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Abstract

Chronic liver disease mediated by activation of hepatic stellate cells (HSCs) leads to liver fibrosis.
Here, we postulated that the immune regulatory properties of HSCs might promote the
profibrogenic activity of B cells. Fibrosis is completely attenuated in carbon tetrachloride (CCly)-
treated B cell deficient uMT mice showing that B cells are required. The retinoic acid produced by
HSCs augmented B cell survival, plasma cell marker CD138 expression, and 1gG production.
These activities were reversed following the addition of the retinoic acid inhibitor, LE540.
Transcriptional profiling of fibrotic liver B cells revealed an increased expression of genes related
to NF-xB activation, proinflammatory cytokine production and CD40 signaling suggesting that
these B cells are activated and may be acting as inflammatory cells. Biological validation
experiments also revealed increased activation (CD44 and CD86 expressions), constitutive IgG
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production and secretion of the proinflammatory cytokines TNF-a, MCP-1 and MIP1-a. Likewise
targeted deletion of B-cell-intrinsic MyD88 signaling, an innate adaptor with involvement in RA
signaling, resulted in reduced infiltration of migratory CD11c+ dendritic cells and Ly6C++
monocytes, and hence reduced liver pathology.

Conclusion—oOur findings demonstrate that liver fibrosis occurs through a mechanism of HSC-
mediated augmentation of innate B cell activity and highlight B cells as an important “first
responders’ of the intrahepatic immune environment.
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Introduction

Liver fibrosis is a clinical disease resulting from chronic inflammation of the liver, mediated
by the activation of hepatic stellate cells (HSCs).! Increasing evidence suggests, however,
that HSCs are also key modulators of immunity within the liver through a number of
cytokine-mediated and receptor-driven mechanisms.23 For example, TLR-and RIG-I-
signaling in HSCs results in the innate secretion of type | and 111 IFNs, which can reduce
viral replication in hepatocytes.# Data from our own laboratory has shown that HSCs can
skew T cell development towards a regulatory T cell fate, through the secretion of the
vitamin A metabolite, retinoic acid (RA).? In addition, upregulation of B7 family member
B7-H4 by activated HSCs allows for the direct inhibition of T cell proliferation and cytokine
secretion.® While direct stimulation of CD4+, CD8+, and NK T cells by IFNy-activated
HSCs has been documented, HSCs are inefficient antigen presenting cells (APCs) compared
to other populations such as dendritic cells (DCs). Rather, modulation of immunity through
cytokine secretion or receptor ligation is thought to be the primary mechanism by which
HSCs exert their influence.” HSC-derived RA may play a pleiotropic role in this process,
through binding to its specific nuclear receptors (RAR, RARa, RARB and RXRa).8 At this
time, the in vivo relevance of HSC-mediated involvement in intrahepatic tolerance and
immunity are unknown.

It’s now been suggested that, within the liver, a novel pathogenic role for B cells also exists
in the propagation of liver fibrosis.? This report in mice has documented attenuated liver
fibrosis in the absence of B cells through an unknown mechanism. Moreover, the
involvement of B cells in aCD40-induced necroinflammatory liver disease revealed a
proinflammatory role for B cells that depended on the presence of macrophages but not T
cells.10 In humans, B cells are important in the pathogenesis of numerous inflammatory
diseases, such as rheumatoid arthritis and systemic lupus erythematosus1:12 Importantly,
there are also known associations between chronic liver disease and B cell proliferative
disorders such as mixed cryoglobulinema (MC) and non-Hodgkin’s B cell lymphoma,
suggesting that a pathogenic dysregulation of B cell homeostasis may be occurring.13.14
Whether this type of B cell activity affects earlier stages of fibrotic liver disease is unknown.

While a role for antibody production in the pathogenesis of liver fibrosis has been ruled
out 9, the many other functions of B cells, such as opsonization, complement fixation,
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antigen presentation and cytokine production are currently unknown. Here we investigated
whether the profibrogenic activity of B cells is initiated through their interactions with HSCs
within the liver. We found that HSC-derived retinoic acid augmented B cell survival,
plasmablast differentiation, and IgG production. Interestingly, HSC-mediated effect on B
cells was reversible by treatment with the RA inhibitor LE540. Furthermore, the
transcriptional profiling and computational modeling highlighted the importance of NFxB
signaling in fibrotic liver B cells, and the activation of pathways related to TLR activity,
cytokine production, and CD40 signaling. The biological importance of these pathways
during fibrosis was also demonstrated, as fibrotic liver B cells exhibited increased state of
activation as measured by CD44 and CD86 expressions, constitutive 1gG production and
proinflammatory behavior. MyD88 signaling was an important contributor to the observed
pathology, as mice having a B cell-restricted deficiency in MyD88 signaling demonstrated
reduced fibrosis, and reduced liver infiltration of other inflammatory cell types such as
monocytes and dendritic cells. Our study demonstrates that HSC-derived RA is responsible
for the dysregulated activity of intrahepatic B cells. MyD88 signaling and liver B cell
production of proinflammatory cytokines and chemoattractants is a prerequisite for
mononuclear cell recruitment and thus, B cells serve to amplify fibrotic processes through a
novel innate activity.

Materials and Methods

Mice

Eight week old male C57BL/6 (WT), B cell deficient mice (uMT), and MyD88"
(B6.129P2(SJL)-Myd88!MIDEM/d) mice additionally crossed to CD19-Cre (B6.129P2-
Lyz2tmi{(cre)ifoy3) obtained from Jackson Laboratory, Bar harbor, ME on a C57BL/6
background were used for the study and maintained in accordance with AAALAC and
IACUC guidelines.

CCls-induced Liver Fibrosis

CCly (Sigma-Aldrich, St. Louis, MO) was as mixed with a common olive oil at a 1:10 ratio
and injected intraperitoneally (i.p.) into mice at 0.5 pl CCl4/g body weight twice per week
for six weeks as described earlier.1> For the therapeutic administration of LE540, mice were
treated with CCly plus LE540 (10 pg, Wako Pure Chemical Industries Ltd., Osaka, Japan)
for six weeks. Fibrosis was quantified based on a detail observation of hepatocyte necrosis,
degeneration, fibrosis, and inflammation described as lesion severity score (0 = no
significant lesion, 1 = mild lesion, 2 = moderate lesion and 3 = severe lesion).

Liver Cells Isolation

Briefly, liver cells were isolated by perfusion with HBSS, then 0.4% protease (Sigma-
Aldrich), and 0.01% collagenase (Sigma-Aldrich) solutions in DMEM/F12 medium. After
gentle mechanical disruption, the resulting suspension was incubated at 37°C in 0.4%
collagenase solution in DMEM/F12 with 0.5mg/mL DNAse for 20 min. The digested
suspension was filtered through 70pm mesh and centrifuged at 50g for 3 min. HSCs were
then isolated from the supernatant using the Optiprep method (Sigma-Aldrich). Intrahepatic
and splenic B cells were isolated using CD19 microbeads (Miltenyi Biotec, Bergish
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Gladbach, Germanyy), and splenic dendritic cells were isolated using CD11c microbeads
(Miltenyi Biotec).

Sorting of HSCs and Quantification of a-SMA

After density gradient enrichment, NPCs were stained with Abs to CD146 (ME-9F1;
Miltenyi Biotec), and CD45 (104; BD Bioscience, San Jose, CA) and sorted on a FACSAria
Cell Sorter Il (BD Bioscience). HSCs were identified as UV autofluorescence—positive
(UVAF+), CD45-ve and CD146-ve population. For the detection of HSC-associated marker,
purified liver cells were stained intracellularly with Abs to a-SMA (1A4; R&D Systems)
and analyzed using FlowJo software (Treestar, Ashland, OR).

Histopathology & Immunofluorescence

Mouse liver biopsies were fixed in 10% phosphate-buffered formalin, embedded in paraffin
and cut into sections. Sections for histopathological examination were stained with Sirius
red, Masson’s trichrome and Hematoxylin and eosin (H&E) stain using standard procedures.
For immunofluorescence, antibodies specific to a-SMA were used at 1:50 dilution
according to manufacturer’s instructions and analyzed on an immunofluorescence
microscope (Zeiss).

Co-culture Assay

B cells (2x10°) enriched from spleen of WT mice were cocultured with HSCs (1x10%) or
CD11c+ DC (1x10°) in presence of algM (affinipure F(ab’),-fragment goat anti-mouse
IgM, u chain specific) and aCD40 (HM40-3, 2 ug/mL each), or with LPS (2 pg/mL, Sigma-
Aldrich). In some conditions, RA (100nM) and/or LE540 (1 uM) were added to the B cell:
HSC co-culture. On 5 d, supernatants were collected from the culture and analyzed for IgG
levels by ELISA. Similarly, intrahepatic and splenic B cells from control or CCl4-treated
mice were isolated, co-cultured with DC or HSCs and stimulated with algM and aCD40, or
LPS. For trans-well experiments, splenic B cells and HSCs were separated using a trans-well
insert and cocultured for 4 d as described above.

Intracellular Cytokine Staining and Luminex Assay

ICS—CD19* B cells (2x10°) isolated from the livers and spleen of mice were cultured
unstimulated, or stimulated with algM and aCD40 (2 ug/mL), or LPS (2 ug/mL). After
incubation, Brefeldin A (Sigma-Aldrich) was added and culture proceeded for 5 additional
hours. Cultured cells were stained with Abs to B220 (RA3-6B2), and TNF-a (MP6-XT22)
and IL-10 (JES5-16E3) using a standard intracellular staining procedure. Stained cells were
acquired using an LSRII (BD Bioscience) and analyzed using FlowJo (Tree Star).

Luminex—Supernatants from the hepatic and splenic B cell cultures were collected at day
5 and analyzed using the Luminex 200 system according to the manufacturer’s instructions
(Invitrogen, Burlingame, CA).
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Microarray Analysis for B Cells

A detail protocol has been provided in Supplementary material section. Briefly, B cells
(1x105) enriched from livers and spleens of oil or CCl-treated mice were resuspended with
350 pl of RLT lysis buffer (Qiagen) mixed with 1% B-mercaptoethanol. Isolated RNA (5 ng)
was reverse transcribed and cDNA strand was synthesized. Purified cDNA (5 ug) of SS-
cDNAs were fragmented and chemically labeled with biotin to generate biotinylated ST-
cDNA using Encore biotin module V2. Data were analyzed using Spotfire DecisionSite with
OmicsOffice for Microarrays (Integrmics Biomarker Discovery). Primary microarray data
has been submitted to Gene Expression Omnibus (GEO) in accordance with proposed
Mimimum Information About a Microarray Experiment (MIAME) standards.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software (Version 6.0c, GraphPad
Software, Inc., San Diego, CA). Two-tailed student’s t test was used to determine the
significance, unless stated (*P<0.05, **P<0.01).

Results

B Cells Are Required for Liver Fibrogenesis

In this study, our aim was to identify the mechanistic contributions of B cells to fibrosis and
disease progression using CCls-model of induced liver fibrosis. We found that mice
undergoing six weeks of treatment with CCl, exhibited hepatic parenchyma with moderate
to severe periportal to bridging fibrosis as measured by H&E, Masson’s trichrome and Sirius
red stainings (Fig. 1A-B). Frequent hepatocyte karyomegaly and cytomegaly with an
occasional periportal individual hepatocyte necrosis intermixed with a characteristic
periportal collagen deposition, mononuclear cells infiltrations with an elevated serum ALT
levels were also observed (Fig. 1A-B, Supplementary Fig. 1A). Phenotypic analysis of
purified HSCs using FACS cell sorting based on vitamin A-mediated autofluorescence from
healthy and fibrotic mice also revealed an increased expression of a-SMA by HSCs during
fibrosis, signifying an increased state of activation (Supplementary Fig. 1, Fig. 1C-D). To
assess the role of B cells in the observed liver pathology, CCl, treatments were also given to
mice having a targeted deletion of Igp heavy chain (UMT) which lack mature B cells.16
Compared to WT mice fibrosis lesion (average score 3), UMT mice exhibited reduced
fibrosis (average score 1) with reduced collagen deposition, immune cells infiltration, ALT
levels and HSC expression of a-SMA (Fig. 1A-D, Supplementary Fig. 1 & Supplementary
Table 1). Furthermore, hepatic B cells (CD19+) were markedly increased in the liver of
CCly-treated WT mice (Fig. 1E). Together our data reveal an important pathogenic role for
B cells in the initiation, propagation, or maintenance of liver fibrotic processes.

HSC-derived RA Modulates B Cell Survival, Differentiation, and Function

Following liver injury, HSCs transdifferentiate into myofibroblast like cells and become
potent proinflammatory modulators of immunity and repair within the liver.117 In uMT
mice, liver HSC activation and fibrosis were markedly diminished. One possibility is that
liver fibrosis is initiated through a mechanism of crosstalk between liver HSCs and B cells
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in vivo. To address whether such interactions might exist, we analyzed the effects of HSC: B
cell interactions on B cell activity using an in vitro co-culture system. HSCs were isolated
from the liver of WT mice and activated in vitro according to a previously described
method.® Purified CD19+ splenic or hepatic B cells were then cultured for 4 days with the
activated HSCs, alone, or with splenic CD11c+ DCs for comparison. When B cells were
either cultured alone or in the presence of splenic DCs, 40-50% of them had entered an
early stage of apoptosis, defined by an annexin V+ 7AAD-phenotype (Fig. 2A,
Supplementary Fig. 2). In contrast, B cell co-cultured with activated HSCs appeared to offer
a survival advantage, as the proportion of CD19+ cells staining annexin V+ or 7AAD+ was
markedly reduced by comparison (Fig. 2A-B). Interestingly, HSC-mediated increase in B
cell survival also correlated with upregulation of plasma B cell marker CD138 expression
(Fig. 2C-D), and increased IgG production (Fig. 2E), signifying that activated HSCs might
promote B cell survival through modulation of B cell differentiation or function.

To test whether the HSC effect was due to a contact-dependent mechanism, we next used
trans-well inserts to separate the two populations during the co-culture period. We observed
that the HSC-mediated effects on B cell differentiation to a plasma cell phenotype were
contact independent, allowing for the possibility that an HSC-derived soluble factor might
be responsible (Supplementary Fig. 3A-B). We have previously shown that one such factor,
HSC-derived retinoic acid (RA), has bystander effects in modulating T cell development
towards a regulatory T cell phenotype. To test the role of RA signaling in our co-culture
system, we next administered the RA inhibitor LE540 to our co-culture and monitored the
effects of drug treatment on the HSC-induced modulation of B cell activity. Addition of
LE540 resulted in a reduced production of 1gG by B cells co-cultured with activated HSCs,
signifying a reversal of the modulatory effect (Fig. 2F). Our data suggested that in vitro, in
addition to any bystander effects on T cell development, HSC-derived RA might function to
promote pathogenic B cell behavior through modulation of B cell development and/or
effector functions. Importantly, the therapeutic administration of LE540 in vivo resulted in
markedly reduced periportal to bridging liver fibrosis and immune cells infiltrates in CCly-
treated animals as indicated by histological analysis (Fig. 3A-B) and activation of HSCs
(Fig. 3C-D).

Transcriptional Profiling Reveals Innate Molecular Signatures of Hepatic B Cells

To better understand how RA signaling in vivo might influence a pathogenic role for B cells
mechanistically, we used a systems biology approach to assess changes in the molecular
signature of hepatic B cells that occur during fibrosis. B cells were isolated from the liver of
healthy and fibrotic of mice and compared through the use of gene expression profiling and
computational models. Principal component analysis suggested that hepatic B cells from
fibrotic livers are distinct in their gene expression profiles as compared to B cells from
healthy spleens or livers (Fig. 4A). Indeed, we identified 312 differentially expressed genes
(DEGs; defined as 1.3 fold change with a P<0.001; 232 upregulated; 80 downregulated) in
fibrotic liver B cells compared to healthy liver B cells (Fig. 4B). Surprisingly, computational
modeling and enrichment analysis revealed 312 DEGs to be primarily associated with
canonical pathways involved in innate immune signaling. These included: HSP60 and
HSP70/TLR signaling pathway, Anti-apoptotic TNFs/NF-xB/Bcl-2 pathway, Lymphotoxin-
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beta receptor signaling, Role of HMGBL1 in dendritic cell maturation and migration, and
CDA40 signaling (Table 1). Importantly, we also observed NF-kB to be a central regulatory
node, linking the expression of transcription factors (IRF5, SPIB), innate immune signaling
components (MAVS, STING, TRAF3), cytokines (IL12a, EBI3, Lta, Lth, GDF15), and
cytokine receptors (CD40, CCR5, IL12rb, IL9r, IL10rb) (Fig. 4C-D). When taken together,
systems biology and computational modeling revealed both innate immune and activated
molecular signatures for hepatic B cells during fibrosis. Surprisingly, our data suggest that
liver B cells would function in a capacity similar to other inflammatory populations, such as
monocytes, during liver fibrogenesis.

Fibrosis Proceeds Through Innate B Cell Activity

We next sought to validate the computational models using a biological system by
measuring activation and function of liver B cells in healthy and fibrotic mice. Following 6
weeks of CCly-treatment, intrahepatic B cells from fibrotic mice were found to be in an
increased state of activation, characterized by the increased expression of activation markers
CD44, CD86 and CD95 (Fas) (Fig. 5A). Consistent with our in vitro co-culture data, liver B
cells from fibrotic but not healthy mice constitutively produced IgG directly ex vivo, even in
the absence of stimulation (Fig. 5B). Therapeutic administration of LE540 to fibrotic
animals reduced this activity, implicating HSC-derived RA in the modulation of B cell
activation and function in vivo (Figure 5B).

To determine whether hepatic B cells were also functioning in an innate capacity in vivo, we
also analyzed inflammatory cytokine/chemokine production by liver B cells following
stimulation ex vivo. First, liver B cells from fibrotic and healthy mice were stimulated with
either a-lIgM/ a-CD40 antibodies or LPS as indicated, and the secretion profile of fibrotic
liver B cells was assessed. Consistent with their function as an innate immune cell, liver B
cells from fibrotic mice produced greater proinflammatory cytokines in response to
stimulation when compared to liver B cells from healthy mice. These included the innate
cytokines TNF-a, MCP-1, MIP-1a, KC, IL-5, IL-6 and IL-12, potent molecules involved in
the activation and recruitment of inflammatory cells (Fig. 5C-D). Importantly,
administration of LE540 to fibrotic animals reduced TNF-a production by B cells as
detected by FACS analysis (Fig. 5D). Together, the data confirm that the innate activity of B
cells is enhanced during fibrosis, and suggest that B cell production of proinflammatory
cytokines/chemakines may be an important contribution to liver fibrogenesis.

B-cell-intrinsic MyD88 Signaling is Central to RA-induced B Cell Pathology

For B cells, innate signaling through MyD88 is indispensible for proper activation and
proinflammatory cytokine production.18:1 In addition, MyD88 has known involvement in
the developmental and modulatory effects of RA 20, which we show to be involved in the
upregulation of TLR4 and TLR9 expression on B cells (Supplementary Fig 4). To
understand the mechanistic contributions of MyD88 signaling to hepatic fibrosis in vivo, we
used a MyD88fl-CD19-Cre system to generate B-cell-specific MyD88-deficient mice (B-
MyD88K0).1? Consistent with a role for MyD88 in B cell survival and activity, liver B cells
from fibrotic B-MyD88KO mice also demonstrated remarkably reduced proliferation
capacity as determined by Ki-67 staining, and expressed decreased levels of activation
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marker CD44 in response to LPS (Supplementary Fig. 5A). Following six weeks of CCly-
treatment, absence of MyD88 signaling in B cells resulted in significantly reduced liver
periportal bridging fibrosis with reduced serum ALT, collagen deposition, mononuclear
cells infiltrates, and HSC activation with reduced fibrosis score ranging from 1 to 2 (Fig.
6A, Supplementary Fig. 5B). In addition, liver B cells from fibrotic B-MyD88KO mice also
produced decreased levels of proinflammatory cytokines and IgG than MyD88 competent
liver B cells (Fig. 6B, Supplementary Fig. 5C). Importantly, B cell intrinsic MyD88
signaling had mechanistic effects on other populations, as inspection of liver mononuclear
cell infiltration in fibrotic B-MyD88KO animals also revealed a reduced frequency and
reduced total number of Ly6C++ monocytes, CD11b+ DCs and neutrophils (Fig. 6C).
Myeloid cells in particular, like monocytes and DCs, have known contributions to liver
fibrosis following MCP-1-mediated recruitment.21:22 Qur data now demonstrate a
significant mechanistic role for B-cell-intrinsic MyD88 signaling in the recruitment of these
populations. We therefore conclude that MyD88 signaling in B cells contributes to their
heightened innate activity following RA exposure in vivo. The resultant ‘innate’ B cells
function to amplify fibrotic processes through liver mononuclear cell recruitment.

Discussion

As lymphocytes, B cells are characteristically versatile and demonstrate a greater range of
function through their expression of antigen-specific B cell receptors, immune modulatory
receptors such as CD40, and pathogen targeting receptors such as FCRs, complement
receptors, and TLRs.23-25 On one hand, the added dexterity of B cells may prove beneficial
for organs having numerous biological functions such as the liver. At the same time, there
may be dangers associated with an increased requirement and susceptibility for regulation,
particularly during times of imbalance such as liver disease. Here, we report that B cells play
an important role in hepatic fibrosis through their induction of a pathologic inflammatory
milieu. In agreement with the reports 926, we observed a markedly diminished liver
periportal bridging fibrosis in B-cell deficient (UMT) mice. Interestingly, hepatic B cells in
fibrotic mice adapted a proinflammatory gene signature and pattern of behavior, producing
TNF-a, IL-6, MCP-1 and MIP-1a in response to stimulation. The exacerbated innate
functions of liver B cells were the result of HSC-derived RA, and mediated through B-cell-
intrinsic MyD88 signaling. In the absence of MyD88 and RA signaling, HSC activation,
intrahepatic mononuclear cell infiltration and liver collagen deposition were markedly
reduced. Our data suggest that the mechanistic contributions of B cells in liver fibrosis occur
through amplification of fibrotic processes.

While a mechanistic role for constitutive B cell antibody production during fibrosis was
ruled out 9, such activity may have other unfortunate consequences for patients with liver
disease. For example in humans, mixed cryoglobulinemia and other B cell disorders are the
leading extrahepatic manifestations of advanced liver disease. Perturbations in B cell
regulation are evident during chronic hepatitis C virus (HCV) infection, and non-viral
diseases like non-alcoholic steatohepatitis (NASH) and alcoholic liver diseases
(ALD).13.14.27.28 |n HCV-infected individuals, mixed cryoglobulinemia (MC) present in up
to 60% of patients, and associated with an increased long-term risk of developing B cell
non-Hodgkin lymphoma.2® The mechanisms accounting for enhanced B cell activation and
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proliferation in these subjects is not known, however it’s been proposed that HCV itself may
activate B cells, either through receptor-mediated stimulation or direct infection. During
NASH and ALD there is an increased presence of circulating immunoglobulins and
associated autoimmunity, but studies have focused on aberrant T cell responses, bacterial
translocation, and neoantigen formation as potential incendiary mechanisms. Our findings
suggest that interactions between B cell and HSCs within the liver likely contribute to the
clinical manifestations of end-stage liver disease subjects. Further studies are needed to
address the differentiation, activity and function of intrahepatic B cells in these subjects.

The recruitment, activation and inflammatory cytokine production of liver DCs, monocytes,
and Kupffer cells during fibrosis is a well-characterized phenomenon, and thought to
exacerbate fibrosis progression through effects on HSCs, tissue parenchyma and other innate
immune populations.?1:22:30 While the requirement of B cells in hepatic fibrosis has been
addressed by a previous study 9, to our knowledge this is the first demonstration that liver B
cells also function as innate immune cells, and induce liver fibrosis through their production
of inflammatory cytokines and chemoattractants. The major discrepancies between previous
and current studies include mouse strains, inoculation route of CCI4, and the time points of
analysis, which perhaps explains the differences in our observations of monocytes/
macrophages infiltration into the liver. In previous study, F4/80 macrophages were increased
in the liver of B cell deficient (Jy—/-) mice specifically at day 3 and 5 after a single gavage
of CCl4. Consistent with recent studies that have established the role of monocytes/
macrophages in liver fibrosis through activation of HSCs2122, our study shows the increased
infiltration of Ly6c"9" monocytes, CD11b+ DCs and Grl+ neutrophils after six weeks of
CCl4 i.p. treatment. In our model, the early activation of B cells resulted in the production of
soluble factors, which included both chemokines and cytokines like IL-12 and IL-6, which
would have additional effects on intrahepatic lymphocyte populations. Therefore, it is likely
that B cell pathology during liver fibrogenesis has general and broad effects on numerous
immune cell populations. In agreement with our observations, a recent study in humans
demonstrated an important role for B cells in the induction of atherosclerosis lesions,
through CCI7-induced recruitment of inflammatory monocytes.3!

Importantly, however, our data also reveal MyD88 as a dominant mechanistic requirement
for the adaptation of innate function by liver B cells following RA exposure. The effects of
RA signaling on DC activation and function within the gut were shown to be dependent on
MyD88 signaling 29, consistent with our findings which we show to be involved in the
upregulation of TLR4 and TLR9 expressions on B cells. MyD88 signaling is required for
responsiveness to TLR agonists like LPS, which would be a significant stimulus in the liver
due to the liver’s direct proximity to the gut and continuous exposure to commensal and
pathogenic microbial components. In humans, end-stage liver disease is associated with
instability of the gut epithelial barrier (leaky gut syndrome), characterized by circulating
LPS, soluble CD14 and inflammatory cytokines within peripheral blood.32:33 In mice,
enhancement of LPS/TLR4 signaling exacerbates liver disease following CCly-treatment or
bile duct ligation, and these effects were observed in animals deficient in CD14 and LPS
binding protein.34:3% Direct comparison of TLR4 adaptors MyD88 and Trif using genetically
engineered mice also revealed a greater mechanistic role for MyD88 in mediating fibrosis
through the induction of TGF-B signaling.34 Furthermore, oral administration of broad
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spectrum of antibiotics has also proven successful in reducing fibrosis suggesting that
microbial translocation is an important component of liver disease in general.3* One
possibility is that therapeutic treatment of liver disease through disruption of RA signaling,
as was performed in this study, may alleviate the LPS sensitivity of liver B cells, and
consequential inflammation. Our study highlights an important pathogenic role for liver B
cells that was previously unknown. We highlight the liver B cell as an important innate
component of the liver immune microenvironment with significant potential as a therapeutic
target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MIP-1a macrophage inflammatory protein-1a
MyD88 Myeloid differentiation primary response gene (88)
NASH Nonalcoholic steatohepatitis
NF-kB nuclear factor « light chain enhancer of activated B cells
NPCs non-parenchymal cells
RA Retinoic acid
RIG-I retinoic acid-inducible gene 1
TLR toll like receptor
TNF-a tumor necrosis factor-a
WT Wild type
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Fig. 1.

B gceIIs are required for liver fibrosis. WT and uMT mice were treated with either olive oil or
CCly as described in Materials and Methods. (A) Representative livers from control, CCly-
treated WT and pMT mice are shown. (B) Histological analysis of liver specimens by Sirius
red, Masson’s trichrome, and H&E stainings (magnification 100x). (C) Analysis of a-SMA
expression on HSCs from mouse livers as described in Materials and Methods. (D) MFI
value of a-SMA expression from control, CCls-treated WT and pMT is shown. (E) Total B
cells (CD19+) count from Control and CCly-treated WT mice is shown. (* P<0.05, **
P<0.01).
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Fig. 2.

HSCs promote survival and 1gG production by B cells. CD19-enriched splenic B cells were
co-cultured with splenic CD11c+ DC or plate-activated HSCs (isolated from livers of WT
mice) for 4 d with stimulations as indicated. (A) B cells were stained for Annexin V and
7AAD and (B) percentage (%) of Annexin V+ 7AAD-cells shown. (C) CFSE-labeled B
cells from co-culture were stained for CD138 and % CD19+ CFSE-CD138+ cells shown,
and (D) FACS plot shown. (E) B cells were co-cultured with or without plate-activated
HSCs for 5 d as indicated and analyzed for I1gG production by ELISA. (F) B cells were
cultured alone or in presence of RA (100nM) or RA+LE540 (1 um) for 5 d and analyzed for
1gG production by ELISA. Data are representative of 3 independent experiments (* p<0.05,

** n<0.01).
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Fig. 3.

BI%cking of RA signaling reduces liver fibrosis. WT mice were treated with oil, or CCly, or
CCly+ LE540 as described in Materials and Methods. (A) Representative livers from
control, CCly, and CCls+ LE540-treated mice are shown. (B) Histological analysis of liver
biopsies by Sirius red (magnification 100x), Masson’s trichrome (100x) and H&E staining
(200x). Data are representative of 3 independent experiments. (C) The histogram showing
a-SMA expression from control, CCly, and CCl4+LE540 mice liver is representative of 2
independent experiments. (D) MFI value of a-SMA expression from control, CCl, and
CCl4+LE540 treated mice livers is shown. (* P<0.05).
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Fig. 4.

Tr%nscriptional profile of hepatic B cells. (A) Principle component analysis of B cells
isolated from the livers and spleens of oil and CCl-treated mice. (B) Numbers of
differentially expressed genes (DEGS; downregulated (left) or upregulated (right)) in each
treatment condition shown. (C) Fold induction of candidate genes from network analysis
comparing hepatic B cells isolated from CCly-treated to oil-treated mice. (D) Network
analysis of NF-«xB regulated genes.
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Fig. 5.

Properties of Hepatic B cells from CCly-treated mice. (A) B cells isolated from the livers of
oil and CCl,-treated mice were analyzed for the expression of CD44, CD86 and CD95 by
FACS analysis. B cells (2x10°) isolated from control and CCl4-treated mice were cultured
in presence of stimulations as indicated and supernatants were collected on day 5 and
analyzed for (B) 1gG production by ELISA and (C) Cytokine production by multiplex
luminex assay (LPS stimulation shown). (D) B cells were cultured in presence of
stimulations as indicated and stained for TNF-a production by intracellular staining. FACS
plots were confirmed in 3 independent experiments. (*P< 0.05, **P <0.01).
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Fig. 6.

B—gcell—intrinsic MyD88 signaling is central to B cell pathology. WT and B-MyD88KO mice
were treated with either oil or CCly for six wk. (A) Histological analysis by Sirius red
(magnification 100x) and H&E (magnification 200x) stainings and analysis of a-SMA and
B220 expressions by immunoflorescence analysis (Magnification 200x). (B) B cells
enriched from the livers of WT and B-MyD88KO-CCl4-treated mice were cultured with
LPS stimulation for 5 d and culture supernatants were collected and processed for cytokine/
chemokine production by luminex assay. (C) NPCs from livers were processed for staining
for CD11b, CD11c, GR1, and Ly6c by FACS analysis. Data are representative of two
independent experiments. Two-tailed Student’s t test was applied for detection of
significance (*P<0.05, **P<0.01).

MCP-1 (Pg/mL)
8 8 &8 8 8
MIP-1a (Pg/mL)

CD11b

CD11b

Hepatology. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thapa et al. Page 20

Microbial
Gut —> —>LPS

. translocation CD1 38f
TIR4

yD88

/1 IgG 4

B cells
MCP-1, MIP-1a
TNF-a, IL-6
LE540 LE540
Activation 0 -0 ——> ECMs ——> Liver fibrosis Chemoattractants
0
TNF-a, IL-6
QHSC AHSC \
|
)s 3
W &
o :

Monocytes/macrophages

Fig. 7.

Sc%ematic summary of B-cell-mediated liver fibrosis. HSC-derived retinoic acid (RA)
augments B cell survival, plasmablast differentiation (CD138), and IgG production. HSC-
mediated effect on B cells is reversible by treatment with the RA inhibitor LE540. Hepatic B
cells from fibrotic mice adapt a proinflammatory gene signature and pattern of behavior,
producing TNF-qa, IL-6, MCP-1 and MIP-1a. Furthermore, the transcriptional profiling
highlighted the importance of NF«B signaling in fibrotic liver B cells, and the activation of
pathways related to TLR activity, cytokine production, and CD40 signaling. MyD88 is an
important contributor to the observed pathology, as mice having a B cell-restricted
deficiency in MyD88 signaling demonstrated reduced fibrosis, and reduced liver infiltration
of other inflammatory cell types such as monocytes and dendritic cells. Increased gut
microbial translocation and microbial products such as LPS to liver is most likely to mediate
a greater activation of hepatic B cells through TLR4-MyD88 signaling pathways. In
conclusion, MyD88 signaling and liver B cell production of proinflammatory cytokines and
chemoattractants is a prerequisite for mononuclear cell recruitment and thus B cells serve to
amplify fibrotic processes through a novel innate activity.
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Table 1
Liver B Cells Top Metacore Canonical Pathways

M etacor e Canonical Pathways * B-H P value
HSP60 and HSP70/TLR signaling pathways 1.43E-04
Anti-apoptotic TNFs/NF-kB/Bcl-2 pathway 3.63E-04
Lymphotoxin-beta receptor signaling 3.63E-04
Role of HMGBL in dendritic cell maturation and migration 5.61E-04
CD40 signaling 1.35E-03

*
Benjamini-Hochberg (B-H) P value. Top five metacore canonical pathways are shown.
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