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Abstract

Background and Aims: The immunomodulatory characteristics of mesen-
chymal stem cells (MSCs) make them a promising therapeutic approach for
liver fibrosis (LF). Here, we postulated that MSCs could potentially suppress
the pro-fibrotic activity of intrahepatic B cells, thereby inhibiting LF progression.
Approach and Results: Administration of MSCs significantly ameliorated LF as
indicated by reduced myofibroblast activation, collagen deposition, and inflam-
mation. The treatment efficacy of MSCs can be attributed to decreased infiltration,
activation, and pro-inflammatory cytokine production of intrahepatic B cells. Sin-
gle-cell RNA sequencing revealed a distinct intrahepatic B cell atlas, and a
subtype of naive B cells (B-ll) was identified, which were markedly abundant in
fibrotic liver, displaying mature features with elevated expression of several pro-
liferative and inflammatory genes. Transcriptional profiling of total B cells revealed
that intrahepatic B cells displayed activation, proliferation, and pro-inflammatory
gene profile during LF. Fibrosis was attenuated in mice ablated with B cells (uMT)
or in vivo treatment with anti-CD20. Moreover, fibrosis was recapitulated in uMT
after adoptive transfer of B cells, which in turn could be rescued by MSC injection,
validating the pathogenic function of B cells and the efficacy of MSCs on B cell-
promoted LF progression. Mechanistically, MSCs could inhibit the proliferation
and cytokine production of intrahepatic B cells through exosomes, regulating the
Mitogen-activated protein kinase and Nuclear factor kappa B signaling pathways.
Conclusions: Intrahepatic B cells serve as a target of MSCs, play an important
role in the process of MSC-induced amelioration of LF, and may provide new
clues for revealing the novel mechanisms of MSC action.

Abbreviations: Ccl2, C-C motif chemokine ligand 2; CCl,, carbon tetrachloride; DAB, 3,3'-diaminobenzidine; DEG, differentially expressed gene; ExoMSC¢, MSC-

derived exosomes; LF, Liver fibrosis; MAPK, Mitogen-activated protein kinase; Mdr2, ATP-binding cassette, sub-family B member 4; MSC, mesenchymal stem cell;
NF-kappa B, Nuclear factor kappa B; scRNA-seq, Single-cell RNA sequencing; WT, Wild-type.
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INTRODUCTION

Liver fibrosis (LF) typically results from a range of
chronic injuries, such as viral hepatitis, NAFLD,
alcohol-associated liver disease, autoimmune hepati-
tis, primary sclerosing cholangitis, and DILI. These
injuries can trigger processes such as hepatocyte
apoptosis, inflammatory cell recruitment, endothelial
barrier damage, and myofibroblast activation.l'! LF can
evolve into cirrhosis or HCC, making it one of the
major contributors to mortality and responsible for ~2
million deaths worldwide each year.[?l The initiation
and maintenance of liver fibrogenesis crucially depend
on inflammation, in which several immune cells are
activated and release pro-inflammatory cytokines that
activate HSCs.[®l Both the innate and adaptive immune
systems are pivotal in the regulation of key patholog-
ical processes during LF. Previous studies have
indicated that hepatic CD8" T cells mainly demon-
strate pro-fibrotic properties,*! whereas natural killer
cells exhibit unique anti-fibrotic capabilities.®! Other
immune cells such as macrophages,®-8! natural killer
T cells,®10 CD4* T cells,l'®'"l and dendritic cells!'?
play dual roles (pro-fibrotic and anti-fibrotic responses)
in both HSC activation and LF.

The innate activity of B cells and their effector
functions through cytokine production has gradually
attracted attention in the field of liver disease. One
hypothesis suggests the involvement of B cells in the
pathogenesis of LF. A report conducted on mice
showed a decrease in LF when B cells were
absent.['3l However, the underlying mechanism remains
unidentified. Later, it was found that LF occurs through
a mechanism involving HSC-mediated enhancement of
innate B cell activity.'¥ Furthermore, during chronic
fibrotic cholangitis, activated B infiltrates the livers of
Mdr2”- mice, secreting fibrotic TNF-a and other pro-
inflammatory cytokines.['! In NAFLD or NASH, pro-
inflammatory B cells accumulate in the livers of mice,
driving disease progression.[®.17] Therefore, the devel-
opment of novel agents targeting intrahepatic B cells is
essential for anti-fibrotic therapy.

Mesenchymal stem cells (MSCs), with their immune-
regulatory, anti-inflammatory, and immunosuppressive
properties, have recently emerged as promising therapy
for treating LF and cirrhosis.'® Previous studies have
suggested that MSCs could alleviate LF by increasing
IL-4 and promoting mobilization of KCs,['¥! or suppress-
ing liver Th17 cells in an indoleamine 2,3-dioxygenase-
dependent manner.[29 Whether and how MSCs regu-
late liver B cell function in LF remains to be elucidated.

Single-cell RNA sequencing (scRNA-seq) has revo-
lutionized our understanding of disease development,
allowing us to investigate both homeostatic and
pathogenic cell populations with unprecedented reso-
lution. This adds an additional dimension to tran-
scriptomic data compared with traditional methods that

analyze bulk cell populations.2l Hence, in this study,
we combined flow cytometry and scRNA-seq technol-
ogy to reveal the characteristics of intrahepatic B cells
and their functional changes after MSC treatment in a
carbon tetrachloride (CCl,)-induced LF mouse model,
with the aim of revealing the underlying mechanism by
which MSCs treat LF through B cells. Moreover, the
exact molecular mechanisms by which MSCs regulate
B-cell function were further investigated using in vitro
cell culture systems.

METHODS
Mouse model of liver fibrosis

Wild-type (WT) 6-8-week-old male C57BL/6 mice and
Ighmem27Cd56 mjce (UMT) on a C57BL/6 genetic back-
ground (GemPharmatech, Nanjing, China) were used.
Mice were housed in a specific pathogen-free environ-
ment and maintained on a 12 h light/dark cycle with free
access to standard mouse chow and water. To induce
LF, the mice were administered 2 mL/kg of CCl,
(Sigma-Aldrich) dissolved in olive oil (viv, 25%,
Sigma-Aldrich) by i.p. injection twice a week for up to
8 weeks. Mice injected with the same dose of olive oll
were used as controls. To deplete CD20" B lympho-
cytes, male C57BL/6 mice were treated once every 2
weeks with i.v. injections of anti-mouse CD20 mono-
clonal antibody (clone 18B12, 7.5 pg/g; InvivoGen). The
control group received corresponding mouse 1gG2a
isotype controls. Animal experimental procedures were
performed in accordance with the approval of the
Animal Care Ethics Committee of The First Affiliated
Hospital, Zhejiang University School of Medicine
(Approval No. 2020-1088).

Statistical analysis

Data are expressed as mean+SEM. All statistical
analyses were performed using the GraphPad Prism
8 software (GraphPad Inc.). Differences between
the 2 groups were evaluated by Student t test or
Mann-Whitney U test if the data were not normally
distributed. Statistical evaluation of multiple groups
was performed using one-way ANOVA followed by
post hoc Tukey test or, if data were not normally
distributed, Kruskal-Wallis test followed by Dunn post
hoc test. A value of p < 0.05 was considered to be
statistically significant.

Other materials and methods, including the list of
primers in Supplemental Table S1, http://links.lww.com/
HEP/1327, and the list of antibodies in Supplemental
Table S2, http://links.lww.com/HEP/1327, are described
in the Supplemental Materials and Methods, http://links.
Iww.com/HEP/1328.
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FIGURE 1 MSCs ameliorated CCls-induced LF. (A) Schematic diagram of CCls-induced LF model and MSC treatment strategy. (B) Quan-
titative analysis of profibrogenic factors Col1a1, Col1a2, Col3a1, Tgf1, and Ccl2 was conducted using gRT-PCR on whole-liver tissue (n = 6 for
each group). (C) Representative images from Sirius red, a-SMA, Collagen 1, Collagen 3, and H&E stainings (the arrows indicate clusters of
inflammatory cells) on liver sections from different groups (Scale bar: 100 um). (D) Quantification of histological changes by morphometric pixel
analysis (n = 9 for each group; representative of at least 3 independent mice). (E) Western blot analysis of protein levels of Collagen 1, Collagen
3, Desmin, and a-SMA in liver tissues from CCl, and MSC-treated mice. (F) Quantification of protein levels in (E) (n = 3 for each group).

(G) Serum ALT and AST in Control, CCl4, and MSC group. (H) Immunofluorescence detection (Scale bar: 20 um) and quantification of CD45 cells
in Control, CCly, and MSC groups. Quantification was based on the number of CD45" cells infiltrating around the blood vessels in each field of
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view (n = 9). (I) Serum concentration of IL-1a, IL6, IL-17A, CCL2, CCL3, CCL4, CCL5, and CXCL10 measured by LEGENDplex™ multi-analyte
flow assay (n=6 for each group). All data were presented as mean+SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: ALT, alanine
aminotransferase; AST, aspartate aminotransferase; a-SMA, a-smooth muscle actin; CCly, carbon tetrachloride; CXCL10, C-X-C motif chemokine
ligand 10; Ccl2, C-C motif chemokine ligand 2; Col1a1, collagen type | alpha 1 chain; Col1a2, collagen type | alpha 2 chain; Col3a1, collagen type
Il alpha 1 chain; H&E, hematoxylin and eosin; LF, liver fibrosis; MSC, mesenchymal stem cell; Tgfp1, transforming growth factor beta 1.

RESULTS
MSCs ameliorated CCl -induced LF

A progressive LF model was established in C57BL/6
mice by repeated i.p. injections (twice a week) of CCl, for
up to 8 weeks. To evaluate the effect of MSCs on LF, we
administered MSC concurrently with the induction of
fibrosis (Figure 1A). From in vivo fluorescence imaging,
the fluorescence intensity of DIR (used to label MSCs)
in the liver gradually decreased over time and almost
disappeared around day 21 post-injection (Supplemental
Fig. S1, http://links.lww.com/HEP/I329). MSC treatment
decreased the expression of several liver fibrogenic
markers and profibrogenic factors, including collagen
type | alpha 1 chain, collagen type | alpha 2 chain,
collagen type Il alpha 1 chain, TGF beta 1 (Tgf$1), and
C-C motif chemokine ligand 2 (Ccl2) (Figure 1B).
Moreover, mice infused with MSCs exhibited decreased
liver scarring, reduced myofibroblast activation (indicated
by a-smooth muscle actin), and lower levels of collagen
deposition than the untreated groups (Figure 1C, D).
Western blot results for the protein levels of collagen 1,
collagen 3, and HSC activation markers (desmin and a-
smooth muscle actin) also showed consistent trends
(Figure 1E, F). Based on the results of liver enzyme
indicators (alanine aminotransferase and aspartate
aminotransferase), it was indicated that the MSC group
exhibited less liver damage (Figure 1G). In the fibrotic liver,
significant infiltration of CD45-positive immune cells was
observed around the venous blood vessels, a phenomenon
that was substantially attenuated in MSC-treated group
(Figure 1H). In line with the lymphocyte infiltration
phenotype, the MSC infusion group demonstrated
decreased levels of serum inflammatory cytokines such
as IL-1q, IL6, and IL-17A as well as reduced levels of pro-
inflammatory chemokines including CCL2, CCL3, CCL4,
CCL5, and C-X-C motif chemokine ligand 10 (Figure 1I).
These findings indicate that MSCs can inhibit myofibroblast
activation, collagen deposition, and inflammation, thereby
delaying the progression of CCls-induced LF.

In addition, the methionine-choline-deficient diet-
induced NASH mouse model, which is known to
progress to fibrosis at later stages, was also utilized to
further validate our conclusions. With the application of
MSC treatment in this model, effects similar to those
observed in the CCls-induced model were noted
(Supplemental Fig. S2, http://links.lww.com/HEP/1329).
These findings indicate the efficacy of MSC therapy in
mitigating fibrosis, not only in CCl-induced liver injury
but also in diet-induced NASH scenarios.

MSC treatment suppressed B cell
infiltration and phenotypic activation
during LF progression

We further analyzed the characteristics of B cells
infiltrating the liver. Both the proportion and absolute
number of B cells were markedly increased in the liver
of CCly-treated group compared with the control group.
In mice treated with MSCs, the population of intra-
hepatic B cells was significantly reduced compared to
that in CCl,-treated mice (Figure 2A-C; Supplemental
Fig. S3, http://links.lww.com/HEP/1329). In normal liver
tissue, our immunohistochemical analysis revealed a
sparse distribution and infrequent B-cell appearance. In
the fibrotic liver, however, there was a notable increase
in B cells, predominantly clustering around vascular
areas. Treatment with MSCs led to a reduction in these
B-cell clusters, indicating decreased infiltration in the
liver (Figure 2D). Furthermore, in the CCl-treated
group, intrahepatic B cells exhibited an elevated state
of activation and Ag-presenting capacity, as evidenced
by the increased expression of activation and
costimulatory markers, such as cell-surface major
histocompatibility complex class 1l, CD40, CD86, and
CD20. In contrast, the activation of hepatic B cells
appeared to be suppressed in the MSC-treated group
(Figure 2E, F). To assess the differences in the
expression levels of Tnf, Il6, Ccl2, and Ccl3 in B cells,
we purified different groups of intrahepatic B cells
(defined as Control-B, CCl4-B, MSC-B, respectively).
The purity of the sorted cells was greater than 90%
(Supplemental Fig. S4, http://links.lww.com/HEP/I1329).
We found that the mRNA levels of these genes were
notably elevated in CCly;-B compared to those in
Control-B. Simultaneously, the expression levels of
these genes in the MSC-B group were lower than those
in the CCly-B group to varying extents (Figure 2G).
CCl4-B cells produced higher levels of cytokines
compared to those from healthy mice following
stimulation, and this elevated pro-inflammatory
cytokine production was reduced by the administration
of MSCs to fibrotic mice (Figure 2H). In the methionine-
choline-deficient diet-induced NASH model, the
infiltration of activated B cells in the liver was also
observed. Following MSC treatment, both the infiltration
and functional activity of B cells were suppressed.
These results indicated a similar effect of MSC
treatment on hepatic B cells in different models of liver
injury (Supplemental Fig. S5, http://links.lww.com/HEP/
1329). Taken together, these results suggest that during
fibrosis progression, B cells exhibit a more activated
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FIGURE 2

MSC treatment suppressed B cell infiltration and phenotypic activation during LF progression. (A) Flow cytometric analysis of

intrahepatic B cells. (B) Quantification of the percentages of B cells in hepatic CD45* cells (n=7 for each group). (C) Absolute numbers of total B
cells (isolated by CD19 microbeads) in the liver from Control, CCl,, and MSC group (n = 7 for each group). (D) Immunohistochemical analysis of
infiltrated B cells in the liver (Scale bar: 50 um). Arrows in the image point to B220-positive cells identified by immunohistochemical staining. (E)
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Representative FACS plots showing expression of activation markers (MHCII, CD40, CD86, and CD20) on gated CD19* B cells. (F) Quantification
of MFI of activation markers (n = 7 for each group). (G) mRNA levels of pro-inflammatory genes (Tnf, 6, Ccl2, and Ccl3) in liver B cells were
detected by qRT-PCR (n = 4—7 for each group). (H) B cells extracted from the liver were subjected to in vitro culture under specified stimulation
conditions. After 4 days of culture, the supernatants were collected and subjected to analysis using ELISA technique to determine cytokine

production (n = 4 for each group). All data were presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: Ccl2, C-C motif
chemokine ligand 2; CCly, carbon tetrachloride; LF, liver fibrosis; MFI, mean fluorescence intensity; MHCII, major histocompatibility complex class

Il; MSC, mesenchymal stem cell.

phenotype and accumulate in the liver with enhanced
pro-inflammatory cytokine release and Ag presentation,
and more importantly, MSC infusion could suppress this
phenomenon efficiently.

Atlas of infiltrated B cells in the liver
revealed by scRNA-seq

For in-depth characterization of intrahepatic B cells
during CCly-induced LF and MSC treatment, we
performed scRNA-seq of B cells isolated from healthy,
LF, and MSC-treated livers (Figure 3A). The quality
control metrics were highly reproducible between
individual samples and conditions (Supplemental Fig.
S6, http://links.lww.com/HEP/1329). Nine B-cell lineage
clusters with distinct transcriptional signatures were
identified (Figure 3B-D). By analyzing the expression of
known B-cell marker genes, we annotated these 9
subgroups. These included naive B cells expressing
Immunoglobulin heavy constant delta and Fc fragment
of immunoglobulin M receptor (Cluster 1-7), unknown B
cells with low expression of Fcmr (Cluster 8), and
plasma cells expressing Igha and Jchain (Cluster 9)
(Figure 3E, F). More than 98% of B cells isolated from
the liver were naive B cells. Pseudotime trajectories
also showed that the signatures of B cells in the control
group were gradually converted to those of the CCl,
group along the trajectory direction, while those of the
MSC group were above the path (Figure 3G).
Furthermore, we observed that a subset of naive B
cells (clusters 2, 4, and 7) was particularly rare in
healthy or MSC-treated liver but abundant in the fibrotic
liver (Figure 3H, 1). Another part of naive B cells
(clusters 1, 3, 5, and 6) showed the opposite trend.
Combined with the correlation of the expression profiles
of each cluster, we redefined the integration of clusters
1, 3, 5, and 6 as naive B-l and clusters 2, 4, and 7 as
naive B-Il (Figure 3F, J). The sequential relationship of
the B-l and B-Il cells was also visualized by mapping
them along a pseudo-temporal trajectory (Supplemental
Fig. STA, http://links.lww.com/HEP/I330). The heatmap
displayed the genes exhibiting substantially distinct
expression patterns among these 2 subsets (Supple-
mental Fig. S7B, http://links.lww.com/HEP/I330). B-II
cells tended to express higher proliferative genes Fos,
Myc, and Jun as well as several inflammatory genes
Traf1, Cxcr4, and H2-Aa (Supplemental Fig. S7C, http://
links.lww.com/HEP/I330; Supplemental Table S3, hitp://
links.lww.com/HEP/1327). Gene enrichment analysis

showed that B-Il cells were more active relative to B-I
cells, as indicated by the upregulation of multiple
signaling pathways, notably B cell activation and
nuclear factor kappa B (NF-kappa B) signaling pathway
(Supplemental Fig. S7D, E, http://links.lww.com/HEP/
1330).

MSCs modulated gene profile in
intrahepatic B cells during LF, impacting
activation, proliferation, and pro-
inflammatory patterns

Next, we analyzed the differential expression of genes in
total B cells between different groups. After combining
B-cell clusters, we detected 1557 differentially expressed
genes (DEGs; 732 upregulated and 825 downregulated)
between normal and fibrotic livers (Figure 4A;
Supplemental Table S4, http://links.lww.com/HEP/1327).
The analysis revealed increased expression of prolifer-
ative genes (Fos, Jun, and Map2k1) as well as several
inflammatory genes (nfkb1, Cxcr4, Cxcr5, Ccr7, H2-Aa,
Traf4, and Tnfaip3) in the B cells of fibrotic livers
(Figure 4B, C; Supplemental Table S4, http://links.lww.
com/HEP/I1327). Heatmap analysis clearly distinguished
B cells in the fibrotic liver from those in the normal liver
(Figure 4D). Following this, enrichment analyses were
performed on the detected DEGs. The upregulated
genes were enriched in terms such as B cell activation,
B cell receptor signaling pathway, cell cycle, and positive
regulation of B cell proliferation. (Figure 4E). Kyoto
Encyclopedia of Genes and Genomes pathway
enrichment analysis indicated that the upregulated
DEGs were primarily associated with B cell receptor
signaling pathway, antigen processing and presentation,
leukocyte transendothelial migration, etc. (Figure 4F).
Gene Set Enrichment Analysis revealed that the genes in
the CCl,-B cells were active in several pathways, such as
B cell activation, B cell proliferation, B cell receptor
signaling pathway, Mitogen-activated protein kinase
(MAPK) signaling pathway, NF-kappa B signaling
pathway, and Toll-like receptor signaling pathway
(Figure 4G).

Next, we focused on the DEGs between fibrotic and
MSC-treated livers (Figure 4H) to elucidate the modulation
of MSCs on B cell gene expression. It was observed that
the proliferative gene Jun and inflammatory genes Cxcr4,
H2- Aa, S100a8, S100a9, Traf4, Tnfrsf13c, and Traf1 were
downregulated in B cells from the MSC-treated liver
compared to those from the fibrotic liver (Figure 4B, C;


http://links.lww.com/HEP/I329
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I327
http://links.lww.com/HEP/I327
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I330
http://links.lww.com/HEP/I327
http://links.lww.com/HEP/I327
http://links.lww.com/HEP/I327

MESENCHYMAL STEM CELLS ALLEVIATE MOUSE LIVER FIBROSIS

1217

(A)

@ ® ®

Sampling Dissociation

R .

Clusters

L =
3 : :

B cell sorting

®

ScRNA Seq

L

= s

T

1-5458 cells

9119 cells

5 10
UMAP_1
9 . e o LX)
8l < ¥ ° ..
71- e . °
Percent Expressed
6 15
P © ® .
2 75
% @ 100
= 5 . .0 Average Expression
© i
4{ece - @ c0e0ce 0
Kl
-2
3 o-0
2] e o L ] 900
1. ¢ w ece
Qb 2 0 40 (& G 0. N DO W 42
SRR R

(©)

UMAP2

UMAP1

Component 2

C8 C9 C7 C2 c4

C1

c6

C3 C5

1.00
l 0.95
0.90
0.85
0.80
I 0.75

Cd19

Cd79a

Ms4at

Pseudotime 0—

Clusters

®1

1020

3e5e7@9

2e4e@608

Component 1

()

UMAP_2

Group @ Control @ CCl,

State ;

Control

MSC

MsC

3e5e7

4 @6

(H)

Proportion

100

—
50

25

Expression
2
1
0
-1
2
Cluster

°1
°2

.
© ©® N O o AW

0 L ;
Control CCl, MSC
' g
0 5 10
Clusters
1
2
3
e 4
- e 5
® 6
e 7
® 3
e 9
10
UMAP_1

Cluster

L K
2
s
4
5
6
| 4
8
[ K

FIGURE 3 Atlas of infilirated B cells in the liver revealed by single-cell RNA-sequencing. (A) The workflow of scRNA-seq includes liver
sampling, liver immune cell isolation, B cell sorting, and sequencing. (B) UMAP map of different scRNA-Seq clusters identified by the graph-based
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method. (C) UMAP map of expression of B cells marker genes: Cd19, Cd79a, Cd79b, Ms4a1, Ighm, and Ighd. (D) Top 10 DEGs among nine
clusters of the B cells system. (E) Bubble heatmap of the relative expression of selected marker genes for each cluster. (F) UMAP map of
redefined B cells. (G) Pseudotime trajectory indicating the development of B cells. The different color schemes represent the segregation based on
pseudotime, group, clusters and cell state, respectively. (H) Composition of B cells in each group. (I) UMAP map of clusters in Control, CCl,, and
MSC group. (J) Coefficient heatmap of different clusters. Abbreviations: CCl,, carbon tetrachloride; DEG, differentially expressed gene; MSC,
mesenchymal stem cell; scRNA-seq, Single-cell RNA sequencing; UMAP, Uniform Manifold Approximation and Projection.

Supplemental Table S5, http:/links.lww.com/HEP/1327).
The downregulated genes in the MSC group were
enriched in terms such as response to cytokine, regulation
of cell cycle, inflammatory response, chemotaxis, and B
cell receptor signaling pathway (Figure 4l). Kyoto
Encyclopedia of Genes and Genomes analysis
demonstrated that these downregulated DEGs were
associated with Ag processing and presentation, protein
processing in the endoplasmic reticulum, IL-17 signaling
pathway, etc. (Figure 4J). Furthermore, Gene Set
Enrichment Analysis showed that B cell activation, B cell
proliferation, B cell receptor signaling pathway, MAPK
signaling pathway, NF-kappa B signaling pathway, and
Toll-like receptor signaling pathway gene sets were
inhibited in MSC-B cells (Figure 4K). These findings
show that intrahepatic B cells display activation,
proliferation, and pro-inflammatory gene profile during
LF, but MSC treatment can inhibit the expression of
related genes.

B cells were involved in liver fibrogenesis
and could serve as target cells for MSCs to
exert therapeutic effects

The above evidence showed that B cells displayed
phenotypes such as activation, proliferation, and pro-
inflammatory activity during LF, but whether there was a
direct causal relationship between B cells and the
severity of LF was unclear. Therefore, to determine
whether B cells played a direct role in the pathogenesis
of LF, we assessed the progression of liver fibrogenesis
in 8-week CCly-treated yMT mice (Figure 5A). pMT
mice have a targeted deletion of the Igu heavy chain,?2
resulting in a lack of mature B cells (Supplemental Fig.
S8, http://links.lww.com/HEP/I330). Compared to
fibrotic lesions in WT mice, uMT mice exhibited reduced
fibrosis (Figure 5B-D). Additionally, we used WT mice
depleted of B lymphocytes with a CD20-specific
monoclonal antibody[?®! as another supporting animal
model (Supplemental Fig. S9A, http://links.lww.com/
HEP/1331). As anticipated, the administration of the
CD20 monoclonal antibody resulted in a persistent and
significant decrease in the quantity of mature B
lymphocytes in both the liver and spleen (Supplemental
Fig. S9B, C, http://links.lww.com/HEP/I331). Similarly,
CD20-specific monoclonal antibody-induced B-cell
depletion ameliorated inflammation and fibrogenesis
during LF (Supplemental Fig. S9D-F, http://links.lww.
com/HEP/I331). However, when we transplanted MSCs

in the B cell-deficient LF mouse model, no further
therapeutic effect of MSCs was observed (Figure 5B-D;
Supplemental Fig. S9D-F, http://links.lww.com/HEP/
1331). This, to some extent, not only illustrates the key
role of B cells in the mechanism of MSC therapy but
also indicates that the efficacy of MSC might depend on
the injury microenvironment of the liver.

Moreover, the adoptive transfer of B cells from WT
spleens to yMT mice aggravated liver injury and fibrosis
in CCly-treated yMT mice (Figure 5E-H; Supplemental
Fig. S10, http:/links.lww.com/HEP/1331). Interestingly,
MSC treatment could rescue aggravated LF induced by
adoptive transfer of B cells, as indicated by the
decreased expression levels of several fibrogenic
makers after co-injection of MSCs and B cells
(Figure 5E-H).

Considering the role of B cells in promoting the
advancement of LF, we undertook an initial investiga-
tion of the underlying molecular mechanism. Mechanis-
tically, B cells may have effects on liver monocyte/
macrophage infiltration in fibrotic mice, as indicated by
the reduced frequency and total number of CD11b" F4/
80™ mononuclear macrophages in yMT mice compared
with WT mice (Supplemental Fig. S11, http://links.lww.
com/HEP/I331). Monocytes are acknowledged for their
significant involvement in LF after recruitment through
CCL2 mediation.?l To examine the potential of soluble
factors produced by activated B cells to directly activate
HSCs, we co-cultured primary HSCs with liver B cells
through a transwell system. We found that activated B
cells could secrete pro-inflammatory factors to activate
the JAK-STAT3 pathway in HSCs, leading to their
activation (Supplemental Fig. S12, http://links.lww.com/
HEP/1332).

MSC-derived secretome mediates the
effect of MSCs on B cell function

Given that MSCs could inhibit the function of intra-
hepatic B cells in vivo, we further explored the under-
lying mechanism in vitro. We first investigated the
effects of MSCs on liver B-cell proliferation upon
stimulation with algM and «CD40. Hepatic B cells were
stained with the cell surface dye 5,6-carboxyfluorescein
diacetate succinimidyl ester before stimulation to
visualize cell division. As shown in Supplemental Fig.
S13A, http://links.lww.com/HEP/I332, the proliferative
capacity of stimulated B cells was inhibited when co-
cultured with MSCs for 3 days. This conclusion was
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FIGURE 4 MSCs modulated gene profile in intrahepatic B cells during LF, impacting activation, proliferation, pro-inflammatory patterns. (A) Volcano
plot for DEGs of total B cells between Control and CCl, group. (B) Violin plots showing the log-transformed expression of Fos, Jun, Nfkb1, Cxcr4, Cxcr5,
CCr7, H2-Aa, and Traf4. (C) Heatmap of selected gene expression of total B cells in different groups. (D) Heatmap of all DEGs of total B cells between
Control and CCl, group. (E) Bar graph showing the functions enriched in upregulated DEGs of B cells in the CCl, group. Length represents the gene ratio
and color represents the adjusted p-value. (F) Top 20 functional enrichment analyses with KEGG analysis using the upregulated DEGs in the CCl, group.
(G) GSEA between Control and CCl, groups. (H) Volcano plot of DEGs in total B cells between CCl, and MSC groups. (I) Bar graph showing functions
enriched in down-regulated DEGs of B cells in the MSC group. (J) KEGG pathway enrichment analysis of the downregulated DEGs in the MSC group. (K)
GSEA analysis between CCl, and MSC group. Abbreviations: CCl,, carbon tetrachloride; DEG, differentially expressed gene; GSEA, Gene Set
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FIGURE 5 B cells were involved in liver fibrogenesis and served as target cells for MSCs to exert therapeutic effects. (A) Schematic
representation of the methodology of inducing LF in yMT mice and MSC treatment. (B) Quantitative analysis of profibrogenic factors Col1a1,
Col1a2, Col3a1, and Ccl2 by gRT-PCR on whole-liver tissue (n =5 for each group). (C) Representative images from Sirius red, a-SMA, collagen 1,
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collagen 3, and H&E stainings (the arrows indicate clusters of inflammatory cells) on liver sections of different group (Scale bar: 100 pm). (D)
Quantification of stained area in (C) (n = 9-12 for each group; representative of at least 3 independent mice). (E) Schematic diagram of the
experimental design for adoptive transfer of B cells during LF inducing. (F) Representative images from Sirius red, a-SMA, collagen 1, collagen 3,
and H&E stainings (the arrows indicate clusters of inflammatory cells) of the liver after adoptive transfer of B cells. (G) Quantification of stained
areain (F) (n = 9-12 for each group; representative of at least 3 independent mice). (H) mRNA levels of Col1a1, Col1a2, Col3a1, Acta2, and Ccl2
in liver tissue (n = 5 for each group). All data were presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: a-SMA, a-
smooth muscle actin; Ccl2, C-C motif chemokine ligand 2; Col1a1, collagen type | alpha 1 chain; Col1a2, collagen type | alpha 2 chain; Col3a1,
collagen type lll alpha 1 chain; H&E, hematoxylin and eosin; LF, liver fibrosis; MSC, mesenchymal stem cell.

further confirmed by the total number of suspended
cells (Supplemental Fig. S13B, http://links.lww.com/
HEP/1332). Cell cycle analysis showed that the propor-
tion of GO/G1-phase cells was smaller in the olghV/
aCD40 group than that in the MSCs group, and the
proportion of S-phase cells was larger (Supplemental
Fig. S13C, D, http://links.lww.com/HEP/I1332). This
suggests that the inhibition of liver B-cell proliferation
by MSCs is related to cell cycle arrest. Consistent with
the above in vivo results, we found that the ability of liver
B cells to secrete TNF-a and IL6 was also negatively
regulated by MSCs in vitro (Supplemental Fig. S13E, F,
http://links.lww.com/HEP/I1332). Previous studies have
shown that the regulation of immune cells by MSCs
could be mediated through cell-cell contacts or the
secretome,?>281 so we next used the transwell co-
culture system to explore how MSCs acted on B cells.
As shown in Figure 6A and B, even though MSCs and B
cells were separated, the inhibitory effect of MSCs on
the proliferation of B cells still existed. Compared with
the algM/aCD40 group, prolonged G0/G1 phase and
shortened S and G2/M phases were observed in the
MSC group (Figure 6C, D). The mRNA levels of the cell
cycle-associated genes Ccnd2 and Ccnet also
decreased in the MSC group (Figure 6E). At the same
time, MSCs also reduced the protein expression levels
of c-Myc, cyclin D2 (CCND2), and cyclin E1 (CCNE1)
(Figure 6F). These results indicate that MSCs were still
responsible for the cell cycle distribution and
progression of B cells in the presence of the filter.
Next, we investigated the cytokine production function
of B cells. The mRNA levels of Tnf, ll6, Ccl2, and Ccl3
were significantly upregulated upon stimulation but
downregulated in the presence of MSCs (Figure 6G).
Similarly, the observed trend in TNF-a and IL6
production by intrahepatic B cells, which increased
with stimulation and decreased following culture with
MSCs, is consistent with our findings on mRNA
expression levels (Figure 6H-J). Taken together,
MSC-dependent suppression of intrahepatic B cell
function is mediated by its secretome.

Exosomes were key effectors of MSCs to
suppress intrahepatic B cell function

MSC-derived secretome consists of a protein-soluble
fraction, including growth factors and cytokines, and a
vesicular fraction, consisting of microvesicles and

exosomes.?’l To confirm whether exosomes in the
secretome are involved in the inhibitory effect of MSCs
on intrahepatic B cells, we pretreated MSCs with
GW4869 to inhibit the release of exosomes (Supple-
mental Fig. S14A, hitp://links.lww.com/HEP/1332).
MSCs pretreated with GW4869 showed limited potency
in suppressing B cell proliferation, cell cycle progres-
sion, and pro-inflammatory functions (Figure 7A-D).
Next, we extracted MSC-derived exosomes (ExoMSC) to
verify the effect of exosomes on B cell function. ExoMS©
displayed cup-like morphology with a mode diameter of
~111 nm (Supplemental Fig. S14B, C, http:/links.lww.
com/HEP/I332) and expressed exosomal markers
CD63, HSP70, and HSP90 (Supplemental Fig. S14A,
http://links.lww.com/HEP/I332). It was observed that
after 12 h of incubation, around 8.35% of B cells
exhibited green fluorescence, indicating that ExoMSC
might have been taken up by ~8% of B cells
(Supplemental Fig. S15A-B, http://links.lww.com/HEP/
1332). ExoMSC treatment suppressed B-cell proliferation
in the presence of algM/aCD40 or lipopolysaccharide
(Figure 7E-H). This effect could be dependent on the
regulation of the cell cycle, as most (92.05% in algM/
aCD40 stimulation; 87.76% in lipopolysaccharide
stimulation) B cells remained in the GO0/G1 phase
(Figure 7I-K). We also found that some pro-
inflammatory genes (Tnf, 1l6, Ccl2, and Ccl3) were
expressed at lower levels in the ExoMSC group
(Figure 7L, M). To confirm this finding, we analyzed
the levels of these 4 cytokines in the supernatant of
activated B cells isolated from fibrotic liver. We found
that intrahepatic B cells in the exosome-treated group
produced fewer pro-inflammatory cytokines in response
to stimulation (Figure 7N, O).

For B cells, signaling through MAPK and NF-kappa B
is indispensable for proper activation, proliferation, and
pro-inflammatory cytokine production, as described in
the sequencing results above. In stimulated B cells, we
detected a robust signal-induced increase in phospho-
rylated extracellular regulated kinase, phosphorylated
Inhibitor of nuclear factor kappa-B kinase subunit alpha/
beta, and nuclear P65, but the expression of these
proteins was reduced in the presence of exosomes
(Figure 8A-D). To conclusively demonstrate that ExoMS¢
inhibits B cell functions through the MAPK and NF-kappa
B signaling pathways, phorbol 12-myristate 13-acetate
was utilized to stimulate these pathways. Phorbol 12-
myristate 13-acetate activation led to significant
upregulation of phosphorylated Inhibitor of nuclear
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FIGURE 6 MSCs derived secretome mediated the effect of MSCs on B cells function. (A) Residual CFSE fluorescence intensity in CFSE-

labelled intrahepatic B cells after 3 days of co-culture with MSC in a transwell system in the presence of stimuli. (B) The total number of B cells
collected after 3 days of culture under different culture conditions (n = 4 for each group). (C) Cell cycle phase distribution was measured with flow
cytometry after 2 days of culture. (D) Graph of the cell cycle distribution (n = 4 for each group). (E) mRNA levels of Ccnd2 and Ccne1 in B cells
after co-culture with MSC (n = 3—4 for each group). (F) Western blot of expression levels of c-Myc, CCND2, and CCNE1 in B cells (n = 3 for each
group). (G) mRNA levels of pro-inflammatory genes (Tnf, 6, Ccl2, and Ccl3) in liver B cells after co-culture with MSCs (n = 3 for each group). (H)
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liver B cells after co-culture with GW4869-pretreated MSCs (n = 3 for each group). (E, F) CFSE analysis of algM/aCD40- or LPS-stimulated
intrahepatic B cells after ExoMSC treatment. (G, H) The total number of algM/aCD40-stimulated or LPS-stimulated intrahepatic B cells after 3 days
of treatment with ExoMSC (n = 4 for each group). (I) Cell cycle analysis of stimulated B cells after ExoMSC treatment. (J, K) Ccnd2 and Ccnet
mRNA levels in algM/aCD40- or LPS-stimulated B cells after ExoMSC treatment were detected by RT-qgPCR (n = 3 for each group). (L, M) mRNA
levels of Tnf, II6, Ccl2, and Ccl3 in algM/aCD40-stimulated or LPS-stimulated liver B cells after ExoMS€ treatment (n = 3 for each group). (N, O)
ELISA analysis of TNF-a, IL6, CCL2, and CCL3 in the supernatant from algM/aCD40-stimulated or LPS-stimulated liver B cells after ExoMSC
treatment (n = 6 for each group). All data were presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: Ccl2, C-C motif
chemokine ligand 2; CCND2, cyclin D2; CCNE1, cyclin E1; CFSE, 5,6-carboxyfluorescein diacetate succinimidyl ester; CFSE, 5,6-carboxy-
fluorescein diacetate succinimidyl ester; ExoMSC¢, MSC-derived exosomes; LPS, lipopolysaccharide; MSC, mesenchymal stem cell.

factor kappa-B kinase subunit alpha/beta and
phosphorylated extracellular regulated kinase 1/2
expression levels (Figure 8E). This upregulation
effectively reversed the inhibition triggered by ExoMSC,
restoring B cell proliferation and cytokine production
functions (Figure 8F-I). This phenomenon suggests that
ExoMSC may primarily target upstream molecules in both
the MAPK and NF-kappa B signaling pathways. Taken
together, these data suggest that exosomes are key
effectors of MSC suppression of B cells, which mainly
target the MAPK and NF-kappa B signaling pathways.

DISCUSSION

LF occurs due to persistent inflammation and is charac-
terized by alterations in the extracellular matrix with
increased deposition of collagen and other fibrillar
proteins, like elastin, in the Disse’s space.?d! It is well
known that LF is a dynamic process that can be effectively
reversed, and modulating the liver immune micro-
environment is considered a therapeutic strategy for
LF.[29 A large amount of preclinical evidence has shown
that MSC treatment can improve LF and we also found
that MSC treatment has the potential to ameliorate LF by
inhibiting both inflammation and fibrogenesis. However,
the participation of immune cells in MSC treatment of LF is
a dynamic and complex process, and the mechanism of
action on immune cells, especially B cells, is still unclear.

B cells are lymphocytes that exhibit remarkable
versatility, showcasing a wide array of functions.3%
While the increased versatility of B cells may be
advantageous for organs with multiple biological func-
tions, it also comes with potential risks related to higher
demands and susceptibility for regulation, especially
during periods of imbalance.'" Intrahepatic B-cell
accumulation and activation have been recognized as
significant mechanisms contributing to the patho-
genesis of NASH, as they promote hepatic glucose
intolerance, inflammation, and fibrosis.!"”) We found that
the proportion and absolute number were markedly
increased in the fibrotic liver. Furthermore, liver B cells
exhibited an elevated state of activation during LF,
marked by the increased expression of activation and
costimulatory markers. In fibrotic mice, intrahepatic B
cells exhibit a pro-inflammatory gene signature and
behavioral pattern, producing TNF-a, IL6, CCL2, and
CCL3 in response to stimulation.['! In purified B cells

from fibrotic livers, we observed elevated mRNA
expression levels of Tnf, /6, Ccl2, and Ccl3 compared
to B cells from healthy livers. Concurrently, B cells
purified from fibrotic mice exhibited higher production of
these cytokines in response to stimulation than B cells
from healthy mice. MSCs have been investigated in
preclinical and clinical studies as a treatment for
immune disorders due to their ability to induce systemic
immunosuppression.3! In this study, MSCs significantly
inhibited B-cell function during LF through the reduction
of B-cell infiltration, inhibition of their activation, and
suppression of pro-inflammatory gene expression.
Moreover, administration of MSCs to fibrotic mice
impaired the capacity of intrahepatic B cells to produce
pro-inflammatory cytokines.

Intrahepatic B cells have been reported to be
phenotypically similar to splenic B2 cells (classified
according to reaction specificity) but express lower
levels of CD23 and CD21 and higher levels of CD5.['3!
Barrow et al reported 4 distinct intrahepatic B cell
populations, of which the major population consisted of
mature B cells expressing increased inflammatory
genes during NASH.I'l In the triclosan-induced LF
mouse model, naive B cells (classified according to
activation stage) accounted for the majority, while
memory B cells and plasma cells accounted for
less.[32l Our single-cell analysis provided new insights
into the heterogeneity of liver B cells in CCls-induced LF
as well as into the mechanisms by which MSCs affect B
cells. We found that B cells in the liver were mainly
naive B cells (above 98%), which suggested that liver B
cells mainly functioned as innate immune cells in the
context of this study, independent of antibody secretion.
Interestingly, we identified a distinct subset of naive B
cells (B-Il), whose relative abundance was dramatically
increased in fibrotic liver. This subset of B cells is
disease-specific, displaying mature features with ele-
vated expression of several proliferative and inflamma-
tory genes. The results of DEG analysis indicated that B
cells displayed an innate-like gene signature with
increased expression of nfkb1, Cxcr4, Cxcrb, Ccr7,
H2- Aa, and Tnfaip3 during LF, as well as several
activated pathways, such as B cell activation, B cell
proliferation, MAPK signaling pathway, NF-kappa B
signaling pathway, and Toll-like receptor signaling
pathway. In contrast, B cells from MSC-treated livers
exhibited down-regulation of the proliferative gene Jun
and inflammatory genes S7100a8, S100a9, Cxcr4, H2-
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Aa, Traf4, Tnfrsf13c, and Traf1 when compared to those
from fibrotic liver. Several pro-proliferative and pro-
inflammatory signaling pathways were also inhibited by
MSC treatment. This further elucidated the regulatory
mechanism exerted by MSCs on B cells during LF.

B cell-deficient mice (UMT) and CD20-specific mono-
clonal antibody-treated mice are common animal models
used to study B cell function in diseases.['>! Consistent
with previous reports,['*"5 we observed significantly

reduced fibrosis in both models. On the contrary, we
found that the adoptive transfer of B cells markedly
aggravated LF in CCly-treated yMT mice. This confirmed
that the net effect of B-cell depletion is the amelioration of
LF, providing evidence that B-cell activation in the liver is
causative toward LF and not a bystander effect. Mecha-
nistically, activated B cells may directly activate HSCs
through pro-inflammatory cytokines or enhance the
infiltration of CD11b"" F4/80' mononuclear macrophages
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to further activate HSCs. Thus, targeting B-cell inhibition
could be a potential therapeutic approach for managing
LF. The administration of MSCs ameliorated exacerbated
LF induced by the adoptive transfer of B cells, as
demonstrated by the reduced expression levels of various
fibrogenic markers following the co-injection of MSCs and
B cells. From this perspective, MSC therapy holds greater
potential for application compared to merely completely
eliminating mature B cells from the entire body, as
monoclonal antibody therapy may compromise normal
humoral immune function, while MSCs specifically target
abnormally activated B cells in the liver.

According to previous reports, human MSCs have
significant inhibitory effects on the proliferation and
differentiation of normal mature B cells isolated from
peripheral blood.33:34 |n this study, we demonstrated that
MSCs inhibit the function of intrahepatic B cells both
in vivo and in vitro. The inhibition of intrahepatic B cell
function by MSCs primarily relied on their secretome, as
evidenced by the persistence of the inhibitory effect when
we separated the two using a transwell culture system.
The MSCs secretome is a spectrum of biologically active
factors usually classified as cytokines, chemokines, cell
adhesion molecules, lipid mediators, interleukins, growth
factors, hormones, exosomes, and microvesicles.3% The
paracrine function of MSCs is partly mediated by
exosomes, which contain abundant proteins, nucleic
acids, and other bioactive molecules. A previous study
demonstrated that the immunomodulatory effect of
MSCs on B cells is independent of secreted extracellular
vesicles.®® However, another study reported that
ExoMSC could inhibit the proliferation and function of B
cells.’”l These discrepant outcomes are believed to be
mainly due to the significant variation in MSCs and B cell
preparations obtained from diverse sources. We found
that exosomes are involved in the inhibitory effect of
MSCs on intrahepatic B cells. ExoMSC effectively
inhibited the activation, proliferation, and pro-inflamma-
tory functions of intrahepatic B cells in vitro. The MAPK
pathway plays an important role in regulating cell cycle
entry and proliferation. In addition, the NF-kappa B
pathway controls the transcription of DNA, cytokine
production, and cell survival and plays a key role in
regulating the inflammatory response. These 2 major
signaling axes involved in intrahepatic B cell activation
were inhibited by ExoMSC, suggesting that ExoMSC
mainly targets the MAPK and NF-kappa B signaling
pathways to suppress B cell function.

In summary, our data described in detail the character-
istics of B cells in the progression of LF using scRNA-seq
and demonstrated the therapeutic effect of MSCs by
inhibiting intrahepatic B cell function, which might provide
a potential target to treat LF. We also revealed that
exosomes mediated the inhibitory effect of MSCs on B
cells by regulating the MAPK and NF-kappa B signaling
pathways. This study has vital implications in illustrating
how MSC-mediated immunomodulatory effects on B

cells are achieved during LF and lays a solid foundation
for the application of MSCs in the treatment of LF.
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