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Abstract

Biliary atresia (BA) is a neonatal T cell-mediated inflammatory, sclerosing cholangiopathy. In the 

Rhesus rotavirus (RRV)-induced neonatal mouse model of BA (murine BA), mice lacking B cells 

do not develop BA, and the lack of B cells is associated with loss of T cell and macrophage 

activation. The aim of this study was to determine the mechanism of B cell-mediated immune 

activation (antigen presentation versus cytokine production) in murine BA. Results: Normal 

neonatal B cells in the liver are predominantly at pro-B and pre-B cellular development. However, 

BA mice exhibit a significant increase in the number and activation status of mature liver B cells. 

Adoptively transferred B cells into RRV-infected B cell-deficient mice were able to re-instate T 

cell and macrophage infiltration and biliary injury. Nonetheless, neonatal liver B cells were 

incompetent at antigen presentation to T cells. Moreover, 3-83 Ig transgenic mice, in which B cells 

only present an irrelevant antigen, developed BA, indicating a B cell antigen-independent 

mechanism. B cells from BA mice produced a variety of innate and adaptive immune cytokines 

associated with immune activation. In-vitro trans-well studies revealed that BA B cells secreted 

cytokines that activated T cells based on increased expression of T cell activation marker CD69. 

Conclusions: Neonatal liver B cells are highly activated in murine BA and contribute to immune 

activation through production of numerous cytokines involved in innate and adaptive immunity. 

This work provides increased knowledge on the capacity of neonatal B cells to contribute to an 

inflammatory disease through cytokine-mediated mechanisms. Future studies should focus on 

targeting B cells as a therapeutic intervention in human BA.
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Biliary atresia (BA) is a progressive inflammatory biliary disease resulting in fibrosis of the 

extrahepatic and intrahepatic bile ducts early in life.[1,2] Despite surgical intervention with 

hepatic portoenterostomy at diagnosis, approximately 80% of BA patients eventually require 

liver transplantation.[1,3] Although the etiology of BA is unknown, a leading theory of 

pathogenesis is that disease onset entails a primary perinatal hepatobiliary virus infection 

followed by exaggerated, progressive inflammatory or autoimmune-mediated bile duct 

injury. In order to study immune-mediated mechanisms of biliary disease, the Rhesus group 

A rotavirus (RRV)-induced mouse model of BA (“murine BA”) is utilized. This model 

mimics the biochemical, immunological and histological abnormalities found early in the 

human disease.[2,4,5]

The bulk of knowledge regarding immune mechanisms of biliary injury in BA focuses on 

Th1 and Th17 cell-mediated pathways.[5-11] A substantial increase in infiltrating 

macrophages also characterizes the liver inflammatory milieu in BA.[5] Far less is known 

regarding the role of B cells in BA pathogenesis. B cells can promote autoimmunity in many 

ways, including antigen presentation to T cells, production of pathogenic autoantibodies and 

generation of cytokines that promote specific T cell activation and differentiation pathways.

[12] Our group has shown that Ig-α deficient mice (Ig-α-/-), which bear no B cells because 

of non-functional B cell receptors, are protected from developing murine BA. Importantly, 

the absence of functional B cells is associated with a lack of T cell and macrophage 

activation, suggesting that B cells play a critical role in immune-mediated bile duct injury in 

BA.[13] Many experimental models of autoimmune diseases have demonstrated that B cells 

play a crucial role in disease pathogenesis.[14-16] It is suggested that B cells are needed for 

presenting self-antigens to autoreactive T cells, leading to T cell activation and pathogenic 

function, independent of antibody production.[17-19] B cells can also play an effector 

function through cytokine production and a contribution of cytokine-producing B cells in 

autoimmunity has been proposed.[20-22]

The aim of this study was to determine the mechanism of B cell-mediated immune 

activation (antigen presentation versus cytokine production) in murine BA. We utilized B 

cell-deficient mice as well as mice in which all B cells express an irrelevant B cell receptor 

(BCR) to determine if the primary mechanism of B cell-mediated T cell activation in BA is 

through antigen presentation or cytokine production.

Methods

RRV-induced mouse model of BA

All animals were housed and handled through the UC Denver Office of Laboratory Animal 

Medicine. BALB/c mice were purchased from infection-free colonies (Envigo Laboratories, 

Cambridgeshire, UK) and bred within the UC Denver animal facility. Mice were given a 

single intraperitoneal (i.p.) injection of RRV (1.8 × 106 pfu/mL) or balanced salt solution 

(BSS) within 24 hours of life. Ig-α-/- mice[23] and 3-83 Ig knock-in mice[24,25] on the 

BALB/c background have been previously described. Mice were sacrificed at either day 2, 7, 

or 14 and pooled sera and tissues from 3-5 mice/ pool were analyzed (minimum 3 pools/ 

group/ experiment and all experiments performed 3 times). Serum direct bilirubin and 

alkaline phosphatase levels were determined with kits available from Diagnostic Chemicals 
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Ltd., Charlottetown, Canada. Mouse tissue was formalin fixed, paraffin embedded, and 

stained with hematoxylin-eosin. Digital photographs were obtained using the Olympus 

BX41 microscope (Melville, NY). Dr. Orlicky created a pathology scoring system to grade 

severity of disease: periductal inflammation and parenchymal inflammation: none=0, 

mild=1, moderate=2, severe=3; necrotic foci: none=0, >0<1 foci/100× field=1, ≥1 foci/100× 

field=2; ductular proliferation: absent=0, present=1.

Immunohistochemistry of human liver tissue

Human liver tissue was collected through a University of Colorado IRB-approved study 

(#12-0069; Mack: PI). Frozen human BA livers at time of liver transplant (explants; N=12; 

age 4.1±4.4 years) and controls [metabolic liver disease at explant (N=3), normal donor liver 

tissue (N=7); age 10±7 yrs] and paraffin-embedded liver tissue at the time of diagnosis of 

BA (N=9; age 7.8±3.5 weeks) and controls (N=2 Alagille syndrome; N=7 idiopathic giant 

cell hepatitis; age: 8.3±2.9 weeks) were analyzed. Frozen tissue was stained with CD20-

Cy3, cytokeratin 7-FITC and nuclear DAPI using standard protocols[5] and paraffin-

embedded sections were stained with CD20/ DAB. Slides were visualized using the Zeiss 

Axio Imager. A1 microscope (200× magnification). The number of CD20+ cells per portal 

tract were counted in a blinded fashion.

Flow cytometry

Tissue was homogenized with Bellco Cellector tissue sieve (Vineland, NJ) and red cells 

were lysed with ACK buffer. Liver immune cells were enriched by Percoll gradient (40/60). 

Single cell suspensions were incubated with Fc-block and stained with the following 

fluorochrome-conjugated antibodies (clone): CD45 (30-F11), CD3 (17A2), CD4 (RM4-5), 

CD8 (53-6.7), CD11b (M1/70), B220 (RA3-6B2), IgM (II/41), CD19 (6D5), CD49b (DX5), 

NKG2D (191004), MHC class I (34-1-2S), MHC class II (AMS-32.1), CD80 (16-10A1), 

CD86 (GL1), CD69 (H1.2F3), CD40 (HM40-3), or isotype matched controls. Cells were 

visualized with FACS LSR II flow cytometer (Becton-Dickinson, Mountain View, CA) using 

FlowJo software (Tree Star, Inc., Ashland, OR) for analysis. Intracellular cytokine staining: 

liver and spleen immune cells were incubated with Brefeldin A, stimulated with PMA and 

ionomycin and incubated with fluorochrome-conjugated antibodies (B220, CD19, IgM, 

CD45), followed by permeabilization and incubation with either IFN-γ (XMG1.2), IL-1β 
(NJTEN3), IL-6 (MP5-20F3), IL-10 (JES5-16E3), IL-2 (JES6-SH4), TNF-α (MP6-XT22), 

TGF-β (TW7-16B4), or GM-CSF (MPI-22E9P).

In-vitro T cell studies

IFN-γ ELISPOT: Responder T cells (CD3+ cells) and antigen presenting B cells (CD19+ 

cells) were purified by negative selection with MACS magnetic bead separation (Miltenyi 

Biotec, Bergisch Gladbach, Germany). Confirmation of >95% purity of selected cell type 

was performed with flow cytometry. ELISPOT assays were performed on plates coated with 

murine IFN-γ capture monoclonal antibody. T cells (1×105) and B cells (3×105) were 

cultured alone, together and with or without RRV (1×104 pfu/ml) or normal mouse 

cholangiocyte (NMC) homogenate (50 μg/ml) for 24 hours. IFN-γ production was 

quantified with ELISPOT reader. Co-culture trans-well experiments: Purified T cells were 

stimulated overnight with plate-bound anti-CD3, washed and plated at 4×106 T cells in the 
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lower compartment. 4×106 purified B cells were added to the top well of the trans-well and 

co-cultured for 48 hours. T cells were removed from the lower compartment for flow 

analyses (CD25, CD69).

Adoptive transfer studies

Donor B cells: BALB/c neonates were injected with either BSS or RRV within 24 hours of 

birth. 14 days after injection, the spleens and livers were homogenized using a Cellector 

Tissue Sieve and the B cells were purified using a B cell negative selection MACS cell 

separation kit. Confirmation of >95% purity of B cells was performed with flow cytometry. 

1×107 purified B cells (40 μL) were injected intraperitoneally into Ig-α-/- recipient mice, age 

12-18 hours of life. For mice receiving both B cells and BSS or RRV, the B cells were 

resuspended in 40 μL of the BSS or RRV (1.8×106 pfu/mL) solution respectively. 2 weeks 

after adoptive transfer, tissue was harvested for histology and FACS analysis.

RNA-Seq

Pools of 14 day old mouse livers (20 livers/ pool) were obtained from BALB/c BSS-control 

and RRV-BA mice (2 pools per group). Liver immune cells were purified by Percoll 

gradient, followed by ARIA flow cytometric cell sorting on CD19+ and CD3/CD11b/F4-80/

NKG2d negative cells, with resultant >98% B cell purity. RNA isolation was performed by 

standard protocol (Qiagen, Hilden, Germany) and RNA-Seq (Illumina) was performed by 

the RNA-Seq core facility at National Jewish Health, Denver, CO. RNA-Seq data was 

analyzed with BaseSpace Illumina software and aligned to the mm10 reference genome 

using Tophat. R/Bioconductor DeSeq2 was used to detect the differentially expressed genes 

of samples. Enrichment analysis in Reactome database was performed using genes 

differentially expressed in RRV mice compared to BSS control mice (Benjamini-corrected 

p-value ≤0.05).

Statistical analysis

Values are expressed as mean ± standard deviation or standard error of the mean. Two-way 

analysis of variance (ANOVA) with multiple comparisons were used when more than two 

groups of mice were compared. The Student t-test was used for comparison between two 

groups. PRISM Graph Pad software (La Jolla, CA, USA) was employed for statistical 

analyses. Differences in means were considered significant for p values < 0.05.

Results

B cell development in the normal neonatal liver and spleen

We first sought to clearly define the level of B cell maturation in the liver and spleen of 

normal mice in the first 14 days of life (time frame of development of murine BA).[26-28] B 

cell poiesis begins at the pro-B cell stage (rearrangement of Ig heavy chains), followed by 

the pre-B cell stage (rearrangement of Ig light chains). B cells at the IgM+ immature cell 

stage are not yet wired for functional responses, requiring first to differentiate into 

CD23+CD24low, IgMlowIgDhigh mature B cells, a maturation process that occurs via a 

CD24highCD23+, IgM+IgD+ transitional stage (Figure 1A). While in adult mice B cell 
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poiesis takes place mostly in bone marrow tissue, this process occurs in both liver and spleen 

in the prenatal, perinatal and early postnatal life[28,29].

Total B cell frequency (% B220+CD19+) in the liver increased from day 2 to day 14 of life. 

At 14 days liver B cell frequencies approached those in the spleen, and were significantly 

higher than adult livers (Figure 1B,C). In the first 14 days the majority of liver B cells are in 

the pro-B and pre-B stages (IgM-IgD-). This dramatically contrasts with the setting in adult 

livers where the frequency of pro/ pre-B cells is less than 5%. The frequency of immature 

(IgM+IgD-), transitional (IgMhighIgD+), transitional 2 (T2; CD24highCD23+) and mature 

(IgMlowIgDhigh or CD24lowCD23+) liver B cells are relatively constant in the first 14 days. 

Mature B cells are less than 5% at 14 days, while they are more than 80% of all B cells in 

the liver of adult mice (Figure 1C). In contrast to the liver, spleen B cells have a lower 

frequency of pro/pre-B cells in the first 7 days (∼20%), that doubles by 14 days. A higher 

frequency (∼70%) of immature, transitional and mature B cells collectively are present in 

the spleen compared to the liver in the first 14 days of life. Similar to the adult liver, the 

majority of B cells in the adult spleen are mature B cells. CD5 surface expression defines a 

B1 B cell subset known for its contribution to the pool of natural IgM antibodies. The 

frequency of this population peaked on day 7 in both the liver and the spleen. Additional 

analyses of the absolute number of B cell subsets per 0.1 gm of tissue revealed a steady 

decline in the number of B cells subsets in the liver over time, as expected based on the rapid 

increase in size of the liver over the first 2 weeks of life (Supplementary Figure 1). The 

spleen absolute numbers decreased from day 2 to day 7, followed by a substantial increase 

by day 14. This reflects the previously described effect of a transient influx of high amounts 

of immature erythroid cells into the spleen at 7 days of life [30], thus decreasing the relative 

abundance of all other immune cells at that time point. In summary, the neonatal liver is 

composed of B cells that are in early stages of development (pro-B, pre-B) with a smaller 

fraction of immature to mature B cells, while the spleen B cells are predominantly at the 

IgM+ immature to mature B cell stages.

Increase in transitional and mature B cells in murine BA

We next sought to determine if B cell maturation markers were increased in murine BA. 

Flow cytometric analysis of liver and spleen B cells from 14 day old mice showed 

significantly increased frequency and absolute numbers of total B cells (CD20+) and of 

transitional and mature B cells in the liver of BA mice relative to control mice (Figure 2A, 

B). Interestingly, the frequency of mature B cells in murine BA livers approached those 

levels found in the spleen, indicating a local effect of disease. In order to determine the 

degree of B cell infiltration in human BA, we analyzed human liver tissue from BA patients 

at the time of diagnosis and at liver transplant, compared to age-matched other-liver disease 

controls. Similar to murine BA, human BA livers had significantly increased numbers of 

portal tract CD20+ B cells compared to controls (Figure 2C). These data indicate that BA is 

associated with substantial increase of B cells in the liver in both mice and humans. The 

dramatic increase of mature B cells in the liver but not the spleen of BA mice suggests the 

contribution of B cells to disease onset is local.
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Adoptive transfer of B cells into RRV-infected Ig-α-/- mice results in liver inflammation and 
biliary injury

The B cell receptor (BCR) is composed of membrane-bound IgM that binds antigen and the 

signal transduction moiety Ig-α/Ig-β Stimulation of the BCR by antigen leads to the 

phosphorylation of Ig-α/Ig-β cytoplasmic tyrosine residues, an event that initiates a 

signaling cascade resulting in activation, proliferation and differentiation of mature B cells.

[31-33] Ig-α-/- mice have loss of BCR expression and function, and consequently defective 

B cell antigen presentation and immunoglobulin and cytokine production.[23] We previously 

reported that RRV-infected Ig-α-/- mice are protected from developing BA, with no evidence 

of biliary injury based on high survival rate, normal serum bilirubin levels and bile duct 

histology and lack of liver T cell and macrophage infiltration and activation.[13] To further 

assess the contribution of B cells to disease pathology, newborn Ig-α-/- mice were given an 

intraperitoneal injection of 1×107 B cells from 14 day old BSS-control or RRV-BA mice, 

with concurrent administration of either BSS or RRV. The adoptive transfer of B cells from 

either BSS-control or RRV-BA mice into RRV-infected Ig-α-/- mice resulted in significant 

influxes of periductal T cells, macrophages, and NK cells compared to RRV-infected Ig-α-/- 

mice without adoptive transfer of B cells (Figure 3, Supplementary Figures 2, 3). There was 

an increase in serum direct bilirubin levels in the mice that received RRV-BA B cells 

(0.53±0.65 mg/dL vs. 0.15±0.13 mg/dL in BSS-control group), however the absolute values 

were within the normal range. Interestingly, adoptive transfer of B cells from BSS-control 

mice led to the most significant increases in liver T cell and macrophage infiltrates, 

compared to transfer of B cells from RRV-BA mice. This implied that B cells from naïve 

mice may become activated upon adoptive transfer into immunodeficient mice. Indeed, this 

phenomenon of activation of B cells upon adoptive transfer into B-cell deficient mice has 

been described previously and likely explains the observation of BSS B cell activation upon 

adoptive transfer into Ig-α-/- mice.[34,35] These results provide further evidence that B cells 

play a direct role in the activation and proliferation of liver T cells and macrophages in 

murine BA.

B cells from BA mice express higher levels of surface proteins involved in antigen 
presentation and activation, but are not competent at presenting antigen to T cells

One function of B cells in T cell-mediated diseases is to present antigens to T cells, resulting 

in T cell activation and proliferation. We sought to determine if antigen presentation by B 

cells resulted in liver T cell activation in RRV-BA mice. Liver and spleen RRV-BA B cells 

exhibited significantly increased levels of MHC-class I compared to BSS-control B cells, 

while a large fraction of these cells had a mild, yet significant decrease in MHC-class II 

expression (Figure 4A, B). Moreover, a fraction of RRV-BA liver B cells displayed 

significantly higher expression of activation and T cell co-stimulation markers, CD69, CD86 

(B7-2), and CD40, and both liver and spleen RRV-BA B cells had significantly increased 

levels of CD80 (B7-1). Therefore, liver RRV-BA B cells had upregulation of markers 

necessary for antigen presentation to (MHC class I) and cognate collaboration (CD40, 

CD80, CD86) with T cells.

To determine if the B cells were efficient at antigen presentation, functional studies of T cell 

activation were performed. Our group and others have previously shown subsets of activated 
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liver T cells from RRV-BA mice that are RRV-specific memory T cells, as well as 

autoreactive T cells targeting normal mouse cholangiocytes (NMC) proteins.[6,8] In those 

studies, adult bulk splenocytes were used for antigen presentation to T cells. We now asked 

the question as to whether or not neonatal B cells could also be competent antigen 

presenting cells. 14 day old liver B cells from BSS-control or RRV-BA mice were cultured 

with liver and spleen T cells from RRV-BA mice, with or without RRV or NMC antigens. 

IFN-γ-producing T cells were measured by ELISPOT as the readout of T cell activation. 

Neonatal B cells were not able to present RRV or NMC antigens, based on lack of T cell 

activation with IFN-γ production (Figure 4C). In summary, neonatal liver and spleen RRV-

BA B cells have significantly increased expression of multiple markers of antigen 

presentation and activation, however they were not capable of presenting antigens to activate 

T cells.

Mice with B cells specific for irrelevant antigen develop murine BA

In order to further analyze the role of neonatal B cells as possible antigen presenting cells, 

we utilized the 3-83 Ig knock-in mouse, whereby all B cells bear the same antigen receptor 

that is specific for an irrelevant antigen (3-83).[24,25] In 3-83 Ig mice, 95% of all B cells 

express only the 3-83 (Ig heavy and kappa) BCR, as shown by staining B cells for the 3-83 

Ig, Igκ and Igλ (Supplementary Figure 4). We hypothesized that if B cell antigen 

presentation function was essential for disease, then 3-83 Ig mice would be protected from 

disease. However, RRV-infected 3-83 Ig neonatal mice developed murine BA at a similar 

rate and severity to wildtype (WT) mice, including the degree of bile duct injury based on 

jaundice, elevated serum direct bilirubin and alkaline phosphatase levels and histologic 

evidence of bile duct inflammation and injury (Figure 5A-C). In addition, the intrahepatic 

inflammatory profile observed in RRV-infected 3-83 Ig mice paralleled that found in WT 

RRV-BA mice, with a significant influx of CD4+ and CD8+ T cells and CD11b+ 

macrophages (Figure 5D). In summary, the lack of competent antigen presentation in WT 

mice and the presence of murine BA in RRV-infected 3-83 Ig transgenic mice indicates that 

B cells participate in disease in a manner independent of antigen presentation, and points 

toward an alternative B cell mechanism of action.

RRV-BA B cells produce pro-inflammatory molecules associated with adaptive and innate 
immune activation

Intracellular cytokine staining was employed to assess those cytokines previously described 

in the literature to be produced by B cells. RNA-Seq technology was utilized to discover 

novel B cell cytokines and signaling molecules associated with immune activation in BA. It 

has been previously reported that B cells are capable of producing potent inflammatory 

cytokines that modulate T cell as well as innate immune responses.[21,22,36] We found that 

liver and/ or spleen RRV-BA B cells produced increased amounts of IFN-γ, IL-2, TNF-α, 

IL-1, IL-6 and IL-10 compared to BSS-control B cells, both in ex-vivo analysis 

(Supplementary Figure 5) and after in-vitro activation with PMA/ionomycin (Figure 6A). In 

the liver, B cells able to secrete TNF-α were particularly increased in murine BA. There was 

no increase in TGF-β or GM-CSF in the livers or spleens of RRV-BA mice compared to 

controls (data not shown).
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RNA-Seq technology was employed in order to identify additional novel molecules 

associated with B cell activation and function in RRV-BA mice. Liver B cells from 14 day 

old BSS-control and RRV-BA mice were isolated in high purity (Supplementary Figure 6) 

and analyzed by RNA-Seq technology. Approximately 350 genes were significantly down-

regulated and 50 genes were significantly up-regulated in liver B cells from RRV-BA mice 

compared to controls (Figure 6B. and Supplementary Figure 7). The majority of down-

regulated genes were associated with cellular metabolism. The most significantly up-

regulated genes in RRV-BA liver B cells were FOS (transcription factor AP-1) (4.83-fold 

increase), lymphocyte 6 antigen (Ly6a) (3.9-fold increase) and interferon induced protein 

44-like (Ifi44l) (minor histocompatibility antigen) (2.61-fold increase). FOS, together with 

mitogen activated protein3 kinase 8 (MAP3k8) (2.48-fold increase), are signal transduction 

molecules necessary for full B cell activation.[KEGG pathway; 37] Ly6a is involved in B 

cell development and maturation.[38,39] Further evidence of B cell-driven T cell activation, 

in addition to the cytokines discovered by intracellular staining, includes significantly 

increased liver RRV-BA B cell production of inducible co-stimulator ligand (ICOSL) (2.12-

fold increase), an important co-receptor for T cell activation [40], and of lymphotoxin-α 
(LTA) (1.91-fold increase), a critical mediator of lymphoid architecture and a requirement 

for T cell activation.[41,42] Analysis of pathways associated with the highly expressed 

genes in RRV-BA liver B cells revealed numerous pathways involved in B cell activation and 

innate immune activation, including TLR pathways, cytokine signaling and MyD88 

signaling (Figure 6C.). Taken together, B cells from BA mice produce a multitude of pro-

inflammatory molecules that promote activation of both adaptive and innate immunity.

Cytokine-producing RRV-BA B cells activate T cells in-vitro

In order to confirm that B cell cytokines were directly leading to T cell activation, trans-well 

in-vitro studies were performed. Naïve T cells were stimulated overnight with plate-bound 

anti-CD3 and the next day were co-cultured in a trans-well with either purified liver/spleen 

B cells from 2 week old BSS-control or RRV-BA mice. RRV-BA B cells, and not BSS-

control B cells, produced cytokines that crossed the well membrane, entering the T cell 

culture well, leading to significant up-regulation of the T cell activation marker CD69. This 

was seen both with analysis of CD69 MFI, as well as the percent of total T cells expressing 

CD69. (Figure 7) There was no change in expression of the activation marker CD25 (data 

not shown). These in-vitro analyses provided further evidence for B cell-mediated T cell 

activation in RRV-BA mice.

Discussion

We have previously shown that RRV-infected B cell-deficient mice are protected from 

developing BA, with associated lack of T cell and macrophage liver infiltrates.[13] In our 

current study, we show that wildtype RRV-BA mice have increased mature and activated B 

cell subsets in the liver, and have discovered that the predominant B cell mechanism of 

action in disease pathogenesis is cytokine production. The importance of B cell pro-

inflammatory molecules was highlighted by the findings that RRV-infected 3-83 Ig knock-in 

mice, which have greatly restricted B cell antigen presentation capabilities, still developed 

BA that mimicked wildtype mice. This implies an antigen-independent B cell mechanism of 
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action and we discovered that murine BA B cells are potent producers of cytokines that 

affect both adaptive and innate immune responses. Importantly, the BA B cells producing 

IFN-γ, IL-2, and TNF-α may work in concert to promote CD4+ Th1 cellular differentiation 

and CD8+ T cell activation[21,22,35,43], key pathways that are upregulated in murine and 

human BA.[5,7-10] In addition, B cell production of IFN-γ or IFN-γ plus TNF-α leads to 

activation of macrophages and dendritic cells, respectively.[36] RNA-Seq data revealed 

additional B cell molecules associated with T cell differentiation and activation, specifically 

ICOSL and LTA. B cell ICOSL binds to T cell ICOS, which is essential for T helper cell 

development.[40] The LTA cytokine is part of a TNF-family LT heterodimer (LT-α/ LT-β) 

on B cells that is essential for maintaining the microarchitecture of secondary lymphoid 

organs.[41] In addition, LTA can also form a soluble complex that is inducible and can 

impact T cell activation.[42] Important to our findings, recent work in multiple sclerosis 

(MS) showed that miRNA-132 enhanced B cell production of LTA, and in concert with 

TNF-α was associated with T cell predominant relapses in MS.[42]

RNA-Seq technology also led to the discovery that liver B cells from neonatal RRV-BA mice 

have activation of multiple innate immune pathways, including upregulation of TLR4 and 

TLR 7/9. It was recently shown that TLR4 activation plays a key role in promoting the 

maturation of immature and transitional B cells.[44] Recognition of nucleic acids (NA) by 

TLRs 7 and 9 on B cells results in aberrant B cell activation, with subsequent production of 

pro-inflammatory cytokines.[21,45] Potential NAs stimulating B cells in murine BA may 

include microbial-derived NAs (i.e. RRV) or endogenous NAs from damaged bile duct 

epithelial cells. There is a paucity of data on the role of the B cell in innate immune 

activation and this area warrants further investigation in BA.

There were some limitations to our study. First, adoptive transfer of RRV and B cells into Ig-

α-/- mice resulted in bile duct injury and liver inflammation, however these mice did not 

develop complete biliary obstruction. This suggests that either B cells alone are not 

sufficient to recapitulate full penetrance of disease or the Ig-α-/- mice have defects in other 

immune pathways due to the lack of B cell development in-utero. Second, adoptive transfer 

of BSS control B cells into Ig-α-/- mice resulted in greater amounts of liver T cell and 

macrophage infiltrates compared to adoptive transfer of RRV-BA B cells. This finding is 

likely due to the previously described phenomenon of naïve B cells becoming activated after 

transfer into B-cell deficient mice.[34,35] The finding that activated, previously naïve BSS B 

cells were more potent than chronically activated RRV-BA B cells at stimulating the immune 

response is likely due to a degree of exhaustion in a subset of the persistently activated RRV-

BA B cells.[46] Third, the role of B cell production of antibodies was not assessed in this 

study. This would entail antigen-specific activation of the BCR with subsequent 

immunoglobulin production. Our findings of lack of antigen presentation capabilities in the 

neonatal mice suggests that the B cell activation occurring in BA is antigen-independent and 

therefore we would not predict that antibodies contribute to disease pathogenesis; however, 

further work in this area is warranted.

To date, published work on the contribution of B cells to disease pathogenesis in human BA 

have been limited to characterization studies, such as those describing periductal 

immunoglobulin deposits[7,8,47] and circulating non-disease specific autoantibodies.[48] 
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Recently, analysis of hilar lymph nodes of BA patients at the time of diagnosis revealed that 

53% of BA infants (and none of controls) had mature germinal centers, suggesting recent B 

cell stimulation.[49] Future research focusing on the role of B cells in human BA is 

necessary, including the analysis of B cell production of pro-inflammatory molecules 

through laser capture microscopy techniques. Understanding the role of the B cell in the 

immunopathogenesis of human BA has the potential to lead to new B cell-targeted therapies 

aimed at halting the injury to intrahepatic bile ducts and preserving liver function lifelong.
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BSS balanced salt solution

CD cluster of differentiation

CTCF corrected total cellular fluorescence

IFN interferon

IL interleukin

RRV Rhesus rotavirus

TLR toll-like receptor

TNF tumor necrosis factor
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Figure 1. 
B cell development in the normal neonatal liver and spleen. A. Diagram of B cell surface 

marker expression during B cell maturation. Thicker lines denote higher levels of 

expression. B. Representative contour plots of B cell subsets in 7 day old liver and spleen 

(gated on live cells, FSC/SSC lymphocytes, CD45+cells, B220/ CD19+ cells). C. Summary 

of B cell subset frequencies in the liver and spleen of 2 day, 7 day and 14 day old mice 

(gated on live, FSC/SSC, CD45+, B220/ CD19+ cells; note that first set of bar graphs is 

B220/CD19+ cells gated on live, FSC/SSC and CD45+ cells). Imm: immature, TR: 

transitional, TR2: transitional-2, Mat: mature. ***p < 0.0005; **p < 0.005; *p < 0.05
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Figure 2. 
Increase in transitional and mature B cells in murine BA. A. Representative liver B cell 

contour plots and (B.) summary of frequency and absolute numbers of B cell subsets in liver 

and spleen of 14 day old BSS- control and RRV- BA mice (gated on FSC/SSC lymphocytes, 

CD45+cells, B220/ CD19+ cells; note that first set of bar graphs is B220/CD19+ cells gated 

on FSC/SSC lymphocytes, CD45+cells). C. Immunohistochemistry of CD20+ cellular 

infiltrates in BA at diagnosis (N=9) and age-matched controls (N=9) and BA (N=12) and 

control (N=10) livers at time of liver transplant (200× magnification). ***p < 0.0005; **p < 

0.005; *p < 0.05
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Figure 3. 
Adoptive transfer of B cells into RRV-infected Ig-α-/- mice results in liver inflammation and 

biliary injury. A. Summary of absolute numbers of liver T cell and macrophage infiltrates in 

newborn Ig-α-/- recipient mice that received either BSS or RRV alone, 14 day old control 

(BSS) B cells (1×107 cells i.p.) with BSS or RRV, or 14 day old BA (RRV) B cells (1×107 

cells i.p.) with BSS or RRV. B. Representative liver histology of intrahepatic bile ducts 

(arrows) showing injury and periductal inflammation in Ig-α-/- recipient mice that received 

B cells and RRV (200× magnification) and summary of liver injury scores (range of possible 

scores for an individual injury marker given in parentheses). *p < 0.05
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Figure 4. 
B cells from RRV-BA mice have increased activation and antigen presentation expression 

but are not competent antigen presenting cells. A. FACS analysis: Representative histograms 

of markers of activation and antigen presentation on 14 day old liver B cells from BSS-

control or RRV-BA mice (gated on live cells, FSC/SSC lymphocytes, CD45+cells, B220/ 

CD19+ cells) B. Summary of mean fluorescent intensity (MFI) of B cell activation and 

antigen presentation marker expression on 14 day old BSS-control or RRV-BA mice livers 

and spleens. C. IFN-γ ELISPOT: 14 day old RRV-BA liver T cells (responders) were 

cultured alone or with B cells from 14 day old BSS-control mice or RRV-BA mice 

(stimulators/ antigen presenting cells) and either no antigen, inactivated RRV, normal mouse 

cholangiocyte (NMC) homogenate, or PHA (positive control). ***p < 0.0005; **p < 0.005; 

*p < 0.05
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Figure 5. 
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3-83 Ig transgenic mice with B cells specific for irrelevant antigen (3-83) develop murine 

BA. Newborn wildtype (WT) or 3-83 Ig knock-in mice (3-83) were injected with BSS 

(control) or RRV (BA) and analyses performed at 14 days of age. A. Percent incidence of 

jaundice in non-fur bearing regions. B. Serum direct bilirubin and alkaline phosphatase 

levels. C. Representative H&E of intrahepatic and extrahepatic bile ducts (arrows) showing 

bile duct inflammation and injury with disruption of lining of ducts (*) and summary of liver 

injury scores (range of possible scores for an individual injury marker given in parentheses). 

D. Absolute number of liver immune cells (gated on FSC/SSC, CD45+ cells). ***p < 

0.0005; **p < 0.005; *p < 0.05
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Figure 6. 
RRV-BA B cells produce pro-inflammatory molecules associated with adaptive and innate 

immune activation. A. Representative contour plot of spleen TNF-α-producing B cell and 

summary of intracellular cytokine staining of liver and spleen B cells from 14 day old BSS-

control and RRV-BA mice after PMA/ ionomycin activation (gated on FSC/SSC 

lymphocytes, CD45+cells, CD19+IgM+ cells). (***p < 0.0005; **p < 0.005; *p < 0.05) B. 

RNA-Seq heat map of genes from BSS-control and RRV-BA liver B cells [low expression 

(red) to high expression (green)]. Shown are the up-regulated genes and fold-change 

increase in RRV-BA liver B cells compared to BSS-controls. C. Bar graph showing gene 

category scores in negative log value; “threshold” indicates the minimum significance level 

[scored as −log(p-value) from Fisher's exact test, set to 1.3] (red dotted line).
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Figure 7. 
RRV-BA B cells produce cytokines that activate T cells in-vitro. A. Representative 

histogram of CD69 expression on purified T cells alone (black line), or co-cultured in trans-

well with BSS-control B cells (light grey) or RRV-BA B cells (dark grey). B. Geometric 

mean fluorescent intensity (gMFI) of CD69 on T cells (left panel) and the % of T cells 

expressing CD69 (right panel). **p < 0.005; *p < 0.05 B cells.
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