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Microbiota- Driven Activation of 
Intrahepatic B Cells Aggravates NASH 
Through Innate and Adaptive Signaling
Fanta Barrow,1* Saad Khan,2,3* Gavin Fredrickson,1 Haiguang Wang,1 Katrina Dietsche,1 Preethy Parthiban,1 Sacha Robert,1 
Thomas Kaiser,4 Shawn Winer,2 Adam Herman,5 Oyedele Adeyi,6 Marialena Mouzaki,7 Alexander Khoruts,8,9 
Kristin A. Hogquist,6,9 Christopher Staley ,4 Daniel A. Winer,2,3,10 and Xavier S. Revelo 1,9

BaCKgRoUND aND aIMS: Nonalcoholic steatohepatitis 
is rapidly becoming the leading cause of liver failure and in-
dication for liver transplantation. Hepatic inflammation is a 
key feature of NASH but the immune pathways involved in 
this process are poorly understood. B lymphocytes are cells 
of the adaptive immune system that are critical regulators of 
immune responses. However, the role of B cells in the patho-
genesis of NASH and the potential mechanisms leading to 
their activation in the liver are unclear.

appRoaCH aND ReSUltS: In this study, we report 
that NASH livers accumulate B cells with elevated pro- 
inflammatory cytokine secretion and antigen- presentation 
ability. Single- cell and bulk RNA sequencing of intrahe-
patic B cells from mice with NASH unveiled a transcrip-
tional landscape that reflects their pro- inflammatory function. 
Accordingly, B- cell deficiency ameliorated NASH progression, 
and adoptively transferring B cells from NASH livers reca-
pitulates the disease. Mechanistically, B- cell activation during 
NASH involves signaling through the innate adaptor my-
eloid differentiation primary response protein 88 (MyD88) 
as B cell– specific deletion of MyD88 reduced hepatic T 
cell– mediated inflammation and fibrosis, but not steatosis. In 
addition, activation of intrahepatic B cells implicates B cell– 
receptor signaling, delineating a synergy between innate and 
adaptive mechanisms of antigen recognition. Furthermore, fecal 

microbiota transplantation of human NAFLD gut microbiotas 
into recipient mice promoted the progression of NASH by 
increasing the accumulation and activation of intrahepatic B 
cells, suggesting that gut microbial factors drive the patho-
genic function of B cells during NASH.

CoNClUSIoN: Our findings reveal that a gut microbiota– 
driven activation of intrahepatic B cells leads to he-
patic inflammation and fibrosis during the progression of 
NASH through innate and adaptive immune mechanisms. 
(Hepatology 2021;74:704-722).

NAFLD is estimated to affect 30% of the pop-
ulation and is now recognized as the most 
prevalent chronic liver disease worldwide.(1) 

The disease covers a wide spectrum of liver pathol-
ogy, ranging from simple lipid accumulation to the 
development of NASH, defined by hepatic steatosis, 
local inflammation, hepatocellular injury, and fibro-
sis.(2) NASH- associated inflammation is driven by 
innate and adaptive immune mechanisms comprising 
macrophages, dendritic cells, neutrophils, and lym-
phocytes.(3) Recent single- cell transcriptome analy-
ses have uncovered the heterogeneity of intrahepatic 
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immune populations during NASH, particularly that 
of hepatic macrophages.(4,5) Although hepatic inflam-
mation is a key event in the progression of steatosis to 
the more serious NASH, its triggers are less clear.(6) 
Alterations in the gut microbiota associate with the 
severity of NAFLD(7) in part due to the increased 
translocation of bacterial antigens into the liver.(8) 
However, the mechanisms involved in the recognition 
of these antigens and the downstream immune effec-
tor functions remain unclear.

B lymphocytes can promote inflammatory disease 
through secretion of pro- inflammatory cytokines, mod-
ulation of neighboring immune cells, and differentiation 
into autoreactive antibody- secreting cells.(9) Obesity- 
associated metabolic disease is characterized by an accu-
mulation of pro- inflammatory B2 B cells in the visceral 
adipose tissue,(10) a decrease of anti- inflammatory B1a 
cells in the peritoneum,(11) and a reduction in tolero-
genic IgA+ B cells in the gut.(12) In NAFLD, B cells 
have been shown to accumulate in the liver of mice with 
steatosis where they express increased pro- inflammatory 
cytokines.(13) Furthermore, depletion of B2 cells ame-
liorates hepatic inflammation and fibrosis in mice fed 
a methionine and choline- deficient diet, which induces 
liver inflammation but causes severe weight loss.(14) 
However, a precise role for intrahepatic B cells in 
obesity- associated NASH, the mechanisms regulating 

their activation, and their contribution to disease relative 
to other inflammatory cells remain unclear.

Here, we demonstrate that pro- inflammatory B cells 
accumulate in the NASH liver. B cell– deficient mice 
fed a NASH- inducing diet showed improved hepatic 
insulin sensitivity, inflammation, and fibrosis. B cell– 
specific depletion of myeloid differentiation primary 
response 88 (MyD88) ameliorated NASH progres-
sion, suggesting that B- cell activation is mediated by 
this canonical adaptor downstream of toll- like recep-
tor (TLR) signaling. To our surprise, B- cell responses 
in NASH also involve B cell– receptor (BCR) signal-
ing, suggesting that B cells integrate innate and adap-
tive immune mechanisms of activation. Finally, we 
show that fecal microbiota transplantation (FMT) of 
human NAFLD gut microbiotas into recipient mice 
increased the accumulation and activation of B cells in 
the liver. Overall, our findings demonstrate a critical 
role for hepatic B cells in driving NASH progression.

Experimental Procedures
eXpeRIMeNtal aNIMalS

Wild- type (WT) C57BL/6J, μMT,(15) Cd19cre,(16) 
and Myd88fl(17) mice on the C57BL/6J background 
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were purchased from Jackson Laboratory (Bar Harbor, 
ME). Nur77GFP mice(18) were gifted by Kristin A. 
Hoqquist (University of Minnesota). At 6  weeks of 
age, mice received a normal chow diet (NCD) or 
high- fat high- carbohydrate diet (HFHC) (40%kcal 
palm oil, 20%kcal fructose, and 2% cholesterol) sup-
plemented with 42 g/L of carbohydrates in the drink-
ing water (55% fructose, 45% sucrose; Sigma- Aldrich, 
St. Louis, MO).(19) Additional details are found in 
the Supporting Information. Animal experiments fol-
lowed the Guide for the Care and Use of Laboratory 
Animals and were approved by the University of 
Minnesota Institutional Animal Care and Use 
Committee.

SINgle- Cell RNa SeQUeNCINg
Cells were barcoded with Totalseq- A hashtag anti-

bodies (Biolegend, San Diego, CA) for multiplex-
ing. Samples were loaded into a 10x Genomics chip 
(Pleasanton, CA) and sequenced using a Novaseq 
S4 chip (Illumina, San Diego, CA). Analyses were 
performed using Seurat, and visualization of clusters 
was enabled using uniform manifold approximation 
and projection. Differential expression testing was 
performed using the Wilcoxon rank- sum test. For a 
detailed description, see the Supporting Information.

HUMaN SpeCIMeNS
Fecal microbiota samples were collected from par-

ticipants of the Minnesota Microbiota Therapeutics 
Donor Program and the Cincinnati Children’s Medical 
Center for NAFLD. Samples were obtained with 
institutional review board approval. Donors included 
a lean individual (body mass < 85th percentile) and 3 
obese patients with diagnosed NAFLD (Supporting 
Table  S2). For the assessment of B cells in human 
liver, we used specimens from a cohort of patients with 
NAFLD obtained with approval by the Research Ethics 
Board at the University Health Network. Consent was 
collected by the collaborators as approved by IRB. For 
more information, see the Supporting Information.

FeCal MICRoBIota 
tRaNSplaNtatIoN

Mice received a regimen of systemic and nonab-
sorbable antibiotics in the drinking water to improve 

engraftment before FMT.(20) Mice received a single 
oral gavage with 100 μL of fecal material from either 
a lean or NAFLD human donor. DNA was extracted 
from mouse and human stool samples. For a descrip-
tion of microbiome sequencing, see the Supporting 
Information.

StatIStICal aNalySIS
Statistical significance between means was 

determined with an unpaired Student t test using 
GraphPad Prism 8.3 (La Jolla, CA). Spearman’s rank 
test was used to determine correlation. Data are pre-
sented as means ± SEM. Statistical significance was 
set to 5% and denoted by *P < 0.05, **P < 0.01, and 
***P < 0.001.

Results
pRo- INFlaMMatoRy B CellS 
aCCUMUlate IN tHe NaSH lIVeR

To determine the role of intrahepatic B cells in 
NASH progression, we fed WT mice an HFHC diet 
that induces human- relevant features of NASH(19) 
for up to 20  weeks. Compared with a NCD diet, 
HFHC feeding increased body weight, liver weight, 
hepatic triglycerides, and worsened insulin resis-
tance as indicated by glucose (GTT), insulin (ITT), 
and pyruvate (PTT) tolerance tests (Supporting 
Fig.  S1A). At 15  weeks of dietary intervention, 
HFHC- fed mice showed signs of hepatic fibrosis 
(Supporting Fig.  S1B). We isolated the immune 
cells from the livers of HFHC- fed mice and per-
formed cytometry by time of flight (CyTOF) to 
identify the major immune subsets by unsupervised 
clustering and high- dimensional single- cell analysis 
(Fig. 1A). Perfusion of the liver removed circulatory 
immune cells (Supporting Fig. S1C). Quantification 
of CyTOF data showed that CD19+ B220+ B cells 
comprise between 20% and 30% of all CD45+ 
immune cells in the liver, regardless of the diet 
(Supporting Fig. S1D). Compared with NCD con-
trols, the livers of HFHC- fed mice had an increasing 
number of monocytes and macrophages as early as 
5 weeks, followed by B cells, natural killer (NK) cells, 
and dendritic cells (DCs) at 10  weeks, and T cells 
at 15 weeks of dietary intervention (Fig. 1B). Given 
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that HFHC- fed mice show all features of NASH 
after 15 weeks of HFHC feeding, we characterized 
B- cell subsets at this time point. Regardless of diet, 
B2 cells constituted most intrahepatic B cells, and 
only a small proportion of B1b cells were detected 
(Fig.  1C). Compared with NCD, HFHC- fed mice 
showed an increased frequency of B2 cells and a 
reduced percentage of B1b cells (Fig.  1C). As pre-
viously shown,(21) most intrahepatic B2 cells were 
IgM+ IgD+, resembling splenic B2 cells (Supporting 
Fig. S1E). To assess B- cell cytokine production, we 
determined the intracellular expression of TNF- α 
and IL- 6 in B cells after ex vivo stimulation with 
phorbol 12- myristate 13- acetate (PMA) or sev-
eral TLR agonists. HFHC feeding resulted in an 
increased number of B cells expressing TNF- α and 
IL- 6, following PMA and lipopolysaccharide (LPS) 
stimulation, respectively (Fig.  1D and Supporting 
Fig. S1F). To measure the secreted amounts of these 
cytokines relative to other inflammatory cells, we 
purified intrahepatic B cells, neutrophils, and mac-
rophages (Supporting Fig. S1G) and measured their 
secreted TNF- α and IL- 6 in the supernatants after 
5  days of culture with LPS. Macrophages released 
the highest amounts of TNF- α and IL- 6, followed 
by neutrophils and B cells. All cell types released 
increased amounts of IL- 6 and TNF- α in HFHC 
mice, compared with NCD controls (Fig.  1E). B 
cells from HFHC mice also showed up- regulation 
of cell- surface major histocompatibility com-
plex (MHC) class I and II and CD86, suggesting 

increased activation and antigen- presenting capacity 
(Fig. 1F). To establish the relevance of intrahepatic 
B cells in human disease, we assessed the infiltration 
of CD19+ B cells in liver biopsies from a cohort of 
patients with NAFLD and detected a positive cor-
relation between their NAFLD activity score (NAS) 
and intrahepatic B cell accumulation (Supporting 
Results). Together, these results show that activated 
B cells, with an increased capacity to release pro- 
inflammatory cytokines and present antigens, accu-
mulate in the liver during NASH.

INtRaHepatIC B CellS DISplay 
a pRo- INFlaMMatoRy geNe 
pRoFIle DURINg NaSH

To better understand how NASH alters the tran-
scriptomic profile of B cells, we performed single- cell 
RNA sequencing (RNA- seq) of immune cells from 
NCD and HFHC livers. Unsupervised clustering 
of cells revealed 24 clusters of CD45+ immune cells 
(Fig. 2A). The identity of these clusters was determined 
using SingleR(22) and confirmed by the differential 
expression of established immune subset marker genes 
(Supporting Fig. S2A). We found transcriptionally dis-
tinct clusters of B cells, monocytes, macrophages, natu-
ral killer T (NKT) cells, neutrophils, T cells, NK cells, 
plasmacytoid DCs, innate lymphoid cells, and conven-
tional DCs (Fig. 2A and Supporting File S1). HFHC 
livers showed an increased percentage of clusters 2, 3, 
and 4 (monocytes), 5 (monocyte- derived macrophages), 

FIg. 1. Pro- Inflammatory B cells accumulate in the liver of mice with NASH. (A) Representative viSNE plots from CyTOF data 
showing unsupervised clustering and expression of CD19, CD3, CD11b, F4/80, Ly6G, NK1.1, and CD11c by intrahepatic immune cells 
from male mice fed either a NCD or HFHC diet for 15 weeks. Gates were drawn based on the expression of commonly used markers to 
distinguish B cells, monocytes, macrophages, CD8 and CD4 T cells, NKT cells, NK cells, DCs, and polymorphonuclear neutrophils. (B) 
Quantification of immune cell subsets from CyTOF data as in (A) in mice fed either an NCD or HFHC for 5 (n = 15 mice per group), 
10 (n = 8 mice per group), or 15 weeks (n = 16 mice per group). (C) Representative CyTOF plot showing B2 cells (CD3− NK1.1− CD19+ 
CD23+ CD5− B220hi, far left) and their quantification expressed as a percentage of total B cells (middle left). Representative CyTOF 
plot showing B1b cells (CD3− NK1.1− CD19+ CD23− CD5− B220lo IgM+ IgD−, middle right) and quantification of B1a and B1b cells 
expressed as a percentage of total B cells (far right). Mice were fed either an NCD or HFHC for 15 weeks (n = 16 mice per group). (D) 
Representative CyTOF plot showing TNFα+ B cells gated from CD3− NK1.1− CD19+ B220+ cells in unstimulated control and PMA 
conditions (left) and quantification of TNF- α+ (middle) and IL- 6+ (right) B cells after a 5- hour stimulation with PMA or the TLR 
agonists LPS (TLR4), ODN1826 (TLR9), and Pam3CSK4 (TLR1 and 2) in mice fed either an NCD or HFHC for 15 weeks (n = 12 
mice per group). (E) Quantification of TNF- α and IL- 6 secreted by purified intrahepatic B cells (n = 9 wells per group, 2 pooled mice per 
well), polymorphonuclear neutrophils (n = 5 wells per group, 2 pooled mice per well), and macrophages (n = 5 wells per group, 2 pooled 
mice per well) from mice fed either an NCD or HFHC for 15 weeks. (F) Representative CyTOF histograms and quantification of mean 
intensity showing the B- cell expression of MHC- I (left), MHC- II (middle), and CD86 (right) in mice fed either an NCD or HFHC for 
15 weeks (n = 16 mice per group). Data correspond to at least three independent experiments and are presented as mean ± SEM. Statistical 
significance is denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. See also Supporting Fig. S1. Abbreviation: PMN, polymorphonuclear 
neutrophil.
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19 (neutrophils), 9 (CD8 T cells), and 17 (DCs), as 
well as a decreased percentage of clusters 11 and 13 
(B cells), 7 (Kupffer cells [KCs]), 0 (NKT cells), and 
14 (plasmacytoid DCs) (Fig. 2A). We focused on the 
gene- expression profiles of B- cell clusters and deter-
mined that the largest B- cell subpopulation (cluster 1) 
consists of mature B cells expressing Sell, Fcer2a, H2- 
aa, and Ighd (Fig.  2B). Cluster 11 were immature B 
cells expressing Vpreb3, Fam129C, and enriched for 
Ms4a1 (CD20) and Tnfsrf13c (B- cell activating factor 
receptor [BAFF- R]),(23- 25) while cluster 13 was high 
in mitochondrial genes (Fig.  2B). Next, we analyzed 
the differential expression of genes within each cluster 
between NCD and HFHC conditions (Supporting File 
S2). After combining B- cell clusters, we detected 63 
differentially expressed genes (DEGs) between NCD 
and HFHC livers (Supporting Table S3) that showed 
increased expression of the inflammatory genes Il- 1b, 
S100a8, Cxcl2, Cxcr4, and H2- aa in HFHC B cells 
(Fig. 2C). Overall, these findings highlight the hetero-
geneity of the intrahepatic immune cell landscape and 
its transition toward an inflammatory phenotype in 
NASH. To improve our ability to detect B- cell DEGs 
between NCD and HFHC conditions, we also per-
formed bulk RNA- seq analysis of purified B cells from 
the livers of NCD or HFHC mice. Multidimensional 

scaling showed a substantial separation between B cells 
from NCD and HFHC mice and a high congruency 
between biological replicates in the HFHC and some 
diversity in the NCD group (Fig.  2D, left). When 
plotting the top 500 variance genes in a hierarchical 
heatmap, differential clustering of NCD and HFHC 
B cells was evident (Fig.  2D, right). Gene- expression 
analysis revealed 1,179 DEGs, including 570 up- 
regulated and 609 down- regulated in the HFHC B 
cells. Consistent with our single- cell analysis, several 
pro- inflammatory genes were up- regulated in HFHC 
B cells (Fig. 2E and Supporting Fig. S2B). To interpret 
the biological meaning of these data, we used Ingenuity 
Pathway Analysis (IPA) to detect gene- expression 
patterns. The IPA regulator effects tool predicted the 
activation of upstream regulator molecules involved in 
inflammation (TNF, interferon [IFN]- γ , IL- 2, CD44, 
and IL- 18) and TLR signaling (MyD88, TLR4, IFN 
regulatory factor), as well as the inhibition of the anti- 
inflammatory regulators IL- 10 receptor alpha and 
suppressor of cytokine signaling 1 (Fig. 2F, left). The 
most activated inflammation pathways included LPS/
IL- 1 inhibition of retinoid X receptor function, acute 
phase response signaling, and role of pattern recogni-
tion receptors (Fig. 2F, right). These findings are con-
sistent with our functional analyses of intrahepatic B 

FIg. 2. Intrahepatic B cells display a pro- inflammatory gene profile during NASH. (A- C) Single- cell RNA- seq of intrahepatic immune 
cells from WT mice fed either a NCD (n = 4) or HFHC (n = 5) for 15 weeks. After quality control and de- multiplexing, we identified 
18,700 unique single cells including 6,972 and 11,728 cells from NCD and HFHC livers, respectively. (A) Uniform manifold approximation 
and projection of single cells clustered in 24 unique clusters with identification of immune cell identity. NCD- derived and HFHC- derived 
cells were plotted separately to visualize their abundance (left) and relative abundance of each cluster of cells (right) in NCD (n = 4) and 
HFHC (n = 5) conditions. (B) Identification of B cell clusters based on the expression of the mature (cluster 1: Sell, Fcer2a, H2- aa, and 
Ighd) and immature (cluster 11: Fam129c, Cd24a, Iglc1, Ms4a1, and Spib) B- cell genes. Cluster 13 was enriched in mitochondrial genes and 
Fxyd, Id2, Ifitm2, Fcer1g, and Tnfrsf13c. (C) Violin plots showing the expression of inflammatory (Il- 1b, S100a8, Cxcl2, Cxcr4, and Apoe) and 
activation genes (H2- aa), which were differentially expressed (adj. P < 0.05) between NCD and HFHC B- cell clusters. (D- F) B cells were 
purified from the liver of WT mice fed either an NCD or HFHC for 15 weeks, and their gene expression assessed by bulk RNA- seq (n = 4 
mice per group). (D) Multidimensional scaling plot based on normalized RNA- seq gene- expression data showing the pattern of proximities 
among groups (left) and hierarchical heatmap showing expression changes for the top 500 variance genes in intrahepatic B cells (right). 
(E) Volcano plot representation of gene- expression analysis showing normalized fold change (x- axis) and P value (y- axis), highlighting 
selected pro- inflammatory and pro- fibrotic genes in intrahepatic B cells. (F) Top predicted upstream regulators, either activated (positive 
Z- score) or inhibited (negative Z- score) from IPA of differentially expressed genes in HFHC B cells, relative to NCD B cells (left) and 
top canonical pathways based on log- transformed P values, either activated (positive Z- score) or inhibited (negative Z- score) from IPA of 
differentially expressed genes in HFHC B cells, relative to NCD B cells from mice (right). See also Supporting Fig. S2, Table S3, and Files 
S1 and S2. Abbreviations: Apoe, Apolipoprotein E; Cxcl2, Chemokine (C- X- C motif ) ligand 2; Cxcl4, Chemokine (C- X- C motif ) ligand 
4; CD24a, Cluster of differentiation 24; Fam129c, B cell novel protein 1 / Family with sequence similarity 129 member C; Fcer1g, High 
affinity immunoglobulin epsilon receptor subunit gamma; Fcer2a, Fc receptor, IgE, low affinity II, alpha polypeptide; Fxyd, Fxyd protein; 
H2- aa, Histocompatabiltiy 2, class II antigen A, alpha; ID, Identified; Id2, DNA- binding protein inhibitor ID- 2; Ifitm2, Interferon induced 
transmembrane protein 2; Ighd, Immunoglobulin heavy constant delta; Iglc1, Immunoglobulin lambda constant 1; IL- 1b, Interleukin 1 
beta; ILC, innate lymphoid cell; LXR, liver X receptor; Macs, macrophages; Ms4a1, B- lymphocyte antigen CD20; pDC, plasmacytoid 
dendritic cell; RXR, retinoid X receptor; S100a8, S100 calcium- binding protein A8; Sell, L- selectin; Spib, Transcription factor Spi- B; 
Tnfsrsf13c, B- cell activating factor receptor; UMAP, uniform manifold approximation and projection.
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cells showing increased activation and inflammatory 
phenotype in HFHC- fed mice.

B- Cell DeFICIeNCy 
aMelIoRateS INFlaMMatIoN 
aND FIBRogeNeSIS DURINg 
NaSH

To determine whether B cells play a direct role 
in the pathogenesis of NASH, we assessed NASH 
progression in 15- week HFHC- fed B cell– deficient 
μMT mice.(15) Despite no differences in body weight 
(Supporting Fig.  S3A), HFHC μMT mice showed 
an improved GTT (Supporting Fig.  S3B), ITT 
(Supporting Fig. S3C), and PTT (Fig. 3A), compared 
with WT littermates. No differences were detected 
in liver weight (Fig.  3B, left) and liver triglycerides 
(Fig. 3B, middle), suggesting that metabolic improve-
ments were independent of changes in steatosis. 
Hematoxylin and eosin (H&E) staining of liver sec-
tions and NAS scoring confirmed similar steatosis 
but revealed a lower total NAS score in μMT mice 
(Fig. 3B, right) driven by a lower inflammation com-
ponent (Supporting Fig.  S3D), compared with WT 
controls. In agreement, we found a substantial reduc-
tion in the hepatic expression of pro- inflammatory 
genes in μMT mice (Fig.  3C, left). Compared with 
WT controls, HFHC μMT mice lacked intrahepatic 
B cells but showed no alteration in the total number 
of T cells, monocytes, macrophages, DCs, NK cells, 
and neutrophils (Fig.  3C, middle and right). As B 
cells can activate T cells through antigen presentation, 

we examined the frequencies of naïve, central mem-
ory (CM), and effector memory (EM) T cells and 
their expression of IFN- γ and TNF- α in HFHC 
μMT mice. Compared with WT controls, livers from 
HFHC μMT mice had decreased percentages of EM 
CD4 and CD8 T cells (Fig.  3D) and IFN- γ+ CD4 
T cells (Fig.  3E, left), but no differences in TNF- 
α+ CD4 and CD8 T cells (Fig.  3E, right). HFHC 
μMT mice also showed markedly decreased fibrosis, 
as determined by trichrome staining- based quanti-
fication of collagen deposition (Fig.  3F, left), lower 
expression of fibrogenesis genes (Fig. 3F, middle), and 
reduced serum levels of alanine transaminase (ALT) 
and aspartate transaminase (AST) (Fig.  3F, right), 
confirming that B cells promote liver injury during 
NASH. Importantly, no differences in metabolic tests 
(Supporting Fig. S3E) and intrahepatic immune cell 
frequencies (Supporting Fig.  S3F) were detected 
between healthy NCD- fed WT and μMT mice, sug-
gesting that B cells cause metabolic and inflammatory 
disturbances in the setting of HFHC feeding.

INtRaHepatIC B CellS 
StIMUlate eM aND t HelpeR 1 
ReSpoNSeS IN NaSH

Having established that genetic deficiency of B 
cells reduces T- cell activation, we hypothesized that 
antibody- mediated depletion of B cells can revert 
the generation of EM T cells during NASH. A sin-
gle dose of monoclonal anti- CD20 antibody (CD20 
mAb) depleted most of the B cells in the liver, 

FIg. 3. B- cell deficiency ameliorates inflammation and fibrogenesis during NASH. (A- F) WT and littermate μMT mice were fed the 
NASH- inducing, HFHC diet for 15 weeks. (A) Pyruvate tolerance test (left) with corresponding areas under the curve (AUCs) (right; 
n = 12 mice per group). (B) Liver weight (far left; n = 15 mice per group), triglyceride content (middle left; n = 15 mice per group), 
and representative H&E liver stain (middle right; ×200 magnification; scale bar = 100  μm) with corresponding total NAS scores of 
H&E histology sections (far right, n = 7 mice per group). (C) Real- time polymerase chain reaction gene- expression analysis of liver 
pro- inflammatory genes (far left; Tnfa, Icam1, Sele, Inos, and Il1b; n = 15 mice per group), representative viSNE plots from CyTOF data 
(middle left) showing unsupervised, uncolored clustering of intrahepatic B cells, monocytes, macrophages, DCs, CD4 and CD8 T cells, 
and NK cells with corresponding total immune cell count (middle right), and quantification of immune cell subsets (far right; n = 15 mice 
per group). (D) Representative viSNE plots from CyTOF data showing clustering of intrahepatic T cells with colored expression of CD4, 
CD8, CD44, and CD62L and gating of double- negative T cells, naïve, EM, and CM CD4 and CD8 T cells (left), and quantification of 
naïve, CM, and EM CD4 and CD8 T cells (right; n = 15 mice per group). (E) Representative CyTOF plots and quantification of IFN- γ+ 
CD4 and CD8 T cells (left) and TNF- α+ CD4 and CD8 T cells (right) after a 5- hour stimulation with PMA (n = 11 mice per group). 
(F) Representative trichrome liver stain (far left; ×200 magnification; scale bar = 100 μm) with quantification of the area with collagen 
deposition (middle left; n = 10 mice per group), RT- PCR gene- expression analysis of liver pro- fibrotic genes (middle right; Acta2, Col1a1, 
Tgfb1, Mmp2, and Timp1; n = 15 mice per group), and serum ALT/AST levels (far right; n = 12 mice per group). Data correspond to 
at least three independent experiments and are presented as mean ± SEM. Statistical significance is denoted by *P < 0.05, **P < 0.01, 
and ***P < 0.001. See also Supporting Fig. S3. Abbreviations: Acta2, smooth muscle α actin; Col1a1, collagen type 1 alpha 1 chain; Mo, 
monocytes; Mφ, macrophages; RT- PCR, real- time polymerase chain reaction; Timp1, tissue inhibitor of metalloproteinase- 1.
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blood, spleen, and adipose tissue for at least 3 weeks 
(Supporting Fig. S4A). Thus, we injected three doses 
of CD20 mAb or isotype control into HFHC- fed 
mice at weeks 6, 9, and 12 of dietary treatment and 
determined their effects at week 15. The CD20 mAb 
did not affect body and liver weight (Fig.  4A) and 
depleted mice of intrahepatic B cells without affect-
ing other immune cell types (Fig.  4B). Similar to 
the genetic deficiency in μMT mice, CD20 mAb– 
mediated depletion of B cells decreased the frequency 
of EM CD4 and EM CD8 (Fig. 4C) T cells in the 
liver, confirming a role for B cells in promoting T- cell 
activation during NASH.

To distinguish between the effects of intrahepatic 
and systemic B cells on T- cell activation, we recon-
stituted HFHC- fed μMT recipients with B cells 
from either the spleen or liver of HFHC- fed WT 
donor mice (Fig. 4D). Despite no differences in body 
(Fig.  4E, left) and liver weights (Fig.  4E, middle), 
recipients of liver B cells showed worsened responses 
to a GTT (Supporting Fig.  S4B), ITT (Supporting 
Fig. S4C), and PTT (Fig. 4E, right), compared with 
recipients of spleen B cells. The worsened metabolic 
parameters in recipients of liver B cells were accom-
panied by an increased frequency of IFN- γ+ CD4 T 
cells, although no changes were detected in the fre-
quency of TNF- α+ CD4, or CD8 T cells (Fig.  4F). 
These findings show that while B- cell deficiency 
prevents the accumulation of intrahepatic IFN- γ+ 
CD4 T cells, reconstituting μMT mice with NASH- 
associated liver B cells reverts this effect.

Cell- INtRINSIC MyD88 
MeDIateS tHe pRo- 
INFlaMMatoRy FUNCtIoN oF B 
CellS IN NaSH

Our bulk RNA- seq analysis identified MyD88 
as the top upstream regulator of pro- inflammatory 
genes in liver B cells from HFHC mice (Supporting 
Fig.  S5A). To investigate whether B cell– intrinsic 
MyD88 signaling influences NASH progression, 
we used mice with a B cell– specific deletion of 
MyD88 (B- MYD) and investigated their responses 
to 15 weeks of HFHC feeding. HFHC- fed B- MYD 
mice showed no differences in body weight but dis-
played improved responses to a GTT, ITT (Supporting 
Fig. S5B), and PTT (Fig. 5A). Compared with WT 
controls, HFHC- fed B- MYD mice showed a similar 

liver weight (Fig.  5B, left) and triglyceride content 
(Fig.  5B, middle). H&E staining and corresponding 
NAS scoring showed no differences in steatosis but 
a lower total NAS score in B- MYD mice (Fig.  5B, 
right) due to a lower inflammation NAS component 
(Supporting Fig.  S5C). We detected no differences 
in the total number and subset immune cell popu-
lations between HFHC- fed B- MYD and WT mice 
(Fig.  5C). Nevertheless, intrahepatic B cells from 
HFHC- fed B- MYD mice showed reduced expres-
sion of cell- surface MHC- I and MHC- II (Fig.  5D 
and Supporting Fig.  S5D), suggesting a lower abil-
ity to present antigens due to reduced TLR- mediated 
activation.(26) Consistently, HFHC B- MYD mice 
had a lower frequency of EM CD4 and CD8 T 
cells (Fig.  5E, top), as well as a decrease in the per-
centage of IFN- γ+ CD4 T cells but not TNF- α+ T 
cells (Fig.  5E, bottom). Most importantly, HFHC 
B- MYD mice showed decreased collagen deposition 
(Fig.  5F, top), expression of fibrogenesis genes, and 
serum levels of ALT and AST (Fig. 5F, bottom), sug-
gesting that MyD88 is required for B cells to promote 
liver inflammation, fibrosis, and injury during NASH. 
No differences were detected in metabolic parameters 
(Supporting Fig. S5E) and intrahepatic immune cell 
composition (Supporting Fig. S5F) in healthy NCD- 
fed WT and B- MYD mice, suggesting that B cell– 
intrinsic MyD88 signaling does not influence disease 
in basal conditions.

INtRaHepatIC B CellS aRe 
aCtIVateD tHRoUgH BCR 
StIMUlatIoN IN NaSH

We next determined whether intrahepatic B- cell 
activation during NASH involves direct BCR stimu-
lation using a reporter mouse in which BCR signal-
ing induces green fluorescent protein (GFP) expression 
under the control of the Nur77 gene.(18) We fed Nur77- 
GFP mice an NCD or the HFHC diet for 15 weeks 
and determined the proportions of B cells expressing 
GFP and CD69 in the liver, colon, and spleen by flow 
cytometry. B cells from the liver of Nur77- GFP mice 
expressed a basal level of GFP that was consistently 
above the WT background (Fig.  6A), as previously 
described.(18) Compared with NCD controls, HFHC 
Nur77- GFP mice had a substantial increase in the 
frequency and number of GFP+ CD69− intrahepatic 
B cells (Fig.  6A), indicating that activation during 
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FIg. 4. Intrahepatic B cells stimulate effector memory and Th1 responses in NASH. (A- C) WT mice were injected with three doses of 
either a CD20 mAb or isotype control at 6, 9, and 12 weeks after initiation of HFHC feeding. Experiments were performed 15 weeks 
after the initiation of HFHC feeding. (A) Body (left) and liver weight (right; n = 15 mice per group). (B) Representative flow cytometry 
plot showing CD19+ B220+ B cells (left) and quantification of intrahepatic B cells, Mo, Mφ, DCs, CD4 and CD8 T cells, and NK cells 
(right; n = 15 mice per group). (C) Representative flow cytometry plot and quantification of naïve, EM, and CM CD4 T cells (left; n = 15 
mice per group) and CD8 T cells (right, n = 15 mice per group). (D- F) B cells (1 × 106 cells) were purified from either the spleen or liver 
of WT donor mice fed the HFHC diet for 15 weeks and adoptively transferred via intraperitoneal injection into μMT recipient mice fed 
the HFHC diet for 11 weeks. Experiments were performed 4 weeks after adoptive transfer. (D) Adoptive transfer experimental design. 
(E) Body (far left) and liver weight (middle left; n = 10 mice per group). PTT (middle right) with corresponding AUCs (far right; n = 10 
mice per group). (F) Representative flow cytometry plot and quantification of IFN- γ+ (left) and TNF- α+ (right) CD4 and CD8 T cells 
after a 5- hour stimulation with PMA (n = 8 mice per group). Data correspond to at least three independent experiments and are presented 
as mean ± SEM. Statistical significance is denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. See also Supporting Fig. S4. Abbreviations: 
BW, body weight; ISO, isotype control; SSC, side scatter; wk, week.
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FIg. 5. Cell- intrinsic MyD88 mediates the inflammatory function of B cells in NASH. (A- F) WT and littermate B- MYD mice were 
fed the NASH- inducing HFHC diet for 15 weeks. (A) PTT (left) with corresponding AUCs (right; n = 12 mice per group). (B) Liver 
weight (far left), liver triglyceride content (middle left; n = 12 mice per group), and representative H&E liver stain (middle right; ×200 
magnification; scale bar = 100 μm) with corresponding total NAS scores (far right; n = 7 mice per group). (C) Representative viSNE plots 
from CyTOF data showing unsupervised, uncolored clustering of intrahepatic B cells, Mo, Mφ, DCs, CD4 and CD8 T cells, and NK 
cells (left), total immune cell count (middle), and quantification of immune cell subsets from CyTOF data (right; n = 12 mice per group). 
(D) Mean intensity of B- cell expression of MHC- I (left), MHC- II (middle), and CD86 (right; n = 12 mice per group). (E) Frequency 
of naïve, EM, and CM CD4 (top left) and CD8 (top right) T cells determined by flow cytometry (n = 12 mice per group). Frequency of 
IFN- γ+ (bottom left) and TNF- α+(bottom right) CD4 and CD8 T cells after a 5- hour stimulation with PMA (n = 10 mice per group). 
(F) Representative trichrome liver stain (top left; ×200 magnification; scale bar = 100 μm) and quantification of the area with collagen 
deposition (top right; n = 10 mice per group). RT- PCR gene- expression analysis of liver pro- fibrotic genes (bottom left; Acta2, Col1a1, 
Tgfb1, Mmp2, and Timp1; n = 12 mice per group) and serum ALT (bottom right; n = 11 mice per group) and AST (n = 10 mice per group) 
levels. Data correspond to at least three independent experiments and are presented as mean ± SEM. Statistical significance is denoted by 
*P < 0.05, **P < 0.01, and ***P < 0.001. See also Supporting Fig. S5.
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FIg. 6. Intrahepatic B cells are activated through BCR in NASH. (A- F) Nur77- GFP mice were fed either a NCD or the HFHC diet 
for 15 weeks. WT mice were used as internal controls of GFP expression. (A) Representative flow cytometry plots (left), quantification 
(middle), and total number (right) of intrahepatic GFP+ CD69− B cells (n = 10 mice per group). (B) Representative flow cytometry 
plots (left), quantification (middle), and total number (right) of colonic lamina propria GFP+ CD69− B cells (n = 10 mice per group). 
(C) Representative flow cytometry plots (left), quantification (middle), and total number (right) of splenic GFP+ CD69− B cells (n = 10 
mice per group). (D) Representative histograms (left) and mean fluorescence intensity quantification (right) of GFP in intrahepatic B 
cells (n = 10 mice per group). (E) Representative histograms (left) and mean fluorescence intensity quantification (right) of GFP in 
colon lamina propria B cells (n = 10 mice per group). (F) Representative histograms (left) and mean fluorescence intensity quantification 
(right) of GFP in splenic B cells (n = 10 mice per group). Data correspond to at least three independent experiments and are presented as 
mean ± SEM. Statistical significance is denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. See also Supporting Fig. S6.
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NASH involves preferential BCR stimulation in the 
liver. We determined the number of GFP- expressing 
B cells in the colon lamina propria, as antigen- specific 
BCR responses against gut microbes and self- antigens 
have been shown in B cells from this compartment.(27) 
Accordingly, our data show that HFHC Nur77- GFP 
mice have increased GFP+ colonic lamina propria B 
cells (Fig. 6B). In contrast, no differences were detected 
in the frequency and number of GFP+ B cells from the 
spleen (Fig. 6C). The levels of Nur77 expression, which 
correlate with the strength of stimulus,(18) increased in B 
cells from the liver (Fig. 6D), lamina propria (Fig. 6E), 
but not the spleen (Fig. 6F). As Nur77- GFP transgenes 
are also specific for T- cell receptors, we determined 
the GFP expression in T cells in mice with NASH. 
Compared with NCD controls, HFHC Nur77- GFP 
mice showed increased frequency and expression inten-
sity of GFP+ CD4 and CD8 T cells from the liver and 
colon, but not the spleen (Supporting Fig. S6). These 
data suggest that B cells and T cells perceive stronger 
antigen receptor signaling during NASH.

INteStINal- DeRIVeD 
MICRoBIal FaCtoRS pRoMote 
INtRaHepatIC B- Cell 
aCtIVatIoN

To investigate whether bacterial products result-
ing from NAFLD- associated dysbiosis promote 

intrahepatic B- cell activation, we used a model of 
FMT consisting of antibiotic treatment of mice fol-
lowed by oral gavage with human donor microbi-
ota.(20) NCD- fed mice were treated with antibiotics 
to disrupt their indigenous gut microbiota before the 
FMT from either a healthy lean donor or a patient 
with NAFLD (donor A). The antibiotic treatment 
alone did not result in dehydration or weight loss 
(Supporting Fig.  S7A). Compared with untreated 
mice, antibiotic treatment in the FMT groups resulted 
in a marked decrease in microbial diversity at the time 
of FMT (Fig. 7A left), suggesting a successful disrup-
tion of the indigenous microbiota. Characterization of 
fecal communities showed a depletion of the predom-
inant phyla Bacteroidetes and Firmicutes in antibiotic- 
treated mice at the time of FMT, which recovered by 
day 7 following FMT (Fig.  7A, right). Consistent 
with the composition of the donor, NAFLD micro-
biota recipients showed a decreased abundance of 
Firmicutes for at least 8  weeks, while Bacteroidetes 
and Proteobacteria increased during the first week 
following the FMT (Fig.  7B [left] and Supporting 
Fig.  S7B). The NAFLD donor had an increased 
abundance of Bacteroides, a genus independently 
associated with NASH progression in patients with 
NAFLD.(7) The similarity in genera between the 
human donors and their recipient mice peaked during 
the first week after the FMT and persisted for at 
least 5  weeks (Fig.  7B, right). Having validated our 

FIg. 7. Intestinal- derived microbial factors promote intrahepatic B- cell activation. (A- F) WT mice fed a NCD were left untreated (No 
FMT) or received antibiotics in the drinking water for 21 days followed by a single oral gavage with fecal material from a healthy lean 
(healthy FMT) or obese with NAFLD (NAFLD FMT) human donors. Fecal pellets from one cohort of recipient mice were collected 
for microbial analysis before antibiotic treatment (Pre- FMT) and at 0, 3, 7, 32, and 56 days relative to the FMT. (A) Microbiota diversity 
determined by average Shannon indices in bacterial communities (left) and relative abundance of predominant phyla in fecal communities 
(right) of healthy FMT (n = 3 mice) and NAFLD FMT (donor A; n = 4 mice) donors and recipient mice at different time points relative to 
the FMT. (B) Relative abundance of Firmicutes and Bacteroidetes (left) and of predominant genera (right) in fecal communities of healthy 
FMT (n = 3 mice) and NAFLD FMT (donor A; n = 4 mice) donors and recipient mice at different time points relative to the FMT. The 
donor and mouse similarity at each time point were determined by SourceTracker analysis. The samples collected before FMT were used 
as the reference for mouse similarity analysis. (C) Liver weight and triglyceride content (left) of healthy FMT (n = 13 mice) and NAFLD 
FMT recipients (n = 14 mice) 10 weeks after FMT. Representative H&E liver stain (middle; ×200 magnification; scale bar = 100 μm) with 
individual component and total NAS score (right) of healthy and NAFLD FMT recipients (n = 7 mice per group) 10 weeks after FMT. 
(D) Representative flow cytometry plot showing CD19+ B220+ B cells (left), and total number of intrahepatic B cells, Mo, Mφ, DCs, CD4 
and CD8 T cells, and NK cells (right) in healthy FMT (n = 13 mice) and NAFLD FMT recipients (n = 14 mice) 10 weeks after FMT. 
(E) Mean intensity of intrahepatic B- cell expression of CD86 (left; n = 10 mice per group), MHC- II (middle; n = 10 mice per group), 
and MHC- I (right; n = 4 mice per group) in healthy FMT and NAFLD FMT recipient mice 10 weeks after FMT. (F) Representative 
trichrome liver stain (×200 magnification; scale bar = 100 μm) with quantification of the area with collagen deposition (left; n = 8 mice 
per group), RT- PCR gene- expression analysis of liver pro- fibrotic genes (middle; Acta2, Col1a1, Tgfb1, Mmp2, and Timp1) of healthy 
FMT (n = 13) and NAFLD FMT (n = 14) recipient mice 10 weeks after FMT, and serum ALT and AST levels (right) of healthy FMT 
(n = 13) and NAFLD FMT (n = 14) recipient mice 10 weeks after FMT. Data shown in (E) and (F) represent three independent mouse 
experiments using three different NAFLD human donors (A, B, and C). Data are presented as mean ± SEM. Statistical significance is 
denoted by *P < 0.05, **P < 0.01, and ***P < 0.001. See also Supporting Fig. S7.



Hepatology, Vol. 74, No. 2, 2021 BARROW, KHAN, ET AL.

719

FMT strategy, we determined the effects of FMT of 
microbiotas from a total of 3 donors with NAFLD 
on the NASH progression of independent cohorts 
of recipient mice. Compared with the healthy FMT, 
recipients of the NAFLD microbiotas showed slightly 
increased liver weight, triglycerides, and H&E- based 
steatosis and total NAS score 10  weeks after FMT 
(Fig. 7C). Mice that received the NAFLD FMT had 
increased number of intrahepatic B cells (Fig.  7D) 
with increased expression of antigen- presenting and 
costimulatory molecules (Fig.  7E). In contrast, no 
differences were detected in the number of B cells in 
the spleen (Supporting Fig. S7C) and their expression 
of antigen- presenting and costimulatory molecules 
(Supporting Fig.  S7D). NAFLD FMT recipients 
showed slightly increased fibrosis, as determined by 
trichrome staining with quantification of collagen 
deposition (Fig.  7F, left), hepatic gene expression of 
Tgfb1 and matrix metalloproteinase (Mmp2) (Fig. 7F, 
middle), and serum AST (Fig. 7F, right). These data 
suggest that NAFLD- related changes in the intesti-
nal microbiota are sufficient to induce B- cell accumu-
lation and activation in the liver, while transmitting 
aspects of liver pathology from the human donor to 
the recipient mice.

Discussion
We have identified intrahepatic B- cell accumula-

tion and activation as an important mechanism that 
contributes to the pathogenesis of NASH by pro-
moting hepatic glucose intolerance, inflammation, 
and fibrosis. Compared with macrophages and neu-
trophils, we found that B cells secrete less inflamma-
tory cytokines IL- 6 and TNF- α on a per- cell basis. 
However, we demonstrate that B cells are among the 
most abundant immune cells in the liver, suggesting 
a substantial contribution to hepatic inflammation in 
NASH. Previous research has shown that CD4, CD8, 
and NKT cells promote NASH through increased 
release of IL- 17, IFN- γ, and LIGHT(28- 31) in a pro-
cess facilitated by antigen- presenting cells such as 
DCs and macrophages.(28,32) Our data expand on this 
paradigm and suggest that B cells are strong induc-
ers of T- cell responses in NASH, as shown in other 
inflammatory diseases.(33) Our single- cell analysis 
provides insights into the cellular heterogeneity of the 
liver, showing remarkable alterations of the immune 

cellular landscape during NASH. In agreement with 
previous reports,(5,34) we found that NASH livers show 
a dramatic accumulation of monocytes and monocyte- 
derived macrophages and a loss of KCs. Notably, our 
data revealed four distinct B- cell populations, with 
the major cluster comprised of mature B cells express-
ing increased inflammatory genes during NASH. 
Unexpectedly, we identified a cluster of immature B 
cells in the liver that decreased in relative abundance 
in the NASH liver. This subset of B cells expressed 
higher levels of the gene encoding for BAFF- R, sug-
gesting that BAFF may promote the maturation and 
activation of B cells in NASH.(14) Future research is 
needed to investigate the functional relevance of these 
B- cell subsets in NASH.

Although TLR4 activation in NASH has been 
attributed to KCs and hepatocytes,(35) B cells can 
respond to pathogen- derived ligands through TLR4 
signaling.(36) Our bulk RNA- seq data unveiled that 
B cells display an innate- like gene signature with 
increased expression of Il- 1b, Csf2, and Ccl2 during 
NASH. A similar “innate” function has been described 
for B cells that secrete CSF- 2 following engagement of 
TLRs during bacterial sepsis,(37) and IL- 1β- producing 
adipose B cells that can respond to gut bacterial anti-
gens in aging.(38) In our study, B cells from NASH 
livers showed expression of the pro- fibrotic genes 
Tgfb1 and Timp2, and B cell– deficient mice had 
decreased fibrosis. Indeed, B cells have been shown to 
promote fibrosis in a model of acute liver injury.(21,39) 
Such pro- fibrotic function of B cells can be attributed 
to IL- 6 and instigation of T helper 1 (Th1) responses, 
which disrupt extracellular matrix turnover in chronic 
inflammation,(40) activation of hepatic stellate cells 
through the production of TGF- β1,(41) or inhibition 
of extracellular matrix degradation through TIMP- 
2.(42) Our study revealed that the net effect of B- cell 
depletion is the amelioration of NASH, providing 
evidence that B- cell activation in the liver is caus-
ative toward NASH and not a bystander effect. We 
observed that B cells in NASH livers stimulate the 
generation of EM CD4 and CD8 T cells, which pro-
motes inflammation during NAFLD.(31) Our finding 
that intrahepatic, but not splenic, B cells promote Th1 
responses suggests that the B- cell inflammatory phe-
notype may result from the local activation and is not 
a systemic event. This is consistent with studies show-
ing that inflamed tissues such as the obese adipose 
tissue alters the function of tissue- resident, but not 
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systemic, B cells.(10) As NASH pathogenesis involves 
the activity of multiple immune cell types, the poten-
tial crosstalk among B cells, macrophages, neutrophils, 
DCs, and NKT cells remains to be determined.

Mechanistically, we show that MyD88 signaling is 
an intrinsic mechanism by which B cells may respond 
to endogenous or exogenous antigens during NASH. 
This finding is consistent with previous research 
suggesting that MyD88 signaling is required for the 
pro- fibrotic role of B cells in a carbon tetrachloride 
model of liver injury.(39) TLR4 ligands can activate B 
cells through the TLR4– MyD88 pathway, leading to 
stimulation of the NF- κB.(43) By taking advantage of 
the Nur77 reporter mouse, our study raises the pros-
pect that antigen- specific mechanisms drive the B- cell 
activation during NASH. One possibility is that 
B- cell activation during NASH occurs simultaneously 
through the MyD88 and BCR signaling pathways, as 
antigens such as LPS can dually engage the TLR4 and 
BCR.(44) Our data suggest that gut- derived microbial 
antigens may serve as ligands that activate intrahe-
patic B cells during NASH. Gut- derived microbes 
can influence the immune system directly or through 
their secretion of metabolites such as short- chain fatty 
acids.(45) Thus, bacterial metabolites draining into the 
liver during NASH may influence intrahepatic B- cell 
function through MyD88- dependent or independent 
pathways. In addition to exogenous ligands, endoge-
nous DNA- containing antigens released from dying 
cells can activate B cells through TLR9.(46) Indeed, 
mitochondrial DNA released from lipid- laden hepato-
cytes is elevated in humans and mice with NASH and 
can promote disease in a TLR9- dependent manner.(47) 
Finally, our quantification of intrahepatic B cells in 
a cohort of patients with NAFLD provides evidence 
of B- cell infiltration in human NASH, in agreement 
with previous reports.(14,48) Future research should 
aim to understand the changes in B- cell infiltration at 
different stages of human NASH and the functional 
tissue spatial organization of immune cells. In sum-
mary, this study demonstrates an important role for 
intrahepatic B cells in promoting NASH in a process 
involving MyD88 and BCR signaling. Notably, we 
show that gut- derived bacterial products associated 
with a dysbiotic NAFLD microbiota promote the 
accumulation and activation of intrahepatic B cells.
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