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Ethanol consumption inhibits TFH cell responses
and the development of autoimmune arthritis
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Alcohol consumption is a consistent protective factor for the development of autoimmune

diseases such as rheumatoid arthritis (RA). The underlying mechanism for this tolerance-

inducing effect of alcohol, however, is unknown. Here we show that alcohol and its metabolite

acetate alter the functional state of T follicular helper (TFH) cells in vitro and in vivo, thereby

exerting immune regulatory and tolerance-inducing properties. Alcohol-exposed mice have

reduced Bcl6 and PD-1 expression as well as IL-21 production by TFH cells, preventing proper

spatial organization of TFH cells to form TFH:B cell conjugates in germinal centers. This effect

is associated with impaired autoantibody formation, and mitigates experimental autoimmune

arthritis. By contrast, T cell independent immune responses and passive models of arthritis

are not affected by alcohol exposure. These data clarify the immune regulatory and tolerance-

inducing effect of alcohol consumption.
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Genetic predisposition accounts for approximately thirty
percent of the risk of autoimmune disease. The other 70%
of the risk is due to environmental factors, such as toxic

chemicals, dietary components, gut dysbiosis, and infections
ultimately leading to loss of self-tolerance1,2. Ethanol (C2H5OH,
EtOH; commonly referred to as alcohol) is a part of dietary
components previously shown to affect the immune system.
Alcohol has combined effects on innate and adaptive immunity,
which can significantly weaken the host defense at higher doses,
predisposing chronic drinkers to infections (reviewed elsewhere3).
Furthermore, toxic effects of alcohol on the immune function are
underscored by the observation that fetal alcohol exposure
interferes with the development of a functional immune system4.
Moderate alcohol consumption may thus have immune mod-
ulatory effects, which may inhibit the development of auto-
immune diseases. Indeed, moderate alcohol consumption has
consistently been identified as protective factor for the onset of
rheumatoid arthritis (RA)5,6 and systemic lupus erythematosus
(SLE)7.

The mechanism by which alcohol mitigates the development of
autoimmune diseases, such as RA, is unknown. A general anti-
inflammatory and anti-analgesic effect of alcohol that dampens
symptoms in arthritis has been suspected. However, such a
generalized anti-inflammatory effect does not sufficiently explain
the observed lower incidence of disease onset of RA5,6,8–10 in
humans and mice11. Experimental evidence on the mechanism of
the immunomodulatory effect of alcohol is more than scarce to
date. Alcohol is metabolized in the cells by two enzymes, alcohol
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH)12.
These enzymes help break apart the ethanol molecule, supporting
its elimination from the body. ADH metabolizes alcohol to
acetaldehyde, a highly toxic substance and known carcinogen.
Hence, in a second step, acetaldehyde is rapidly metabolized to
acetate12. Acetate is also secreted by the gut microbiota after
fermentation of fiber-rich diets and has immunomodulatory
properties13–15. Here, we show that acetate too, as the prominent
metabolite of alcohol, potently modulates T follicular helper
(TFH) cell function.

Alcohol and acetate have a wide variety of immunomodulatory
effects. Here we present one of these effects, linking alcohol-
exposure and acetate-exposure to mitigation of functional TFH

and B cell conjugate formation, B-cell activation, and subsequent
decrease in autoantibody response leading to tolerance and
inhibition of the onset of arthritis.

Results
Alcohol consumption inhibits arthritis onset. To investigate the
effects of alcohol on arthritis, we induced mice for collagen-
induced arthritis (CIA) by immunizing DBA/1 mice with CII in
CFA on days 0 and 21 and simultaneously started treatment with
either 10% (vol/vol) ethanol in drinking water (CIA+ EtOH) or
water alone starting on day 0 (Fig. 1a). Consumption of ethanol
was confirmed by measuring serum ethanol levels and by quan-
tifying the amount consumed using individual metabolic cages
(Supplementary Fig. 1a). At 42 days post immunization (dpi),
hind and front paws of the ethanol-exposed group had strongly
reduced symptoms of arthritis as shown by reduced swelling of
the foot pad (Fig. 1b). Ethanol-exposed mice had 40% lower
incidence of CIA, and a decrease of more than 50% in the severity
of arthritis as compared to controls (Fig. 1c). Histological analysis
of the hind paws showed significantly less synovial inflammation
in ethanol-exposed CIA mice as compared to controls (Fig. 1d).
In addition, we observed significantly lower bone erosion
and osteoclast numbers in ethanol-exposed CIA mice (Fig. 1e).
Micro-computed tomography (µCT) of the hind paws of

ethanol-exposed CIA mice indicated no disease progression in
comparison with the control group (Fig. 1f).

As demonstrated by gene expression analysis of whole-paw
homogenates taken at 28 dpi, ethanol exposure reduced type 1
effector cytokine levels (IL-6, IL-1β, IFNγ) but increased IL-33
and cytokines associated with type 2 immune responses (IL-4, IL-
9, IL-13) (Fig. 1g). IL-21 and IL17A, known key cytokines
detected in RA joints, were significantly reduced (Fig. 1g). This
observation is in accordance with previous data showing that type
2 immune responses attenuate clinical signs of arthritis16,17. Gene
expression of Cxcl12 and CXCR4 and the numbers of neutrophils
and monocytes were decreased (Fig. 1g, h), while Ccr3 and
CXCR2 gene expression were increased in ethanol-exposed mice,
correlating with flow cytometry analysis of increased eosinophil
numbers in the joints (Fig. 1g, h). Ethanol consumption had no
impact on T cell populations in spleens and lymph nodes of CIA
mice (Supplementary Fig. 1b). Moreover, we could not observe
any direct effect of ethanol on in vitro T cell differentiation assays
into Th1, 2, 9 or 17 cells (Supplementary Fig. 1c) while T
regulatory cells (Tregs) slightly decreased upon ethanol exposure
(Supplementary Fig. 1c). Together, these data showed that
ethanol exposure potently decreased the incidence and symptoms
of an active T cell driven model of arthritis, accompanied by
decreased pro-inflammatory effector cytokine production and
immune effector cell influx into the joints while not directly
affecting the Th cell subsets.

Alcohol inhibits the initiation stage of autoimmunity. To
address the question whether the observed attenuating effect of
ethanol on arthritis incidence and severity is within the effector
stage or the initiation stage of the immune response, we analyzed
the effect of ethanol exposure in mice following passive K/BxN
serum transfer. In this arthritis model the symptoms are induced
by transferred autoantibodies, not requiring T cell responses and
specific antibody generation. Neither the incidence, nor the
clinical score of arthritis differed between ethanol-exposed and
control mice following K/BxN serum transfer (Fig. 2a). Another
disease model, experimental autoimmune encephalomyelitis
(EAE), a model for multiple sclerosis, requires a T cell response
and specific antibody generation akin to CIA. We observed
attenuated clinical disease scores and lower incidence of EAE in
ethanol-exposed mice compared to controls (Fig. 2b). Together,
these experiments suggest that alcohol affects the early initiation
stage of disease rather than the later effector stages.

Alcohol exposure reduces IgG response. To further assess the
role of ethanol in the initiation stage of CIA, we explored total
IgG serum levels in mice induced for CIA. Ethanol-exposed mice
exhibited lower total IgG levels starting from 19 dpi and reaching
significance at 33 dpi compared to controls (Fig. 3a). Analysis of
IgG subclasses showed reductions in levels of IgG1, IgG2a, IgG3,
while IgG2b levels increased (Fig. 3b). CII-specific IgG was sig-
nificantly decreased in ethanol-exposed mice starting from 26 dpi
(Fig. 3c). A closer look at CII-specific IgG subclasses showed a
decrease in IgG1, but unchanged IgG2a, IgG2b, or IgG3 levels
(Fig. 3d). Based on the observed differences in antibody response,
we advanced in exploring the avidity of CII-specific total IgG. As
consumed ethanol is taken up and processed in the intestines, we
also analyzed intestinal IgA production, and found increased
levels of IgA in stool samples of ethanol-fed CIA mice (Fig. 3e)
Interestingly, the avidity of CII-specific antibodies was not altered
by ethanol consumption (Fig. 3f). We further checked CII-specific
IgG sialylation and found significantly increased sialylation of IgG
on 40 dpi in ethanol-exposed mice (Fig. 3g). This increase in
sialylation of antibodies in ethanol-exposed CIA mice indicates a
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switch from a pro- to an anti-inflammatory state18. Altogether,
these data show that upon ethanol exposure, IgG production is
decreased and anti-inflammatory characteristics of IgG are
enhanced, while affinity maturation does not seem to be affected.

Alcohol increases Th1 and GC B cell number in steady state.
Having observed a mitigating effect of ethanol on adaptive T-/B-
cell mediated autoimmunity, we next tested if ethanol principally
skews gut barrier function and adaptive immune cell function
under steady state conditions. Gut leakiness did not change after a
3 week ethanol exposure in WT mice not induced for CIA
(Supplementary Fig. 1d). Furthermore, most T cell lineages were
unchanged after ethanol exposure with the exception of a mod-
erate increase of splenic Th1 cells (Supplementary Fig. 1e). In
addition, a moderate increase of GC B cells was observed

(Supplementary Fig. 1f), while the numbers of TFH cells, which
play an essential role in the formation of GCs, as well as their
doublets with B cells were not affected by ethanol (Supplementary
Fig. 1g).

Alcohol has inhibitory effect on B cell response. The observed
reduction in IgG serum levels after ethanol consumption in
arthritic mice prompted us to more closely analyze B cells in the
spleen and the bone marrow of CIA mice with and without
ethanol exposure (Supplementary Fig. 2a). Numbers of splenic
plasma B cells (PC) were unchanged, but numbers of plasma-
blasts (PB) were decreased in ethanol-exposed CIA mice
(Fig. 4a). More importantly, numbers of B cells producing CII-
specific IgG were also decreased in ethanol-exposed CIA mice
(Fig. 4b). In support of these findings, bone marrow plasma
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cells (PC BM), and CII-specific IgG producing B cells were
significantly reduced upon ethanol exposure (Fig. 4c, d). To
investigate, if B cell maturation or GC reaction were affected,
cryosections of the spleens from ethanol-exposed and control
CIA mice at 14 dpi were stained for B220, Peanut Agglutinin
(PNA), IgD, IgM, and monocytes/macrophages (MoMa).
Ethanol-exposed CIA mice exhibited less proliferation and
activation of GC B cells than controls as shown by distinctly
reduced follicular areas of defined B cell follicles (Fig. 4e) and
decreased GC B cell numbers illustrated by lower B220/IgD/
PNA expressing cells (Fig. 4f). Further flow cytometry analysis
showed decreased splenic GC B cells from 14 dpi onward
(Supplementary Fig. 2b) as well as significantly decreased
numbers of lymphoid dendritic cells (DC) (Supplementary
Fig. 2c) as early as 4 dpi in ethanol-exposed CIA mice (Fig. 4g)
while mature DCs were not affected (Fig. 4h). Overall, the
observed decrease in antibody titers (Fig. 3) can be attributed to
a decrease in proliferation and activation of B cells in the GCs
of CIA mice.

Alcohol exposure suppresses IL-21 secretion by TFH cells. Next,
we checked the effect of ethanol on TFH cells, which are vital for
induction of antibody production by B cells at the T-B interaction
sites in the GC19. TFH cell numbers were decreased already at 4
dpi in ethanol-exposed CIA mice, however, this difference faded
following the 2nd CII challenge at 21 dpi (Fig. 5a). IL-21 is a
major cytokine produced by TFH cells and was shown to play a
key role in B cell antibody response as well as antibody class
switch20. Flow cytometry analysis (Supplementary Fig. 3a)
revealed defects in IL-21 secretion of TFH cells of ethanol-exposed
CIA mice as opposed to controls (Fig. 5b). We confirmed IL-21
antibody specificity by transfecting HepG2 cells with IL-21mc
followed by intracellular staining (Supplementary Fig. 3b). Sig-
nificantly decreased numbers of IL-21+ TFH cells were observed
as early as 4 dpi in ethanol-exposed mice, and this difference
continued to increase throughout the course of the experiment
(Fig. 5b). Of note, circulating IL-21+ TFH cells started to decline
at later time point of 28 dpi during the CIA clinical time course
(Fig. 5c). Due to the intimate relationship between GC B cells and

IgD IgM MoMa Merge

C
IA

C
IA

+
E

tO
H

 

e f

a b c d

g h

PC Spleen

na
ïve CIA

CIA
+EtO

H

0.0

0.1

0.2

0.3

%
B

22
0

–
C

D
13

8+
T

A
C

I+
PB Spleen

na
ïve CIA

CIA
+E

tO
H

0.00

0.05

0.10

0.15

0.20

0.25

%
B

22
0

–
C

D
13

8+
T

A
C

I–

Spleen CII

CIA

CIA
+EtO

H

0

10,000

20,000

30,000

40,000

C
II-

A
S

C

PC BM

na
ïve CIA

CIA
+EtO

H

0.00

0.02

0.04

0.06

0.08

0.10

%
B

22
0

–
C

D
13

8+
T

A
C

I+

Bone Marrow CII

CIA

CIA
+EtO

H
0

2000

4000

6000

8000

10,000

C
II-

A
S

C

CIA

CIA
+EtO

H

0.00

0.05

0.10

0.15

F
ol

lic
ul

ar
A

re
a

(m
m

  )2

CIA

CIA
+EtO

H

0

200

400

600

800

N
um

be
r 

of
 C

el
ls

GC B Cells

0

1

2

3

4

0 14 25 28
Days post immunization

%
B

22
0+

F
as

+
P

N
A+

Lymphoid DCs

0.0

0.2

0.4

0.6

0 4 7 14

naïve
CIA
CIA+EtOH

Days post immunization

%
C

D
11

c+
M

H
C

II+ C
D

8a
+

C
D

11
b–

Mature DCs

0

1

2

3

4

0 4 7 14

naïve
CIA
CIA+EtOH

Days post immunization

%
C

D
11

c+
M

H
C

II
+

B220 IgD PNA Merge

C
IA

C
IA

+
E

tO
H

 

Fig. 4 Alcohol exposure has pronounced effects on germinal center B cells. a Percentage of splenic plasma cells (B220- CD138+ TACI+) and
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TFH cells, we checked for ICOSL and IL-21R expression in sorted
GC B cells. Interestingly, reduced production of IL-21 by TFH

cells was accompanied by a significant upregulation of ICOSL and
IL-21R in the GC B cells of ethanol-exposed CIA mice (Fig. 5d, e).
Given the importance of IL-21 within the direct TFH:B cell to cell
interaction, we generated TFH cells in vitro under most possible
physiological conditions21 to confirm specifically the effects of
ethanol on reducing IL-21 production by TFH cells. Ethanol
is ultimately metabolized into its immunologically active meta-
bolite acetate13. We observed increased serum acetate levels in

ethanol-exposed mice at 42 dpi during CIA, and this increase was
detected as early as 5 days following ethanol-feeding (Fig. 5f and
Supplementary Fig. 3c). Therefore, we also employed acetate in
addition to the ethanol treatment in the following in vitro
experiments. In line with our in vivo results, neither ethanol nor
acetate treatment of in vitro differentiated TFH cells21 changed
total TFH cell numbers (Fig. 5g and Supplementary Fig. 3d).
Despite unchanged total TFH cell numbers, we observed a
decrease in overall cell numbers on days 4 and 5 post stimulation
with 0.5 mM acetate and with 10 mM ethanol treatments

Treatment with Alcohol
d21d0

CII-CFA CII-CFA

d-3

IL-21

Clinical Progression

a b c d e f

g h i

j k

0

1

2

3

0 4 25

naïve

CIA

CIA+EtOH

Days post immunization

%
 T

F
H

0.0

0.1

0.2

0.3

0 4 25

naïve

CIA

CIA+EtOH

Days post immunization

%
 IL

-2
1+

 T
F

H

CIA

CIA
+EtO

H
0

20

40

60

80

%
 c

irc
ul

at
in

g 
IL

21
+

 o
f T

F
H

CIA

CIA
+EtO

H
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

G
C

 B
 c

el
l I

C
O

S
L

re
l. 

m
R

N
A

 e
xp

re
ss

io
n

CIA

CIA
+EtO

H
0.0

0.1

0.2

0.3

0.4

S
er

um
 a

ce
ta

te
 (

m
M

)

CIA

CIA
+EtO

H

2000

2200

2400

2600

2800

IL
-2

1 
M

F
I o

f  T
F

H

CIA

CIA
+EtO

H

0

5000

10,000

15,000

P
D

-1
 M

F
I o

f  
T F

H

l

CIA

CIA
+EtO

H

0

10

20

30

40

IL
-2

1+  T
F

H
:B

  d
ou

bl
et

s

p sqo

m

r

CIA
+I

L-
21

m
c+

EtO
H

0

1

2

3

%
 G

C
 B

 c
el

ls

CIA
+I

L-
21

m
c

0

1000

2000

3000

4000

5000

T
ot

al
 s

er
um

 Ig
G

 (
µg

 m
L–1

)

CIA
+I

L-
21

m
c+

EtO
H

CIA
+I

L-
21

m
c

0.6

0.8

1.0

1.2

1.4

1.6

C
II 

S
pe

ci
fic

 Ig
G

 (
O

D
45

0 )

CIA
+I

L-
21

m
c+

EtO
H

CIA
+I

L-
21

m
c

20 25 30 35
0

20

40

60

80

100
CIA+IL-21mc

CIA+IL-21mc+EtOH

Days post immunization

%
 In

ci
de

nc
e 

Incidence

20 25 30 35
0

2

4

6

8 CIA+IL-21mc

CIA+IL-21mc+EtOH

Days post immunization

S
co

re

Clinical score

CIA

0

10,000

20,000

30,000

P
D

-1
 M

F
I o

f T
F

H

CIA
+I

L-
21

m
c+

EtO
H

CIA
+I

L-
21

m
c

t

0

10

20

30

IL
-2

1+  T
F

H
:B

 d
ou

bl
et

s
CIA

+I
L-

21
m

c+
EtO

H 

CIA
+I

L-
21

m
c

n

3 4 5
0

500

1000

1500

2000 Positive control

10 mM EtOH

100 mM EtOH

Days in co-culture

IL
-4

 M
F

I o
f  T

F
H

3 4 5
0

20

40

60

80 Positive control

0.5 mM sodium acetate 

10 mM EtOH

100 mM EtOH

Days in co-culture

%
  T

F
H

CIA

CIA
+EtO

H
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

G
C

 B
 c

el
l I

L-
21

R
r e

l. 
m

R
N

A
 e

xp
re

ss
io

n

0.25 mM sodium acetate

3 4 5
0

100

200

300

400

500 Positive control

0.5 mM sodium acetate

0.25 mM sodium acetate

10 mM EtOH

100 mM EtOH

Days in co-culture

IL
-2

1 
M

F
I  o

f T
F

H

0.5 mM sodium acetate

0.25 mM sodium acetate

Fig. 5 Alcohol exposure suppresses TFH cell response. Flow cytometric analysis of splenic a TFH and b IL-21 producing TFH cells in naïve mice, CIA mice
exposed to vehicle (CIA) or alcohol (CIA+ EtOH) (n= 6 mice per group) c Percentage of IL-21 producing circulating TFH cells at 28 dpi in peripheral blood
of the two treatment groups (n= 4 mice per group). d ICOSL and e IL-21R gene expression in sorted GC B cells in the two treatment groups (CIA, n= 10
mice, CIA+ EtOH, n= 6 mice). f Serum acetate concentrations at 42 dpi (n= 5 mice per group). g Percentage of TFH cells, h IL-21 MFI and i IL-4 MFI of
TFH cells in in vitro differentiation (g–i three independent experiments, n= 1 per experiment, three technical repeats). j IL-21 MFI (CIA, n= 10 mice, CIA+
EtOH, n= 6 mice) and k PD-1 MFI of TFH cells in CIA and CIA+ EtOH mice (n= 8 mice per group). l Flow cytometry analysis of IL-21 producing TFH:B cell
conjugates in CIA (n= 10 mice) and CIA+ EtOH mice (n= 6 mice) expressed as percent of all TFH:B conjugates. m Experimental design of IL-21
overexpression in CIA model. n Incidence and o clinical score of arthritis in CIA mice treated with IL-21 minicircle DNA without (CIA+ IL-21mc) and with
alcohol exposure (CIA+ IL-21mc+EtOH) (n= 8 mice per group). p Flow cytometry analysis of GC B cells CIA+ IL-21mcCIA+IL-21mc+EtOH mice (n= 7
mice per group). q Total serum IgG and r CII-specific total serum IgG in CIA+ IL-21mcCIA+ IL-21mc+EtOH mice (n= 8 mice per group). s PD-1 MFI of
TFH cells in CIA mice (n= 10 mice), CIA+ IL-21mc+EtOH mice (n= 5 mice), and CIA+IL-21mc mice (n= 5 mice). t Flow cytometry analysis of IL-21
producing TFH:B cell conjugates as percentage of all TFH:B conjugates (CIA+ IL-21mc, n= 8 mice, CIA+ IL-21mc+ EtOH, n= 5 mice). N number
represents number of animals used per experiment. Data shown from one of three independent experiments and expressed as mean ± SD. Statistical
difference was determined by one-way (s), two-way ANOVA (g, h, i, n, o) or Students two-tailed t-test (a–f, j–l, p–r, t). *p < 0.05; **p < 0.01; ***p < 0.001.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15855-z

6 NATURE COMMUNICATIONS |         (2020) 11:1998 | https://doi.org/10.1038/s41467-020-15855-z | www.nature.com/naturecommunications

www.nature.com/naturecommunications


(Supplementary Fig. 3e). Most importantly, IL-21+TFH cells sig-
nificantly decreased as shown by lower IL-21 mean fluorescence
intensity (MFI) upon treatment with either ethanol or acetate
(Fig. 5h). Interestingly, this was specific for IL-21 as IL-4 pro-
duction was not affected in the same TFH cells analyzed (Fig. 5i).
Together, these in vitro experiments suggest that ethanol and its
metabolite acetate specifically lower IL-21 production by TFH

cells.
This prompted us to further investigate the effect of ethanol on

IL-21+TFH cells in vivo in CIA exposed mice. Strikingly, we
observed a reduction of the IL-21+TFH cell population as well as a
significant reduction in IL-21 MFI within this population in
ethanol-exposed CIA mice. (Fig. 5j). Previously, a role of PD-1 in
TFH cell activation as well as TFH cell concentration at the T-B cell
border of the GCs has been reported22. Therefore, we proceeded
by checking PD-1 expression levels of TFH cells in ethanol-
exposed CIA mice. Flow cytometry analysis of TFH cells showed
reduced PD-1 MFI in ethanol-exposed CIA mice (Fig. 5k).
Consequently, as PD-1 is shown to be important for positioning
of TFH cells in the T-B cell border, we hypothesized that ethanol
exposed mice exhibit less TFH:B cell doublets. TFH:B cell doublets
represent the necessary cell conjugates that promote adaptive
immune responses, where TFH cells, via IL-21, regulate the fate of
B cell antibody production in the GC23. Of note, flow cytometry
analysis (Supplementary Fig. 3f) revealed reduced IL-21+TFH:B
cell doublets in ethanol-exposed CIA mice compared to control
mice (Fig. 5l).

IL-21 reverses arthritis-mitigating effect of alcohol. To test
whether increased IL-21 can overcome the attenuating effects of
alcohol-exposure on arthritis, we injected IL-21 expressing mini-
circle (mc) DNA24 3 days before CII immunization (Fig. 5m). IL-
21 serum levels were increased after IL-21mc injection as con-
firmed by ELISA (Supplementary Fig. 3g). Arthritis incidence and
clinical scores in ethanol-exposed CIA+ IL-21mc mice did not
differ from non-exposed controls at 28 dpi although some delay
in the course of arthritis was observed (Fig. 5n, o). Hence, IL-21
restored arthritis even in the presence of ethanol. In accordance,
GC B cell populations were not different between arthritic IL-
21mc/ethanol-exposed and IL-21mc/non-exposed mice (Fig. 5p).
Total IgG levels were even higher in IL-21mc/ethanol-exposed
mice (Fig. 5q), while no difference in CII-specific IgG levels was
found (Fig. 5r).

While high systemic IL-21 levels can partially overcome the
regulatory effect of ethanol in arthritis, IL-21 does not only affect
TFH cells. Down-regulation of NK cell activation markers CD49
and CD16 together with increased activation of CD8 T cells was
observed after IL-21mc treatment (Supplementary Fig. 3h, i), a
pattern that has previously been shown to associate with
accelerated CIA25,26. Also, Th17 cells, one of the key driving
Th cell type in arthritis27 were increased after IL-21mc treatment
(Supplementary Fig. 3j). In accordance, IL-21mc treatment
generally exacerbated CIA (Supplementary Fig. 3k). Thus, the
rescue of the suppressive effects of ethanol on arthritis by IL-21
seem to be downstream of TFH cells. This is supported that the
effect of ethanol on PD-1 expression by TFH cells (Fig. 5s) and the
formation of IL-21+TFH:B cell doublets (Fig. 5t) was still
decreased despite the presence of IL-21.

Alcohol attenuates T cell driven immune responses. To deter-
mine whether ethanol and its metabolite acetate generally affect
TFH dependent antibody responses, we analyzed C57BL/6J (WT)
mice immunized with NP-CGG by flow cytometry (Supplemen-
tary Fig. 4a), an antigen that follows a T cell dependent pathway
of immune response. While the TFH cell numbers were not

affected by acetate but increased by ethanol consumption
(Fig. 6a), the frequencies and the absolute numbers of IL-21-
producing TFH cells following NP-CGG immunization in WT
mice decreased after both treatments (Fig. 6b and Supplementary
Fig. 4b). Acetate was more effective in decreasing total serum IgG
levels (Fig. 6c). NP-CGG specific IgG titers were decreased in
both alcohol- and acetate-exposed mice (Fig. 6d), further con-
firming our results observed in CIA. In comparison, when WT
mice were immunized with TNP-FICOLL, an antigen that does
not trigger T cell dependent immune response, a moderate
increase in TFH cell numbers was observed after ethanol exposure,
but not after acetate (Fig. 6e). IL-21+TFH cell numbers, however,
remained unchanged by alcohol and acetate (Fig. 6f) and also
serum IgG or TNP-FICOLL-specific IgG levels remained
unchanged (Fig. 6g, h) overall supporting the data obtained in
passive model of arthritis. We additionally checked the effects of
alcohol on a viral infection model. It has been described for
instance that high-level chronic alcohol consumption increases
the severity of influenza28. However, moderate ethanol exposure
in our setting did not dampen TFH cells in the context of influ-
enza infection and did not elevate the severity of the disease
progression (Supplementary Fig. 4c). Thus, total TFH cells and
influenza IgG were not altered (Fig. 6i) and IL-21 producing TFH

cells were even increased. (Fig. 6j, k). Overall, these data support
the concept that the immune regulatory effect of moderate doses
of ethanol observed in arthritis is not necessarily accompanied by
a decrease in host defense.

Alcohol and acetate decrease IL-21, Bcl6, and PD-1 expression.
Based on reduced IL-21+ TFH cell numbers and antibody titers in
T-cell dependent immune responses upon ethanol exposure, we
next investigated the underlying mechanism and responsible
cellular network. When analyzing the MFI of IL-21 in IL-21+TFH

cells, we identified decreased IL-21 levels in NP-CGG immunized
mice following ethanol or acetate feeding (Fig. 7a). Strikingly, the
TNP-FICOLL immunized mice showed no difference (Fig. 7b) in
IL-21 MFI between ethanol- and water-exposed mice and during
influenza infection we observed even increased IL-21 MFI levels
upon ethanol exposure (Fig. 7c). Recent studies suggested that IL-
21 induces Bcl6, a master regulator of TFH cells29. Interestingly
and in agreement with the observed reduction of IL-21, Bcl6
levels were strongly reduced in TFH cells upon ethanol-exposure
of NP-CGG immunized mice (Fig. 7d). Contrary, T cell-
independent TNP-FICOLL or influenza-immunized mice
showed increased but not decreased Bcl6 levels following ethanol
or acetate feeding (Fig. 7e, f). Based on recent literature showing
that Bcl6 promotes PD-1 expression in TFH cells30,31 we asked in
which of our models PD-1 may be downregulated as well.
Strikingly, only in the CIA and NP-CGG immunized mice,
ethanol and acetate exposure reduced PD-1 expression (MFI
level) (Figs. 5k and 7g). Following ethanol treatment PD-1
expression (MFI levels) were either unchanged in TNP-FICOLL
or increased in influenza-immunized mice (Fig. 7h, i).

Recently, it was shown that PD-1 expression by TFH cells is
required for a successful positioning of TFH cells in GCs in order
to form a proper B cell conjugates (TFH:B cell doublets) and to
promote antibody production22. Interestingly, following NP-
CGG immunization IL-21+ TFH:B doublets decreased upon
ethanol and acetate-exposure similar to CIA- induced ethanol-
exposed mice (Figs. 7j and 5l). In TNP-FICOLL-immunized or
influenza-infected mice, doublet formation remained unchanged
or was even increased (Fig. 7k, l). Further analysis of TFH cells
within the TFH:B cell conjugates confirmed these observations. IL-
21 expression (Supplementary Fig. 4d–f) and PD-1 expression
(Supplementary Fig. 4g–i) within the TFH:B cell conjugates
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decreased only after NP-CGG immunization. In order to rule out
the possibility that the observed changes in PD-1 levels within
TFH:B cell doublets were due to PD-1 expression changes on B
cells, we checked the B cell PD-1 MFI and found no differences
(Supplementary Fig. 4j–l). These results strongly suggest that
ethanol exposure prevents the onset of arthritis by causing a
decrease in PD-1 expression of TFH cells, inhibiting the secretion
of IL-21 and the formation of functionally active TFH:B cell
conjugates.

Alcohol and acetate decrease number of TFH:B cell conjugates.
To confirm the importance of ethanol for TFH cell mediated
decrease in autoantibodies and subsequent decrease of clinical
arthritis scores in vivo, we co-cultured sorted TFH cells with B
cells from C57BL/6J mice immunized with 100 µg of NP-CGG in
Imject Alum 7 days prior. Later, NP-CGG was used to activate
cells in vitro in the presence of ethanol or acetate. Anti-PD-L1
antibody was used as internal reference as it was reported pre-
viously32 to prevent functional IL-21+TFH:B cell conjugates. As
hypothesized, flow cytometry analysis (Supplementary Fig. 4m)
revealed that both ethanol and acetate showed similar efficacy in
preventing the formation of IL-21+TFH:B cell conjugates in vitro,
as with anti-PD-L1 treatment (Fig. 8a). Finally, we further

confirmed our in vitro FACS approach by live cell, time-lapse
microscopy. Therefore, we quantified total number of stable TFH:
B cell interactions occurring under the effects of ethanol and
acetate as compared to untreated control settings. Confirming our
previous findings, strongly reduced TFH:B cell interactions were
found in the presence of ethanol or acetate (Fig. 8b). As it was
shown previously, PD-1 is required for proper positioning of TFH

cells in T/B cell border22. Therefore, we analyzed the migration of
TFH cells to T/B cell border by immune histology of the draining
inguinal lymph nodes of ethanol and acetate-exposed CIA mice33.
Interestingly, we found that there are less TFH cells migrating into
B-cell follicles upon ethanol or acetate exposure explaining the
impaired TFH:B cell conjugate formation (Fig. 8c, d).

Altogether, in vitro observations show that ethanol and acetate
have strong effects on TFH:B cell interplay, just as it is observed
in vivo.

Discussion
Ethanol is the principal psychoactive constituent in alcoholic
beverages. Heavy alcohol consumption is a frequent social and
health problem due to central nervous system (CNS) and liver
toxicity34,35. On the other hand, it is also known that moderate
alcohol consumption has immune regulatory and anti-
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Fig. 6 Alcohol exposure affects T cell driven immune responses. a Total TFH (CD4+ B220− PD-1+ CXCR5+ Bcl6+) cell numbers and b IL-21 producing TFH
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inflammatory effects36,37. In support of this notion, several epi-
demiological studies have shown that alcohol consumption has an
inhibitory effect on the frequency and severity of RA8–10,38,39.
Still, the underlying mechanism by which alcohol mitigates RA
has only partly been investigated. Jonsson et al. reported that
alcohol-exposed DBA1 mice showed reduced testosterone serum
levels two weeks after clinical arthritic onset and cells isolated
from alcohol-exposed NMRI mice secreted less pro-inflammatory
cytokines (TNF, MIP-1α) and showed reduced migration
towards an artificial chemotactic stimulus than did cells from

non-alcohol-exposed control mice11. However, while such general
and late anti-inflammatory effects might explain the attenuated
clinical arthritis symptoms, they do not sufficiently explain the
reported lower incidence of RA in humans consuming alcohol8–
10,38,39 suggesting more specific and early tolerance inducing
effects of alcohol. Our study shows that alcohol alters the activity
of TFH cells by down-regulating key activation nodes such as Bcl6,
PD-1 and IL-21, thereby preventing the formation of functional
TFH:B cell conjugates and ultimately leading to a decline in
autoantibody production and lower incidence of arthritis.

Recently it has been shown that TFH cells are implicated in the
outcome of autoimmune arthritis. Intestinal TFH cells in Peyer’s
patches (PP), specifically stimulated by gut commensal segmented
filamentous bacteria (SFB), promoted K/BxN autoimmune
arthritis by elevating their egress into systemic sites boosting
autoantibody responses40. TFH cells are crucial for B cell differ-
entiation in the germinal centers (GC) and the production and
class switch of high-affinity antibodies41,42. The role of TFH cells
and their primary product IL-2143 is important for TFH cell
development and is required for B cell differentiation and anti-
body production44,45. Mice deficient in the receptor for IL-21 (IL-
21R)—that is expressed on TFH and B cells -have significantly
lower IgG1, IgG2b/2a and IgM titers than wild-type mice fol-
lowing immunization23. Conversely, high expression levels of IL-
21 correlate with the TFH cells’ enhanced capacity to facilitate
antibody production by B cells19. It is important to note that IL-
21 does not act on TFH cells only but also boosts the cytotoxicity
of CD8+ T cells and NK cells42 as well as induces Th17 cell
differentiation46 which triggers antibody production and class
switch recombination47.

To provide appropriate help to B cells, TFH:B cell conjugates
form in the GC of secondary lymphoid organs with precise spatial
and temporal coordination to yield antibody responses. PD-1
which is generally considered to be inhibitory on immune
responses was found to be highly expressed on TFH cells inside
the GC48,49. Despite high PD-1 expression levels, TFH cells are
functional and sensitive to antigens presented by cognate B cells
suggesting a different function of PD-1 in TFH cells50. Recently,
Shi et al. showed that PD-1 expression by TFH cells is essential for
their optimal spatial localization to GCs to form TFH:B cells
conjugates primed for IL-21 production22. This coincides with
our finding of reduced PD-1 expression on GC TFH cells along
with lower frequencies of functional IL-21+TFH:B cell conjugates
as well as lower infiltration of B-cell follicles by TFH cells in
alcohol- and acetate-exposed CIA mice. We have graphically
summarized the events we believe are affected by alcohol during
an early immune response (Fig. 9). Similarly in vitro exposure to
ethanol or acetate specifically reduced IL-21 secretion by TFH cells
and prevented formation of TFH:B cell conjugates to the same
extent as did pharmacological blocking of PD-L1 on B cells. Bcl6
and PD-1 expression and IL-21 secretion by TFH cells51,52 as well
as GC reactions29 were also downregulated by alcohol in T cell
dependent immunization models.

It is well known that autoimmunity precedes the onset of the
inflammatory phase of RA53 and that titers and sialylation status
of autoantibodies change before the onset of the disease54,55.
Presence of autoantibodies against citrullinated proteins provides
clear evidence for a central role of T- and B cell-driven auto-
immunity in RA38,56. Several lines of evidence point to aberrant
TFH responses contributing to the development of RA57–63.
Hence, TFH cells are detected in the synovial tissue of patients
with RA63. In addition, higher levels of IL-21 mRNA expression
in peripheral blood mononuclear cells (PBMCs) and of IL-21
protein in the serum positively correlate with the disease severity
and the levels of autoantibodies in RA patients59,63. Finally,
although the expression of inhibitory receptors (such as CD200)
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Fig. 7 Alcohol and acetate decrease IL-21, Bcl6 and PD-1 expression.
a Flow cytometry analysis of IL-21 MFI of TFH cells in NP-CGG-, b TNP-
FICOLL-immunized, c influenza infected mice treated with water (control),
ethanol, or acetate. d Flow cytometry analysis of Bcl6 MFI of TFH cells in
NP-CGG-, e TNP-FICOLL-immunized, f influenza infected mice treated with
water (control), ethanol, or acetate. g Flow cytometry analysis of PD-1 MFI
of TFH cells in NP-CGG-, h TNP-FICOLL-immunized, i influenza infected
mice treated with water (control), ethanol, or acetate. j Flow cytometry
analysis of IL-21 producing TFH:B conjugates as percentage of all TFH:B cell
conjugates in NP-CGG-, k TNP-FICOLL-immunized, l influenza infected
mice treated with water (control), ethanol, or acetate. a, b, d, e, g, h, j, k
n= 5 mice per group per experiment and representative experiment of
three independent experiments shown. c, f, i, l n= 6 mice per group per
experiment and representative experiment of two independent experiments
shown. Data are expressed as mean ± SD. Statistical difference was
determined by one-way ANOVA (a, b, d, e, g, h, j, k) or Students two-tailed
t-test (c, f, i, l). *p < 0.05; **p < 0.01; ***p < 0.001.
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can be important for the role of TFH cells62, an increased fre-
quency of CD4+CXCR5+ICOS+ TFH cells and a higher TFH/Th1
ratio has been observed in RA61,64.

Systemic IL-21 neutralization in arthritis showed only modest,
although significant, effects. Joint swelling and histological scores
in IL-21R−/− mice induced for CIA were attenuated comparable
to the ones in IL-6−/− mice, however single treatment with
sIL21R.Fc protein did not show differences compared to the
combined sIL21R.Fc/IL-6R treatment65. Another group reported
attenuated clinical arthritis scores and lower total serum IgG1
levels in CIA DBA1 mice and in Lewis rats induced for antigen
induced arthritis (AIA) following IL-21R.Fc treatment66. It has to
be taken into account that IL-21R.Fc treatment was used in a
therapeutic setting. Our data suggest that the primary mechanism
of alcohol-meditated reduction in the incidence of arthritis lies in
early cellular events, before the onset of arthritis65,66. Hence,
inhibition of IL-21 may be better suited in preventing the tran-
sition from autoimmunity to inflammation rather than inhibiting
the effector phase of the disease. Moreover, it has been shown that
defective TFH cell function caused by a reduction in PD-1 resulted
in decreased T-cell dependent antibody responses independent of
IL-2167. Our study also showed that PD-1 levels are consistently
down-regulated on TFH cells following EtOH treatment, sug-
gesting that alcohol-feeding resembles a more complex

physiology extending beyond the effects of IL-21, presumably also
preventing functional TFH:B cell interaction. In line with this
notion, IL-21 is not strictly confined to TFH cells as it has been
shown that IL-21 can also be expressed by CXCR5- negative
T cells68. Consequently, one should not ignore the direct or
indirect effects of ethanol and acetate on lymphocyte’s metabo-
lism, migration speed, synapse formation and adhesion ability
that could contribute to our findings. Unraveling such mechan-
isms would be of great benefit for further better understanding of
the effects of nutrition on immunity. These data support the need
for further studies investigating the potential to modulate the
Bcl6/PD-1/IL-21 axis specifically in TFH cells during the initiation
phase of RA.

In summary, our data clarify the nature of the robust pre-
ventive and disease ameliorating effects of alcohol reported in
epidemiological RA studies.

Methods
Mice. Eight-week-old female C57BL/6 mice were purchased from Charles River
(Germany). Six- week-old female DBA/1 mice were purchased from Janvier
(Germany). Mice were co-housed for 2 weeks prior to start of experiments. OT 2
mice were kindly provided by Prof. Diana Dudziak from Dermatology Department
FAU Erlangen-Nuremberg. b12HL mice were kindly provided by Prof. David
Nemazee from the Scripps Research Institute, La Jolla, CA, USA. Kaede mice were
kindly provided by M. Tomura from the RIKEN Institute, Tokyo, Japan. All mice
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Fig. 8 Alcohol and acetate prevent the formation of TFH:B cell conjugates. a Flow cytometry analysis of IL-21 producing TFH:B cell conjugates in co-
cultures of TFH and B cells activated with NP-CGG and treated either with water (control), or 10 mM ethanol, or 0.25mM acetate, or 20 µg mL−1 anti-PD-L1
antibody. b Quantification of stable TFH:B cell conjugates formed in in vitro live cell imaging of TFH and B cell co-cultures activated with NP-CGG and
treated either with water (control), or 10 mM ethanol, or 0.25mM acetate. c Immunofluorescence analysis of CD4+ T cells’ migration into B cell follicles in
the draining lymph nodes of CIA mice exposed to either ethanol, acetate or vehicle. d Images representing CD4+ T cells within B cell follicles stained with
anti-B220 (green) and anti-CD4 (red), followed by quantification of CD4 MFI within the B cell follicles. Scale bar, 100 µm. Raw images at 10.6084/m9.
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Data are expressed as mean ± SD. Statistical difference was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001.
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were housed and experiments were conducted under specific pathogen-free con-
ditions. The animals receive water and feed ad libitum. The keeping rooms have a
temperature of 22–23 °C and a humidity of 50–60%. There is also a 12-h light-dark
rhythm in the holding rooms. Animals are kept in type II long cages, with max. five
animals. All of the protocols for animal experiments were approved by the local
ethics authorities of the Regierung von Unterfranken.

Collagen-induced arthritis. CIA was induced in 8-week-old female C57BL/6J or
DBA/1J mice by s.c. at the base of the tail with 100 μl with 0.25 mg chicken type II
collagen (CII; Chondrex, Redmond, WA) in complete Freund adjuvant (CFA;
Difco Laboratory, Detroit, MI), containing 5 mgmL−1 killed Mycobacterium
tuberculosis (H37Ra). Mice were re-challenged after 21 days intradermal immu-
nization in the base of the tail with this emulsion. The paws were evaluated for joint
swelling and grip strength three times per week. Each paw was individually scored
using a 4-point scale: 0, normal paw; 1, minimal swelling or redness; 2, redness and
swelling involving the entire forepaw; 3, redness and swelling involving the entire
limp; 4, joint deformity or ankylosis or both. In addition, grip strength of each paw
was analyzed on a wire 3 mm in diameter, using a score from 0 to −4 (0, normal
grip strength; −1, mildly reduced grip strength; −2, moderately reduced grip
strength; −3, severely reduced grip strength; −4, no grip strength at all).

Histology. Paw bones were fixed in 4% formalin for 24 h and decalcified in EDTA
(Sigma-Aldrich). Serial paraffin sections (2 μm) were stained for H&E and tartrate
resistant acid phosphatase (TRAP) using a Leukocyte Acid Phosphatase Kit
(Sigma) according to the manufacturer’s instructions. Osteoclast numbers were
quantified using a microscope (Carl Zeiss) equipped with a digital camera and an
image analysis system for performing histomorphometry (Osteomeasure;
OsteoMetrics).

Micro-computed tomography. µCT imaging was performed using the cone-beam
Desktop Micro Computer Tomograph µCT 40 by SCANCO Medical AG, Bruet-
tisellen, Switzerland. The settings were optimized for calcified tissue visualization at
55 kVp with a current of 145 µA and 200ms integration time for 500 projections/
180°. For the segmentation of 3D-Volumes an isotropic voxel size of 8.4 µm and an
evaluation script with adjusted greyscale thresholds of the operating system Open
VMS by SCANCO Medical was used.

Real-time PCR. Tissues were stored in RnaLater (Ambion) or directly transferred
to TRIzol (Invitrogen). RNA was extracted according to the manufacturer’s
instructions. Gene expression results are expressed as arbitrary units relative to
expression of the house keeping gene β-Actin. Primer sequences are provided in
Supplementary Table 1.

Flow cytometry. Spleens were smashed and filtered through 40 μm gauze (BD
Biosciences). Single-cell suspensions were then stained for flow cytometry with the
following antibodies: CD4 Pacific blue (clone GK1.5), CD25 PE-cy7 (clone PC61),
FoxP3 AlexaFluor (clone FJK-16a, eBioscience) were used in combination with a
FoxP3 staining kit (eBioscience). TFH cells were detected with the following anti-
bodies: CD4 (clone RM4-5), B220 (clone RA3-6B2), CXCR5 (clone SPRCL5), PD-1
(clone 29 F.1A12), ICOS (clone 7E.17G9), Bcl6 (clone K112-91), and IL-21 (clone
FFA21). Further antibodies: CD3 (clone 145-2C11), CD8α (clone 53-6.7), CD11b
(clone M1/70), CD11c (clone N418), CD45 (clone 30-F11), CD138 (clone 281-2),
F4/80 (clone BM8), Fas (clone 15A7), Ly6c (clone HK1.4), Ly6G (clone 1A8),
MHCII (clone M5/114.15.2), TACI (clone ebio8F10-3), and Siglec F (clone ES22-
10D8), PNA-biotin (Vector), Streptavidin-PE/CF594 (BD), NKp46 (clone 29A1.4),
CD49 (clone DX5), CD16 (clone 93), IL-4 (clone 11B11), IL-17 (clone TC11-
18H10.1), IL-9 (clone RM9A4). TFH:B cell doublet gating strategy is adopted from
previously published article69 and is shown in Supplementary Fig. 3f.

K/BxN serum induced model. K/BxN serum induced arthritis was induced by
intraperitoneal (i.p.) injection of 200 μL pooled K/BxN serum. The swelling of fore
and hind paws were measured three times per week. Development of arthritis was
evaluated for each paw using a semi-quantitative scoring system (0–4 per paw;
maximum score of 16).

EAE and MOG immunization. For induction of EAE, male and female mice of
8–11-weeks age were anaesthetized (ketamine/xylazine 80 mg per kg/8 mg per kg)
and received a total of 200 μg MOG35-55 and 200 μg CFA, containing 4 mg/ml M.
tuberculosis (H37RA) administered by two subcutaneous injections of 50 μl
emulsion left and right to the tail base. Pertussis toxin (200 ng per mouse) was
applied intraperitoneally on days 0 and 2 p.i. The clinical evaluation was performed
on a daily bases by a 5-point scale ranging from 0, normal; 1, limp tail, impaired
righting; 2, gait ataxia; 3, paraparesis of hind limbs; 4, tetraparesis; 5, death. Mice
were sacrificed if reaching a disease score of 4.

Quantification of CII-specific antibody producing cells. For the detection of
antibody-secreting cells from spleen and bone marrow, nitrocellulose microtiter
plates were moistened first with 15 μL per well of 70% methanol for one minute.
The plate was then washed three times with 200 μl per well PBS and coated with
collagen (20 μg mL−1 in PBS) overnight at 4 °C. After washing six times with 150
μL per well of PBS, 150 μL per well of PBS/2% FCS was first blocked for 2 h at RT
and then for 1 h at 37 °C. Subsequently, 1 × 106 cells were incubated in 100 μL cell
suspensions overnight at 37°C. After washing six times with 150 μL per well of PBS,
the membrane of the plate was washed from below with H2O and detected with
goat anti-mouse IgG-HRP (diluted 1:1000 in PBS/2% FCS) for 1 h at RT. After
washing 10 times, 100 μL per well TMB substrate solution was added to the wells
for about 10 min and quenched with 100 μL per well MQ-H2O. Subsequently, the
membrane was washed four times with MQ-H2O and one time with H2O from
below. After drying in the dark spots were counted by AID ELISpot Reader.

Immunofluorescence. Spleens and draining lymph nodes (dLNs) were isolated,
spleens were split to three pieces, tissues were embedded in Tissue-Tek® (Sakura,
Staufen) and frozen at −80 °C. 8-µm thick slices were cut with Cryotom (Thermo
Scientific). Slices were fixed with acetone, air dried, and frozen at −20 °C. For
stainings, slides were thawed at RT for 15 min, rehydrated in PBS or PBS 1% BSA
(dLNs) for 5 min, blocked for 30 min in IHC-Blocking buffer or PBS 1% BSA
(dLNs) and then stained with the following antibodies: CD4-Alexa Fluor 647,
B220-Alexa Fluor 488, IgM-Cy5 (Southern Biotech), IgD-Alexa Fluor 488, MoMa-
Biotin (Southern Biotech), streptavidin-TRITC (Southern Biotech), and DAPI
(Abcam) in IHC-staining buffer for 30 min at RT in dark humid chamber. Then,
slides were washed twice for 10 min with 0.05 % Tween20 in PBS and one time
with PBS only. Slides were then mounted with mounting medium (Abcam) and
analyzed with Zeiss Axio Lab.A1 (Carl Zeiss) or Leica SP5 Confocal microscope. B
cell follicles were identified by B220+ areas at ×100 total magnification and bor-
ders drawn by isolate/draw tool. Then, a channel was switched to CD4 signal, and
CD4 MFI of T cells within the isolated region analyzed by Fiji70. In average about
3–6 non-sequential follicles were counted per animal. Blind analysis was applied to
all image analysis.

ELISA. Total serum IgG was detected by capturing mouse serum IgG by coating
Nunc-Immuno Microwell 96-well plates (Sigma-Aldrich Cat# M0661-1CS) with
10 µg mL−1 of unconjugated goat anti-mouse (H+ L) (Southern Biotech cat#1036-
01) overnight at 4 °C. Wells were washed three times. All washing steps were
performed with PBS+ 0.05 %Tween20 (v/v). Wells were blocked with PBS+ 3%
BSA (w/v) for 2 h at RT. After washing, serum samples were serially diluted from
200x to 145800x in PBS+ 1%BSA (w/v) and incubated with capture antibody for 2
h at RT. In parallel, unlabeled mouse-IgG (Southern Biotech cat#0107-01) was
added as a defined standard to each plate. After washing, goat anti-mouse IgG-
HRP (Southern Biotech cat#1030-05) was added at 5000x dilution in PBS+ 0.05%
Tween20 (v/v) for 1 h at RT. After wash, ELISA development solution (Thermo
Scientific Cat# 34021) was used for developing and quantified on Magellan Tecan
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Fig. 9 Effect of alcohol on immune response. Our findings indicate that the
exposure to alcohol causes a reduction in T follicular helper cell master
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Microplate reader (Tecan Trading AG, Switzerland) at OD450 as well as OD520 as a
reference wavelength.

CII, NP, and TNP-specific IgG ELISAs were performed by first coating Nunc-
Maxisorp ELISA plates (Thermo Fischer cat#44-2404-21) with corresponding
antigens: chicken type II collagen (CII; Chondrex, Redmond, WA), NP-BSA (LGC,
Middlesex, UK), and TNP-BSA (LGC, Middlesex, UK) at 10 µg mL−1

concentration overnight at 4 °C. In CIA, IgA, IgG, and IgG subclasses were
detected by antibodies from Bethyl. IgG and IgG subclasses from immunization
experiments were detected by antibodies from Southern Biotec. Next day, wells
were washed, blocked, serum dilutions added, and detected as described above.

Calculation of CII-specific IgG avidity. The avidity was determined by71 coating
microtiter plates with type II collagen at 10 µg mL−1 in order to select for CII
specific IgGs. After mice sera were incubated, wells were washed three times with
PBS-T followed by serially diluted NaSCN, washed, and quantified with standard
ELISA detection method mentioned above. Percentage of bound CII specific IgG
was calculated by the ratio of OD450 values of NaSCN exposed samples to NaSCN
unexposed control wells.

Identification of IgG sialylation. To identify differences in the sialylation of IgGs,
microtiter plates were coated with 100 μL per well mouse IgG-F (ab′) 2 fragment
antibody (diluted 1:100 in coating buffer) at 4 °C overnight. After washing with
TBST, 200 μL per well gelatin buffer (warmed at 37 °C) was blocked on the shaker
at 350 rpm for 1 h. After rinsing, one time for 10 min in the incubator at 37 °C,
incubation was carried out with 100 μL per well of the diluted serum (1: 1000,
saturated) for 1 h on the shaker. It was then washed twice with TBST and once with
lectin buffer. The lectin SNA of Sambucus nigra binds to sialic acid, therefore it was
detected with 100 μL per well biotinylated Elderberry Bark lectin (1:40,000, diluted
in lectin buffer) for 1 h on the shaker. It was then washed three times and incubated
with streptavidin-HRP (diluted 1:200 in TBST) for 30 min on the shaker. After
washing again, 100 μL per well of TMB substrate solution was added to the wells
for about 2 min and quenched with 100 μL per well of Stop Solution after color
change of the solution. The OD was measured at λ= 450 nm and λ= 650 nm on
the ELISA reader.

SCFA measurements. Four to five replicates of frozen cecal samples (100 mg) or
50 µL of serum were weighed into a 2 ml polypropylene tube. The tubes were kept
in a cool rack throughout the extraction. Thirty-three percent of HCl (50 µL for
cecal contents or 5 µL for serum) was added and samples were vortexed for 1 min.
One milliliter of diethyl ether was added, vortexed for 1 min and centrifuged for 3
min at 4 °C. The organic phase was transferred into a 2 ml gas chromatography
(GC) vial. For the calibration curve, 100 μl of SCFA calibration standards (Sigma)
were dissolved in water to concentrations of 0, 0.5, 1, 5, and 10 mM and then
subjected to the same extraction procedure as the samples. For GCMS analysis 1 μl
of the sample (4–5 replicates) was injected with a split ratio of 20:1 on a Famewax,
30 m × 0.25 mm iD, 0.25 μm df capillary column (Restek, Bad Homburg). The GC-
MS system consisted of GCMS QP2010Plus gas chromatograph/ mass spectro-
meter coupled with an AOC20S autosampler and an AOC20i auto injector (Shi-
madzu, Kyoto, Japan). Injection temperature was 240 °C with the interface set at
230 °C and the ion source at 200 °C. Helium was used as carrier gas with constant
flow rate of 1 ml min−1. The column temperature program started with 40 °C and
was ramped to 150 °C at a rate of 7 °C min−1 and then to 230 °C at a rate of 9 °C
min−1, and finally held at 230 °C for 9 min. The total run time was 40 min. SCFA
were identified based on the retention time of standard compounds and with the
assistance of the NIST 08 mass spectral library. Full scan mass spectra were
recorded in the 25–150m/z range (0.5 s per scan). Quantification was done by
integration of the extracted ion chromatogram peaks for the following ion species:
m/z 45 for acetate eluted at 7.8 min, m/z 74 for propionate eluted at 9.6 min, and
m/z 60 for butyrate eluted at 11.5 min. GCMS Solution software version 2.5 was
used for data processing.

In vitro differentiation of T cells. Naïve CD4 T cells were isolated from the
spleens of C57BL/6 mice (Stemcell Technologies, Germany). Naïve CD4 T cells
were cultured in R-10 medium supplemented with 0.5 µg mL−1 PMA, 1 µg mL−1

of Ionomycin, and Monensin (Biolegend, Germany) 96-well cell culture plates pre-
coated with anti-CD3 antibody. For induction of differentiation into specific
lineages, differentiation cocktails were added in the following manner, for Th1: 20
ng mL−1 of IL-12 p70 (Peprotech, Germany), 10 µg mL−1 aIL-4 (Peprotech, Ger-
many), Th2: 10 µg mL−1 Anti-IFNγ (Invitrogen, Clone: XMG1.2), 100 ng mL−1 IL-
4, Th9: 5 ng mL−1 rhTGFβ (Biolegend, cat# 580702), 10 µg mL−1 Anti-IFNγ, 10 ng
mL−1 IL-4, Th17: 40 ng mL−1 IL-6 (Peprotech, Germany), 2 ng mL−1 rhTGFβ,
Treg: 10 ng mL−1 IL-4.

In vitro TFH differentiation. For in-vitro differentiation of TFH cells, purified
(Miltenyi Biotec, Germany) dendritic cells from C57BL/6 mice, CD4 T cells from
OT2 mice and B cells from b12HL cell mice were co-cultured for 6 days in the
presence of HIV-derived virus‐like particles containing matched B- and T-cell
epitopes (Env‐OT2‐VLPs) as follows21: 2 × 105 T cells were plated in U-bottom
96 well plates in R10 medium. Dendritic cells (1:5, DC:T) from wild-type mice

and B cells (1:2, B:T) from b12HL mice were co-cultured in the presence of
100 ng mL−1 of Env-OT2-VLPs. At days 3, 4, and 5 of co-culturing 10 mM and
100 mM of ethanol as well as 0.25 mM and 0.5 mM of acetate were added to the
cells. For the intracellular staining against IL‐21 and IL‐4 2 μM monensin was
added on day 6 and the cells were incubated for another 6 h before the analysis21.

Adoptive transfer experiment. DBA/1J mice were hydrodynamically injected
with 4 μg of IL-21 minicircle 3 days before CII-CFA immunization. Later collagen
induced arthritis protocol was followed and clinical scores performed at the
indicated time points.

NP-CGG and TNP-FICOLL Immunizations. Female, 8-week-old C57BL/6 mice
were purchased from Charles River (Germany). Starting one week before immu-
nization, mice were given either 2% (w/v) Glucose water, 10% (v/v) Ethanol
(Roche) and 2% (w/v) Glucose (Sigma), or 150 mM Acetate (Sigma), all feedings
were changed every 3 days. For primary NP-CGG immunization, mice were then
injected i.p. with 100 µg of NP-CGG (LGC, Middlesex, UK) in 200 µL of Imject
Alum (Thermo Scientific) according to manufacturer’s instructions. Fourteen days
later, mice were boosted with 100 µg of NP-CGG in 200 µL of alum. For TNP-
FICOLL immunizations, mice were injected i.p. with 10 µg of TNP-FICOLL (LGC,
Middlesex, UK) in 200 µL of Imject Alum (Thermo Scientific). For in vitro TFH

differentiation, B-cell receptor transgenic mice specific for HIV-1 Env protein
(b12HL mice, in-house breeding) and T-cell receptor transgenic mice specific for
chicken ovalbumin 323–339 in the context of I-Ab (OT2 mice, in‐house breeding)
were used.

Influenza infection model. Starting one week before infection, C57BL/6 mice were
given either 2% (w/v) Glucose water or 10% (v/v) Ethanol (Roche) and 2% (w/v)
Glucose (Sigma). All feedings were changed every 3 days and were continued
throughout the infection. Mice were experimentally infected with 200 PFU of
H1N1 A/Puerto Rico/8/1934 in 50 µL PBS. The inoculum was given intranasally
under general anesthesia and weight loss was monitored daily. 14 days post
infection, mice were sacrificed, bronchoalveolar lavages were performed in a total
volume of 2 mL PBS, and spleen as well as lungs harvested.

Total Influenza specific IgG ELISA. Ninety-six-well ELISA plates were coated with
5 × 105 PFU heat-inactivated influenza particles (H1N1 A/Puerto Rico/8/1934) per
well or polyclonal goat anti-mouse Ig (Southern Biotech, cat#5300-05) diluted in
carbonate buffer overnight at 4 °C. Afterwards, free binding sites were blocked with
5% skimmed milk in PBS-T containing 0.05% Tween-20. After a washing step with
PBS-T, diluted sera were added and incubated for 1 h. In parallel, specific amounts
of mouse-Ig (Southern Biotech, cat#5300-01) were added as a defined standard to
the anti-mouse Ig-coated wells. Subsequently, plates were washed and polyclonal
anti-mouse IgG HRP-coupled secondary antibodies were added for 1 h (Dianova,
cat#115-035-062). After a final wash and the addition of a homemade ECL sub-
strate, the signals were detected with a microplate luminometer.

Steady-state experiments. Female, 8-week-old C57BL/6 mice were fed 2% (w/v)
glucose water, 10% ethanol (v/v) with 2% (w/v) glucose in water, or 150 mM
sodium acetate in water for three weeks. At the conclusion of the experiment, mice
were sacrificed and spleens collected for stimulation/blocking followed by flow
cytometry analysis for Th1 (CD3+ CD4+ CD19− IFNγ+), Th2 (CD3+ CD4+ CD19
− IL-4+), Th17 (CD3+ CD4+ CD19− IL-17+), GC B cells (CD19+ B220+ Fas+

PNA+), and TFH cells (CD4+ B220− PD-1+ CXCR5+ Bcl6+). Gut leakiness was
determined by feeding mice with either water, ethanol or acetate as mentioned
above for two weeks followed by an intestinal permeability assay.

Intestinal permeability assay. Mice fasting for 4 h were orally gavaged with
200 μL of FITC-dextran 4kD (440 mg kg−1 of body weight) (Sigma, Germany), and
blood was collected 4 h later. FITC-dextran serum concentration was measured by
flow cytometry at 490 nm excitation wavelength and detected at 530 nm emission
filter. Standard curve of serially diluted FITC-dextran was used for data fitting.

In vitro TFH and B cell co-culture. C57BL/6 mice were intraperitoneally immu-
nized with 100 µg of NP-CGG (LGC, Middlesex, UK) in 200 µL Imject Alum
(Thermo Scientific) 7 days prior to sacrifice, at which point spleens were collected.
Then, CD4+ CD19− PD-1+ CXCR5+ TFH and CD19+ B220+ B cells were sorted
with Beckman Coulter MoFlo XDP cell sorter. Later, 105 cells of each B and TFH

cells were co-cultured in R-10 medium and treated either with PBS, 10 mM
ethanol, 0.5 mM acetate, or 20 µg mL−1 of PD-L1 neutralizing antibody (Biolegend,
clone 10 F.9G2). NP-CGG was added to a final concentration of 20 µg mL−1 at the
beginning of the experiment. 48 h later, cells were stained for FACS analysis as
described before.

Live cell microscopy. Kaede transgenic C57BL/6 mice were immunized with NP-
CGG as described earlier. Spleens were harvested and single-cell suspension of
these cells were prepared. Ninety percent of the spleenocytes were photoconverted
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by separately exposing cells to Spot UV curing equipment (Bluewave QX4, Dymax)
at 405 nm wavelength and 14.9W per cm2 (VisiCure, Dymax) for 150 s on ice.
Once exposed to UV, cells were washed with FACS Buffer and filtered. TFH cells
were sorted as described earlier while B cells were isolated (Stemcell Technologies,
Germany) using the rest 10% of the spleenocytes (not exposed to UV light). Two-
well culture-inserts (Ibidi, Germany) were inserted into wells of 24-well cell culture
plate. 105 TFH and B cells in R-10 medium were seeded into separate wells. Cells
were allowed to settle for 6 h at 37 °C and 5% CO2. Later, the medium was
removed, Two-well culture inserts removed, and wells gently refilled with either
only R-10 medium or R-10 medium supplemented with 10 mM ethanol, or
0.25 mM acetate. The cells were then transferred to incubated and CO2 gassed Zeiss
Cell Discoverer live imaging microscope. Before starting imaging, NP-CGG was
added to a final concentration of 20 µg mL−1. Then images were taken by illu-
mination at 470 nm and detection at 514/30 filter for green Kaede (unconverted
Kaede B cells), illumination at 567 nm and detection at 592/25 for converted Kaede
(TFH cells) and brightfield setting with Apochromat ×5 objective in 2 minute
intervals for a total of 1 h. Images were then analysed by a custom plugin for Fiji70.
Positive cells were detected for each channel by applying a 3D Difference of
Gaussian filter to the images and identifying local maxima. False positives were
excluded by applying a manual threshold to the filtered images. Kaede and pho-
toconverted Kaede, B cells and TFH cells respectively, were counted as “in-contact”
if the distance between the centers of the two cells was less than 10 µm.

Statistical analysis. Data are expressed as mean ± SD unless otherwise indicated
in the figure legends. All relevant data are available from the authors. Analysis was
performed using a two-sided Student’s t test, single comparison or analysis of
variance test for multiple comparisons (one-way or two-way ANOVA followed by
Tukey’s or Bonferroni’s multiple comparisons test respectively). All experiments
were conducted at least two times, unless otherwise indicated in the figure legends.
n-numbers denote number of individual animals. P-values of 0.05 were considered
significant and are shown as p0.05 (*), p0.01 (**), or p0.001 (***). Graph gen-
eration and statistical analyses were performed using Prism version 8 software
(GraphPad, La Jolla, CA).

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request. Raw images supporting Fig. 8 are deposited in Figshare
https://doi.org/10.6084/m9.figshare.11793798. Raw data for the figures are available as a
Source Data file.

Received: 15 May 2019; Accepted: 26 March 2020;

References
1. Bogdanos, D. P. et al. Twin studies in autoimmune disease: genetics, gender

and environment. J. Autoimmun. 38, J156–J169 (2012).
2. Marson, A., Housley, W. J. & Hafler, D. A. Genetic basis of autoimmunity. J.

Clin. Investig. 125, 2234–2241 (2015).
3. Szabo, G. & Saha, B. Alcohol’s effect on host defense. Alcohol Res.: Curr. Rev.

37, 159–170 (2015).
4. Gauthier, T. W. & Brown, L. A. In utero alcohol effects on foetal, neonatal and

childhood lung disease. Paediatr. Respiratory Rev. 21, 34–37 (2017).
5. Kallberg, H. et al. Alcohol consumption is associated with decreased risk of

rheumatoid arthritis: results from two Scandinavian case-control studies. Ann.
Rheum. Dis. 68, 222–227 (2009).

6. Lu, B., Solomon, D. H., Costenbader, K. H. & Karlson, E. W. Alcohol
consumption and risk of incident rheumatoid arthritis in women: a
prospective study. Arthritis Rheumatol. 66, 1998–2005 (2014).

7. Barbhaiya, M. et al. Influence of alcohol consumption on the risk of systemic
lupus erythematosus among women in the Nurses’ health study cohorts.
Arthritis care Res. 69, 384–392 (2017).

8. Bergman, S., Symeonidou, S., Andersson, M. L. & Soderlin, M. K. & group, B.s.
Alcohol consumption is associated with lower self-reported disease activity
and better health-related quality of life in female rheumatoid arthritis patients
in Sweden: data from BARFOT, a multicenter study on early RA. BMC
Musculoskelet. Disord. 14, 218 (2013).

9. Jin, Z., Xiang, C., Cai, Q., Wei, X. & He, J. Alcohol consumption as a
preventive factor for developing rheumatoid arthritis: a dose-response meta-
analysis of prospective studies. Ann. Rheum. Dis. 73, 1962–1967 (2014).

10. Maxwell, J. R., Gowers, I. R., Moore, D. J. & Wilson, A. G. Alcohol
consumption is inversely associated with risk and severity of rheumatoid
arthritis. Rheumatology 49, 2140–2146 (2010).

11. Jonsson, I. M. et al. Ethanol prevents development of destructive arthritis.
Proc. Natl Acad. Sci. USA 104, 258–263 (2007).

12. Edenberg, H. J. The genetics of alcohol metabolism: role of alcohol
dehydrogenase and aldehyde dehydrogenase variants. Alcohol Res. Health.: J.
Natl Inst. Alcohol Abus. Alcohol. 30, 5–13 (2007).

13. Kim, M., Qie, Y., Park, J. & Kim, C. H. Gut microbial metabolites fuel host
antibody responses. Cell Host Microbe 20, 202–214 (2016).

14. Lucas, S. et al. Short-chain fatty acids regulate systemic bone mass and protect
from pathological bone loss. Nat. Commun. 9, 55 (2018).

15. Zaiss, M. M. et al. The intestinal microbiota contributes to the ability of
Helminths to modulate allergic inflammation. Immunity 43, 998–1010 (2015).

16. Sarter, K., Kulagin, M., Schett, G., Harris, N. L. & Zaiss, M. M. Inflammatory
arthritis and systemic bone loss are attenuated by gastrointestinal helminth
parasites. Autoimmunity 50, 151–157 (2017).

17. Xia, L. X. et al. Eosinophil differentiation in the bone marrow is promoted by
protein tyrosine phosphatase SHP2. Cell Death Dis. 7, e2175 (2016).

18. Harre, U. et al. Induction of osteoclastogenesis and bone loss by human
autoantibodies against citrullinated vimentin. J. Clin. Investig. 122, 1791–1802
(2012).

19. Rao, D. A. T cells that help B cells in chronically inflamed tissues. Front.
Immunol. 9, 1924 (2018).

20. Zotos, D. et al. IL-21 regulates germinal center B cell differentiation and
proliferation through a B cell-intrinsic mechanism. J. Exp. Med. 207, 365–378
(2010).

21. Kolenbrander, A., Grewe, B., Nemazee, D., Uberla, K. & Temchura, V.
Generation of T follicular helper cells in vitro: requirement for B-cell receptor
cross-linking and cognate B- and T-cell interaction. Immunology 153,
214–224 (2018).

22. Shi, J. et al. PD-1 controls follicular T helper cell positioning and function.
Immunity 49, 264–274-e264 (2018).

23. Ozaki, K. et al. A critical role for IL-21 in regulating immunoglobulin
production. Science 298, 1630–1634 (2002).

24. Liu, F., Song, Y. & Liu, D. Hydrodynamics-based transfection in animals by
systemic administration of plasmid DNA. Gene Ther. 6, 1258–1266 (1999).

25. Leah, E. Experimental arthritis: mobilizing killer cells to combat CIA. Nat.
Rev. Rheumatol. 7, 622 (2011).

26. Tada, Y., Ho, A., Koh, D. R. & Mak, T. W. Collagen-induced arthritis in CD4-
or CD8-deficient mice: CD8+ T cells play a role in initiation and regulate
recovery phase of collagen-induced arthritis. J. Immunol. 156, 4520–4526
(1996).

27. Sarkar, S., Cooney, L. A. & Fox, D. A. The role of T helper type 17 cells in
inflammatory arthritis. Clin. Exp. Immunol. 159, 225–237 (2010).

28. Meyerholz, D. K. et al. Chronic alcohol consumption increases the severity of
murine influenza virus infections. J. Immunol. 181, 641–648 (2008).

29. Nurieva, R. I. et al. Bcl6 mediates the development of T follicular helper cells.
Science 325, 1001–1005 (2009).

30. Kroenke, M. A. et al. Bcl6 and Maf cooperate to instruct human follicular
helper CD4 T cell differentiation. J. Immunol. 188, 3734–3744 (2012).

31. Xie, M. M. et al. Bcl6 promotes follicular helper T-cell differentiation and PD-
1 expression in a Blimp1-independent manner in mice. Eur. J. Immunol. 47,
1136–1141 (2017).

32. Sage, P. T., Tan, C. L., Freeman, G. J., Haigis, M. & Sharpe, A. H. Defective
TFH cell function and increased TFR cells contribute to defective antibody
production in aging. Cell Rep. 12, 163–171 (2015).

33. Weber, J. P. et al. ICOS maintains the T follicular helper cell phenotype by
down-regulating Kruppel-like factor 2. J. Exp. Med. 212, 217–233 (2015).

34. de la Monte, S. M. & Kril, J. J. Human alcohol-related neuropathology. Acta
Neuropathol. 127, 71–90 (2014).

35. Szabo, G. & Mandrekar, P. Focus on: alcohol and the liver. Alcohol Res Health
33, 87–96 (2010).

36. Mandrekar, P., Jeliazkova, V., Catalano, D. & Szabo, G. Acute alcohol
exposure exerts anti-inflammatory effects by inhibiting IkappaB kinase
activity and p65 phosphorylation in human monocytes. J. Immunol. 178,
7686–7693 (2007).

37. Molina, P. E., Happel, K. I., Zhang, P., Kolls, J. K. & Nelson, S. Focus on:
alcohol and the immune system. Alcohol Res. Health 33, 97–108 (2010).

38. McInnes, I. B. & Schett, G. The pathogenesis of rheumatoid arthritis. N. Engl.
J. Med. 365, 2205–2219 (2011).

39. Scott, I. C. et al. The protective effect of alcohol on developing rheumatoid
arthritis: a systematic review and meta-analysis. Rheumatology 52, 856–867
(2013).

40. Teng, F. et al. Gut microbiota drive autoimmune arthritis by promoting
differentiation and migration of Peyer’s patch T follicular helper cells.
Immunity 44, 875–888 (2016).

41. Weinstein, J. S. et al. TFH cells progressively differentiate to regulate the
germinal center response. Nat. Immunol. 17, 1197–1205 (2016).

42. Spolski, R. & Leonard, W. J. Interleukin-21: basic biology and implications for
cancer and autoimmunity. Annu. Rev. Immunol. 26, 57–79 (2008).

43. Ma, C. S., Deenick, E. K., Batten, M. & Tangye, S. G. The origins, function, and
regulation of T follicular helper cells. J. Exp. Med. 209, 1241–1253 (2012).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15855-z ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:1998 | https://doi.org/10.1038/s41467-020-15855-z | www.nature.com/naturecommunications 13

https://doi.org/10.6084/m9.figshare.11793798
www.nature.com/naturecommunications
www.nature.com/naturecommunications


44. Bauquet, A. T. et al. The costimulatory molecule ICOS regulates the
expression of c-Maf and IL-21 in the development of follicular T helper cells
and TH-17 cells. Nat. Immunol. 10, 167–175 (2009).

45. Crotty, S. T follicular helper cell differentiation, function, and roles in disease.
Immunity 41, 529–542 (2014).

46. Yang, L. et al. IL-21 and TGF-beta are required for differentiation of human T
(H)17 cells. Nature 454, 350–352 (2008).

47. Mitsdoerffer, M. et al. Proinflammatory T helper type 17 cells are effective B-
cell helpers. Proc. Natl Acad. Sci. USA 107, 14292–14297 (2010).

48. Haynes, N. M. et al. Role of CXCR5 and CCR7 in follicular Th cell positioning
and appearance of a programmed cell death gene-1high germinal center-
associated subpopulation. J. Immunol. 179, 5099–5108 (2007).

49. Keir, M. E., Butte, M. J., Freeman, G. J. & Sharpe, A. H. PD-1 and its ligands in
tolerance and immunity. Annu. Rev. Immunol. 26, 677–704 (2008).

50. Yu, D. et al. The transcriptional repressor Bcl-6 directs T follicular helper cell
lineage commitment. Immunity 31, 457–468 (2009).

51. Jandl, C. et al. IL-21 restricts T follicular regulatory T cell proliferation
through Bcl-6 mediated inhibition of responsiveness to IL-2. Nat. Commun. 8,
14647 (2017).

52. Linterman, M. A. et al. IL-21 acts directly on B cells to regulate Bcl-6
expression and germinal center responses. J. Exp. Med. 207, 353–363
(2010).

53. Shi, J. et al. Anti-carbamylated protein (anti-CarP) antibodies precede the
onset of rheumatoid arthritis. Ann. Rheum. Dis. 73, 780–783 (2014).

54. Brink, M. et al. Multiplex analyses of antibodies against citrullinated peptides
in individuals prior to development of rheumatoid arthritis. Arthritis Rheum.
65, 899–910 (2013).

55. van de Stadt, L. A. et al. Development of the anti-citrullinated protein
antibody repertoire prior to the onset of rheumatoid arthritis. Arthritis
Rheum. 63, 3226–3233 (2011).

56. Pfeifle, R. et al. Regulation of autoantibody activity by the IL-23-TH17 axis
determines the onset of autoimmune disease. Nat. Immunol. 18, 104–113
(2017).

57. Chu, Y., Wang, F., Zhou, M., Chen, L. & Lu, Y. A preliminary study on the
characterization of follicular helper T (Tfh) cells in rheumatoid arthritis
synovium. Acta Histochem. 116, 539–543 (2014).

58. Wang, J. et al. High frequencies of activated B cells and T follicular helper cells
are correlated with disease activity in patients with new-onset rheumatoid
arthritis. Clin. Exp. Immunol. 174, 212–220 (2013).

59. Zhang, Y., Li, Y., Lv, T. T., Yin, Z. J. & Wang, X. B. Elevated circulating Th17
and follicular helper CD4(+) T cells in patients with rheumatoid arthritis.
APMIS 123, 659–666 (2015).

60. Moschovakis, G. L. et al. T cell specific Cxcr5 deficiency prevents rheumatoid
arthritis. Sci. Rep. 7, 8933 (2017).

61. Arroyo-Villa, I. et al. Constitutively altered frequencies of circulating
follicullar helper T cell counterparts and their subsets in rheumatoid arthritis.
Arthritis Res. Ther. 16, 500 (2014).

62. Chakera, A. et al. The phenotype of circulating follicular-helper T cells in
patients with rheumatoid arthritis defines CD200 as a potential therapeutic
target. Clin. Dev. Immunol. 2012, 948218 (2012).

63. Liu, R. et al. A regulatory effect of IL-21 on T follicular helper-like cell and B
cell in rheumatoid arthritis. Arthritis Res. Ther. 14, R255 (2012).

64. Iwata, S. et al. Activation of Syk in peripheral blood B cells in patients with
rheumatoid arthritis: a potential target for abatacept therapy. Arthritis
Rheumatol. 67, 63–73 (2015).

65. Roeleveld, D. M. et al. Higher efficacy of anti-IL-6/IL-21 combination therapy
compared to monotherapy in the induction phase of Th17-driven
experimental arthritis. PLoS ONE 12, e0171757 (2017).

66. Young, D. A. et al. Blockade of the interleukin-21/interleukin-21 receptor
pathway ameliorates disease in animal models of rheumatoid arthritis.
Arthritis Rheum. 56, 1152–1163 (2007).

67. Miles, B. & Connick, E. Control of the germinal center by follicular regulatory
T cells during infection. Front. Immunol. 9, 2704 (2018).

68. Rao, D. A. et al. Pathologically expanded peripheral T helper cell subset drives
B cells in rheumatoid arthritis. Nature 542, 110–114 (2017).

69. Lee, A. Y. S. et al. Expression of membrane-bound CC chemokine ligand 20
on follicular T helper cells in T-B-cell conjugates. Front. Immunol. 8, 1871
(2017).

70. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676–682 (2012).

71. Anttila, M., Eskola, J., Ahman, H. & Kayhty, H. Avidity of IgG for
Streptococcus pneumoniae type 6B and 23F polysaccharides in infants primed
with pneumococcal conjugates and boosted with polysaccharide or conjugate
vaccines. J. Infect. Dis. 177, 1614–1621 (1998).

Acknowledgements
We thank Prof. David Nemazee from The Scripps Research Institute, La Jolla, CA, USA
for b12HL mice donation. We thank Dr. Michio Tomura from the RIKEN Institute,
Yokohama City, Japan for providing the Kaede mice. We thank Prof. Diana Dudziak
from The Dermatology Department of FAU and Universitätsklinikum Erlangen,
Erlangen, Germany for OT-2 mice donation. We are grateful to Prof. Uwe Sonnewald,
FAU, Erlangen, Germanyfor support with the GC-MS analysis. We thank Dr. Ralf
Palmisano and Dr. Philipp Tripal and Dr. Benjamin Schmid from the OICE in Erlangen
for the technical advice and Daniela Weidner for µCT measurements and analysis. We
thank Dr. Andreas Hutloff (DRFZ, Berlin, Germany) and Dr. Michaela Petter (University
Hospital Erlangen, Erlangen, Germany) for critical discussions of the manuscript,
technical advice and the sharing of established protocols. We are thankful to Margarethe
Schimpf and Viktoria Liman for technical support and to the Med3 team of study
ambulance in Erlangen for access to human samples. This study was very kindly funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) DFG-
FOR2886 PANDORA Project-No. 1 and No. 3, DFG–CRC1181-Project-No. B07.
Additional funding was received by the Bundesministerium für Bildung und Forschung
(BMBF) BMBF-MASCARA TP No. 4, the TEAM project of the European Union and the
IMI funded project EU IMI2-RTCure.

Author contributions
V.A., G.S., and M.M.Z. conceived and designed the study. V.A., K.D., F.S., K.D., J.M., S.
L., M.F., N.T., Y.O., A.R., V.T., L.K., A.K., S.S., D.L., M.V.S., J.H., U.S., performed the
experiments. V.A., J.H., M.T., F.N., R.L., S.W., M.H., V.T., K.S., and M.M.Z. analyzed
data. V.A., K.S., G.S., and M.M.Z. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15855-z.

Correspondence and requests for materials should be addressed to M.M.Z.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15855-z

14 NATURE COMMUNICATIONS |         (2020) 11:1998 | https://doi.org/10.1038/s41467-020-15855-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-15855-z
https://doi.org/10.1038/s41467-020-15855-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ethanol consumption inhibits TFH cell responses and the development of autoimmune arthritis
	Results
	Alcohol consumption inhibits arthritis onset
	Alcohol inhibits the initiation stage of autoimmunity
	Alcohol exposure reduces IgG response
	Alcohol increases Th1 and GC B cell number in steady state
	Alcohol has inhibitory effect on B cell response
	Alcohol exposure suppresses IL-21 secretion by TFH cells
	IL-21 reverses arthritis-mitigating effect of alcohol
	Alcohol attenuates T cell driven immune responses
	Alcohol and acetate decrease IL-21, Bcl6, and PD-1 expression
	Alcohol and acetate decrease number of TFH:B cell conjugates

	Discussion
	Methods
	Mice
	Collagen-induced arthritis
	Histology
	Micro-computed tomography
	Real-time PCR
	Flow cytometry
	K/BxN serum induced model
	EAE and MOG immunization
	Quantification of CII-specific antibody producing cells
	Immunofluorescence
	ELISA
	Calculation of CII-specific IgG avidity
	Identification of IgG sialylation
	SCFA measurements
	In vitro differentiation of T�cells
	In vitro TFH differentiation
	Adoptive transfer experiment
	NP-CGG and TNP-FICOLL Immunizations
	Influenza infection model
	Total Influenza specific IgG ELISA
	Steady-state experiments
	Intestinal permeability assay
	In vitro TFH and B cell co-culture
	Live cell microscopy
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




