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Highlights Impact and Implications
� Intestinal B cells are metabolically activated in NASH mouse
models, and increased in murine and human NASH.

� NASH intestinal B cells are activated independently of the
gut microbiota.

� B cells promote metabolic T-cell activation in the gastroin-
testinal tract independently of TCR signalling.

� IgA secretion and FcRc signalling on MoMFs/SAMacs
aggravate hepatic fibrosis in mice and patients with NASH.

� Genetic and therapeutic B-cell abrogation reduced T-cell-
driven inflammation and fibrosis in NASH.
https://doi.org/10.1016/j.jhep.2023.04.037
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There is currently no effective treatment for non-alcoholic steatohepa-
titis (NASH), which is associated with a substantial healthcare burden
and is a growing risk factor for hepatocellular carcinoma (HCC). We
have previously shown that NASH is an auto-aggressive condition
aggravated, amongst others, by T cells. Therefore, we hypothesized
that B cells might have a role in disease induction and progression. Our
present work highlights that B cells have a dual role in NASH patho-
genesis, being implicated in the activation of auto-aggressive T cells
and the development of fibrosis via activation of monocyte-derived
macrophages by secreted immunoglobulins (e.g., IgA). Furthermore,
we show that the absence of B cells prevented HCC development. B
cell-intrinsic signalling pathways, secreted immunoglobulins, and in-
teractions of B cells with other immune cells are potential targets for
combinatorial NASH therapies against inflammation and fibrosis.
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Background & Aims: The progression of non-alcoholic steatohepatitis (NASH) to fibrosis and hepatocellular carcinoma (HCC) is
aggravated by auto-aggressive T cells. The gut-liver axis contributes to NASH, but the mechanisms involved and the conse-
quences for NASH-induced fibrosis and liver cancer remain unknown. We investigated the role of gastrointestinal B cells in the
development of NASH, fibrosis and NASH-induced HCC.
Methods: C57BL/6J wild-type (WT), B cell-deficient and different immunoglobulin-deficient or transgenic mice were fed
distinct NASH-inducing diets or standard chow for 6 or 12 months, whereafter NASH, fibrosis, and NASH-induced HCC
were assessed and analysed. Specific pathogen-free/germ-free WT and lMT mice (containing B cells only in the gastro-
intestinal tract) were fed a choline-deficient high-fat diet, and treated with an anti-CD20 antibody, whereafter NASH and
fibrosis were assessed. Tissue biopsy samples from patients with simple steatosis, NASH and cirrhosis were analysed to
correlate the secretion of immunoglobulins to clinicopathological features. Flow cytometry, immunohistochemistry and
single-cell RNA-sequencing analysis were performed in liver and gastrointestinal tissue to characterise immune cells in mice
and humans.
Results: Activated intestinal B cells were increased in mouse and human NASH samples and licensed metabolic T-cell activation
to induce NASH independently of antigen specificity and gut microbiota. Genetic or therapeutic depletion of systemic or
gastrointestinal B cells prevented or reverted NASH and liver fibrosis. IgA secretion was necessary for fibrosis induction by
activating CD11b+CCR2+F4/80+CD11c-FCGR1+ hepatic myeloid cells through an IgA-FcR signalling axis. Similarly, patients with
NASH had increased numbers of activated intestinal B cells; additionally, we observed a positive correlation between IgA levels
and activated FcRg+ hepatic myeloid cells, as well the extent of liver fibrosis.
Conclusions: Intestinal B cells and the IgA-FcR signalling axis represent potential therapeutic targets for the treatment
of NASH.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
The worldwide increase in obesity is driving an epidemic of
non-alcoholic fatty liver disease (NAFLD), a progressive disease
strongly associated with metabolic syndrome and charac-
terised by excessive hepatic lipid accumulation, hepatocyte
damage, and aberrant metabolism.1,2 NAFLD is subdivided into
simple steatosis and non-alcoholic steatohepatitis (NASH), an
inflammatory, auto-aggressive3,4 disease aggravated by T cells
causing necro-inflammation.5 Fibrosis, which can develop
concomitantly with NASH, may progress to cirrhosis,
increasing the risk of liver failure or liver cancer, the latter being
the third most common cause of cancer-related death world-
wide.6 Hepatocellular carcinoma (HCC), the most frequent form
of primary liver cancer,7 is highly linked to the pathological
background of NAFLD.2 Fibrosis is a critical factor for pre-
dicting disease outcome as it correlates with the increased risk
of HCC mortality in patients with NASH8,9. It has also been
reported that in a subset of patients, NASH-driven HCC occurs
in the absence of severe fibrosis/cirrhosis.2,10 Consequently,
there is a considerable healthcare cost burden owing to NASH,
including HCC surveillance.11–13

The gut-liver axis is a critical component in NAFLD patho-
genesis.14 Animal studies have demonstrated a direct role of
altered intestinal microbiota in steatosis,15 NASH(16), fibrosis17

and liver cancer.18 In addition, sterile inflammation, mediated
by damage-associated molecular patterns and metabolite-
associated molecular patterns,19,20 is considered an impor-
tant driver of liver injury in NASH. Moreover, macrophages play
a crucial role in liver injury and fibrosis in NASH, with monocyte-
derived macrophages (MoMFs) exhibiting a proinflammatory
phenotype that can directly activate hepatic stellate cells.21

Serum IgA, secreted by plasma cells in secondary lymphoid
organs, has been shown to be elevated in patients with
NAFLD,22,23 and was an independent predictor of advanced
fibrosis.22 Chronic inflammation and fibrosis in humans and
mice with NAFLD were accompanied by liver-resident
immunoglobulin A (IgA)-producing programmed death-ligand
1-positive cells suppressing efficient anti-liver cancer immune
responses.24 In a mouse model of NASH, it was shown that
intrahepatic B cells, activated by gut-derived microbial factors,
contributed to hepatic inflammation and fibrosis,25 while
another mouse study demonstrated that intrahepatic regulatory
B cells were involved in disease pathogenesis.26 Moreover,
further studies have shown a role of IgA in liver diseases, such
as alcohol-related liver disease and NAFLD/NASH27. However,
the exact role and origin of B cells in NASH, and the involve-
ment of B cells in T-cell activation and fibrosis initiation and/or
development, remain unclear. Herein, we report that intestinal
CD20+ B cells and immunoglobulin secretion are involved in the
pathogenesis of NASH in mice and humans and that peripheric
IgA+ and MoMFs-FcRc signalling contribute to NASH-induced
liver fibrosis.
Material and methods
Details on the materials and methods are provided in the
supplementary information and the supplementary CTAT table.
Journal of Hepatology, Augu
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B cells are required for NASH and NASH-driven HCC
in mice

To investigate the role of systemic B cells in NASH, C57BL/6J
wild-type (WT) littermates and B cell-deficient (JH-/-) mice28

were fed a NASH-inducing choline-deficient high-fat diet (CD-
HFD) for 6 or 12 months. As previously described, WT CD-HFD
mice developed NASH (after approx. 6 months – 100% pene-
trance) and HCC (approx. 30% incidence at 12 months post-
diet-start), recapitulating several clinical features of human
disease.29 JH-/- CD-HFD mice gained significantly more weight
than normal chow-fed (ND) controls at around 9 months of age,
reaching the same body weight as WT CD-HFD mice at 12
months post-diet-start (Fig. S1B). JH-/- CD-HFD mice lacked
liver steatosis and had a low NAFLD activity score (NAS) after 6
months (Fig. 1A,B and Fig. S1A) and 12 months on diet
(Fig. S1G,H). High serum alanine aminotransferase (ALT)
values, typically seen in WT CD-HFD mice, were low in JH-/-

CD-HFD serum at 6 (Fig. 1C and Fig. S1A) and 12 months
(Fig. S1G). Serum cholesterol and hepatic triglyceride levels
were lower in JH-/- than in WT CD-HFD mice at both time points
(Fig. S1A,G), with a substantial decrease in hepatic large lipid
droplets (Fig. 1D). Intraperitoneal glucose tolerance test
revealed normal insulin response in JH-/- CD-HFD mice, con-
trary to WT CD-HFD mice (Fig. S1C). Flow cytometry analyses
showed significantly fewer CD3+ and CD8+ T cells in JH-/- CD-
HFD livers than in WT (Fig. S1E) and confirmed the absence of
CD19+ B cells (Fig. S1F). A similar reduction in CD3+ cells was
observed by immunohistochemistry (IHC) analysis of JH-/- CD-
HFD liver sections (Fig. S1D). Hepatic CD8+ CD62L- activated T
cells TNF and IFNc-producing CD8+ cells were decreased
(Figs. 1E-G) similarly to myeloid cells, as seen by staining for
F4/80+ cells and MHC-II+ aggregates (Fig. S1D). P62+, cleaved
Caspase 3+ cells, and PD1+ cells were increased in WT CD-
HFD livers compared to WT ND but remained significantly
lower in JH-/- CD-HFD livers (Fig. S1D).3,30

To evaluate the importance of B cells in NASH, we thera-
peutically depleted B cells using anti-CD20 monoclonal anti-
bodies (aCD20 mAb) in WT mice with NASH fed a CD-HFD for 4
months (Fig. 1H). Before treatment, we confirmed NASH 4
months post diet-start in mice from the identical mouse cohort
(Fig. S1J,K). B-cell depletion was performed for 6 weeks on
CD-HFD mice, and depletion efficacy was evaluated in the liver,
small intestine (Peyer’s patches removed) (Fig. 1I,J), the spleen,
and blood (Fig. S1N,O). In agreement with the genetic model,
WT CD-HFD aCD20 mAb-treated mice lacked NASH
(Figs. 1K,L and Fig. S1I), and ALT serum levels were signifi-
cantly reduced compared to controls (isotype control-treated or
untreated WT CD-HFD mice) (Fig. 1M and Fig. S1I). WT CD-
HFD aCD20 mAb-treated mice showed lower body weight at
the endpoint (Fig. S1L) and a strong reduction of hepatic large
lipid droplets (Fig. 1N). Accordingly, hepatic triglycerides and
serum cholesterol were decreased (Fig. 1O and Fig. S1I).
Intraperitoneal glucose tolerance test revealed impaired insulin
responses in the aCD20 mAb-treated mice, similar to WT CD-
HFD (Fig. S1M). B-cell depletion reduced the accumulation of
hepatic CD3+, CD8+ (Fig. S1P,Q), CD8+ CD62L-, CD8+ TNF+
st 2023. vol. 79 j 296–313 297
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Fig. 1. B cells support NASH and subsequent HCC development. (A) Representative H&E staining of liver sections derived from WT ND, CD-HFD and JH-/- CD-HFD
male mice fed for 6 months. (B) NAFLD score evaluation (n = 8). (C) Serum ALT levels (n = 9). (D) Representative Sudan red analysis of liver sections of male mice fed for
6 months. (E-G) Quantifications of the total number of cells (absolute number) of liver flow cytometry analyses of male mice (n = 5) fed for 6 months (numbers indicate
%) of (E) hepatic CD8+CD62L+ and CD8+CD62L- T cells, (F) CD8+TNF+ cells, (G) CD8+IFNc+ cells, derived from livers of the respective genotypes/groups fed for 6
months. (H) Treatment scheme for the WT CD-HFD male mice treated with B-cell depletion antibody anti-CD20 (aCD20). (I) Quantifications of flow cytometry analyses
of liver CD19+ and CD20+ cells and (J) lamina propria small intestine CD19+ and CD20+ cells, comparing control and WT CD-HFD aCD20-treated male mice (n >−3). All
mice were fed for 6 months. (K) Representative H&E staining of liver sections. (L) NAS evaluation of mice (n = 5). (M) Serum ALT levels in male mice (n = 5). (N)
Representative Sudan red staining of liver sections of control and WT CD-HFD aCD20-treated male mice. (O) Analysis of hepatic triglycerides in male mice (n >−3). (P–S)
Quantification of flow cytometry analyses comparing control-treated and WT CD-HFD aCD20-treated male mice (n >−3) of (P) hepatic CD8+CD62L+ and CD8+CD62L-

cells; quantification of (Q) hepatic CD8+TNF+ cells and (R) CD8+IFNc+ cells. (S) Representative H&E staining and IHC staining of GP73, collagen IV and Ki67 for WT CD-
HFD tumours and for not-affected livers of JH-/- CD-HFD; from 12 months fed CD-HFD mice. Scale bars represent H&E: 500 lm (left) and 100 lm (right); GP73: 100 lm;
collagen IV: 100 lm; Ki67: 100 lm (positive hepatocytes depicted by arrowheads). (T) Graph summarizing non-tumour (NT) and tumour (T), of WT and JH-/- mice fed
with CD-HFD for 12 months (numbers of mice are indicated, as symbols depict individual mice), data were analysed by Fisher’s exact test. All data are presented as
mean ± SEM. Statistical analyses were performed using unpaired t test. Displayed scale bars represent 100 lm.
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Research Article
and CD8+ IFNc+ cells (Fig. 1P-R). IHC confirmed the efficient
depletion of B220+ cells and revealed decreased F4/80+ cells
and MHC-II+ cell aggregates in WT CD-HFD aCD20 mAb
livers (Fig. S1Q).
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Fig. 2. Intestinal B cells suffice to cause NASH. (A) Representative H&E staining
NAS male mice (n = 6). (C) Serum ALT levels in male mice (n >−6). (D) Representative S
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Metabolomic analysis revealed an altered metabolic hepatic
profile of CD-HFD-treated mice in the absence of B cells (e.g.,
triglycerides), both genetically and therapeutically. Hepatic
deregulation of several lipid and cholesterol metabolism genes,
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udan red staining of liver sections. (E) Absolute quantifications of flow cytometry of
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ELISA. (K) Representative IgA staining of small intestine sections of 6-month-old
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-HFD and kMT CD-HFD aCD20-treated male mice (n = 4). (T) Representative H&E
nder diet). Scale bars H/E: 500 lm (left) and 100 lm (right); GP73: 100 lm; Ki67:
tumour (NT) and tumour (T) of WT and kMTmice fed with CD-HFD for 12 months (n
) Quantification of nodule size in 12-month WT and lMT CD-HFD mice (n >−3). All
aired t test. The scale bars represent 100 lm.
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usually found in NASH livers,3,20,29 was prevented in JH-/- CD-
HFD mice (Fig. S1R). In addition, proton nuclear magnetic
resonance (1H-NMR) spectroscopy analyses identified altered
liver lipids correlating with the absence of B cells (Fig. S1S).

Of 60 JH-/- CD-HFD mice at 12 months post-diet start, none
displayed liver cancer, unlike WT CD-HFD mice, which devel-
oped HCC at an incidence of 30%20,29 (Fig. 1S,T). Together,
our data indicate a key role of systemic B-cell responses in the
development and maintenance of NASH and NASH-
driven HCC.
Small intestine B-cell responses are sufficient to induce
NASH in mice

To investigate and further corroborate the role of intestinal B
cells in NASH and liver fibrosis, we utilized a second B cell-
deficient mouse model (kMT mice), lacking expression of
membrane-bound immunoglobulin M (IgM) on B cells. lMT
mice selectively develop IgA+ B cells without IgM or IgD heavy
chain expression by using alpha rather than the mu constant
region chain31 and only develop in the gastrointestinal tract.
CD-HFD kMT mice gained significantly more weight than
controls (Fig. S2B) and developed comparable NASH levels as
in WT CD-HFD at 6 (Fig. 2A, 2B and Fig. S2A) and 12 months
post-diet start (Figs. S2O, S2P). Serum ALT and cholesterol
levels of kMT CD-HFD mice were similar to WT CD-HFD at 6
and 12 months (Figs 2C and Fig. S2A,O). Accumulated hepatic
lipid droplets and increased hepatic triglycerides were
observed in kMT CD-HFD mice for both time points (Fig 2D and
Fig. S2A,O). An increase in activated intrahepatic CD8+ T cells
with elevated TNF+ and IFNc+ expression, as well as an
impaired insulin response, were observed in kMT CD-HFD mice
(Fig. 2C,E-G). Due to their lack of follicular B cells (Fig. 2H,I and
Fig. S2F), lMT CD-HFD spleens lacked structured architecture
(e.g., germinal centres) (Fig. S2D). Flow cytometry analysis of
small intestines from kMT CD-HFD mice identified IgA+ B cells,
contrary to JH-/- CD-HFD mice (Fig. S1G). WT CD-HFD mice
exhibited increased IgA levels in the ileum of the small intestine
compared with ND control mice; IgA was present at low levels
in the small intestine of kMT CD-HFD mice but was absent in
CD-HFD JH-/- mice (Fig. 2J,K). An abundance of IgA+-coated
bacteria in kMT faeces indicates a local secretion of IgA into the
intestinal tract (Fig. S2K). Increased IgM and IgG2b found in the
small intestine of WT-CD-HFD mice (Fig. S2H) were undetect-
able in both JH-/- and kMT mice. IHC analysis demonstrated a
lack of intrahepatic B cells in kMT CD-HFD mice (Fig. S2L) and
an increase in F4/80+ cells and MHC-II+ aggregates compared
to ND mice (Fig. S2L), contrary to JH-/- CD-HFD mice. P62+ and
cleaved caspase 3+ cells were increased in kMT CD-HFD mice,
as in WT CD-HFD mice (Fig. S2L). Moreover, transcriptional
analyses of kMT CD-HFD livers demonstrated altered expres-
sion of several genes involved in lipid and cholesterol meta-
bolism (Fig. S2N).

To investigate whether the susceptibility of kMTmice to liver
inflammation was due to B cells in the intestine, we depleted
the latter following feeding with CD-HFD for 4 months in mice
with established NASH (Fig. S2Q,R). aCD20-antibody treat-
ment reversed NASH in kMT CD-HFD mice (Figs. 2L,N and
Fig. S2S), which displayed slightly lower body weight at
300 Journal of Hepatology, Augu
endpoint than the control-IgG-treated mice (Fig. S2T). Serum
ALT and cholesterol levels were significantly reduced (Fig. 2O
and Fig. S2S), large lipid droplets were strongly decreased
(Fig. 2M), and hepatic triglycerides and serum cholesterol were
significantly reduced in aCD20 antibody-treated mice
(Fig. S2S). Flow cytometry analysis of small intestines from CD-
HFD lMT mice revealed a significant increase in CD20+ IgA+ B
cells compared with kMT ND-fed mice, highlighting the NASH-
induced gastrointestinal B-cell accumulation, which was
reduced by aCD20-antibody treatment (Fig. 2P and Fig. S2U).
In addition, flow cytometry analysis revealed a strong decrease
of hepatic CD3+, CD8+ (Fig. S2W), CD8+ CD62L-, and CD8+

TNF+ and CD8+ IFNc+ cells in aCD20-treated kMT CD-HFD-fed
mice (Fig. 2Q-2S). This observation was corroborated by IHC
(Fig. S2V), which also revealed a reduction in F4/80+ cells and
MHC-II+ aggregates in aCD20-treated kMT CD-HFD mice
compared to controls.

Notably, of 60 lMT mice fed a CD-HFD for 12 months, only
three mice displayed liver tumours (not HCC; incidence of <−5%)
contrary to WT CD-HFD mice, as also described in Fig. 1S
(same control cohort) and with smaller nodule size than in WT
(Fig. 2T-2V). Thus, we conclude that intestinal B cells suffice for
the development of diet-induced NASH, yet tumour incidence
is strongly reduced.
Intestinal B cells interact with CD8+ T cells

We performed a multi-parameter flow cytometry analysis of the
small intestine with Peyer’s patches removed to identify distinct
gut B-cell populations correlated with NASH. In line with our
previous data, increased B cells were found in WT CD-HFD
compared with ND mice. Notably, B cells (approx. 10% of
CD45+ cells) downregulated CD19+ but retained CD20+

expression in small intestines of kMT CD-HFD mice (Figs. 3A,
3B). In addition, more IgMhighIgDhigh and IgMlowIgDhigh B cells
were identified in WT CD-HFD compared to ND mice. As ex-
pected, lMT CD-HFD mice lacked B cells expressing IgM and/
or IgD (Fig. 3C). More CD20+MHC-II+ and CD20+IgA+ B cells
were found in WT CD-HFD compared to ND mice, whereas the
latter were not increased in lM CD-HFD mice (Fig. 3D,E).

CD20+IgA+MHC-II+ cells were significantly elevated in WT
CD-HFD small intestines (Fig. 3F), suggesting a potentially
enhanced activation of these cells. CD20+IgA+CXCR4+ cells
were also elevated in WT CD-HFD small intestines but were not
detectable in kMT CD-HFD mice (Fig. 3G,H and Fig. S3A),
indicating that B cells in small intestines of kMT mice most
likely were not plasma blasts or plasma cells, since CXCR4
expression promotes the survival of long-term plasma cells.32

Flow cytometry revealed more IgA+ and IgA+B220-CD20- cells
in WT CD-HFD small intestines, whereas, in kMT CD-HFD
mice, this population remained at the same levels as in WT
ND mice (Fig. 3I and Fig. S3B). IgA+B220-CD20-CXCR4+ were
significantly increased in WT CD-HFD but significantly less in
kMT CD-HFD mice (Fig. 3J and Fig. S3C).

Cytometric t-distributed stochastic neighbour embedding (t-
SNE) flow cytometry data analysis revealed a B-cell population
diversity among the three investigated groups (Fig. 3K). We
previously identified CD8+ T cells as important mediators of
NASH and NASH-HCC(3, 4). Therefore, we investigated the
st 2023. vol. 79 j 296–313
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possible influence of intestinal B cells on this cell population.
Flow cytometry analysis identified more CD8+ T cells in kMT
CD-HFD small intestines compared to WT CD-HFD and ND
controls (Fig. S3F), and increased CD8+ CD44+ and CD8+ PD1+

cells were identified in WT and kMT CD-HFD small intestines
(Fig. S3D, S3E). Moreover, cytometric t-SNE analysis showed
diversity in the clustering of the CD8+, CD44+ and PD1+ T-cell
populations between the three groups (Fig. 3L).

3D high resolution of B–T-cell interactions in small intestines
of WT ND and CD-HFD mice revealed B220+ B cells co-
localized with CD8+ T cells. We observed significantly more
interacting cell clusters (yellow) in WT CD-HFD intestines
compared with ND controls (Fig. 3M and 3Q). Elevated B220+

and CD8+ cell interactions were also observed inside the villi of
WT CD-HFD mice, suggesting a migratory phenotype of these
cells (Fig. S3I, S3J). STRING33 pathway enrichment and
ImmuNET34bib34 analysis of functional relationship networks
from RNA-sequencing data retrieved from CD20+ and B220+

sorted cells from WT ND, WT CD-HFD and lMT CD-HFD small
intestines revealed enhanced expression of genes related to
antigen presentation and BCR signalling, IgA production and B-
cell activation and differentiation, and lipid metabolism
(Figs. 3O, 3P and Fig. S3K,L), in both WT and kMT CD-HFD
mice compared to ND controls.

To investigate whether intestinal B and T cells migrate from
the gut to the liver during NASH, Kaede transgenic mice,35

which constitutively express a photoconvertible fluorescent
protein in all cells, were fed two different NASH diets, CD-HFD
and western diet (WD) with trans-fat,36 for 6 months. At 6
months, the gastrointestinal tissue of Kaede mice was photo-
converted to label cells from green to red, enabling direct
tracing of cells from the gastrointestinal tract to other tissues
(Fig. 3R). Flow cytometry analyses of liver tissue revealed in-
testinal B cells migrating to the liver with fewer B220+ CD19+

MHC-II+ B cells in the NASH-affected livers (red cells)
compared to ND controls (Fig. 3S). Notably, liver CD3+ cells
migrating from the gut (red cells) were significantly increased
compared with ND controls (Fig. 3S), suggesting that more T
cells migrate from the gut to the liver during NASH.

We next aimed to assess if intestinal B cells derived from
NASH-affected mice promote CD8+ T-cell activation. To eval-
uate this, we co-cultured intestinal B cells from ND or CD-HFD
mice with splenic CD44+ CD8+ T cells from ND mice and trig-
gered TCR activation using anti-CD3/CD28 antibodies. CD8+ T
cells cultured with B cells from CD-HFD intestines exhibited
significantly higher levels of the activation markers CD25 and
CD69 than those cultured with B cells from ND mice after 24 h,
which increased at 48 h. Likewise, these cells showed higher
expression of the hallmarks of auto-aggressive T cells, namely
CXCR6, PD1 and CTLA4, compared to T cells cultured with
ND-derived B cells (Fig. 3T).

To investigate whether B cell-induced auto-aggression re-
quires TCR-MHC-I or cell-cell interactions, we blocked MHC-I
or LFA-1 and ICAM-1. Indeed, blockade of ICAM-1 or LFA-1
but not MHC-I abrogated B cell-induced T-cell activation
ex vivo (Fig. 3T). To address whether observed B cell-induced
T-cell activation is antigen-dependent, we used OT1 T cells
harbouring transgenic TCR that recognizes only ovalbumin-
Journal of Hepatology, Augu
derived antigens. OT1 T cells were activated by B cells
derived from the gastrointestinal tract of NASH mice, sup-
porting the notion of an antigen-independent metabolic acti-
vation (Fig. 3M). Collectively, these results indicate that in
NASH conditions, intestinal B cells induce CD8+ T-cell hyper-
activation via ICAM-1 and LFA-1 but not TCR:MHC-I, indicating
an antigen-independent activation mechanism.

These data suggest an altered metabolic and activated B-
cell profile in the small intestine of NASH-affected mice. In
addition, our data suggest that B cells from NASH-affected
intestines cluster with CD8+ T cells through direct cell-cell
interaction, independent of an antigen but necessitating B-T
cell interactions, which are stabilized via co-stimulatory mole-
cules LFA-1 and ICAM1. Finally, our data indicate that intestinal
B and T cells can efficiently migrate from the gut of NASH-
affected mice to the liver.

IgA is sufficient to induce NASH in mice

To determine whether immunoglobulin secretion was required
for NASH development, mice exhibiting normal B-cell devel-
opment but lacking secreted immunoglobulin (IgMi mice37,38)
were fed a CD-HFD for 6 months. We first tested whether these
mice could develop normal immune responses, e.g. in a mouse
model of multiple sclerosis. We found that the IgMi mice
developed neurological impairment at a severity equivalent to
WT when subjected to experimental allergic autoimmune
encephalomyelitis (Fig. S4A), and IgMi T cells produced the
same level of IL-2 as WT T cells when exposed to myelin
oligodendrocyte glycoprotein peptide39 (Fig. S4B). Thus,
adaptive immune responses in these mice are largely intact.
Despite similar development of obesity compared to WT CD-
HFD mice, IgMi mice lacked signs of NASH upon CD-HFD
(Fig 4A-C and Fig. S4C). Serum ALT and cholesterol, hepatic
lipid deposition and hepatic triglycerides were significantly
reduced in IgMi CD-HFD mice (Figs 4D,E and Fig. S4C). The
number of B220+ and CD19+ cells remained unaltered (Fig. 4I
and Fig. S4D), whereas CD3+, CD8+ F4/80+, and MHC-II+ cells
were significantly lower in IgMi CD-HFD livers (Fig. S4D, S4E).
Moreover, P62+ and cleaved caspase 3+ cells were reduced in
IgMi CD-HFD compared to WT CD-HFD mice (Fig. S4D). In
addition, significantly fewer CD8+, CD8+CD62L+, CD8+CD62L-

cells and CD8+TNF+ and CD8+IFNc+ cells were observed in
IgMi CD-HFD mice (Fig. 4F-H). Notably, flow cytometry analysis
of the small intestine revealed the same increase in CD20+,
CD20+MHC-II+ and CD8+ cells in IgMi and WT CD-HFD mice
compared to controls, with IgMi mice demonstrating deficient
levels of CD20+IgA+ cells,37,38 as expected (Fig. 4L). Impor-
tantly, 3D high-resolution of immune cell interactions of B and T
cells in the small intestine of WT ND, WT CD-HFD and IgMi CD-
HFD mice (yellow) revealed a lack of interaction between B220+

and CD8+ cells in IgMi mice (Fig. 4J,K). The elevated B220+ and
CD8+ interactions observed inside the villi of the WT CD-HFD
intestines - when compared with ND controls - were not
observed in the IgMi CD-HFD intestines (Fig. S4F). Astound-
ingly, IgMi mice displayed a reduction of phosphorylated SYK
(a tyrosine-protein kinase mediating immune-cell activation
pathways, such as BCR signalling) in immune cells of the small
intestine, contrary to WT or kMT mice on CD-HFD (Fig. S4G).
st 2023. vol. 79 j 296–313 301
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Fig. 3. B cells get metabolically activated and form clusters with T cells in the lamina propria of NASH-bearing mice. All data represent the small intestine. (A-J)
Representative pseudocolor plots and quantifications of flow cytometric analyses comparing small intestine lamina propria from WT ND, WT CD-HFD and kMT CD-
HFD male mice (>−4): (B) percentages of CD20+CD19+, CD20+CD19-, CD20-CD19- cells, (C) IgD+IgM+, IgD+IgM-, IgD-IgM+ cells, (D) CD20+MHC-II+ cells, (E) CD20+IgA+

cells, (F) CD20+IgA+MHC-II+ cells, (G) representative pseudocolor plots for IgA+ and CXCR4+ cells, (H) percentages of CD20-IgA+CXCR4+ cells, (I) IgA+B220-CD20-

cells, and (J) IgA+B220-CD20-CXCR4+ cells. (K) Automated optimized parameters for T-distributed stochastic neighbour embedding (opt-SNE) graphs from flow
cytometric analysis of male mice (n = 9) displaying B cells. On the left, opt-SNE plots indicate scaled expression of CD20, B220 and IgA. (L) Opt-SNE graphs from flow
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=
cytometric analysis of male mice (n = 9) displaying T cells and scaled expression of CD8a, CD44 and PD1. (M) Representative high-resolution confocal microscopy and
3D reconstruction images of small intestine lamina propria staining for B220+ and CD8+ cells (yellow areas indicate a point of contact among B220+ and CD8+ cells),
and (N) quantification of clusters of B220+/CD8+ interacting cells, (number cells interactions per field of view, FOV), in WT ND and WT CD-HFD (n = 3, with n = 8 FOV
each mouse). (O, P) Heatmaps of immune system-related genes and metabolic process-related genes significantly different in small intestine lamina propria FACS-
sorted (O) CD20+ cells or (P) B220+ cells isolated from WT and kMT CD-HFD vs. WT ND, indicated as z-scaled values. (Q) Flow cytometry quantification of total
living B cells isolated from small intestine derived from male mice (6 months of diet) (n = 4). (R) Descriptive scheme for the flow cytometry performed with a transgenic
mouse model of Kaede mice, bearing the photoconvertible fluorescence Kaede protein, which changes from green to red upon exposure to violet light: immune cells
stained in red indicate migration into the liver from the small intestine; instead, cells stained in green are migrating immune cells from any other organ. (S) On the left,
flow cytometric analysis indicates frequencies of liver CD3+CD19- cells (n >−5). On the right, geometrical MFI from flow cytometry analysis of Kaede red or green liver
B220+CD19+ cells in ND, CD-HFD and WD-HTC mice (n >−5). (T) Percentages of flow cytometry analysis of splenic CD8+CD69+, CD8+CD25+, CD8+PD1+,
CD8+CXCR6+ and CD8+CTL4+ cells from CD44+CD8+ cells; splenic T cells isolated from a healthy mouse were stimulated with Dynabeads (anti-CD3/CD28) and
were co-cultured for 24 or 48 h with intestinal B cells isolated from WT ND or WT CD-HFD. Additional treatments included Dynabeads plus LFA-1 blocker, or ICAM-1
blocker, or MHC-I blocker (n = 4). All data are presented as mean ± SEM. Statistical analyses were performed using unpaired t test.
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Fig. 4. Immunoglobulin secretion by B cells is essential for NASH development. (A) Representative H&E staining of liver sections from WT ND, WT CD-HFD and
IgMi CD-HFD mice fed for 6 months. (B) NAS and (C) body weight measurement of male mice at 6 months post-diet-start (n >−5). (D) Serological ALT male mice (n >−5).
(E) Representative Sudan red of liver sections. (F–I) Quantification of flow cytometry for (F) hepatic total CD8+CD62L+ and CD8+CD62L-cells, (G) total CD8+TNF+ cells,
(H) total CD8+IFNc+ cells, (I) total CD19+ cells, in male mice (n >−4). (J) Quantification of hepatic clusters of B220+/CD8+ interacting cells in male mice (n = 3 for WT
controls, n = 2 for IgMi CD-HFD mice, with n = 8 FOV each mouse). (K) Representative high-resolution confocal microscopy and 3D reconstruction images of small
intestine lamina propria staining for B220+ cells and CD8+ cells (yellow areas indicate cell-cell contact between B220+ and CD8+ cells). (L) Quantification of flow
cytometric analyses of small intestine CD20+, IgA+ cells, MHC-II+ cells, of CD8+ cells. All data are presented as mean ± SEM. Statistical analyses were performed
using unpaired t test. Scale bars represent 100 lm, or as indicated.
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Fig. 5. FcR signalling activated in macrophages through IgA drives hepatic fibrosis in NASH. (A) Sirius red staining representative images from livers of WT ND
and WT, JH-/-, WT aCD20-treated, kMT, IgMi, AIDg23smice (all under CD-HFD for 6 months). (B) Percentages of fibrosis incidence divided among the different degrees
of fibrosis (mild 0.5-2%; moderate 2-5%; severe >5%) in above-mentioned mouse groups. (C) Quantifications of liver flow cytometric analyses of total
CD45+Ly6G-Cd11c-F4/80+CD11b+Ly6C+ cells from WT ND and WT, JH-/-, WT aCD20-treated, kMT, IgMi mice under CD-HFD (n >−3). (D) Sirius red quantification of
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Overall, these observations suggest that secretion of IgA
and IgM is important to support T-cell activation by metaboli-
cally activated B cells, with a crucial role in NASH induction.
Intestinal membrane-bound IgA might affect the intensity and
quality of B–T-cell interactions in the small intestine of NASH-
affected mice.
NASH-induced fibrosis depends on IgA and Fc
receptor signalling

NASH levels were the same in both WT and kMT CD-HFD mice,
but tumour incidence was significantly lower in kMT mice (see
Fig. 2). Therefore, we investigated fibrosis development in
these mice as the latter could precede tumour development. In
addition, we used another mouse strain termed AIDg23s40 that
exhibits reduced somatic hypermutation. From Sirius red,
collagen IV and PDGFRb staining on liver sections (Figs. 5A,B
and Fig. S5A-C), transcriptional analyses of profibrogenic
genes derived from livers of distinct mouse models (Fig. S5G)
and serum hydroxyproline levels (Fig. S5H), fibrosis was solely
found in WT and AIDg23s CD-HFD mice, but not in JH-/-, kMT,
IgMi, IgA-/-41 (lacking secreted IgA), AID-/-42 (lacking class
switching) CD-HFD mice or in WT CD-HFD mice therapeutically
treated with aCD20 antibody.

Having established a positive correlation between the
presence of B cells and an intact immunoglobulin secretion
function into the periphery (e.g., IgA) with fibrosis (Fig. 5M and
Fig. S5E,F), we sought to identify the hepatic immune cell
compartment associated with NASH-related fibrosis (e.g., in
WT CD-HFD). Screening of several hepatic myeloid populations
by flow cytometry identified CD45+Ly6G-CD11c-F4/
80+CD11b+Ly6C+ cells, classified as MoMFs,21 in increased
levels in the WT fibrotic NASH-affected mice (Fig. 5C). To
determine whether MoMFs and NASH-induced fibrosis also
correlate in other NASH models, we performed single-cell RNA-
sequencing (scRNA-Seq) analyses of hepatic immune cell
populations in also in WD and choline-deficient amino acid-
specific high-fat diet (CDA-HFD)43 models. The different
NASH diets investigated represented a distinct spectrum of
liver fibrosis severity (Figs. 5D and Fig. S5C). ScRNA-Seq an-
alyses identified, among other immune cell populations,
MoMFs to be associated in number and character with the
degree of fibrosis (Fig. 5E,F and Fig. S5T). The MoMFs clusters
1, 3 and 6 were significantly increased in WD or CDA-HFD in
the context of NASH-triggered fibrosis (Fig. 5G,H and
livers from 4-month WT ND, WT CD-HFD, WT WD-HTF or CDA-HFD (n >−4). (E) CD4
sorted and 10X single-cell RNA-seq experiments were performed (n >−2); Representa
4-month ND, WD-HTF and CDA-HFD, indicating individual cell spatial positions
populations FACS-sorted by CD45+. The identified immune cells population displaye
diving cells, NKT cells, and ILCs. (G) UMAP plot visualizing cell clusters of single-cell
cells in parentheses). (H) Abundance plots showing relative percentages of MoMF clu
WD-HTF and CDA-HFD mice (n >−2). (I) Double-violin plots showing the mRNA expres
ND mice (n >−2). (J) Representative H&E staining of liver sections of 6-month WT an
quantification of liver sections of 6-month WT and FcRc-/- male mice fed with
CD45+Ly6G-Cd11c-F4/80+CD11b+Ly6C+ cells in WT and FcRc-/- male mice fed wi
positivity in CD-HFD male mice (n >−3). (N) Representative IHC images of FCGR1 stai
and phospho-HCK (per mm2) (n >−3). (P) Correlation plots indicating FCGR1+ aggreg
positivity (n >−3). (Q) Relative mRNA expression levels measured through qRT-PC
stimulation with serum of WT ND, WT CD-HFD or lMT CD-HFD (6-months under diet
Complement proteins were deactivated with a serum pre-treatment of 30 min at 56
using unpaired t test or Pearson correlation’s test. The scale bar represents 100 lm
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Fig. S5U). The observed shift in the MoMF clusters depended
on the diet mirroring the different degrees of fibrosis between
the two diets (Fig. S5S). Notably, MoMFs – but not other im-
mune cell populations – strongly upregulated FcR-genes and
genes involved in FcR signalling activation in all NASH diets,
including increased transcription of Fcgr1, and Fos genes,
especially in MoMFs derived from the severe fibrotic mouse
group CDA-HFD (Fig. 5I and Fig. S5U). This observation was
corroborated by protein expression by FCGR1 IHC on liver
sections (Fig. 5N, 5O).

FccR activation induces macrophage phagocytosis.44 Dur-
ing infection, these processes are controlled by IgA molecules
surrounding infectious antigens. These complexes are recog-
nized mainly by FcaR (CD89) in human macrophages45 and by
FccRI (FCGR1), FccRIIIa (FCGR3) and FcεRI (FCER1G) in mice,
all having in common the intramembrane portion of FccR for
downstream signalling activation.46 The degree of fibrosis
correlated with serological IgA levels in the NASH models
analysed, suggesting a link between immunoglobulin levels and
Fc receptor activation. To functionally evaluate whether the
absence of FccR expression, which inhibits functional FCGR1,
FCGR3 and FCER1G activity, could reduce macrophage acti-
vation and fibrosis in NASH, FcRc-/- mice were fed a CD-HFD
for 6 months. Although these mice developed full-blown
NASH, steatosis, liver damage (Figs. 5J and Fig. S5I, S5J),
and a similar liver inflammatory profile compared to WT con-
trols (Fig. S5K,L), FcRc-/- mice displayed strongly reduced
fibrosis (Fig. 5K) that correlated positively with reduced serum
IgA levels and the number of hepatic MoMFs (Figs. 5L and
Fig. S5M). As expected, FcRc-/- mice lacked FCRG1 expression
and FcR-downstream signalling, as determined by reduced
phosphorylated HCK, a downstream mediator of FcR signal-
ling, compared to mice with fibrosis (Figs. 5N-5P).

To determine whether the observed in vivo phenotype in
FcRc-/- mice fed a CD-HFD relied primarily on the lack of FcRg-
signalling rather than altered myeloid-cell trafficking, we eval-
uated the migration capability of FcRc+/+ and FcRc-/- myeloid
cells in vivo and in vitro. Bone marrow-derived macrophages
(BMDMs) from FcRc-/- and control mice, previously injected
with carbon tetrachloride short-term, were analysed for their
migration capacity (Fig. S5P). A CCL2 gradient induced similar
transmigration efficacy of FcRc+/+ and FcRc-/- BMDMs, as
investigated by transmigration assays and subsequent flow
cytometry (Fig. S5Q). In the livers of carbon tetrachloride-
treated mice, hepatic MoMFs were similarly increased in both
5+ cells from livers of 4-month ND, WD-HTF and CDA-HFD (all WT) fed mice were
tive UMAP plots visualizing single-cell RNA-sequenced CD45+ cells from livers of
in blue colour among the three groups. (F) UMAP plot visualizing immune cell
d are MoMFs/monocytes, KCs, DCs, neutrophils, T cells, B cells, plasma B cells,
RNA-sequenced CD45+ cells of all mouse groups (legend reporting the number of
sters majorly differentiated under diet-experimental conditions1,3,6 of 4-month ND,
sion of Fcgr1 in most relevant MoMF clusters, comparing CDA-HFD or WD against
d FcRc-/- male mice fed with CD-HFD. (K) Representative Sirius red staining and
CD-HFD (n = 4). (L) Quantifications of liver flow cytometric analyses of total
th CD-HFD (n = 4). (M) Correlation plot indicating serological IgA and Sirius red
ning of liver sections and (O) quantifications of FCGR1+ aggregates per mm2 (n >−3)
ates per mm2 and Sirius red positivity, and p-HCK+ cells per mm2 and Sirius red
R of major profibrogenic genes from 12-weeks in WT or FcRc-/- BMDMs, after
) (n >−2), with or without the addition of IgA alone or in combination with Fc-blocker.
�C. All data are presented as mean ± SEM. Statistical analyses were performed
.
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Fig. 6. Summary of models, including germ-free mice on NASH diet. (A) Table indicating NASH phenotypes, B cells/immunoglobulin types, fibrosis, B-T cell
interactions and HCC in all mouse models applied in this study research. (B) Graphical summary displaying the role of lamina propria CD20+IgA+B cells in the context of
NASH activated externally to lymphoid follicles and increased in number, forming clusters with CD8+ T cells. The latter may migrate from the lamina propria to the liver
via the portal vein. Secondary lymphoid organ (e.g., spleen) derived IgA+B cells contribute via IgA+ to liver fibrosis through activation of FcRc signalling in monocyte-
derived macrophages (positive for FCGR1, S100a4, Ly6C, CD11b, F4/80). (C) Representative H&E staining of liver sections derived from GF WT ND and GF WT CD-
HFD male mice fed for 6 months. (D) Representative Sudan red staining of liver sections from GF male mice (CD-HFD for 6 months). (E) Quantifications of liver flow
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mouse groups compared to their untreated counterpart
(Fig. S5R). Next, levels of general MoMF markers Ly6C and the
profibrogenic macrophage marker S100A4 were assessed in
several mouse models fed a NASH diet. Increased Ly6C+ cells
were found in those mice that displayed fibrosis – WT and
AIDg23s CD-HFD mice – but not in other mouse models on
CD-HFD (Fig. S5N).47 Quantification of hepatic Ly6C+/CD11b+/
FCER1G+ cells of WT ND, and WT, kMT, WT aCD20, IgMi and
AIDg23s mice – all on CD-HFD – showed that fibrotic livers
such as WT and AIDg23s CD-HFD display a significantly higher
amount of Ly6C+/CD11b+/FCER1G+ cells (Fig. S6V,W).

A possible role for IgA and FcRc-signalling in activating
profibrogenic macrophages was investigated by measuring
the expression of selected profibrogenic/activation genes
such as IL-1b, IL-6 and TNF by BMDMs ex vivo. BMDMs from
12-week-old WT or FcRc-/- mice were first treated in vitro with
serum derived from healthy WT ND or fibrotic WT CD-HFD
mice (both 6 months on diet) (Fig. S5O). Serum from fibrotic
WT CD-HFD induced increased expression of the profibro-
genic genes compared to ND serum (Fig. 5Q). WT-BMDMs
treated with serum from lMT CD-HFD mice, which have
NASH but are devoid of systemic IgA secretion and fibrosis,
failed to induce profibrogenic/activation genes (Fig. 5Q). In
contrast, the addition of purified IgA added to serum derived
from WT ND or kMT CD-HFD mice strongly induced the
expression of IL-6, IL-1b and TNF in BMDMs, which was
abrogated by addition of an Fc-blocker (Fig. 5Q). Strikingly,
the addition of Fc-blocker to serum derived from fibrotic WT
CD-HFD mice prevented the induction of IL-6, IL-1b and TNF
in BMDMs (Fig. 5Q). These data indicate that immunoglobu-
lins (e.g., IgA) circulating in serum from NASH mice may
directly trigger BMDM-activation. As an additional control,
FcRc-/--BMDMs were treated with the serum of fibrotic CD-
HFD mice, which failed to induce the expression of IL-6, IL-
1b and TNF in BMBMs, again highlighting that FcRc-signalling
is involved in immunoglobulin-mediated transduction pro-
cesses (Fig. 5Q).

Overall, these data indicate that FcRc-signalling, mainly in
MoMFs, plays an important role in the development of hepatic
fibrosis in NASH and that secreted immunoglobulin is a critical
factor in activating this signalling.

Fig. 6A summarizes the most important data presented so
far. We propose that B cells can act via two mechanisms: (i) an
extrafollicular, intestinal mechanism that can promote activa-
tion and transmigration of T cells in the liver and (ii) a mecha-
nism involving the secretion of immunoglobulins, most likely
IgA, that can drive the activation of MoMFs in the liver and
promote the initiation of fibrosis (Fig. 6B).

The gut microbiota is not necessary for NASH development

The gut microbiota has an important role in the homeostasis of
gut B cells.48,49 So far, studies have suggested that germ-free
(GF) mice were resistant to obesity50 depending on the type of
cytometric analyses comparing 6-month GF ND, and GF CD-HFD for total CD8+ cells
(n = 4). (F) Representative IHC images of liver sections and (G) quantifications per mm
5). (H) Quantifications of small intestine flow cytometric analyses of CD20+CD19+, CD
resolution confocal microscopy and 3D reconstruction images of small intestine la
contact among B220+ and CD8+ cells), and (J) quantification of clusters of B220+/C
are presented as mean ± SEM. Statistical analyses were performed using unpaired
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diet,51,52 and NAFLD/NASH development.53–55 However, GF
mice fed a WD for 16 weeks developed obesity and demon-
strated metabolic dysfunction,56 indicating that the absence of
microbiota might allow for the development of meta-
bolic syndrome.

To investigate this concept in the context of NASH and the
related B-cell functions, GF mice were fed a CD-HFD for 6
months. CD-HFD mice gained significant weight (Fig. S6A)
and displayed full-blown NASH and impaired glucose
response (Fig. 6C,D and Fig. S6A,B,G), more hepatic T cells, B
cells and activated CD8+ T cells expressing TNF and Perforin
(Fig. 6E), and F4/80+ cells and MHC-II+ aggregates (Fig. 6F,G).
In the small intestine, CD-HFD mice presented increased B-
cell frequencies (Fig. 6H), and also showed B220+/CD8+ cells
forming clusters (yellow), especially along intestinal
villi (Fig. 6I,J).

The importance of B cells for NASH development under GF
conditions was tested by administering an aCD20 antibody for 6
weeks, starting at month 4 on CD-HFD – a time-point by which
mice on a CD-HFD have already developed NASH and liver
damage (Fig. S6D,E). B-cell depletion efficacy was proven effec-
tive in different tissues (spleen, liver and small intestine) (Fig. S6K).

Anti-CD20 antibody-treated GF CD-HFD mice were obese
and rescued for NASH but not for steatosis and showed un-
changed serum ALT and cholesterol levels (Figs. S6G-J).
Furthermore, aCD20 antibody-treated GF CD-HFD livers were
not inflamed and showed significantly fewer activated CD8+ T
and F4/80+ cells (Fig. S6K,L), whereas MHC-II+ aggregates
remained on the same levels compared to untreated con-
trols (Fig. S6L).

These data suggest that the gut microbiota was not
necessary to induce obesity and NASH, proposing a sterile
metabolic activation of immune cells to be sufficient to drive
NASH(3, 4, 29). Moreover, B cells could act independently of
the gut microbiota to contribute to NASH development and
interact with the T cells in the small intestine.

Increased gastrointestinal CD20+ B cells, high IgA levels
and FcRc+ myeloid cells in patients with NASH and cirrhosis

Next, we compared the data obtained from our mouse NASH
models in patients with NASH. Similar to our mouse NASH
models, an increase of CD20+ B cells was found in gastroin-
testinal tissue (e.g., jejunum) taken during bariatric surgery from
patients with NASH when compared to patients with simple
steatosis (Fig. 7A,B). Moreover, we found increased phos-
phorylated SYK+ in jejunal immune cells (including CD20+ B
cells) of patients with NASH vs. simple steatosis (Fig. 7C, and
Fig. S7A,J), indicative of B-cell activation.

We could corroborate previously published data demon-
strating elevated serum IgA levels positively correlating with the
degree of fibrosis in two distinct patient cohorts (Fig. 7D,E and
Fig. S2B).22 Moreover, increased levels of IgA significantly
correlated with the presence of portal inflammation (Fig. 7F,G).
, CD8+CD62L+ and CD8+CD62L- cells, CD8+TNF+ cells, and CD8+perforinhigh cells
2 for B220, CD3, F4/80 and MHC-II staining of GF ND and GF CD-HFD mice (n =
20+CD19- and CD20-CD19+ cells in GF male mice (n = 4). (I) Representative high-

mina propria staining for B220+ and CD8+ cells (yellow areas indicate a point of
D8+ interacting cells, of GF male mice (n = 3, with n >−4 FOV each mouse). All data
t test. The scale bar represents 100 lm.
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Fig. 7. Intestinal B cells and hepatic myeloid cells in NAFLD-affected patients. (A) Representative CD20 stained jejunum samples of NAFL and NASH-affected
patients. (B) CD20+ cells quantification in jejuna of patients with NAFL, and NASH, per mm2 (n >−4). (C) Phospho-SYK quantification on immune cells (B cells or
myeloid cells) in jejuna on patients with NAFL or NASH (n >−5). (D) Serum measurement of IgA levels in patients with NAFLD divided into two subgroups (F0–F2 and F3–
F4) based on fibrosis score (Brunt/Kleiner scoring) (n >−233 each group, total n = 639). (E) Correlation plot of IgA serological levels and fibrosis stage in NAFLD patient
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Notably, IgG but not IgM levels were elevated in higher fibrosis
stages (Fig. S7B). Interestingly, patients with NAFLD and
rheumatoid arthritis – treated with a monoclonal aCD20 anti-
body – displayed reduced serum ALT levels (Fig. S7E), sup-
porting the notion that B-cell depletion might ameliorate liver
damage in patients with NASH. High levels of serum IgA were
associated with parenchymal and portal tract PD1+ cells but
not with CD8+ T cells in patients with NASH, indicating a
possible link between IgA secretion, fibrosis, and PD1+

cells (Fig. S7F,G).
Our mouse data presented above suggested that MoMFs

correlated strongly with fibrogenesis.57,58 In a large NAFLD
cohort of patients with different degrees of fibrosis, we per-
formed a total liver transcriptomic analysis of selected genes
for MoMFs, FcRc signalling and fibrogenesis. We found that
many relevant genes of these categories, including CCR2,
ITGAM, CX3CR1 (indicative of MoMFs phenotype), FOS and
FCGR1A (FcRc-signalling), SPP1, TREM2, THBS1, CCL2, and
S100A4 among other profibrogenic genes were directly corre-
lated with the degree of fibrosis (Fig. 7H), similar to our mouse
analysis. We also found a strong correlation between the
chemokine receptor CCR2 and S100A with FCER1G at a
transcriptomic level (Fig. S7H).

In human NAFLD livers, the number of FCER1G+, CCR2+

and S100A4+ cells in the portal tract and parenchyma corre-
lated with the degree of fibrosis (Fig. 7I-7K). Mainly, fibrotic
areas were densely populated with infiltrating
S100A4+FCER1G+CCR2+ cells and stratification of patients
with NAFLD based on the fibrosis stage showed a significant
increase in advanced NAFLD (Fig. 7L,M, and S7H,I). In contrast,
no difference was observed in the density of CD163+FCER1G+

cells among different fibrotic stages, indicating a marginal role
of Kupffer cells in fibrosis (data not shown).

Further, we analysed whether myeloid-cell populations
driving fibrosis and/or cirrhosis would be activated by similar
pathways to those identified in our mouse NASH models.
ScRNA-Seq analysis of CD45+ cells derived from healthy liver
tissue (transplantation donors) and NAFLD-cirrhotic livers
showed that patients with cirrhosis displayed an increased
compartment of a subpopulation of myeloid cells called scar-
associated macrophages (SAMs) (Fig. 7N,O and S7K).59

Notably, we found that FCGR1A gene expression was signifi-
cantly increased in patients with cirrhosis compared with
healthy donors (Fig. 7P) and that the FcRc-signalling signature
was significantly increased in patients with cirrhosis compared
with healthy donors, being particularly enriched in the SAM
compartment (Fig. 7Q). Transcriptional analyses and compari-
son of FcRc-signalling pathways in mouse and human NASH
cohort of 639 individuals. (F) Serum measurement of IgA levels in patients with NAF
inflammation (n >−233 each group, total n = 639). (G) Correlation plot of IgA serolo
individuals. (H) Heatmaps showing transcriptomics analysis derived log2 fold-ch
phenotype, in FcRc signalling and in fibrogenesis, from patients with NAFLD and w
relation plots of fibrosis stage and portal tract or parenchymal (I) FCER1G+ cells/mm
images of FCER1G, CCR2 and S100A4 in patients with NAFLD, with absent/very low
subgroups for portal and parenchymal quantified stained cells (n >−11). (N) UMAP plot
sequenced, divided into TMs, KCs, and SAMs, from healthy donors and patients wit
(n >−5). (O) Heatmaps indicating the top 100 most variable genes among healthy d
indicating mRNA expression scores of FCGR1A gene in SAMs from healthy donors
Expression scores of activated FcRc signature (Reactome) in healthy donor livers and
data are presented as mean ± SEM. Statistical analyses were performed using unpa
for immunofluorescence 50 lm.
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livers revealed close similarities in the regulation of the FcRc-
signalling components as well as downstream tar-
gets (Fig. S7L).

In summary, data from patients with NASH suggest an
important role for secreted IgA and FcRc-signalling on MoMFs/
SAMs in the development of fibrosis and/or cirrhosis, in
agreement with the data derived from NASH mouse models.
Discussion
Herein, we describe two distinct B cell-dependent mechanisms
that promote (i) metabolic T-cell activation in the gastrointes-
tinal tract and (ii) aggravate liver fibrosis in NASH (Fig. 6A,B).
We have previously shown that auto-aggressive T cells exac-
erbate progressive liver disease in NASH, leading to HCC
development.3,4 We report that T-cell activation, hepatic
inflammation, NASH, fibrosis and liver tumorigenesis were
abrogated in vivo by genetic depletion of B cells (JH-/- mice).
Therapeutic depletion of B cells in mice with NASH/fibrosis led
to a reduction/reversal of T-cell-driven inflammation and
fibrosis. 1H-NMR and mass-spectrometry analyses demon-
strated that B cells contribute to hepatic metabolic alterations
that characterise NASH pathophysiology.

As the gut-liver axis has been identified as a critical factor in
NAFLD pathophysiology,14 we assessed the role of gastroin-
testinal B cells (kMT mice). This assessment revealed that
gastrointestinal IgA+ B cells contribute to T cell–driven inflam-
mation and metabolic alterations in the liver but cannot drive
fibrosis owing to their inability to secrete immunoglobulins into
the periphery. These gastrointestinal B cells developed in the
lamina propria in a T cell-independent manner,60 albeit at low
numbers, were strongly activated in the context of NASH.
NASH-driven HCC incidence was significantly lower in kMT
mice despite exhibiting equivalent quality and levels of NASH
compared to WT CD-HFD, potentially attributable to the
absence of hepatic fibrosis in kMT CD-HFD mice. Therapeutic
depletion of gastrointestinal B cells in kMT mice reduced T-cell
inflammation in vivo and reverted NASH.

Further analysis in WT mice on a NASH diet showed that
gastrointestinal B cells were elevated in number, metabolically
activated and displayed activated BCR signalling. When we
analysed human intestinal tissue from patients with NASH, we
also observed an increase in B-cell number compared to un-
affected patients or patients with simple steatosis.

In the lamina propria of the small intestine of NASH mice, B
cells and CD8+ T cells formed clusters with cell-cell in-
teractions, suggesting that within these clusters, B cells could
activate CD8+ T cells. However, these clusters were not found
LD divided into two subgroups based on the absence or presence of liver portal
gical levels and portal inflammation scores in the NAFLD patient cohort of 639
ange values of selected genes involved in the monocyte-derived macrophage
ith different degrees of fibrosis vs. patients with NAFL (total n = 206). (I–K) Cor-
2, (J) CCR2+ cells/mm2, or (K) S10014+ cells/mm2 (n = 31). (L) IHC representative
fibrosis (F0/F1) and high fibrosis (F3), and their quantifications (M) in two fibrosis

s indicating liver CD45+ FACS-sorted cells and subsequently single-cell 10X RNA-
h NAFLD-related cirrhosis, and percentages of each myeloid subpopulation below
onors and patients with cirrhosis in SAMac population (n = 5). (P) UMAP plots
and patients with NAFLD and cirrhosis, with statistical analysis below (n >−5). (Q)
in NAFLD/ALD-cirrhotic SAM population, with statistical analysis below (n >−5). All

ired t test or Pearson correlation’s test.. The scale bar for IHC represents 100 lm,
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in ND-fed mice. Our data indicate that hyperactivation of CD8+

T cells by the gastrointestinal B cells in NASH is achieved via a
licensing step that requires direct cell-cell interaction.

Importantly, we could demonstrate that B cells derived
from small intestines of NASH mice can directly activate CD8+

T cells ex vivo in an antigen-specific independent manner,
necessitating LFA-1 and ICAM-1 but not MHC-I. In contrast,
intestinal B cells from ND-fed mice could not activate T cells
ex vivo. Our data indicate that auto-aggression and hyper-
activation of CD8+ T cells via the gastrointestinal B cells in
NASH is achieved by a licensing step that requires direct cell-
cell interaction. Interference with the LFA1-ICAM axis abro-
gated T-cell hyperactivation ex vivo. Moreover, activation of
CD8+ T cells was TCR-independent – as gastrointestinal B
cells also activated OT1-CD8+ T cells. Interaction of CD8+ T
cells with the gastrointestinal B cells acts as an amplifier of
downstream TCR signalling without the involvement of
antigen-specific presentation by B cells, as blockade of MHC-
I did not prevent B cell-induced auto-aggression.

Besides metabolic re-programming, activated NASH
gastrointestinal B cells or amplified BCR signalling are poten-
tially represented by phosphorylation of SYK61-64. The latter
was absent in the B cells of IgMi mice, which are protected
from NASH and lack B-T cell clusters in the small intestine.
Notably, in hyperactivated B cells, as in the case of lymphoma,
SYK inhibitors are exploited therapeutically.65

Using Kaede mice and their capability to photoactivate cells
locally, we enabled tracking of B and T cells from the gastro-
intestinal tract to the liver in the context of NASH. We suggest
that metabolically activated gastrointestinal B and T cells
migrate from the gut to the liver, indicating that metabolically
activated T cells may originate in the small intestine, migrate to
and potentially be maintained in the liver.
310 Journal of Hepatology, Augu
Given the central role of gastrointestinal B cells in NASH
development, we proceeded to study the role of micro-
biota15–17 in our disease models. We showed that NASH
development occurred without the gut microbiota in a NASH
diet model (CD-HFD). Therapeutic depletion of B cells in GF
mice with NASH reversed liver inflammation and fibrosis, indi-
cating that B cells lead to T-cell activation and NASH - inde-
pendently of the gut microbiota.

It has been shown that serum IgA levels were elevated in
patients with NAFLD(22). Our in vivo and in vitro NASH studies
demonstrated that secretion of IgA contributed to fibrosis by
activating FcRc-signalling in CD11b+CCR2+F4/
80+CD11c-FCGR1+ MoMFs.66 However, we cannot exclude
that other cell types expressing Fc receptors (e.g., hepatocytes)
may also contribute to this phenotype. Notably, in molecular
analysis of patients with NASH, serum IgA levels correlated
with fibrosis severity and with FcRc-activated SAMs in the liver.

Thus, besides other known immune cell mechanisms that
drive NASH and fibrosis,67 B cells and IgA secretion are clearly
important players in the pathogenesis of NAFLD/fibrosis/
cirrhosis. It will be interesting to decipher further the role of B
cells in hepatic lipid accumulation and metabolic dysregulation.
New therapeutic approaches in NASH suggest combination
therapies with anti-steatosis, anti-inflammatory, and anti-
fibrotic drugs may be effective.68

Our study shows that gastrointestinal B cells are a po-
tential target for such a combinatorial therapeutic approach,
as we have identified them as mediators of licensing
metabolic T-cell activation and fibrosis. Future studies
blocking the interaction between B and T cells, specifically in
the gut, and targeting FcR signalling in the liver, might illu-
minate new therapeutic avenues against NASH and NASH-
related fibrosis.
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