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Abstract

Autoreactive B cells are considered pathogenic drivers in many autoimmune dis-

eases; however, it is not clear whether autoimmune B cells are invariably patho-

genic or whether they can also arise as bystanders of T cell-driven autoimmune

pathology. Here, we studied the B cell response in an autoantigen- and CD4+ T

cell-driven model of autoimmune hepatitis (AIH), the Alb-iGP_Smarta mouse in

which expression of a viral model antigen (GP) in hepatocytes and its recognition

by GP-specific CD4+ T cells causes spontaneous AIH-like disease. T cell-driven

AIH in Alb-iGP_Smarta mice was marked by autoantibodies and hepatic infiltra-

tion of plasma cells and B cells, particularly of isotype-switched memory B cells,

indicating antigen-driven selection and activation. Immunosequencing of B cell

receptor repertoires confirmed B cell expansion selectively in the liver, which was

most likely driven by the hepatic GP model antigen, as indicated by branched net-

works of connected sequences and elevated levels of IgG antibodies to

GP. However, intrahepatic B cells did not produce increased levels of cytokines

and their depletion with anti-CD20 antibody did not alter the CD4+ T cell

response in Alb-iGP_Smarta mice. Moreover, B cell depletion did not prevent

spontaneous liver inflammation and AIH-like disease in Alb-iGP_Smarta mice. In

conclusion, selection and isotype-switch of liver-infiltrating B cells was dependent

on the presence of CD4+ T cells recognizing liver antigen. However, recognition

of hepatic antigen by CD4+ T cells and CD4+ T cell-mediated hepatitis was not

dependent on B cells. Thus, autoreactive B cells can be bystanders and need not

be drivers of liver inflammation in AIH.

Abbreviations: AIH, autoimmune hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BCR, B cell receptor; CDR,
complementarity-determining region; GP, glycoprotein; ISW, isotype-switched; mHAI, modified histological activity index; SHM, somatic
hypermutation.
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INTRODUCTION

Autoimmune diseases are caused by an adaptive immune
response to self-antigens; however, their exact pathogene-
sis is mostly unclear [1, 2]. Autoantibodies are found in
many autoimmune diseases, but a direct pathogenic role
of autoantibodies is seen only in few conditions, such as
in myasthenia gravis or Graves’ disease [3]. However,
autoreactive B cells can also promote autoimmune dis-
eases by antibody-independent mechanisms: most nota-
ble are (1) the secretion of pro-inflammatory cytokines,
such as TNF, Interferon-γ or IL-6 [4–6], and (2) the effec-
tive collection of autoantigens recognized by the B cell
receptor (BCR), which are then presented to activate
autoreactive T cells [7–9]. Thus, B cells can be an impor-
tant pathogenic factor in autoimmune diseases. B cell-
depletion therapies, such as by administration of the
anti-CD20 antibody Rituximab, have become a promising
treatment approach for various autoimmune diseases
[10]. However, B cells can also become activated as
bystanders during inflammation [11–14], and some B
cells can even inhibit autoreactivity, mainly by produc-
tion of immunosuppressive cytokines, such as IL-10 or
IL-35 [15, 16]. Thus, it is possible that B cell-depletion
could be ineffective or even disadvantageous in some
patients. However, bystander activation of B cells has
been mainly described in the context of infection and it is
currently not clear to which extent it can occur in auto-
immune diseases. Thus, the question is whether autoim-
mune disease features, such as autoantibodies, or B cell
and plasma cell infiltrates within affected organs, could
develop by way of bystander activation, or whether these
markers invariably indicate B cell-driven pathology.

Here, we analysed the role of B cells in the prototypi-
cal CD4+ T cell-driven autoimmune disease autoimmune
hepatitis (AIH). AIH is a rare, chronic, immune-mediated
liver disease characterized by portal hepatic infiltrates
and interface hepatitis, accompanied by elevated serum
levels of aminotransferases, IgG and autoantibodies [17].
AIH is considered driven by autoreactive T cells recogniz-
ing hepatocellular autoantigens, as indicated by predomi-
nance of CD4+ T cells in lymphocytic liver infiltrates,
strong genetic linkage to HLA-DRB1*0301 and HLA-
DRB1*0401 haplotypes, and detection of autoantigen-
specific CD4+ T cells [17, 18]. The known autoantigens,
like CYP2D6 and SEPSECS, targeted by anti-LKM1 and
anti-SLA/LP autoantibodies respectively, are recognized
both by autoreactive B cells and T cells of AIH patients
[19–21]. Whereas CD4+ T cells predominate in

lymphocytic liver infiltrates of AIH patients, plasma cells
and B cells are also present [17, 22], which together with
the typical IgG elevation and autoantibodies indicates a
possible involvement of B cells in AIH pathogenesis [23].
In type 2 AIH, which is more common in children and
young adults, anti-LKM-1 autoantibodies are considered to
be directly pathogenic [24]; yet, direct pathogenicity of anti-
bodies has not been shown in type 1 AIH, which is more
prevalent in adults. B cell depletion with Rituximab has
been tried in small cohorts of difficult-to-treat AIH patients
as a third line treatment, albeit under continued immuno-
suppressive treatment, eliciting biochemical improvement
and a reduction of required steroid dosages [25, 26].
Accordingly, in a mouse model of type 2 AIH induced by
xenovaccination to human CYP2D6, a single administra-
tion of a monoclonal anti-CD20 antibody has been reported
to cause histological remission, reduced alanine amino-
transferase (ALT) and IgG serum levels, and a decrease in
T follicular helper cells [27]. However, in a different AIH
mouse model induced by adenoviral immunization to
xenogenic human FTCD, no improvements in histological
activity and no reduction of transaminase levels were
found, but a reduction in serum IgG and an altered serum
protein pattern after single-dose administration of anti-
CD20 [28]. In yet another AIH model induced by immuni-
zation to a mouse liver protein extract, B cell depletion was
found to impair regulatory B cells and increase T cell-
mediated autoimmunity [29]. Correspondingly, a recent
study has shown that mice lacking regulatory B cells
develop spontaneous inflammation of several organs,
including the liver [30]. Of note, immunosequencing of T
cell and BCRs in AIH patients revealed strong skewing in
the T cell receptor repertoire, but not in the BCR reper-
toire, indicating that antigen selection operates mainly in T
cells, but not in the B cell compartment [31]. Thus, some
findings seem to hint at a pathological role of autoreactive
B cells in AIH, whereas others seem compatible with a pri-
marily T cell-driven AIH pathogenesis and a bystander role
for B cells in AIH.

To further elucidate the role of B cells in AIH, we
took advantage of an autoantigen- and CD4+ T cell-
driven mouse model of autoimmune liver inflammation,
the Alb-iGP_Smarta mice [32]. We consider that model
particularly well suited to address this issue because, in
contrast to the models detailed above, it develops sponta-
neously and does not require immunization, which might
be a potential confounder. Alb-iGP_Smarta mice feature
a liver-restricted model antigen (GP) that is recognized
by abundant antigen-specific CD4+ T cells. GP-specific T
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cell activation in the liver induces spontaneous AIH-like
liver inflammation with B cell involvement, as indicated by
presence of plasma cells in lymphocytic liver infiltrates, ele-
vated IgG levels and relevant titres of antinuclear autoanti-
bodies. Importantly, antigen-specific CD4+ T cells can
unambiguously be identified by use of MHC II tetramers
loaded with GP peptide. In this study, we characterized
hepatic B cell populations in Alb-iGP_Smarta mice via flow
cytometry and next-generation immunosequencing. More-
over, we investigated the effect of B cell and plasma cell
depletion, using anti-CD20 antibody and bortezomib [33,
34], on autoantigen-specific hepatic CD4+ T cells and the
clinical course of liver inflammation.

MATERIALS AND METHODS

Animal experimentation

Alb-iGP_Smarta mice were generated as previously
described [32]. All mice were bred and maintained under
specific pathogen-free conditions at the animal facility of
the University Medical Centre Hamburg-Eppendorf
(Hamburg, Germany). The mice were monitored daily for
sickness symptoms, according to general appearance,
body condition, posture, facial expression and mobility
for up to 50 weeks. All animals received humane care,
and clinical and behavioural humane endpoints were
applied to minimize any harm. All animal experiments
were conducted in accordance with the Basel Declara-
tion, the European Directive 2010/63/EU, and German
federal law. Experiments were approved by the relevant
review board and authorities of the State of Hamburg.

Cell isolation and flow cytometry

Mouse livers were perfused in situ with PBS via the portal
vein before organ sampling for histology and cell isola-
tion. Lymphocytes from liver and spleen samples were
isolated as previously described [32]. In brief, samples
were passed through a 100 μm cell strainer and primary
liver cells were purified using OptiPrep Density Gradient
Medium (Sigma Aldrich) according to the manufacturer’s
instructions. Red blood cells were removed before staining
by ACK Lysing Buffer (ThermoFisher). Single cell suspen-
sions were incubated with Pacific Orange-conjugated succini-
midyl ester (ThermoFisher) for dead cell segregation and
stained with the following fluorochrome-labelled antibodies:
CD45 (clone 30-F11), CD19 (1D3), B220 (RA3-6B2), IgD
(11-26c.2a), CD3 (17A2), CD38 (90), CD138 (281-2), CD4
(RM4-5), CD8 (53-6.7), CD25 (PC61), FoxP3 (FJK-16S),

CD44 (IM7), CD62L (MEL-14), I-Ab (AF6-120.1), TNFα
(MP6-XT22), IFNγ (XMG1.2), IL-10 (JES5-16E3), IL-17
(TC11-18H10.1) and IL-6 (MP5-20F3) provided by BioLegend
as well as IgM (1B4B1; Southern Biotech). APC-conjugated
LCMV GP(66-77) I-Ab tetramer was kindly provided by the
NIH Tetramer Core Facility. Samples were acquired with a
LSRFortessa device (BD Biosciences). The Foxp3/Transcrip-
tion Factor Staining Buffer Set (ThermoFisher) was used for
intracellular staining according to the manufacturer’s
instructions.

Stimulation assays

For in-vitro CD4+ T cell stimulation, primary cells were
resuspended in Panserin medium (Pan Biotech) contain-
ing 10% foetal bovine serum and 1% penicillin/
streptomycin (Gibco) followed by incubation for 5 hours
with PMA (50 ng/mL), Ionomycin (1 μg/mL, both Sigma
Aldrich) and Brefeldin A (1� GolgiPlug, BD Biosci-
ences). B cells were stimulated in-vitro as previously
described [35]. In brief, primary cells were resuspended
in complete medium consisting of RPMI 1640 medium
(Pan Biotech), 10% foetal bovine serum, 1% penicillin/
streptomycin and 5 � 10�5 M 2-mercaptoethanol (all
from Gibco). Subsequently, B cells were incubated for
24 h with LPS (10 μg/mL; Escherichia coli serotype
0111: B4, Sigma-Aldrich) with an agonistic anti-CD40
Ab (10 μg/mL; FGK45, BioLegend) for IL-6 detection.
After 19 hours, PMA, ionomycin and Brefeldin A were
added in the concentrations mentioned above. Intracel-
lular cytokine staining for flow cytometry was per-
formed as previously described.

B cell and plasma cell depletion

For short-term B cell depletion, 250 μg of anti-CD20 Ab
(SA271G2) or rat IgG2b, κ isotype control (RTK4530; Bio-
Legend) were injected intravenously in 6-week-old Alb-
iGP_Smarta mice on days 0 and 7. Plasma cell depletion
was performed by i.v. administration of bortezomib
(0.75 mg/kg, Velcade, Janssen-Cilag) or PBS on days 4.5
and 6. Mice were sacrificed on day 14. The long-term B
cell depletion in Alb-iGP_Smarta mice was performed as
previously described [34]. In brief, after conducting the B
cell and plasma cell depletion treatment as described
above for the first 2 weeks, weekly i.v. injections of the
anti-CD20 Ab or IgG2b isotype control were maintained
for 13 consecutive weeks in total. Long-term treatment
was started at the age of 20 weeks. Mouse monitoring for
disease symptoms was continued until week 50.
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Immunohistochemistry and fluorescence
histology

Liver inflammation was visualized via haemalum and
eosin (Carl Roth) staining of formalin-fixed, paraffin-
embedded mouse liver samples. Samples were analysed
by a pathologist in a blinded manner applying the modi-
fied histological activity index (mHAI) [36]. B220+ B cells
and CD4+ T cells were stained using the ZytoChem-Plus
AP-Polymer-Kit (Zytomed Systems) and the respective
antibodies (B220: RA3-6B2, CD4: 4SM95, ThermoFisher).
Immunofluorescence staining was performed on acetone-
fixed, TissueTek O.C.T. compound (Sakura) embedded
liver cryosections with the nuclear dye Hoechst 33258
(ThermoFisher) and directly fluorochrome-labelled anti-
bodies comprising anti-CD4 (RM4-5, BioLegend), anti-
B220 (RA3-6B2, BD Biosciences), and anti-Ki-67 (16A8,
BioLegend). For quantification of Ki-67, CD4 cell-positive
periportal zones were selected using a standardized fluo-
rescence threshold value and Ki-67 mean grey values
were then measured in the selected areas using ImageJ
Fiji software [37]; the indicated values were calculated as
the mean of three representative liver sections per
mouse.

Serology

Alanine aminotransferase and aspartate aminotransfer-
ase (AST) levels were measured in serum samples using a
COBAS Mira System (Roche Diagnostics) at the Institute
of Experimental Immunology and Hepatology, University
Medical Center Hamburg-Eppendorf. IgG serum levels
were analysed using an IgG mouse ELISA Kit (Abcam).

Anti-GP61-80 IgG detection

96-well polystyrene ELISA microplates (Thermo Fisher)
were coated overnight with 40 μg/mL recombinant
GP61-80 protein (PANATecs). Plates were blocked using
1% bovine serum albumin in 1xPBS. Sera were pre-
diluted 1:10 and incubated for 2 h, then IgG detection
was performed with reagents from an IgG mouse ELISA
kit (Abcam).

Next-generation immunosequencing and
data analysis

Isolation of genomic DNA from fresh frozen liver and
spleen followed by immunosequencing of B cell reper-
toires was performed as described in Reference [38]. In

brief, V(D)J rearranged IGH loci were amplified from
500 ng of genomic DNA using a multiplex PCR, pooled at
4 nM and quality-assessed on a 2100 Bioanalyzer (Agilent
Technologies). Sequencing was performed on an Illumina
MiSeq (paired-end, 2 � 301-cycles, v3 chemistry). Rear-
ranged IGH loci were annotated using MiXCR v3.0.12
[38], and the IMGT v3 IGH library as reference. Non-
productive reads and sequences with less than two counts
were discarded. Each unique complementarity-
determining region 3 (CDR3) was considered as clone. To
visualize network connectivity in BCR repertoires, clonal
B cell lineages with a Levenshtein distance up to 2 were
first assembled using the BRILIA tool [39], and then visu-
alized as petri dish plots with the package igraph and the
Fruchterman-Reingold layout [40]. Data analysis and
plotting were performed using R version 3.5.1.

Statistical analysis

Statistical analysis was conducted with GraphPad Prism
6 software (GraphPad Software) by using the two-tailed
Mann–Whitney U test (two groups), one-way ANOVA
and Tukey’s multiple comparisons test for normally dis-
tributed data, or alternatively, the Kruskal-Wallis test fol-
lowed by Dunn’s test for multiple comparisons (>2
groups). The log-rank (Mantel Cox) test was applied to
disease-free survival data. Results in graphs are displayed
as mean ± SEM.

RESULTS

Lymphocyte infiltration and increased B
cell numbers in early-stage liver
inflammation in Alb-iGP_Smarta mice

Liver inflammation in Alb-iGP_Smarta mice can be
divided into an asymptomatic early stage in young mice
and a subsequent symptomatic stage with spontaneous
onset beyond the age of 20 weeks. Early-stage liver
inflammation in Alb-iGP_Smarta mice is characterized
by portal inflammation and lymphocyte infiltrates in
liver histology, whereas Alb-iGP and Smarta control mice
do not exhibit hepatitis [32]. In line with these findings,
8-week-old Alb-iGP_Smarta mice show significantly
increased numbers of CD45+ cells in the liver compared
to Alb-iGP and Smarta control mice (Figure 1a). This
effect was liver-specific and not detectable in spleen sam-
ples (Figure 1a). The percentage of CD19+B220+ B cells
was significantly elevated in the spleen of Alb-
iGP_Smarta mice compared to Smarta controls
(Figure 1b), but not to Alb-iGP controls, and not in the
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liver. Accordingly, the total B cell numbers were similar
in the spleen of all strains. However, we observed a sig-
nificant increase in total B cell numbers in the liver of
Alb-iGP_Smarta mice as compared to Alb-iGP mice and
Smarta mice (Figure 1c). Moreover, we found signifi-
cantly elevated numbers of CD19+CD38+IgM�IgD�

isotype-switched (ISW) memory B cells in the livers of
Alb-iGP_Smarta mice (Figure 1d), whereas ISW B cells
were not increased in the spleen. Shown are representa-
tive flow cytometry plots with frequencies (left), and
absolute cell numbers in the bar graphs (right). Further-
more, CD19+CD138high plasma cell numbers of
Alb-iGP_Smarta mice were significantly increased in the
spleen, as compared to Smarta controls (Figure 1e) and
in the liver, as compared to both control lines. These
findings indicated that CD19+B220+ B cells infiltrated
the livers of Alb-iGP_Smarta mice in early-stage liver
inflammation; however they were not expanded relative
to other lymphocyte subsets. Nonetheless, the presence of
ISW memory B cells and plasma cells in the hepatic infil-
trates in Alb-iGP_Smarta mice might indicate an anti-
genic selection process.

Next-generation immunosequencing
demonstrates antigenic selection of hepatic
B cells in Alb-iGP_Smarta mice

To address the hypothesis of antigenic selection in the
livers of Alb-iGP_Smarta mice, we performed next-
generation sequencing for BCR clonotype analysis and
profiled global repertoire metrics in liver and spleen. In
liver samples, we found a significantly elevated total
clone number (richness) in Alb-iGP_Smarta mice com-
pared to samples of Smarta controls (Figure 2a), confirm-
ing hepatic B cell infiltration in these mice. In addition,
we observed a significantly elevated Shannon index as
proxy for increased clonal diversity in the hepatic BCR
repertoire of Alb-iGP_Smarta mice compared to Smarta
controls (Figure 2a). Moreover, we saw a trend towards a
higher rate of IGH somatic hypermutation (SHM) in liver
samples of Alb-iGP_Smarta mice, suggesting an elevated
number of antigen-experienced memory B cells or plasma

cells in the repertoire (Figure 2a). Interestingly, we did
not see similar trends in spleen samples of Alb-
iGP_Smarta mice, which did not differ from Smarta
controls (Figure 2a). Analysis of the mean clonal space
occupied by single clonotypes within the repertoires
revealed a selective decrease of the clonal space occupied
by hyperexpanded BCR clones, and a corresponding
increase of clonotypes that occupy medium and small
percentages of clonal space in Alb-iGP_Smarta liver sam-
ples (Figure 2b). This differential clonal space architec-
ture was found only in the liver, but not in the spleen
(Figure 2b), suggesting antigenic selection in the livers of
Alb-iGP_Smarta mice. Accordingly, BCR network analy-
sis revealed an increased connectivity of the BCR reper-
toire in Alb-iGP_Smarta livers, but not spleens
(Figure 2c), confirming the notion of antigen-driven
selection in livers of Alb-iGP_Smarta mice. We hypothe-
sized that the antigen driving these repertoire shifts in
Alb-iGP_Smarta livers was the GP model autoantigen
peptide, as Alb-iGP_Smarta mice are characterized by
ectopic expression of the GP peptide in the liver. Indeed,
Alb-iGP_Smarta mice with late-stage acute liver inflam-
mation featured significantly elevated IgG antibodies to
the GP peptide (Figure 2d). Taken together, the observed
BCR repertoire metrics along with a distinct anti-GP anti-
body response confirmed the notion of GP-driven B cell
selection in Alb-iGP_Smarta livers.

B cells do not participate in liver
inflammation via enhanced production
of pro- or anti-inflammatory cytokines in
Alb-iGP_Smarta mice

Having shown antigen-driven B cell selection in the livers
of Alb-iGP_Smarta mice, we further investigated whether
the expanded hepatic B cells in Alb-iGP_Smarta mice
were drivers of early-stage liver inflammation in Alb-
iGP_Smarta mice. To address this issue, we stimulated
splenic or hepatic B cells in-vitro and assessed the pro-
duction of cytokines. There was no difference in the pro-
duction of the pro-inflammatory cytokines TNF
(Figure 3a), IFNγ (Figure 3b), and IL-6 (Figure 3c), or the

F I GURE 1 Lymphocyte infiltration and increased B cell numbers in early-stage liver inflammation in Alb-iGP_Smarta mice. (a) CD45+

cells in the spleen and liver of Alb-iGP, Smarta and Alb-iGP_Smarta mice. Shown data are pooled from two independent experiments

(n = 7–8, age 8 weeks). (b) Frequency and (c) count of splenic and hepatic CD19+B220+ B cells in Alb-iGP, Smarta and Alb-iGP_Smarta

mice. Shown data are pooled from two independent experiments (n = 9–10, age 8–17 weeks). (d) Representative flow cytometry plots and

count of hepatic and splenic CD19+CD38+IgM�IgD� isotype-switched (ISW) B cells and (e) CD19+CD138high plasma cells (n = 5–6, age
8–17 weeks). Shown data are representative of two independent experiments. Total cell count was calculated per 100 mg of spleen and per

gram of liver sample. P-values were calculated by Kruskal-Wallis with Dunn’s multiple comparisons test, and are indicated only when

significant, that is, p < 0.05.
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F I GURE 2 Next-generation immunosequencing indicates antigenic selection of hepatic B cells in Alb-iGP_Smarta mice. (a) Mean

richness, Shannon diversity index, and somatic hypermutation rate (SHM) for the productive IGH repertoires of liver and spleen samples in

8-week-old Smarta and Alb-iGP_Smarta mice (n = 5). (b) Mean distribution of small, medium, large and hyperexpanded clones in % within

the clonal B cell space in spleen and liver samples. (c) Network connectivity of BCR repertoires exemplified for one characteristic animal in

liver and spleen samples. One node represents one unique CDR3 clonotype independent of frequency. Similar clonotypes (up to Levenshtein

distance of 2) are connected by edges. (d) Anti-GP antibodies measured by ELISA in 8-week-old Smarta and Alb-iGP_Smarta mice, along

with Alb-iGP_Smarta mice showing symptoms of late-stage liver inflammation (n = 5–9). P-values were calculated by Mann–Whitney, or

ANOVA with Tukey’s multiple comparisons tests.
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anti-inflammatory cytokine IL-10 (Figure 3d) in B cells
from Alb-iGP_Smarta livers, as compared to Alb-iGP and
Smarta control B cells. Correspondingly, there was no dif-
ference in cytokine production in splenic B cells between
Alb-iGP_Smarta and Alb-iGP and Smarta control mice

(Supplementary Figure 1A–D). Moreover, the mean fluo-
rescence intensity of the cytokines did not significantly dif-
fer between the groups, neither in the liver (Supplementary
Figure 2A) nor the spleen (Supplementary Figure 2B),
except for higher IFNγ and IL-10 fluorescence in B cells

Alb-iGP(a)

(b)

(c)

(d)

T
N

F
 –

 P
E

-C
y
7

IF
N
γ –

 A
F

7
0

0

IFNγ

IL-6

IL-10

IL
-6

 -
 A

P
C

IL
-1

0
 –

 B
v
4
2
1

FSC

FSC

Smarta

FSC

TNF

FSC

Albi-iGP_Smarta

Alb-iGP

40

30

20

10

0
Smarta Albi-iGP_Smarta

Alb-iGP Smarta Albi-iGP_Smarta

Alb-iGP Smarta Albi-iGP_Smarta

Alb-iGP Smarta Albi-iGP_Smarta

%
 o

f 
C

D
1
9

+
B

2
2

0
+

 B
 c

e
lls

40

30

20

10

0

30

20

10

0

%
 o

f 
C

D
1
9

+
B

2
2

0
+

 B
 c

e
lls

15

5

10

0

%
 o

f 
C

D
1
9

+
B

2
2

0
+

 B
 c

e
lls

%
 o

f 
C

D
1
9

+
B

2
2

0
+

 B
 c

e
lls

F I GURE 3 Cytokine production by hepatic B cells in early-stage liver inflammation of Alb-iGP_Smarta mice. In-vitro restimulation of

hepatic CD19+B220+ B cells for 24 h with LPS (Escherichia coli, O111:B4). An anti-CD40 antibody (FDK45) was added for IL-6 detection.

PMA, Ionomycin and Brefeldin A were added for the last 5 h of stimulation. Representative flow cytometry plots and frequencies of (a) TNF,

(b) IFNγ, (c) IL-6 and (d) IL-10 producing hepatic B cells in Alb-iGP, Smarta and Alb-iGP_Smarta mice (n = 6, age 12–19 weeks). P-values

were calculated by Kruskal-Wallis with Dunn’s multiple comparisons test, and are indicated only when significant, that is, p < 0.05.

AUTOREACTIVE B CELLS IN AUTOIMMUNE HEPATITIS 221

 13652567, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/im

m
.13665 by Fak-M

artin L
uther U

niversitats, W
iley O

nline L
ibrary on [04/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



αCD20

αCD20/Bz

αCD20 sacrificeBz

day: 0

age: 6 weeks 8 weeks

4,5

Isotype/PBS

αCD20/Bz

αCD20/Bz

αC
D

2
0
/B

z

αCD20/Bz

Isotype/PBS

B220 – PE-Cy7

CD19 – APC

Alb-iGP healthy control Isotype/PBS

400 μm 400 μm 400 μm

200 μm 200 μm

200 μm 200 μm

Is
o
ty

p
e
/P

B
S

Isotype/PBS

αCD20/BzIsotype/PBS

20 4·0

3·0

2·0

1·0

0·0079

0·0286 0·0286

0·0286

15

10

5

0

0·20 8

6

4

2

0

0·15

0·10

0·05

0·00

0

αCD20/BzIsotype/PBS αCD20/BzIsotype/PBS

αCD20/BzIsotype/PBS

αCD20/BzIsotype/PBS

αCD20/BzIsotype/PBS

10

8

6

4

2

0

100

80

50

150

100

200

60

40

20

0

0

mHAI

ALT

AST

U
/L

U
/L

m
H

A
I 

S
c
o
re

CD4 B220

C
D

1
9

 -
 A

P
C

%
 C

D
1
9

+
 B

2
2

0
+

 o
f 
C

D
4

5
+

%
 C

D
1
9

+
 C

D
1
3

8
h

ig
h

C
D

1
9

+
 C

D
1
3

8
h

ig
h

p
la

s
m

a
 c

e
lls

 o
f 
C

D
4

5
+

p
la

s
m

a
 c

e
lls

 (
1
0

3
)

C
D

1
9

+
 B

2
2

0
+

 B
 c

e
lls

 (
x
1
0

5
)

C
D

1
3
8

 –
 B

V
6

5
0

6 7 14

Bz(a)

(b)

(c)

(d)

(e)

(g)

(f)

F I GURE 4 Legend on next page.
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from Smarta control mice. These findings indicated that B
cells in Alb-iGP_Smarta mice did not contribute to liver
inflammation by enhanced production of pro-inflammatory
cytokines.

In-vivo B cell and plasma cell depletion via
a CD20 neutralizing antibody and
bortezomib does not alter key
characteristics of early-stage liver disease

To uncover a possible contribution of B cells to liver
inflammation in Alb-iGP_Smarta mice, we performed a
short-term B cell and plasma cell depletion experiment
using a monoclonal anti-CD20 antibody and the
proteasome inhibitor Bortezomib in 6-week-old Alb-
iGP_Smarta mice. To that end, mice were injected intra-
venously twice with 250 μg of anti-CD20 antibody at days
0 and 7 and twice with Bortezomib with 0.75 mg/kg at
days 4.5 and 6 (Figure 4a). As control, Alb-iGP_Smarta
mice were injected with 250 μg of non-specific, isotype-
matched rat IgG2b antibodies and PBS, respectively. The
depletion protocol led to a 99.29% reduction of hepatic
CD19+B220+ B cells (Figure 4b; mean B cell count
1.95 � 105 vs. 1.38 � 103) and a 92.96% reduction of
hepatic CD19+CD138high plasma cells (Figure 4c; mean
plasma cell count 795 vs. 56) compared to controls. B
cells and plasma cells were also significantly depleted in
the spleen (Supplementary Figure 3). We then investi-
gated whether B cell depletion had an effect on key fea-
tures of early-stage liver disease in Alb-iGP_Smarta mice
and found that portal inflammation was still present in B
cell and plasma cell depleted mice, as well as in controls
(Figure 4d); for comparison, liver histology of a healthy
liver from an Alb-iGP control mouse lacking periportal
infiltrates is also shown. Correspondingly, histological
activity scored by a pathologist in a blinded manner using

the modified histologic activity index (mHAI) indicated
moderate histological activity that was not significantly
changed by depletion of B cells and plasma cells
(Figure 4e). Immunohistochemistry of liver samples dem-
onstrated that CD4+ T cells persisted in periportal infil-
trates of B cell and plasma cell depleted mice, whereas
B220+ B cells were virtually absent (Figure 4f). There
were no significant differences in ALT (Figure 4g) or AST
(Figure 4g) levels, which, as expected in this early disease
stage, were low, both in B cell and plasma cell depleted
mice and non-depleted controls.

We then analysed the effect of B cell depletion on fre-
quency and phenotype of the hepatic T cells. We found
no significant change in overall hepatic CD4+ T cell
numbers (Figure 5a, left) in B cell and plasma cell
depleted Alb-iGP_Smarta mice. Of note, there was also
no difference in the numbers of hepatic GP-specific
CD4+ T cells (Figure 5a, right), detected by using I-A
(b) LCMV GP 66-77 tetramers. Moreover, the numbers of
hepatic CD8+ T cells were not changed by B cell deple-
tion (Figure 5b). Furthermore, the frequencies of overall
(Figure 5c, left) and GP-reactive (Figure 5c, right)
CD4+CD44highCD62Llow Effector Memory (EM) T cells,
as well as overall (Figure 5d, left) and GP-specific
(Figure 5d, right) CD4+CD25+FoxP3+ regulatory T cells
were unchanged in B cell and plasma cell depleted mice,
as compared to controls. Cytokine production by CD4+ T
cells, in particular TNF and IFNγ, is another key
characteristic of early-stage liver inflammation in Alb-
iGP_Smarta mice [32]; however, the production of TNF,
IFNγ, IL-10 and IL-17 by CD4+ T cells was not signifi-
cantly altered in B cell and plasma cell depleted, com-
pared to control mice (Figure 5e). Moreover, the mean
fluorescence intensities of these cytokines were not sig-
nificantly changed by B cell depletion (Supplementary
Figure 3E). As CD4+ T cells were still present in
periportal infiltrates in B cell and plasma cell depleted

F I GURE 4 Short-term B cell and plasma cell depletion via a CD20 neutralizing antibody and Bortezomib does not alter key

characteristics of early-stage liver disease in Alb-iGP_Smarta mice. (a) Experimental setup of B cell and plasma cell depletion in 6-week-old

Alb-iGP_Smarta mice via intravenous injection of a CD20 neutralizing antibody (Biolegend, SA271G2) and Bortezomib (Janssen-Cilag,

Velcade®). Control mice received a rat IgG2b isotype control (Biolegend, RTK4530) and PBS. (b) Representative flow cytometry plots,

frequency of CD19+B220+ B cells of CD45+ cells and total cell count of CD19+B220+ B cells in liver samples of B cell/plasma-cell depleted

Alb-iGP_Smarta mice and controls (n = 5). (c) Representative flow cytometry plots, frequency of CD19+CD138high plasma cells of CD45+

cells and total cell count of CD19+CD138high plasma cells in liver samples of B cell/plasma cell-depleted Alb-iGP_Smarta mice and controls

(n = 5). Total cell count was calculated per 100 mg of spleen and per gram of liver sample; shown data are representative of two

independent experiments (b, c). (d) Representative H&E liver histology of a healthy Alb-iGP control mouse (left), in comparison to B cell/

plasma cell-depleted (right) as well as isotype/PBS-treated (middle) Alb-iGP_Smarta mice. Both, B cell/plasma cell-depleted and control

Alb-iGP_Smarta mice are marked by extensive periportal infiltrates. (e) Histological activity assessed by the mHAI score of B cell/plasma cell

depleted Alb-iGP Smarta mice and controls (n = 10 per group). (f) Representative immunohistochemistry staining of CD4 and B220 in

periportal infiltrates in livers of B cell/plasma cell-depleted Alb-iGP_Smarta mice and controls. (g) Serum ALT and AST levels in B cell/

plasma cell-depleted Alb-iGP_Smarta mice and controls. (n = 9–10 per group). Data are pooled from two independent experiments (e, g).

P-values were calculated by the Mann–Whitney test, and are indicated only when significant, that is, p < 0.05.
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Alb-iGP_Smarta mice, we investigated whether these
cells still proliferated within the inflamed livers. There-
fore, we used 4-colour immunofluorescence to visualize
B cells and T cells in portal lymphocytic infiltrates.
Although B cells were effectively depleted, as indicated
by B220 staining, the remaining CD4+ T cells in the peri-
portal infiltrates continued to proliferate locally, as indi-
cated by a similar degree of Ki-67 expression in hepatic
CD4+ T cell zones of B cell and plasma cell depleted or
control mice (Figure 5f); Ki-67 quantification, normal-
ized to CD4, is shown in Figure 5g. These findings dem-
onstrated that B cell and plasma cell depletion did not
affect key disease features of early-stage liver inflamma-
tion, nor did it change the phenotype, activation or
local proliferation of hepatic CD4+ T cells in Alb-
iGP_Smarta mice.

Long-term B cell and plasma cell depletion
does not prevent the onset of late-stage
liver inflammation in
Alb-iGP_Smarta mice

As B cell depletion did not change early disease features
in Alb-iGP_Smarta mice, we then determined the effect
of B cell depletion on late-stage liver inflammation in
Alb-iGP_Smarta mice. To that end, we maintained deple-
tion by weekly injections of anti-CD20 antibody starting
at the age of 20 weeks over a course of 13 weeks; in addi-
tion, two injections of bortezomib were given in the first
week as indicated in the scheme in Figure 6a. Mice were
then monitored until the age of 50 weeks and animals
showing sickness symptoms of late-stage liver inflamma-
tion (described before in [32]) were analysed. Depletion
of CD19+B220+ B cells was effective throughout the
observation period, both in the spleen and the liver
(Figure 6b); however, the initial injections of bortezomib
could not maintain significantly decreased numbers of
CD19+CD138high plasma cells throughout the entire

experiment in the spleen and liver (Figure 6c),
although there was still a trend towards decreased
plasma cell numbers in the liver (P = 0.0667). Impor-
tantly, we observed no significant difference in the
incidence and time of onset of late-stage liver inflam-
mation and thus no effect of B cell and plasma cell
depletion on the symptom-free survival of Alb-
iGP_Smarta mice (Figure 6d). In addition, key charac-
teristics of late-stage liver inflammation, including ele-
vated ALT and AST levels (Figure 6e), as well as the
numbers of liver-infiltrating CD4+ T cells (Figure 6f),
GP-specific CD4+ T cells and CD8+ T cells (Figure 6g)
were not altered. Correspondingly, both B cell and
plasma cell depleted mice and isotype and PBS treated
controls manifested portal inflammation and interface
hepatitis in H&E liver sections, and a similarly high
degree of histological activity, as scored by a patholo-
gist using the mHAI score (Figure 6h). These findings
indicated that B cells are not required for the onset and
perpetuation of late-stage liver inflammation; hence, B
cells are bystanders, rather than drivers of liver inflam-
mation in Alb-iGP_Smarta mice.

DISCUSSION

Human AIH is associated with an autoimmune B cell
response, as indicated by the presence of autoantibodies,
IgG elevation and hepatic infiltration of B cells and
plasma cells. It is therefore conceivable that autoreactive
B cells might contribute to AIH pathogenesis, either
directly, that is, through liver-damaging autoantibodies,
or indirectly by modulating autoreactive T cell responses,
that is, through the secretion of pro-inflammatory cyto-
kines like TNF or IL-6 [4], or through effective presenta-
tion of autoantigen to CD4+ T cells via MHC class II [7,
8]. This notion is supported by the finding that known
AIH autoantigens, such as Cyp2D6 or SepSecS, are recog-
nized both by autoreactive B cells and T cells of AIH

F I GURE 5 Short-term B cell and plasma cell depletion does not change hepatic CD4+ T cell numbers, activation and local

proliferation. (a) Hepatic CD4+ T cell count (left), LCMV GP66-77 I-Ab tetramer+ CD4+ T cell count and (b) CD8+ T cell count in B cell/

plasma cell depleted Alb-iGP_Smarta mice and controls (n = 5 per group). Total cell count was calculated per 100 mg of spleen and per

gram of liver sample; shown data are representative of two independent experiments (a, b). (c) Frequency of hepatic

CD4+CD44highCD62Llow effector memory (EM) T cells, LCMV GP66-77 I-Ab tetramer+ EM CD4+ T cells and (d) CD4+CD25+FoxP3+

regulatory T cells (Tregs) and LCMV GP66-77 I-Ab tetramer+ Tregs in B cell/plasma cell depleted Alb-iGP_Smarta mice and controls (n = 9–
10). (e) TNF, IFNγ, IL-10 and IL-17 production by hepatic CD4+ T cells after in-vitro restimulation with PMA, Ionomycin and Brefeldin A

for 5 h (n = 9–10). Shown data are pooled from two independent experiments (c–e). (f) Representative direct immunofluorescence staining

of B220 (cyan), CD4 (magenta), and Ki-67 (grey) in liver samples of B cell/plasma cell-depleted Alb-iGP_Smarta mice and controls. Nuclei

are stained in blue. (g) Ki-67 mean grey values of three periportal CD4+ zones per mouse in B cell/plasma cell depleted or isotype/PBS-

treated Alb-iGP_Smarta mice (n = 5 per group). P-values were calculated by the Mann–Whitney test, and are indicated only when

significant, that is, p < 0.05.
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patients [19–21]. However, it is likewise possible that the
autoreactive B cell response in AIH is non-pathogenic,
and develops as a side-effect of a self-damaging T cell
response through bystander activation. That notion is sup-
ported by the finding that the T cell receptor repertoires of

AIH patients are profoundly skewed, whereas the BCR rep-
ertoires of AIH patients are only slightly skewed [31].
Moreover, T cell-derived B cell-activating cytokines, such
as IL-21, can be increased in AIH patients, promoting non-
specific B cell pro-inflammatory activities [41, 42].
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F I GURE 6 Long-term B cell and plasma cell depletion does not prevent the onset of late-stage liver inflammation in Alb-iGP_Smarta

mice. (a) Experimental setup of B cell and plasma cell depletion starting in advanced stage at the age of 20 weeks, as indicated; the weekly

anti-CD20 injections were continued for 13 weeks. (b) Total count of CD19+B220+ B cells and (c) CD19+CD138high plasma cells in B cell/
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indicated only when significant, that is, p < 0.05.
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As the exact role of B cells is difficult to address in
humans, we have here investigated this issue in Alb-
iGP_Smarta mice in which a liver-restricted model
antigen is recognized by antigen-specific CD4+ T cells,
leading to spontaneous autoimmune liver inflammation
[32]. Similar to human AIH, these mice display signs of B
cell involvement, including the presence of plasma cells
in lymphocytic liver infiltrates, elevated IgG levels and
relevant titres of antinuclear autoantibodies [32]. Here,
we found that the liver infiltrates of Alb-iGP_Smarta
mice comprised not only plasma cells, but also elevated
numbers of B cells (Figure 1), as has been shown in
human AIH [17, 22]. Moreover, we found elevated num-
bers of isotype-switched memory B cells in the hepatic
infiltrates of Alb-iGP_Smarta mice, indicating antigenic
selection. Next-generation immunosequencing confirmed
liver-specific B cell networks in Alb-iGP_Smarta mice
that suggest antigenic selection, which was compatible
with the elevated anti-GP antibodies in Alb-iGP_Smarta
mice (Figure 2). These findings indicated that the GP
antigen was recognized both by B cells and T cells, as has
been found in human AIH. Thus, this finding seemed to
support the notion that GP-specific B cells might activate
GP-specific T cells either by cytokines or GP-presenta-
tion. However, we did not detect increased cytokine pro-
duction by hepatic B cells in Alb-iGP_Smarta mice
(Figure 3), and, more importantly, B cell depletion did
not alter the T cell response of these mice, and particu-
larly not the response of the GP-specific CD4+ T cells
(Figure 4, Figure 5). Moreover, even sustained B cell
depletion over several weeks did not change the inci-
dence and course of CD4+ T cell-driven hepatitis and
AIH-like disease (Figure 6). These findings clearly dem-
onstrated that B cells were dispensable for T cell-driven
AIH in mice.

The question is to what extent the findings in the
mouse model can be translated to human AIH. The
mouse model showed B cell metrics compatible with
antigenic selection in the liver (Figure 2), although it is
evident that liver-inflammation in these mice is primarily
CD4+ T cell-driven [32]. Thus, an autoreactive B cell
response to a liver antigen can develop secondary to a
primary autoreactive T cell response to hepatic antigen.
In accordance with our findings in the mouse model, a
prominent skewing of T cell receptor repertoires, but only
slight skewing of BCR repertoires has been reported in
human AIH livers [31], possibly indicating that the B cell
response in human AIH might also be secondary to a pri-
mary autoreactive T cell response. Moreover, the mouse
model showed an increase in absolute B cell numbers in
the liver; yet there was no selective increase of B cells
among the CD45+ cells, suggesting non-selective B cell
recruitment into the inflamed liver (Figure 1). Thus, the

elevated B cell numbers found in human AIH [17, 22] are
not necessarily positive evidence of B cell-driven pathogen-
esis, but could also be compatible with bystander activation
of autoreactive B cells in the course of T cell-driven autoim-
mune liver inflammation.

Like some autoantigens in human AIH, the GP model
antigen in the mouse was recognized both by GP-specific
T cells and specific B cells, indicated by presence of IgG
antibodies to GP. Yet the continued activation of auto-
reactive CD4+ T cells did not depend on autoantigen pre-
sentation by B cells, as it was unaffected by B cell
depletion. This finding confirmed that autoreactive B
cells were dispensable as antigen-presenting cells for the
pathogenic T cell response. It is thus likely that T cell
activation was maintained by other antigen presenting
cells, most notably dendritic cells, which are elevated in
livers of Alb-iGP_Smarta mice and also in AIH patients
[32, 43, 44]. However, our findings do not rule out the
possibility that antigen-presenting B cells were relevant
in the initiation of autoimmune pathogenesis. Indeed, it
has been shown that antigen presentation by B cells is
particularly relevant in case of low antigen doses [45]. Be
that as it may, our findings indicate that maintenance of
T cell activation and disease activity might not depend on
B cells, and other antigen presenting cells might compen-
sate for B cell depletion. It remains to be seen whether B
cell-targeted treatments are effective in human AIH. Pre-
liminary findings indicate at least some efficacy of B cell
depleting treatment in AIH patients [25, 26]. More exten-
sive experience in other autoimmune diseases, notably
those with a more definite pathogenic role of B cells or
autoantibodies, such as lupus or rheumatoid diseases, indi-
cates that B cell-targeted therapies are effective in some
patients, while being ineffective or even detrimental in
other patients [46, 47]. It is conceivable that individual
autoantigen doses might be a relevant determinant here
[45], as these may limit the extent to which non-B cells
might compensate for the loss of antigen presentation by B
cells following their depletion. In the studied mouse model,
antigen dose obviously was not a limitation for effective T
cell stimulation independent of B cells, but it remains to be
seen whether individual AIH patients will respond differ-
ently to B cell depletion therapy. Either way, our findings
indicate that the presence of autoreactive B cells and auto-
antibodies as such is not a predictor of the response to B
cell depletion therapy.

Taken together, our findings demonstrate that
whereas selection of B cells recognizing hepatic antigen
required T cell help by antigen-specific CD4+ T cells,
conversely, activation of autoreactive CD4+ T cells and
maintenance of liver inflammation was B cell-indepen-
dent. Our study suggests that autoantibodies and organ-
infiltrating B and plasma cells are not a reliable indicator
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of B cell-driven autoimmune pathogenesis, because these
features can also develop by way of bystander activation.
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