th17 cells

remain largely unknown. Our previous work demonstrated that

a fungal surface component, b-glucan, can translocate to the

liver and bind to C-type lectin domain family 7 member A

(CLEC7A) on hepatic macrophages, which release Il1b and in-

crease ethanol-induced liver disease in mice.26 Also, candidaly-

sin, a toxic peptide secreted byC. albicans, can damage primary

hepatocytes and promote the development of alcohol-associ-

ated liver disease.9 The deletion of ECE1 in C. albicans, which

encodes candidalysin, reduced Th17 responses in mice after in-

testinal C. albicans colonization.27 Whether candidalysin itself is

a target of C. albicans-specific Th17 cells is currently unknown.

Studies showed that Als1 and Als3 (proteins encoded by the
tic mononuclear cells following 6 h ex vivo stimulation with C. albicans lysate.

nic-plus-binge ethanol diet and given injections of an isotype antibody (control,

ucted in 2 independent experiments. Results are expressed as mean ± SEM.

y ANOVA with Tukey’s post hoc test (C, D, and F). *p < 0.05, ***p < 0.001. See
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Figure 5. Candida-specific TCR transgenic hector T cells promote ethanol-induced liver disease
(A) Diagram of adoptive transfer of C. albicans-primed Rag1�/�/CaTCRtg and wild-type T cells to wild-type mice. On day 0, Candida-specific TCR transgenic

(Rag1�/�/CaTCRtg) and C57BL/6 donor mice were gavaged with C. albicans. On day 10, CD4+ T cells from lymph nodes and spleen of donor mice were

(legend continued on next page)
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agglutinin-like sequence gene family), alcohol dehydrogenase

(Adh1), cell wall-associated proteins including yeast wall pro-

tein1 (Ywp1), enolase (Eno1), fructose-bisphosphate aldolase 1

(Fba1), glyceraldehyde-3-phosphate dehydrogenase (GAP1),

glyceraldehyde-3-phosphate dehydrogenase (G3pdh), hyphal

wall protein-1 (Hwp1), methyltetrahydropteroyltriglutamate

(Met6), and phosphoglycerate kinase (Pgk1) were involved in

Candida-induced Th17 differentiation in vitro.24 Studies are

needed to identify the specific antigens of C. albicans that acti-

vate Th17 cells and promote the development of alcohol-associ-

ated liver disease.

IL17 receptors have been detected on various liver cells,

including hepatocytes, Kupffer cells, stellate cells, biliary epithe-

lial cells, and sinusoidal endothelial cells to induce immune cell

infiltration and liver damage.25 But the cell-specific role of

IL17ra signaling can be context-specific in terms of the disease

settings and source of IL17-producing cells. The role of the cell-

type-specific expression of IL17ra signaling was investigated in

a hepatocellular carcinoma (HCC) model induced by Diethylni-

trosamine (DEN) treatment together with high-fat diet and

ethanol feeding for 18 weeks.25 Mice lacking IL17ra expression

on hepatocytes were protected from DEN-induced HCC and

developed less steatosis and fibrosis. IL17 signaling in myeloid

cells is also critical for hepatic tumorigenesis, steatosis, inflam-

mation, and fibrosis. In our study, we have shown the disease-

promoting effect of adoptively transferred C. albicans-primed

Th17 cells is mediated via IL17ra signaling on Kupffer cells, not

hepatocytes, using the chronic-plus-binge (NIAAA) model. In

addition, our study investigated the specific role of C. albicans-

specific Th17 cells, not the total IL17-producing cells, for the

development of ethanol-induced liver disease. Several other

Th17-inducing bacterial and fungal microbes have been identi-

fied in mice including segmented filamentous bacteria

(SFB),12,14 Citrobacter rodentium,28 Malassezia spp.,29 and

Aspergillus fumigatus.16 We detected SFB in fecal samples

from C57BL/6 mice obtained from Charles River and used in

our study (not shown). Th17 cells directed against and/ or

induced by SFB or other microbial species could contribute to

alcohol-associated liver disease, but their specific role for dis-

ease pathogenesis requires further studies.

Under homeostatic conditions, Th17 cells are largely confined

to intestinal tissues. When dysregulated, Th17 cells can translo-

cate to peripheral organs and induce inflammation.16 Circulating

levels of IL17 and frequency of IL17-producing cells are elevated

in patients with alcohol-associated liver disease.30,31 However,

little is known as to the cause-and-effect studies of IL17 in the

development of alcohol-associated liver disease. IL17 recruits

neutrophils to the site of inflammation through IL8/Cxcl8 chemo-
co-cultured with bone marrow-derived dendritic cells in the presence of C. albica

C57BL/6 mice (day 13 of chronic-plus-binge ethanol feeding). Created with BioR

(B and C) Thy1.1+ CD4+ Va2+ hector T cells were detected in livers of ethanol-fe

(D) Serum levels of ALT.

(E) Hepatic triglyceride content.

(F) Representative oil-red-O-stained liver sections (scale bar, 100 mm).

(G) Hepatic levels of Il1b mRNA.

(H) Serum levels of ethanol.

(I and J) Hepatic levels ofCyp2e1 and Adh1mRNAs. Figure 5 was conducted in 2

was calculated relative to mice that were adoptively transferred withC. albicans-p

sided Student’s t test. *p < 0.05. See also Figure S4.
kine production. The effects of IL17 can be amplified by syner-

gistic interaction with various liver resident cells via inflammatory

cytokines. For example, IL17 differentiation can be affected by

Tumor necrosis factor (Tnf), IL6, and Transforming growth factor

beta 1 (Tgfb1) release from Kupffer cells and hepatic stellate

cells, resulting in Th17/Treg imbalance and uncontrolled inflam-

mation.32 IL17 and Tnf act in synergy to induce IL6 and IL8 in

hepatocytes, and activate hepatic stellate cells for collagen pro-

duction and liver fibrosis.33 The uncontrolled and chronic IL17

production and its induction of inflammatory and fibrotic cyto-

kines results in a vicious cycle that leads to chronic infiltration

of immune cells and liver damage.

Th17 cells mainly produce IL17A and to a lesser extent IL22,

IFNG, and IL21. IL22 has hepatoprotective and proliferative

effects and reduces ethanol-induced liver injury.34,35 IL22 could

counteract the injurious effects of IL17. Further studies are

required to investigate the effects of C. albicans-stimulated

IL22 and reciprocal interactions with IL17 in the development

of alcohol-associated liver disease.

In summary, our study demonstrates the important role of C.

albicans-specific Th17 cells in the development of alcohol-

associated liver disease. Chronic ethanol administration acti-

vates C. albicans-specific Th17 cell-mediated responses in

patients and preclinical models. Increased C. albicans-specific

Th17 cells in the intestine could migrate to the liver, where they

could produce IL17 that contributes to the development of

alcohol-associated liver disease. Our findings provide insights

into the induction of intestinal Th17 cells and how they might

contribute to the development of liver disease. Antifungal drugs

that target alcohol-associated overgrowth of C. albicans in the

gut might reduce C. albicans-specific Th17 cell responses and

be used in the treatment of alcohol-related liver disease.
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Figure 6. C. albicans-primed polyclonal T cells exacerbate ethanol-induced liver disease
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Kaufmann, S., Röhmel, J., Eschenhagen, P., Grehn, C., Seidel, K., et al.

(2019). Human anti-fungal Th17 immunity and pathology rely on cross-

reactivity against Candida albicans. Cell 176, 1340–1355.e15. https://

doi.org/10.1016/j.cell.2019.01.041.

17. Bacher, P., Heinrich, F., Stervbo, U., Nienen, M., Vahldieck, M., Iwert, C.,

Vogt, K., Kollet, J., Babel, N., Sawitzki, B., et al. (2016). Regulatory T cell

specificity directs tolerance versus allergy against aeroantigens in

humans. Cell 167, 1067–1078.e16. https://doi.org/10.1016/j.cell.2016.

09.050.

18. Bacher, P., Steinbach, A., Kniemeyer, O., Hamprecht, A., Assenmacher,

M., Vehreschild, M.J., Vehreschild, J.J., Brakhage, A.A., Cornely, O.A.,

and Scheffold, A. (2015). Fungus-specific CD4(+) T cells for rapid identifi-

cation of invasive pulmonary mold infection. Am. J. Respir. Crit. Care Med.

191, 348–352. https://doi.org/10.1164/rccm.201407-1235LE.

19. Bacher, P., Kniemeyer, O., Teutschbein, J., Thön, M., Vödisch, M.,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC/Cyanine7 anti-mouse CD4 Antibody Biolegend Cat#100413; RRID: AB_312698

FITC anti-mouse CD4 Antibody Biolegend Cat# 100509; RRID: AB_312712

PE anti-mouse CD4 Antibody Biolegend Cat# 116005; RRID: AB_313690

APC anti-mouse CD154 Antibody biolegend Cat# 106510; RRID: AB_2561561

PE anti-mouse CD154 Antibody Biolegend Cat# 106505; RRID: AB_313270

PE/Cy7 anti-mouse IL17A Antibody Biolegend Cat# 506922; RRID: AB_2125010

BD Pharmingen� 7-AAD BD Biosciences Cat# 559925; RRID: AB_2869266

CD16/CD32 Monoclonal Antibody Thermo Fisher Cat# 14-0161-82; RRID: AB_467133

Pacific Blue� anti-rat CD90/mouse CD90.1

(Thy-1.1) Antibody

Biolegend Cat# 202522; RRID: AB_1595477

APC/Cyanine7 anti-mouse TCR Va2 Antibody Biolegend Cat# 127818; RRID: AB_10682897

Purified anti-mouse CD28 Antibody Biolegend Cat# 102102; RRID: AB_312867

Purified anti-mouse CD40 Antibody Biolegend Cat# 102802; RRID:AB_312935

Anti-human CD4-APC-Vio770 (clone: M-T466) Miltenyi Biotec Cat#130-113-251, RRID:AB_2726053

Anti-human CD8-VioGreen (clone: REA734) Miltenyi Biotec Cat#130-110-684, RRID:AB_2659241

Anti-human CD14-VioGreen (clone: REA599) Miltenyi Biotec Cat#130-110-525, RRID:AB_2655057

Anti-human CD20-VioGreen (clone: LT20) Miltenyi Biotec Cat#130-096-904, RRID:AB_2726147

Anti-human CD45RA-PE-Cy5 (clone: HI100) BioLegend Cat#304110, RRID:AB_314414

Anti-human CD154-FITC (clone: REA238) Miltenyi Biotec Cat#130-109-469, RRID:AB_2751146

Anti-human IL-17A BV605 (clone: BL168) BioLegend Cat#512326, RRID: AB_2563887

Anti-human IL22-PerCP-eFlour710 Invitrogen Cat# 46-7222-82, RRID: AB_2573839

Anti-human IFNg-BV785 (clone: 4S.B3) BioLegend Cat#502542, RRID: AB_2563882

Anti-human IL-17F BV650 (clone: O33-782) BD Biosciences Cat#564264, RRID: AB_2869555

Anti-human IL-2-BV711 (clone: 5344.111) BD Biosciences Miltenyi Biotec Cat#563946, RRID:AB_2738501

Anti-human GM-CSF APC (clone: REA1215) Miltenyi Biotec Cat#130-123-420, RRID: AB_2811516

Anti-human IL-21-PE (clone: REA1039) BioLegend Cat#130-117-421, RRID:AB_2727941

Anti-human IL-10-PE-Dazzle (clone: JES3-9D7) BD Biosciences Cat#501426, RRID:AB_2566744

Anti-human Ki-67 Alexa Fluor 700 (clone: B56) Miltenyi Biotec Cat#561277, RRID:AB_10611571

Anti-human IntB7 PE-Vio770 (clone: REA441) Miltenyi Biotec Cat# 130-106-442, AB_2652507

CD154 MicroBead Kit, human Miltenyi Biotec Cat#130-092-658

CD28 pure – functional grade,

human (clone: 15E8)

Miltenyi Biotec Cat#130-093-375, RRID: AB_1036134

CD40 pure – functional grade,

human (clone: HB14)

Miltenyi Biotec Cat#130-094-133; RRID:AB_10839704

Bacterial and virus strains

Candida albicans M1477

Saccharomyces cerevisiae ATCC ATCC9763

Lyophilized extracts of Saccharomyces

cerevisiae

Greer Laboratories Cat# XPM67D3A2.5

Lyophilized extracts of Candida albicans Greer Laboratories Cat# XPM15D3A5

Biological samples

Blood samples from human cohorts Schnabl lab This study

Liver samples from patients with

alcohol related liver disease

Schnabl lab This study

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

RPMI-1640 medium Life technologies Cat# 11875093

FBS (heat inactivated) CoreBio Cat# FB-02

Penicillin-Streptomycin Thermo Fisher Cat# 15140122

Nystatin Sigma Cat# N1638-100ML

InVivo Mab anti-mouse IL17A (clone 17F3) BioXcell /Fisher Sci Cat# BE0173

Recombinant Mouse GM-CSF Protein R&D Cat# 415-ML-010/CF

BD GolgiStop� BD Cat# 554724

Percoll Fisher (Amersham) Cat# 17-0891-01

eBioscience� Foxp3 / Transcription Factor

Staining Buffer Set

Thermo Fisher Scientific Cat# 00-5523-00

EasySep� Mouse CD11c Positive

Selection Kit II

Stemcells Cat# 18780

EasySep� Mouse CD4+ T Cell Isolation Kit Stemcells Cat# 19852

DPBS, no calcium, no magnesium Gibco� Cat# 14190144

HBSS Gibco/ Life Tech Cat# 14175-095

Critical commercial assays

TRIZOL Life technologies/ Fisher

scientific

Cat# 15596-018

Infinity ALT (GPT) Fisher Cat# TR71121

ALT (SGPT) Kinetic TECO Diagnostics Cat# A524-150

Ethanol Colorimetric/Fluorometric Assay Kit Abcam Cat# ab65343

Triglycerides Liquid, Reagent Set, 1x120 ml Pointe Scientific Inc. Cat# T7532-120

iTaq UniverSYBR Green SMX 1000 Core Bio service Cat# 1725124

DNeasy PowerSoil kit Qiagen Cat#12855-50

High Capacity cDNA reverse Transcription Kit Invitrogen (ABI) Cat#4368814

Deposited data

Raw single cell sequencing data NCBI GSE215931

Raw 16S rRNA sequencing data NCBI PRJNA911776

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River NA

Mouse: Kaede mice Mathis et al15 NA

Mouse: Rag1-/-/CaTCRtg LeibundGut-Landmann et al.24 NA

Mouse: IL17A-eGFP mice Jackson Laboratory JAX: 018472

RRID: IMSR_JAX:018472

Mouse: IL17rafl/fl Kisseleva et al. 36 NA

Mouse: Il17rafl/fl E2a-Cre+ Kolls et al.37 NA

Mouse: Il17raDBM Schnabl lab This study

Mouse: IL17raDHep Kisseleva et al.36 NA

Mouse: Clec4f-cre-tdTomato Glass et al.38 NA

Mouse: IL17raDKC Schnabl lab This study

Software and algorithms

FlowJo Treestar RRID:SCR_000410

GraphPad Prism v9.3.1 GraphPad Software, LLC https://www.graphpad.com/

scientific-software/prism/

R Project for Statistical Computing RRID:SCR_001905
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bernd

Schnabl (beschnabl@ucsd.edu).

Materials availability
This study did not generate any unique reagents.

Date and code availability
d Single cell sequencing data are currently deposited in a public database (GSE215931). 16S sequencing are registered at NCBI

under BioProject PRJNA911776.

d This study does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Actively drinking patients with a diagnosis of alcohol dependence were admitted for elective alcohol rehabilitation at St. Luc Univer-

sity Hospital in Brussels, Belgium. All patients were heavy drinkers, consuming more than 60 g of alcohol per day (self-reported con-

sumption) for more than 1 year. On the day of admission, Fibroscan (Echosense, Paris, France) with controlled attenuation parameter

(CAP) and liver stiffness in kPa was performed and blood samples were collected. Patients were excluded from the study if they used

antibiotics, probiotics, or prebiotics during the 2 months preceding enrollment, were receiving immunosuppressive medications, or

had diagnoses of diabetes, inflammatory bowel disease, liver disease of any other etiology, or clinically significant cardio-vascular,

pulmonary, or renal co-morbidities. Patients with alcohol use disorder and liver disease were compared with non-alcoholic

volunteers who drank less than 20 g of alcohol per day and were enrolled at St. Luc University Hospital in Brussels, Belgium and

University of Kiel, Kiel, Germany. For the healthy controls, there were 15 male and 18 female subjects with median age of 34 years

old (interquartile range 16). For the patients with alcohol use disorder and liver disease, there were 19male and 17 female withmedian

age of 50 years old (interquartile range 16.3) (Table S1). Liver biopsies were collected from one male patient and one female patient

with median age of 49 (interquartile range 4) when clinically indicated (Table S2). Excess liver tissue was used for research. The study

protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the institution’s human research

and ethical committee at the Université Catholique de Louvain, Brussels, Belgium (B403201422657) and at the University of Kiel,

Germany. Written informed consent was obtained from all patients and non-alcoholic volunteers.

Mice
C57BL/6mice used in Figures 2, 3, 5, 6, and S2–S6were purchased fromCharles River. Kaede transgenicmice on aC57BL/6 genetic

background,15 Rag1-/-/CaTCRtg and Rag1-/- mice,24 and IL17A-eGFP mice (C57BL/6-Il17atm1Bcgen, Jackson Laboratory, strain #:

018472) have been described. Mice with a whole body IL17ra deficiency were generated by crossing IL17rafl/fl with E2a-Cre

mice.37 Mice lacking IL17 on hepatocytes (IL17raDHep) were generated by crossing IL17rafl/fl mice25 with albumin-Cre mice.36

Mice lacking IL17 on Kupffer cells (IL17raDKC) were generated by crossing IL17rafl/fl mice with Kupffer cell specific Clec4f-Cre

mice.38 All protocols were conducted in accordance with the guidelines in the Institutional Animal Care and Use Committee of the

University of California, San Diego (La Jolla, CA).

Female mice (age, 9–10 weeks) were fed a chronic plus-binge ethanol diet (NIAAA model)22 or a chronic Lieber DeCarli diet model

for 8 weeks.39 For the NIAAA model, mice received an isocaloric control liquid Lieber DeCarli diet from day 0 to day 5. Afterwards,

mice were fed Lieber DeCarli diet containing 36% (vol/vol) ethanol for 10 days. On the last day, mice were gavaged with a single dose

of ethanol in the night and sacrificed 9 hrs later (the nextmorning). Pair-fed control micewere placed on a control liquid diet during the

16 days and received isocaloric maltodextrin and euthanized 9 hrs later.

During chronic Lieber DeCarli feeding, the caloric intake from ethanol was 0 on day 1, 10%of total calories on days 2 and 3, 20%on

days 4 and 5, 30% from day 6 until the end of 6 weeks, and 36% for the last 2 weeks. Control mice received an isocaloric amount of

maltodextrin instead of ethanol.39

To study the effects of an antifungal drug on C. albicans-specific Th17 cells and ethanol-induced liver disease, mice received

nystatin (40,000 unit/kg per day),40 which was dissolved in the liquid Lieber DeCarli ethanol-containing and control diets, for the

last 10 days. Xanthan gum was added to liquid diet to increase viscosity of the liquid diet solutions and prevent gravitational sepa-

ration of nystatin.

To block IL17 signaling inRag1-/-/CaTCRtgmice, 500 mg of InVivoMab anti-mouse IL17A (clone 17F3) or isotype control antibodies

(Purified Rat IgG2a) were intraperitoneally injected 5 days before sacrifice.
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To generate bone marrow chimeric mice, C57BL/6 recipient female mice (age, 6 weeks) received 5 GY radiation twice using X-ray

irradiation system. Bone marrow cells were collected from either female C57BL/6 donor mice or IL17rafl/fl mice crossed with E2a-Cre

donor mice and injected to recipient mice via the tail vein. Two weeks later, mice were injected i.p. with 200 mL of clodronate lipo-

somes (5 mg/mL; Vrije Universiteit, Amsterdam, Netherlands) to deplete radioresistant Kupffer cells.26 Mice were subjected to

NIAAA model two weeks after bone marrow transplantation. Chimeric mice were injected with C. albicans-primed T cells three

days before sacrificing the mice. To investigate the effector cells of hepatic Th17, Il17raDKC mice, Il17raDHep and their control Il17rafl/fl

littermates (age, 9 weeks) were subjected to the NIAAA model and injected with C. albicans-primed polyclonal T cells three days

before sacrificing the mice.

METHOD DETAILS

Antigen-reactive T cell enrichment
Antigen-reactive T cell enrichment (ARTE) was conducted as previously described.16 In brief, depending on the available cell number,

0.5-23107 human peripheral blood mononuclear cells (PBMCs) were plated in RPMI-1640medium (GIBCO), supplemented with 5%

(v/v) human AB-serum (Sigma Aldrich, Schnelldorf, Germany) at a cell density of 13107 PBMCs / 2 cm2 in cell culture plates and stim-

ulated for 7 hrs withC. albicans (40 mg/mL) and S. cerevisiae (40 mg/mL) lysates in presence of 1 mg/mL CD40 and 1 mg/mL CD28 pure

antibody (both Miltenyi Biotec, Bergisch Gladbach, Germany). 1 mg/mL Brefeldin A (Sigma Aldrich) was added for the last 2 hrs. Cells

were labeled with CD154-Biotin followed by anti-Biotin MicroBeads (CD154 MicroBead Kit; Miltenyi Biotec) and magnetically

enriched by two sequential MS columns (Miltenyi Biotec). Surface staining was performed on the first column, followed by fixation

and intracellular staining on the second column. Frequencies of antigen-specific T cells were determined based on the total cell count

of CD154+ cells after enrichment, normalized to the total number of CD4+ T cells applied on the column. For each stimulation, back-

ground cells enriched from the non-stimulated control were subtracted.

Single cell RNA sequencing and TCR sequencing
For single cell transcriptomics, CD154+ cells were isolated by ARTE and further purified by FACS sorting on a BD FACS ARIA Fusion

(BD Bioscience) instrument based on dual expression of CD154 and CD69. Cells were sorted into pre-coated low-bind collection

tubes, containing 500 mL sterile filtered 1xPBS + 0.2% AB serum. Cells were centrifuged for 10 min at 400xg. The supernatant

was carefully removed leaving 20 mL for loading on a Chromium Chip K (10x Genomics) according to the manufacturer’s instructions

for processing with the Chromium Next GEM Single Cell 50Library and Gel Bead Kit v2. TCR single-cell libraries were subsequently

prepared with the Chromium Single Cell V(D)J Enrichment Kit, Human T Cell. Libraries were sequenced on Illumina NovaSeq 6000

machine with 2x100 bp for gene expression, aiming for 50,000 reads per cell for gene expression and 5000 reads per cell for TCR

libraries.

Single-cell transcriptome analysis
The preprocessing of the single cell RNA-data was performed with the 10x Genomics’ Cell Ranger software v6.0.0 using the refer-

ence GRCh38 v3.0.0 for the mappings. The resulting filtered feature-barcode matrix files were analyzed with the R package Seurat

v.4.1.1.41 Thereby, all genes with a detected expression in less than 0.1% of the non-empty cells were excluded. Moreover, TCR

geneswere not considered for further analyses to avoid functional clustering of cells based on TCR information. Tominimize the num-

ber of doublets, empty cells, and cells with a transcriptome in low quality, only cells harboring between 200 and 3500 RNA features

and less than 5%mitochondrial RNA were selected for further processing. Afterwards, data were log-normalized and scaled based

on all genes. After performing a PCA dimensionality reduction (20 dimensions) with the RunPCA function, the expression values were

corrected for effects caused by different sample preparation time points using the R package Harmony v1.0.42 In the final steps, the

UniformManifold Approximation and Projection (UMAP) dimensional reduction was performed with the RunUMAP function using 20

dimensions. A shared nearest neighbor graph was created with the FindNeighbors method, and the clusters identification was per-

formed with a resolution of 0.8 using the FindClusters function. Clusters identified to be composed of contaminating cells (non-T

cells) and cycling cells were excluded from further analyses. Finally, 11,068 cells were used for downstream analysis.

Single cell T cell receptor (TCR) sequence analysis
Single-cell T-cell receptor repertoire clonotype tables were generated using the VDJ command of the Cellranger software v6.0.0 from

10xGenomics and using the reference GRCh38 version 5.0.0. Clonotype tables were filtered to include cells that passed quality

filtering in the gene expression analysis.

Bulk T cell receptor (TCR) sequencing
Liver biopsies were obtained in RNAlater and transferred into 2 mL tubes containing 600 mL RLT+ buffer + 1% b-Mercaptoethanol.

Tissue was disrupted using the Qiagen tissue lyser. PBMCs were isolated from paired blood samples by density gradient centrifu-

gation (Biocoll; Biochrom, Berlin, Germany) and CD4+ T cells were enriched using CD4 Microbeads (Miltenyi Biotec). RNA was

isolated from liver samples and CD4+ T cells from PBMCs using the RNeasy Micro Kit (Qiagen). TCR libraries were prepared using

human TCR RNA multiplex kit (MiLaboratories), according to the manufacturer’s protocol using 24 PCR cycles (liver) and 18 PCR

cycles (blood) for the 1st PCR, and 14 PCR cycles (liver) and 16 PCR cycles (blood) for the 2nd PCR amplification. The libraries
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were sequenced on an Illumina NovaSeq6000 machine, SP v1.5 flow cells and 300 cycles. Data of both TCRa and b chains were

obtained.

Bulk and single-cell TCR overlap analyses
PCR and sequencing error correction were performed through identification and selection of unique molecular identifiers using the

software MiGEC, version 1.2.6.43 Filtered sequences were aligned on a TCR gene reference. Clonotypes were identified, grouped

and CDR3 sequences were identified using the softwareMiXCR version 3.0.14.44 Clonotype tables containing clonotype counts, fre-

quencies, CDR3 nucleotide and amino acid sequences and V(D)J genes were obtained and used for further analysis.

TCR alpha and beta sequences were compared with the C. albicans-stimulated single-cell TCRs, thus identifying antigen-reactive

TCRs present in the liver and in the total CD4+ T cells in the blood (bulk TCR samples). The percentage ofC. albicans-stimulated TCR

sequences was calculated as the sum of the counts of C. albicans-stimulated TCRs in the bulk TCR samples divided by the total

count number of each sample and multiplied by one hundred.

Isolation of mononuclear cells
Isolated mouse mesenteric lymph nodes were placed in RPMI 1640 medium (Gibco) and squeezed through a 70-mm cell strainer.

Cells were washed twice and resuspended in the T cell culture medium. Mouse portal vein blood (around 200 mL) was collected

in heparin tubes, resuspended in 40% percoll, and overlayed onto 70% percoll, followed by density-gradient centrifugation (GE

Healthcare, Sweden). Mononuclear cells from portal vein blood were collected from the percoll interface, washed twice, and resus-

pended in the T-cell culture medium. Mouse livers were homogenized and filtered through a 70 mm cell strainer. Mononuclear cells

were isolated following the same density gradient centrifugation as portal vein blood. Red blood cell lysing buffer (Sigma, St. Louis,

MO) was used to remove red blood cells from cell suspensions. Cells were washed twice and resuspended in the T cell culture

medium.45

Fungus-activated T cell detection
1–2 3106 mononuclear cells were resuspended in T cell culture medium and seeded into 96-well culture plates, followed by stimu-

lation with whole fungal lysates (40 mg/mL) for 6 hrs in the presence of 1 mg/mL anti-CD40, 1 mg/mL anti-CD28 purified antibody

(Biolegend), andBDGolgiStop� (BD, Biosciences). Lyophilized extracts ofCandida albicans (XPM15D3A5) andSaccharomyces cer-

evisiae (XPM67D3A2.5) were purchased fromGreer Laboratories (Lenoir, NC, USA). Cells were stained with 7AAD, LIVE/DEAD dyes,

CD4, CD154, IL17, and RORgt. Frequencies of fungus-specific T cells were determined based on counts of CD154+ IL17+ cells,

normalized to the total number of CD4+ T cells.

Flow cytometry
For human T cell analyses, cells were stained with fluorochrome-conjugated antibodies (see Key Resources Table). Viobility 405/520

Fixable Dye (Miltenyi Biotec) was used to exclude dead cells. For intracellular staining, cells were fixed and permeabilized with the

Inside Stain Kit (Miltenyi Biotec). Data were acquired on a LSR Fortessa (BD Bioscience, San Jose, CA, USA). FlowJo (Treestar, Ash-

land, OR, USA) software was used for analysis.

Mouse cells were incubated with Fc block (eBioscience) and stained in different combinations of fluorochrome-conjugated anti-

bodies. For intracellular staining, cells were fixed and permeabilized with the eBioscience� Foxp3 / Transcription Factor Staining

Buffer Set. Data were acquired by Cytek Aurora NL-3000 or NovoCyte flow cytometer (ACEA Biosciences).

Photoconversion of Kaede transgenic mice
For photoconversion of mesenteric lymph nodes, Kaede transgenic mice on a chronic-plus-binge ethanol diet (ethanol) or isocaloric

diet were anesthetized, and laparotomy was performed on the 9th day of chronic ethanol or control diets. Mesenteric lymph nodes

were exposed to violet light for 9 min (every lymph node was exposed for 3 min with pause in between) using a hand-held laser

(Electra Pro Series Violet Handheld Laser, Laser glow Technologies, Toronto, ON, Canada, 405 nm) with surrounding tissue covered

by aluminum foil. Intestines were rinsed with 0.9% normal saline and then incisions were closed with nylon sutures. Livers were

collected from mice 48 hrs after the surgery and isolated cells were analyzed by flow cytometry as described.46

Real-time quantitative PCR
Mouse liver RNA was extracted using TRIzol reagent (Life Technologies) and converted to cDNA using High-Capacity cDNA reverse

Transcription Kit (Invitrogen). Primer sets are listed in Table S3. Gene expression was measured by ABI StepOnePlus real-time PCR

system using SYBR Green (Bio-Rad Laboratories). Expression was normalized to 18S ribosomal RNA (rRNA).

Biochemical analysis and histology
Serum levels of ALT and hepatic triglyceride levels were determined using Infinity ALT kit (Thermo Scientific) or ALT (SGPT) Kinetic

(Teco Diagnostics), and Triglyceride Liquid Reagents kit (Pointe Scientific), respectively. Serum levels of ethanol were measured us-

ing the Ethanol Colorimetric Assay kit (Abcam) according to the manufacturer’s instructions. To determine lipid accumulation, liver

sections were analyzed by Oil Red O staining (Sigma-Aldrich). Representative pictures are shown in each group.
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Fungi culture
C. albicans (M1477) and S. cerevisiae were cultured on YPD medium (1% yeast extract, 2% peptone, 2% D-glucose) with an-

tibiotics (100 mg/mL gentamicin and 100 mg/mL chloramphenicol) at 30 ºC for 18 hrs. Cultures were washed in sterile PBS and

adjusted to the required cell density by measuring OD600 in a microplate reader (Molecular Devices).9

Count of Fungi CFU
Fungal CFUs in mouse feces were counted as previously reported.9 Briefly, 2 pellets of mouse feces (around 50 mg) were homog-

enized and resuspended in 500 mL PBS. Serial dilutions were made to adjust the solutions to proper concentration. 100 mL solution

was added onto YPD agar plate with antibiotics and then incubated at 30 ºC for 48 hrs. Colony numbers of each sample were

counted. Fungal CFUs were normalized to weight of feces.

DNA extraction for fungal qPCR
DNA was extracted from cecum samples of mice using DNeasy PowerSoil kit (Qiagen) according to the manufacturer’s

protocol. The abundance of Candida spp. was measured via qPCR using specific primers and normalized by total fungal 18S

rRNA.47

16S rDNA sequencing
16S rDNA sequencing was performed as previously described.48 Briefly, bacterial DNA from mouse cecum was extracted using

DNeasy PowerSoil kit (Qiagen). DNA (25 to 30 ng) was used to generate amplicons using Nextera DNA Library Prep XT kit (Illumina,

Inc). V3-V4 hypervariable regions of prokaryotic 16S rDNAwere selected for generating amplicons gene using forward primer 50-TCG
TCGGCAGCGTCAGATGTG TATAAGAGACAGCCT ACGGGNGGCWGCAG-30 and reverse primer 50-GTC TCG TGGGCTCGG

AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C-30. Sequencing was performed using paired-end configuration

on the Illumina MiSeq platform (Illumina). Sequence data were analyzed using QIIME 2 pipeline and R. Sequence reads are available

at NCBI under BioProject PRJNA911776.

Isolation of bone marrow-derived dendritic cells
Bone marrow cells were collected from femurs and tibias of mice and cultured in a Falcon 150 mm x 15 mm Not TC-treated Bacte-

riological Petri Dish in the presence of 10 ng/mL of recombinant mouse granulocyte-macrophage colony-stimulating factor (GM-

CSF) (R&D, Minneapolis, MN, USA). On day 3, 25 mL fresh medium containing 10 ng/mL of GM-CSF was added to the plate. On

day 6, 10 mL medium was removed and centrifuged. The pellets were resuspended in 10 mL of fresh media with 10 ng/mL GM-

CSF and added back into the original culture media. On day 7, the cells were harvested and purified using EasySep� Mouse

CD11c Positive Selection Kit (STEMCELL).49

Adoptive transfer of T cells
For adoptive transfer of ex vivo C. albicans-primed hector T cells from Candida-specific TCR transgenic mice, on day 0 and day 9,

Candida-specific TCR transgenic (Rag1-/-/CaTCRtg) and C57BL/6 donor mice were gavaged with 13 108 CFU live C. albicans

(M1477) per mouse. On day 10, CD4+ T cells from spleen and lymph nodes of the gavaged mice were magnetically sorted, using

EasySepMouse CD4+ T-Cell Isolation Kit. CD4+ T cells (13 106 well�1) were co-cultured in a 24-well plate with bonemarrow-derived

dendritic cells (0.5 3 106 well�1) in the presence of C. albicans lysate (60 mg/mL). Six days later, 1 3 106 C. albicans-primed CD4+

T cells from Candida-specific TCR transgenic (Rag1-/-/CaTCRtg) and C57BL/6 mice were intravenously injected into ethanol-fed

mice (NIAAA model), which were sacrificed 3 days later.50

For adoptive transfer of hector T cells from Candida-specific TCR transgenic mice, CD4+ T cells from spleen and lymph nodes

of Candida-specific TCR transgenic (Rag1-/-/CaTCRtg) and C57BL/6 donor mice were magnetically sorted, using EasySep

Mouse CD4+ T-Cell Isolation Kit and 1 3 106 CD4+ T cells were intravenously injected into ethanol-fed mice (NIAAA model),

which were sacrificed 3 days later.50

For adoptive transfer of ex vivo fungi-primed polyclonal CD4+ T cells, on day 0 and day 9, IL17A-eGFPmice were gavaged with 13

108 CFU live C. albicans (M1477) or S. cerevisiae (ATCC 9763) per mouse. On day 10, polyclonal CD4+ T cells from spleen and

lymph nodes of the gavaged IL17A-eGFP mice were magnetically sorted, using EasySep Mouse CD4+ T-Cell Isolation Kit. CD4+

T cells (13106 well�1) were co-cultured in a 24-well plate with bone marrow-derived dendritic cells (0.53 106 well�1) in the presence

ofC. albicans or S. cerevisiae lysate (60 mg/mL). Six days later, fungus- primed CD4+ T cells were assessed for IL17A-eGFP+ expres-

sion; 13106 fungi-primed polyclonal CD4+ T cells were intravenously injected into ethanol-fedmice (NIAAAmodel), which were sacri-

ficed 3 days later.50

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analyses were conducted with GraphPad PRISM software 7.0 (GraphPad Software, La Jolla, CA, USA) and R statis-

tical software (R version 2022.07.1 for Mac). The R Foundation for Statistical Computing is based on appropriate assumptions

according to data distribution and variance characteristics. Results are presented as mean±SEM (except when stated
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otherwise). Significance of differences between groups was evaluated using 2-sided unpaired Student t test. Significance of dif-

ferences among multiple groups was evaluated using 1-way analysis of variance (ANOVA) with Tukey’s or Holm-Sidak post-hoc

test. To correlate clinical and laboratory variables, Pearson correlation was conducted. Matching of patients with alcohol use

disorder and liver disease, and non-alcoholic controls according to their BMI was performed employing the MatchIt function

in R using the nearest neighbor matching and glm method of estimating propensity scores. P<0.05 was considered to be sta-

tistically significant (adjusted for multiple comparison when performing multiple tests).
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