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Introduction

Summary

B cells perform various immunological functions that include production of
antibody, presentation of antigens, secretion of multiple cytokines and regu-
lation of immune responses mainly via their secretion of interleukin (IL)-10.
While the liver is regarded both as an important immune organ and a tolero-
genic environment, little is known about the functional biology of hepatic B
cells. In this study we demonstrate that, following lipopolysaccharide (LPS)
stimulation in vivo, normal mouse hepatic B cells rapidly increase their
surface expression of CD39, CD40, CD80 and CD86, and produce signifi-
cantly elevated levels of proinflammatory interferon (IFN)-y, IL-6 and
tumour necrosis factor (ITNF)-a compared with splenic B cells. Moreover,
LPS-activated hepatic B cells produce very low levels of IL-10 compared with
activated splenic B cells that produce comparatively high levels of this immu-
nosuppressive cytokine. Splenic, but not hepatic, B cells inhibited the activa-
tion of liver conventional myeloid dendritic cells (mDCs). Furthermore,
compared with the spleen, the liver exhibited significantly smaller propor-
tions of Bla and marginal zone-like B cells, which have been shown to
produce IL-10 upon LPS stimulation. These data suggest that, unlike in the
spleen, IL-10-producing regulatory B cells in the liver are not a prominent
cell type. Consistent with this, when compared with liver conventional mDCs
from B cell-deficient mice, those from B cell-competent wild-type mice dis-
played enhanced expression of the cell surface co-stimulatory molecule
CD86, greater production of proinflammatory cytokines (IEN-y, IL-6,
IL-12p40) and reduced secretion of IL-10. These findings suggest that
hepatic B cells have the potential to initiate rather than regulate inflamma-
tory responses.
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standing of the mechanisms that determine the balance
between immunity to pathogens and tolerance to diverse

As a major lymphoid organ that extracts nutrients from the
portal venous blood, the liver is under constant immuno-
logical challenge by gut-derived dietary and microbial com-
mensal products, such as lipopolysaccharide (LPS) and
other microbe-associated molecular products (MAMPs)
[1,2]. To prevent chronic inflammation, the liver must
modulate innate and adaptive immune responses to these
diverse antigens [1,3]. Conversely, the liver is an important
organ in host defence against parasitic and microbial infec-
tions [4]. Thus, immune responses can be initiated in the
liver to eliminate microbial infection [5-7]. Further under-

dietary and other antigens will provide new insights into
the design of therapeutic strategies to regulate immunity in
liver infection, autoimmunity and transplantation.

Hepatic B cells comprise approximately 5% of intrahe-
patic lymphocytes [8-10]. Limited studies have addressed
the function of hepatic B cells in vitro [11] and in the regu-
lation of experimental autoimmune biliary disease [12—14].
It has been shown that LPS-treated hepatic B cells enhance
the production of interferon (IFN)-y by liver natural killer
(NK)1-1* cells [11] and promote liver inflammation in
the non-obese diabetic (NOD).c3c4 mouse model of
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autoimmune cholangitis [13], suggesting that hepatic B
cells can regulate hepatic immune responses positively. In
contrast, the Toll-like receptor (TLR) ligands LPS (TLR-4)
and cytosine—phosphate—guanosine (CpG) (TLR-9) can
stimulate interleukin (IL)-10-producing regulatory B cells
(Bwg) (B10) and regulate immune responses negatively
[15-17]. Given that LPS is delivered continuously by the
liver via the portal blood, we hypothesize that the ability of
hepatic B cells to regulate immune responses positively
might be due to a lack of LPS-activated B, in the liver.

In this study we demonstrate that, unlike splenic B cells,
hepatic B cells lack B10 cells and comprise significantly
smaller proportions of Bla and marginal zone (MZ)-like B
cells [16]. In addition, when compared with liver conven-
tional myeloid (m)DCs from B cell-deficient mice, those
from B cell-competent wild-type mice were more immu-
nostimulatory, as evidenced by higher levels of maturation
marker expression in response to in-vivo LPS stimulation,
and by a greater production of proinflammatory cytokines
following ex-vivo LPS stimulation.

Materials and methods

Mice

Male C57BL/6 (B6; H2") and B6-129S52-Ighm™'“¢"/] (UMT)
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). B6-:129P2-IL-10"™°" mice (IL-10
reporter) were kindly provided by Dr David Rothstein
(University of Pittsburgh). They were housed under specific
pathogen-free conditions at the University of Pittsburgh
School of Medicine, with unlimited access to food and
water. Experiments were conducted under an Institutional
Animal Care and Use Committee-approved protocol, and in
accordance with National Institutes of Health-approved
guidelines.

Isolation of B cells from spleen and liver and mDCs
from the liver

Livers were perfused with 10 ml of phosphate-buffered
saline (PBS) via the portal vein to remove circulating lym-
phocytes. Liver and spleen single-cell suspensions were pre-
pared from whole tissue by mechanical disruption in
RPMI-1640/2% (v/v) fetal bovine serum (FBS). Bulk liver
non-parenchymal cells (NPC) were enriched by density
centrifugation using Histodenz (Sigma, St Louis, MO,
USA). B cells were purified by CD19-positive selection
using the magnetic affinity cell sorting (MACS) system
(Miltenyi Biotec, Auburn, CA, USA). mDCs were purified as
described [18]. Briefly, liver and spleen cells were depleted
of NK1-1%, CD3*, CD19" and/or plasmacytoid dendritic cell
antigen-1 (PDCA-1)" cells, followed by positive selection of
CD11c" cells using the MACS system (Miltenyi Biotec). B
cells were isolated from wild-type mice 18 h after LPS

[100 png/kg intraperitoneally (i.p.); Alexis Biochemistry, San
Diego, CA, USA] or PBS administration. In some experi-
ments, mice were given poly I:C (4 mg/kg, i.p.) for 18 h. The
purity of mDCs and B cells was consistently > 90%. mDCs
were isolated from wild-type and B cell-deficient UMT mice
given the endogenous DC poietin fms-like tyrosine kinase 3
ligand (FIt3L) (10 pg/mouse/day; i.p. for 10 days; Amgen,
Thousand Oaks, CA, USA), with either PBS or LPS (100 pg/
kg, i.p.) treatment for the last 18 h.

In-vitro stimulation of liver mDCs

B cell-depleted liver NPCs were stimulated with LPS (10 ug/
ml) for 48 h in the presence or absence of liver or spleen B
cells. Activation of mDCs was determined by the level of
expression of CD80, CD86 and programmed cell death 1
ligand 1 (PD-L1) (B7-HI1; CD274) on CD19'B220°CD11c*
cells.

Flow cytometry

Single-cell suspensions were blocked for 10-15 min with
anti-CD16/32 followed by staining with a fluorescent-
tagged antibody mixture directed against the cell surface
markers CD1d, CD3, CD5, CD19, CD23, CD24, CD39,
CD40, CD80, CD86, PD-L1, B220, CR1/2, immunoglobulin
(Ig)M and IgD (BD PharMingen, Franklin Lakes, NJ, USA
or BioLegend, San Diego, CA, USA). Data were acquired on
a LSR II or LSR Fortessa (BD Bioscience, San Jose, CA,
USA) and analysed with FlowJo software (Tree Star,
Ashland, OR, USA).

Cytokine quantitation

Purified B cells were cultured with or without 500 ng/ml
phorbol myristate acetate (PMA), 1 uM ionomycin and
10 ug/ml LPS; purified mDCs were cultured with or
without 10 pg/ml LPS. The cells were maintained for 48 h
at 37°C in RPMI-1640 supplemented with 50uM
2-mercaptoethanol (ME), 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. Supernatants were
collected and cytokine production measured using a cyto-
metric bead assay (CBA) Flex Set system (BD Bioscience)
and analysed using FCAP Array Software (BD Bioscience).

Intracellular IL-10 staining

Bulk splenocytes and liver non-parenchymal cells (NPC)
were activated for 5h with 10 ug/ml LPS, 500 ng/ml PMA
(Sigma) and 1 uM ionomycin (Sigma) in the presence of
GolgiStop (BD Bioscience), followed by staining with
fluorescent-labelled CD19 monoclonal antibody (mAb).
Intracellular IL-10 was stained according to the BD intracel-
lular cytokine staining protocol.
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Immunofluorescence staining of liver tissue

Liver tissue samples were snap-frozen in Optimal Cutting
Temperature compound (OCT) and cryostat sections
(5 um) stained for B cells (CD19; green), DCs (CD11c; red)
and nuclei (DRAQS5; blue). Fluorescent images were cap-
tured with an Olympus Fluoview 1000 confocal microscope
(software version 1-7a).

Statistics

Differences in levels of cytokine production and surface
marker expression between the various groups were ana-
lysed by unpaired Student’s #-test. P < 0-05 was considered
significant.

Results

In response to LPS stimulation, hepatic B cells
produce more IFN-Y, IL-6 and tumour necrosis factor
(TNF)-a, but less IL-10 than those from secondary
lymphoid tissue

TLRs are the best-defined innate immune sensors that
detect MAMPs. Recent evidence supports a role of TLRs in
B cell activation and function [19]. We thus determined the
expression of activation markers on B6 mouse freshly iso-
lated liver versus splenic B cells from either LPS (TLR-4
ligand)-treated or untreated wild-type mice. As shown in
Fig. 1a,b, hepatic but not splenic B cells up-regulated their
cell surface expression of CD39, CD40, CD80 and CD86
within 24 h of LPS administration. By day 3, expression
levels had returned to the normal steady-state level. This
suggests that hepatic B cells respond in situ to systemic
TLR-4 stimulation more strongly than splenic B cells.
Because it has been reported that LPS and poly I:C (TLR-3
ligand) may have different effects on B cells [16], we next
examined B lymphocytes isolated from either poly L:C-
treated or untreated wild-type mice. As shown in Supple-
mentary Fig. S1, both hepatic and splenic B cells
up-regulated their expression of CD39, CD40, CD80, CD86
and PD-L1. This suggests that hepatic and splenic B cells
respond in situ to systemic TLR-3 stimulation in a similar
manner.

In response to TLR stimulation, different mouse splenic
B cell subsets exhibit different cytokine secretion profiles
[19]. For instance, spleen Bl and marginal zone (MZ) B
cells secrete more IL-10, while follicular B cells secrete more
IFN-v [19]. We next examined the pattern of in-vitro LPS-
induced cytokine production by hepatic and splenic B cells.
Compared with splenic B cells, hepatic B cells secreted sig-
nificantly more IFN-y, IL-6 and TNF-o (Fig. 1c). In con-
trast, splenic B cells comprised significantly more IL-10
producers (Fig. 1d,e) and secreted much larger amounts of
IL-10 than hepatic B cells (Fig. 1c). Consistent with this

Proinflammatory role of hepatic B cells

finding, the spleen exhibited significantly higher percent-
ages of Bla and MZ B cells and a lower incidence of follicu-
lar B cells than the liver (Fig. 2). As IL-10 appears to play a
pivotal role in the suppressive function of Breg [20], our
findings that the liver lacks Bla and MZ-like B cells, and
that LPS-stimulated hepatic B cells secrete very low levels of
IL-10, suggest that B10 cells are not a prominent regulatory
cell subset in mouse liver.

Liver mDCs from B cell-competent wild-type mice are
more immunostimulatory than those from B
cell-deficient mice

There is evidence that the tolerogenic milieu in the normal
mouse liver inhibits hepatic mDC differentiation/
maturation [3]. Our findings above suggest that hepatic B
cells might resist this tolerogenic environment and play a
proinflammatory role in liver homeostasis. It has been
reported that hepatic B cells are not associated spatially with
hepatic blood vessels [21]. In the current study, we con-
firmed (Supplementary Fig. S2) that hepatic B cells are
located sparsely throughout the liver parenchyma and
observed B cells in close proximity to DCs. This suggests a
potential functional interaction between these cells.

We next tested whether hepatic B cells could affect the
maturation and function of liver mDCs. Flt3L-treated mice
were stimulated with LPS for 18 h. Liver mDCs were then
isolated and analysed. As shown in Fig. 3a, these liver mDCs
displayed significantly greater levels of CD86 and major his-
tocompatibility complex (MHC) II when isolated from
LPS-treated wild-type compared with uUMT mice. This sug-
gests that, in the presence of B cells, liver mDCs are more
responsive to LPS stimulation and display a more stimula-
tory phenotype. To test further the influence of hepatic B
cells on liver mDC function, we isolated liver mDCs and
analysed their pattern of cytokine secretion in response to
ex-vivo LPS stimulation for 48 h. As shown in Fig. 3b, liver
mDC from UMT mice showed markedly reduced secretion
of proinflammatory IFN-y, IL-6, IL-12p40 and TNF-a,
while they produced significantly more IL-10. These data
further suggest a stimulatory influence of hepatic B cells on
liver mDC maturation and function.

To test the direct influence of hepatic and splenic B cells
on liver mDC maturation, we cultured B cell-depleted liver
NPC with or without LPS in the presence or absence of
hepatic or splenic B cells for 48 h to analyse the maturation
of mDCs. As shown in Supplementary Fig. S3, hepatic B
cells up-regulated the expression of CD86 and PD-L1, while
splenic B cells down-regulated the expression of CD80 and
CD86 on mDCs. This finding suggests that splenic, but not
hepatic, B cells regulate liver mDC maturation negatively.

Discussion

Liver homeostasis is a complex process that involves main-
taining tolerance to diverse dietary and other antigens,
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Proinflammatory role of hepatic B cells

Fig. 1. In response to lipopolysaccharide (LPS) stimulation, hepatic B cells exhibit greater expression of activation markers and produce more
interferon (IFN)-v, interleukin (IL)-6 and tumour necrosis factor (TNF)-a, but less IL-10 than those from secondary lymphoid tissue. (a,b)
Expression of cell surface activation markers on murine B cells following in-vivo LPS stimulation. C57BL/6 (B6) mice were injected intraperitoneally
(i.p.) with LPS. On days 0, 1 and 3 post-injection, the mice were examined for the expression of the indicated cell surface molecules on spleen versus
hepatic B cells; n = 3 mice per group. On day 1, liver but not splenic B cells up-regulated expression of CD39, CD40, CD80 and CD86. (a) Histogram
overlay of day 1 and controls. (b) Data are graphed to compare the spleen and liver B cells on days 0 (control), 1 and 3; *P < 0-05. Data are
representative of two independent experiments. (c) Spleen and hepatic B cells were purified from three individual mice using immunomagnetic
beads, then cultured with 500 ng/ml phorbol myristate acetate (PMA), 1 pM ionomycin and 10 pg/ml LPS for 48 h before measuring the
concentration of secreted IFN-v, IL-6, TNF-o. and IL-10 using cytometric bead assay (CBA) Flex Sets. Splenic B cells produced significantly greater
amounts of IL-10 than hepatic B cells; ***P < 0-001; # = 3. Data are representative of two independent experiments. (d,e) Liver or spleen cells from
normal B/6 or IL-10 reporter mice were cultured with 500 ng/ml PMA, 1 pM ionomycin and 10 pg/ml LPS in the presence of GolgiStop for 5 h.
They were then tested for the frequency of B10 cells in normal B/6 mice by intracellular staining of IL-10 and surface staining of CD19 and the
frequency of B10 cells in IL-10 reporter mice by green fluorescent protein (GFP)-IL-10 and surface staining of CD19. A greater proportion of splenic

B cells than hepatic B cells produced IL-10; # = 3 mice. Data are representative of two independent experiments.

<

while retaining the capacity to mount effective immune
responses against harmful pathogens [3]. In this report, we
provide new evidence supporting a proinflammatory role of
hepatic B cells, due probably to a lack of IL-10-producing B
cells (B10). The first key observation is that hepatic B cells
respond rapidly to LPS stimulation (Fig 1a,b) and secrete
proinflammatory cytokines (Fig. 1c,d). Unlike splenic B
cells, however, hepatic B cells produce very little, if any, anti-
inflammatory IL-10 in response to LPS stimulation. In
addition we demonstrate that, compared to splenic B cells,

Fig. 2. B cell subsets in the liver and spleen.

—
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Single cell suspensions of liver and spleen were
blocked for 1015 min with anti-CD16/32 and
Normal Rabbit Serum (NRS) and stained with
dead cell dye aqua, followed by staining with a
fluorescent-tagged antibody mixture directed
against the cell surface markers CD1d, CD3,
CD5, CD19, CD23, CD24, CR1/2, IgM and IgD.
B cells were gated on CD19" cells after exclusion
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of dead cells and CD3" cells. (a) Six immature Liver
and mature B cell subsets were identified as
follows: transitional T1 B cells are
CD19*CD24"IgM°*CD23"; transitional T2 cells

hepatic B cells comprise significantly lower proportions of
Bla and MZ-like B cells (Fig. 2), that have been reported to
secrete more IL-10 than follicular B cells [19]. Our observa-
tion suggests that B10 cells might not be prevalent immune
regulatory cells in the liver. Consistent with this idea, in the
presence of splenic but not hepatic B cells, liver mDCs are
less responsive to LPS stimulation (Supplementary Fig. S3).
This suggests that modulation of DCs by B10 cells observed
in other tissue compartments [17] does not occur in
the liver.

10-0r

I Liver
* Spleen

N
&)

% of B cells
(&)]
o

2.5}

0-0

Spleen T T2 T2-MZP Bia MZ

*P < 0-05; ***P < 0-001

CD19*IgMMCR1/2"

are CD19*CD23"IgM"CR1/2°%; transitional
T2-marginal zone-precursor (T2-MZP) B cells
are CD19* IgMMCD23MCR1/2"; follicular B cells
are CD19+IgM1°WCD5'CD23hiIgDhiCRl/ low,
MZ-like cells are

CD19*IgMMCD5 CD23""IgD""CR1/2" CD1d";

10° 8.74

Bla B cells are CD19"immunoglobulin
(Ig)MMCD5*CD23""IgD"**CR1/2"". B1b B cells

10°

that are CD11b" were too few to quantify in the
spleen and liver. Data are plotted as % of CD19*
B cells. The liver exhibits a greater proportion of

Spleen

follicular B cells and a smaller proportion of T1,
Bla and especially marginal zone (MZ)-like
cells; *P < 0-05; ***P < 0-001; n = 4 mice. Data
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MZ-like B cells. Left panels are gated on CD19*
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Fig. 3. Liver myeloid dendritic cells (mDCs) from B cell-competent mice are more responsive to lipopolysaccharide (LPS) and secrete greater levels

of proinflammatory cytokines but less interleukin (IL)-10 than those from B cell-deficient mice. (a) Liver non-parenchymal cells (NPC) were

isolated from LPS-treated or control mice after 18 h and analysed for the expression of CD86 and programmed cell death 1 ligand 1 (PD-L1) on

mDCs (B220"CD11c"#"). In response to in-vivo LPS stimulation, B cell-deficient mice exhibited lower levels of CD86 and major histocompatibility

complex (MHC) II, but not PD-L1 expression on liver mDCs when compared with wild-type mice. Data are pooled from two separate experiments,

with three, three, two and three mice in groups of wild-type naive, wild-type LPS, uMT naive and uUMT LPS, respectively. (b) Liver mDCs
(CD3"CD19"NK1-1 plasmacytoid dendritic cell antigen-1 (PDCA-1)"CD11c*) were enriched using immunomagnetic beads, followed by in-vitro LPS
stimulation for 48 h to measure levels of interferon (IFN)-v, interleukin (I)L-6, IL-12p40,tumour necrosis factor (TNF)-o and IL-10 secretion. In
response to in-vitro LPS stimulation, liver mDCs from B cell-deficient mice produced less proinflammatory IFN-y, IL-6, IL-12p40 and TNF-o and

more regulatory IL-10.

Having demonstrated that hepatic B cells comprise fewer
regulatory subsets than splenic B cells, a question not
addressed in this study is why B, appear not to contribute
to the overall tolerogenic liver environment. One possibility
may be to prevent overinhibition of immune responses in
the liver. As shown in this report and by others [15-17], the
TLR-4 ligand LPS, a normal constituent of portal venous
blood, is a potent stimulator of B10 cells. The absence of
B10 cells and the presence of B cells with proinflammatory
potential in an overall tolerogenic liver environment could
help to balance the hepatic capacities of immune tolerance
and immune stimulation. Our data presented here show
that the absence of hepatic B cells compromises further the
capacity of mDCs to respond to LPS (Fig. 3). To obtain suf-
ficient numbers of liver mDCs for analysis, Flt3L-treated
mice were used in Fig. 3 and Supplementary Figs S2 and S3.
We are aware of the caveat that FIt3L might modify the
composition of mDC subsets as well as other cells.
Extended experiments using animal models are needed to
confirm the positive regulation of liver mDCs and liver
immune responses by hepatic B cells. Future research to
understand more clearly the mechanisms underlying
hepatic B cell activation and function is merited, and may
lead to improved understanding and therapy of different
liver-related pathological conditions.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s website:

Fig. S1. Expression of cell surface activation markers on
murine B cells following in-vivo poly I:C administration.
C57BL/6 (B6) mice were injected intraperitoneally (i.p.)
with lipopolysaccharide (LPS). On days 0 and 1 post-
injection, the mice were examined for the expression of the
indicated surface molecules on spleen versus hepatic B cells;
n =4 mice per group. On day 1, both liver and splenic B
cells up-regulated expression of CD39, CD40, CD80 and
CD86; *P <0-05. No significant difference was observed
between the liver and spleen. Data are representative of two
independent experiments.

Fig. S2. Close proximity of B cells (CD19") and dendritic
cells (DCs) (CD11c") in liver parenchyma. Cryostat sections
(5 um) of liver tissue samples from fms-like tyrosine kinase
3 ligand (FIt3L)-treated B6 mice were stained for B cells
(CD19; green), DCs (CDI1l¢; red) and nuclei (DRAQ5;
blue). Fluorescent images were captured with an Olympus
Fluoview 1000 confocal microscope (software version 1-7a).
Fig. §3. Splenic, but not hepatic, B cells inhibit the activa-
tion of liver myeloid dendritic cells (mDCs) in response to
lipopolysaccharide (LPS) in vitro. B cell-depleted liver non-
parenchymal cells (NPC) isolated from fms-like tyrosine
kinase 3 ligand (Flt3L)-treated B6 mice were cultured with
or without LPS in the presence or absence of hepatic or
splenic B cells for 48 h. Activation of mDCs was analysed by
expression of CD80, CD86 and programmed cell death 1
ligand 1 (PD-L1) on CD197B220°CD3 CD11c¢" mDCs. Liver
mDCs in the presence of B cells were compared with those
in the absence of B cells; **P < 0-01.

479



