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Hepatitis B virus particles activate B cells through
the TLR2–MyD88–mTOR axis
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Mengji Lu1

Abstract
Host immune control plays a pivotal role in resolving primary hepatitis-B-virus (HBV) infections. The complex
interaction between HBV and host immune cells, however, remains unclear. In this study, the transcriptional profiling
of specimens from animals infected with woodchuck hepatitis virus (WHV) indicated TLR2 mRNA accumulation as
most strongly impacted during WHV infection resolution as compared to other mRNAs. Analysis of blood
transcriptional modules demonstrated that monocytes and B-cells were the predominantly activated cell types in
animals that showed resolution of infection, which was similar to the response of TLR2-stimulated PBMCs. Further
investigation of TLR2-stimulated B-cells pointed at interactions between activated TLR signaling, Akt-mTOR, and
glucose metabolic pathways. Moreover, analysis of B-cells from Tlr2−/−, Trif−/−, Myd88−/−, and Trif/Myd88−/− mice
challenged with HBV particles indicated B-cell function and glucose metabolism alterations is TLR2-MyD88-mTOR axis
dependent. Overall, our study implicates B-cell TLR2 activation in HBV infection resolution.

Introduction
More than two billion people worldwide have been

exposed to hepatitis B virus (HBV). Approximately, 240
million people are chronically infected with HBV, leading
to more than 700,000 deaths per year because of hepa-
tocellular carcinoma and cirrhosis1. In immunocompetent
adults, however, HBV typically causes transient self-
limited hepatitis B infection2. Primary HBV infection is
controlled by a complex and concerted response of host
innate, cellular, and humoral immunity. The interactions
involving these immunological processes remain unclear.
Recently, the activation of host immune cells by Toll-like
receptors (TLRs) has been studied using different
experimental systems.

The HBV nucleocapsid was once considered to be a
TLR2 ligand that stimulates macrophages to produce pro-
inflammatory cytokines in vitro3. However, lipoprotein
contamination of the TLR2/4 pathway originating from
the bacterial purification system could not be excluded4,5.
Our recent studies indicated TLR2 as a contributor to T
cell-dependent hydrodynamic HBV infection clearance in
mice and primary human hepatocyte recognition of nas-
cent HBV particles by TLR2 towards the activation of
anti-HBV immune responses in vitro which challenges the
former classification of HBV as “stealth” virus6,7. More-
over, impacting of TLR activation on the glycolytic
metabolism drives macrophage and T-cell activation,
suggesting TLR regulation of mTOR-integrated immune
and metabolic processes8–13.
Recently, defective circulating and intrahepatic antiviral

B-cell responses in patients with hepatitis B have gained
attention14,15. The diverse antiviral roles of B cells,
including humoral immunity, antigen presentation, and
cytokine production may be disabled in persistent viral
infections16–18. A recent study also showed the supporting
role of metabolic reprogramming in naïve B-cell
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activation for effective immune response19. However, how
TLR2 contributes to B-cell activation and metabolism
against HBV infection remains unclear. In this study, we
examined whether and how B cells respond to cell
culture-derived HBV particles in vitro.

Results
TLR2 contributes mainly to resolving woodchuck hepatitis
virus infection
Our previous studies suggested the involvement of

TLRs in immune control of HBV infection and clearance.
However, the role of distinct TLRs in natural HBV
infection is yet unclear. We explored the published tran-
scriptome data (GSE36544) from the woodchuck model
to assess the relative contribution of TLRs in self-limiting
and chronic woodchuck hepatitis virus (WHV) infec-
tion20. We monitored all animals for one year after
infection and assigned them to infection status groups
using specific serological markers (WHV DNA, WHsAg,
and anti-WH surface antibody) as shown in Fig. 1A.
We analyzed differential gene expression with Limma to

compare the spleen signature between resolved WHV and
chronic WHV samples (p value < 0.05). TLR-associated
GO terms are shown in Fig. 1B. The results indicated that
the expression of TLR2 and TLR5 was upregulated in
animals with resolved WHV infection compared with
chronically WHV-infected woodchucks (Fig. 1B).
We performed principal component analysis (PCA)

with R-package “factoextra” to visualize the contribution
of all TLRs to the outcome of WHV infection. The data
showed that TLR2/5 contributed to resolving WHV
infection, whereas TLR1/7/9 contributed mostly to
chronic WHV infection (Fig. 1C).
TLR1-10-related (Pearson correlation, R value > 0.5 and

p value < 0.05) DEGs were displayed in a scaled heatmap
toward a comparison of resolved WHV infection with
chronic WHV infection and uninfected controls. As
shown in Fig. 1D, a set of TLR2-related genes was upre-
gulated in resolved WHV infection. In contrast, TLR5-
related genes were downregulated in chronic WHV
infection.

B cells and macrophages but not T cells are immune cell
types related to TLR2 response in resolved WHV infections
To translate gene expression patterns to specific

immune functions in resolved WHV animals, we used
BTMs as gene sets to perform GSEA. BTMs were pre-
viously established from more than 30,000 human blood
transcriptomes obtained from more than 500 studies in
public databases21. Each BTM contained a set of genes
with correlated expression patterns and annotated with
similar biological functions. We performed GSEA on a
pre-ranked gene list according to the fold-change of
mRNA expressions in TLR2/3/4/7/8/9-activated

peripheral blood mononuclear cells (PBMCs) challenged
with bacterial protein analog P3C, ssRNA analog PolyI:C,
bacterial LPS, dsRNA analog R848, an oligodeox-
ynucleotide (ODN) 2006, respectively. We also performed
GSEA based on a pre-ranked gene list according to the
fold change in woodchucks having resolved WHV infec-
tion compared to uninfected controls. The normalized
enrichment scores of modules for specific cell-types were
displayed in detailed BTMs (Fig. 2A). In addition, the
modules including TLR pathways and inflammatory,
immune activation, and cell cycle-related modules were
also enriched (Fig. 2A).
Then, we calculated the sum of normalized enrichment

scores of the modules for specific cell-types to define
which TLR stimulation was similar to RES module
enrichments (Fig. 2B). According to the enriched modules
for the immune cell types, DC/Monocytes and B cells
were found to be the cell types most remarkable in
resolved WHV infection (RES), a result which was similar
to the response of P3C-stimulated PBMCs with obviously
higher proportions of DCs/Monocytes and B cells
(Fig. 2B).
We further compared the gene signatures by using fold

change data (Log2FC) of woodchucks (fold change of
mRNA expression in woodchucks with resolving WHV
infection compared to uninfected controls) to TLR-
stimulated B cells, T cells, and macrophages, respec-
tively (fold change of mRNA expression in TLRs-
stimulated cells compared to unstimulated controls)
(Fig. S1). The fold changes of selected genes in resolved
WHV infection was similar to macrophages and B cells,
but not T cell (Fig. S1). Previously, it has been reported
that TLR2 induces metabolic reprogramming in macro-
phages12,13, thus, we focused on metabolism related TLR2
activity of B cells in this study.

Activation of B cells TLR2 impacts the Akt-mTOR pathway
and increases glucose metabolism
Our previous study demonstrated that TLR stimulation

enhanced T-cell function by increasing cellular glycolysis.
The mTOR signaling pathway interacts with innate
immunity and plays a vital role in regulating cellular
glycolysis in TLR2 and -7-activated CD8+ T cells9,10.
Thus, we hypothesized that TLR2 activation of B cells
would be associated with glucose metabolism, as energy
supply is essential to upregulated cellular processes. We
explored the microarray data of GSE28517 to identify
upregulated genes in TLR2-stimulated mouse B cells22.
We ranked the selected 196 genes in glucose metabolic
process (GO term: 0006006), Akt signal transduction (GO
term: 0043491), TLR signaling pathway (GO term:
0002224), and TOR signal transduction (GO term:
0031929) by log (fold-change) (Fig. 3A) and integrated
them using Cytoscape software (version: 3.8.0). Within
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the TLR signaling pathway, TLR2, MyD88, IRAK, and
CD86 mRNAs were upregulated. According to the virtual
interaction network we applied, the TLR pathway was
associated to the Akt pathway by MFHAS1, TNF, and
CD40. The Akt pathway was involved in glucose meta-
bolism through the INS2, EP300, SRC, AKT2, IL6, TNF,
IGF2, C1QTNF3, MTOR, SESN2, and STK11 genes. The
mTOR pathway was linked to glucose metabolism by the
MTOR, SESN2, and STK11 genes. Genes related to glu-
cose metabolism, such as HK2, G6PC, G6PD2, and FBP2,
participated in glycolysis (Fig. 3A).
In total 3958 TLR2-related mRNA expression chan-

ges were validated as being involved in the resolution

of WHV infection and the products of 196 genes
mRNAs were upregulated under this condition were
involved in four GO terms, namely glucose metabolic
process: 0006006, Akt signal transduction: 0043491,
TLR signaling: 0002224, and TOR signal transduction:
0031929 were also upregulated after TLR2 activation
(Fig. S2). We constructed a Venn diagram (Fig. S2) to
show the number of equally or distinctly induced
genes, with 29 common genes. Interestingly, glucose
metabolism-related genes, such as HK2, PFKP, MYC,
and IRF4, were involved in the 29 shared genes.
Moreover, mTOR and MyD88 also were included in the
29 shared genes.

Fig. 1 TLR2 contributes mainly to the resolution of WHV infection. A All resolved WHV animals were WHV DNA-undetectable. Chronically
infected animals were all anti-WH negative, with serum WHV DNA levels ≥1010 ge/mL. B All genes in TLR-associated GO terms were compared
between resolved WHV and chronic WHV samples. C PCA was performed with R package “factoextra” to visualize the contribution of all TLRs to the
outcome of WHV infection. D TLR-related DEGs are shown in a scaled heatmap with a comparison of resolved WHV (n= 4), chronic WHV (n= 4), and
uninfected samples (n= 2). Each group includes three technical replicates.
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Our previous studies showed that exposure of hepatic
cells including hepatocytes, liver sinusoidal cells, and
Kupffer cells to HBVs or the canonical TLR2 ligand
P3C resulted in diverse cellular responses6,23–26. Thus,
now we asked whether and how exposure of B cells to
HBVs changes their activation status. We next per-
formed in vitro experiments to investigate whether
TLR2 activation acted through Akt-mTOR signaling in
B cells (Fig. 3B). Akt and mTOR expression and
phosphorylation were detected by immunoblotting and
flow cytometry. The results showed that TLR2 agonist
(P3C) and HBV particles (HBVs) stimulation increased
the levels of Akt, m-TOR, phosphorylated Akt, and

phosphorylated mTOR in B cells (Fig. 3C). We further
examined whether TLR2 activation induced metabolic
changes. We measured glucose uptake and glutamine
transport by detecting the mean fluorescence intensity
(MFI) of the glucose analogs 2-NBDG and CD98,
respectively. We observed significantly increased MFI
of 2-NBDG and CD98 in B cells at 24 h upon P3C and
HBVs stimulation (Fig. 3D). Furthermore, higher pro-
duction of lactate in the culture supernatants by
aerobic glycolysis was observed after 24 h stimulation
with P3C and HBVs (Fig. 3E). Thus, TLR2 activation
induced Akt-mTOR activation and elevated glucose
metabolism, particularly glycolysis in B cells.

Fig. 2 Translation of gene expression patterns to specific immune functions in resolved WHV. A Gene enrichment analysis was used in BTMs.
GSEA of a pre-ranked gene list according to correlated R value with TLR2 and fold-change of TLR2-stimulated PBMCs. All enriched modules (>10
genes, FDR < 0.25) are listed. B The sum of normalized enrichment scores of modules in specific cell-types was calculated and presented using a
chord diagram.
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Fig. 3 TLR2 interacts with Akt-mTOR pathway and glucose metabolism. A Interaction network between TLR, Akt, mTOR, and glucose
metabolism. B Sorting scheme for isolating naïve mouse B cells and in vitro stimulation. C Expression of Akt and p-mTOR in HBV particles/TLR2-
stimulated B cells were detected by Flow cytometry and Western blotting. D Glucose and glutamine uptake in HBV particles/TLR2-L stimulated B cells
was measured by detecting the MFI of the glucose analog 2-NBDGs and CD98. E Lactate production in the cell culture medium in HBV particle/TLR2-
L-stimulated B cells was detected with specific kits. Data are representative of two independent experiments. All data are presented as mean ± SD
(*p < 0.05; **p < 0.01; ***p < 0.001) statistical relevance was determined by one-way ANOVA.
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HBV particles and P3C driven B-cell function
To test the direct effect of HBV on B cells, we used the

in vitro assay as described (Fig. 3C). We purified B cells
from naïve mice to >96% (Fig. S3A) and stimulated the
cells with HBVs at different multiplicities of infection
(MOIs= 200–1000) in vitro. Compared with the mock
control, HBVs at MOI: 1000 increased cell viability (Fig.
S3B) and cell activation with a maximum effect (Fig. S3C).
After 24 h of exposure with HBVs (MOI= 1000), flow
cytometry analysis showed that the cell size of B cells
increased as measured by forward scatter (FSC-A). In
addition, HBVs potently upregulated the expression of
TLR2 and activation markers, such as MHC II and CD86,
in B cells (Fig. 4A). The secretion of IgM and IgG anti-
bodies and cytokines, including IL-6, IL-10, and TNF-α,
was also enhanced (Fig. 4B). Interestingly, TLR2 expres-
sion on B cells was upregulated after HBVs exposure
(Fig. 4A).
In parallel, we used P3C (0.01–10 μg/mL) to stimulate B

cells in vitro. A dose of 2 μg/mL of P3C (Fig. S3D) was
selected for further experiments because of the observed
maximal stimulation of MHC II and CD86 expression in
B cells. Except for the elevated MHC II and CD86
expression, B-cell size as measured by FSC-A, the secre-
tion of IgM and IgG antibodies, and cytokines (such as IL-
2, IL-6, IL-10, and TNF-α) were increased also upon P3C
challenge of B cells (Fig. 4C, D).

AKT-mTOR signaling and glucose metabolism mediate TLR
driven enhancement of B cell activity
The AKT/mTOR pathway plays a major role in med-

iating TLR activation to the downstream processes,
including cellular metabolism9,13. Thus, we investigated
the involvement of the AKT/mTOR pathway in TLR2-
mediated B-cell activation.
We treated TLR-activated B cells with two different

AKT/mTOR pathway inhibitors: Rapamycin and Akti-1/2
(Fig. 5A). The viability of P3C- (Fig. S4A) and HBV- (Fig.
S4B) stimulated B cells did not decrease at the indicated
doses of Rapamycin and Akti-1/2. Therefore, we
employed Rapamycin (0.2–5 μM) and Akti-1/2
(0.1–1 μM) in further inhibition experiments of TLR2-
stimulated B cells; we selected Akti-1/2 (0.1 μM) for
inhibition experiments of HBV-stimulated B cells. Inhi-
bition of mTOR slightly reduced P3C- (Fig. 5B) and HBV-
induced (Fig. 5C) B-cell activation, as indicated by the
lower number of B cells expressing the activation marker
MHC II. We also asked whether TLR2-induced mTOR
activation depends upon metabolic changes. The opti-
mum dose of Rapamycin (0.2 μM) decreased P3C-
improved glucose uptake and glutamine transport, indi-
cated by a drop of 2-NBDG and CD98 MFIs, respectively
(Fig. 5B). A 0.1 μM Akti-1/2 counteracted HBV and P3C
induced 2-NBDG uptake and CD98 expression (Fig. 5C).

Thus, the AKT/mTOR signaling pathway mediates HBV/
P3C-elevated B cell function and metabolism.
We treated B cells with three different metabolic

pathway inhibitors, namely 2-DG, oligomycin, and DON.
The results indicated that despite stimulation with HBVs
or P3C (Fig. S4A, B), inhibition of the metabolic pathway
reduced the number of vital B cells. However, we found
that at a specific dose of metabolic inhibitors, the number
of vital B cells was not increased. This dose of metabolic
inhibitors slightly decreased the expression of MHC II.
Among these, 2-DG decreased the expression of MHC II
and Akt in P3C-stimulated B cells. Oligomycin decreased
the expression of MHC II, Akt, and phosphorylated
mTOR in P3C-stimulated B cells (Fig. 5D, E). DON
inhibition significantly decreased the expression of MHC
II and Akt in HBV-stimulated B cells (Fig. 5F, G).
Taken together, these data show that the Akt–mTOR

pathway is TLR-driven and enhances immune functions
of B cells, which also affects/involves metabolism.

HBV particles enhance the function and metabolism in B
cells via MyD88
TLR activation requires downstream adaptors for signal

transduction. MyD88 and TRIF are two major compo-
nents of the cascade27. We investigated whether these two
proteins participated in TLR2-mediated B-cell activation.
To confirm that TLR2-MyD88 signaling is required for

the regulation of B-cell activation following HBV stimu-
lation, we stimulated B cells derived from WT, TLR2−/−,
TRIF−/−, MyD88−/−, or TRIF/MyD88−/− mice with
HBVs. The results indicated that upon stimulation of
HBVs, TLR2 expression increased only in B cells derived
from WT and TRIF−/− mice but not in B cells derived
from TLR2−/−, MyD88−/−, or TRIF/MyD88−/− mice (Fig.
6A, left panel). The size of the B cells assessed by FSC-A
increased only in WT and TRIF−/− mice, but not in
TLR2−/−, MyD88−/−, and TRIF/MyD88−/− mice (Fig. 6B,
left panel). Fold change in the MFI was calculated with
respect to unstimulated controls. The fold change of
TLR2 expression and FSC-A was obviously decreased in
TLR2−/−, TRIF−/−, MyD88−/− and TRIF/MyD88−/−

mice compared to WT mice (Fig. 6A, B, right panel). The
expression of MHC II was obviously increased in WT,
TLR2−/−, and TRIF−/− mice but not, or only slightly
increased in MyD88−/− and TRIF/MyD88−/− mice. The
expression of CD86 in B cells was increased in WT,
TLR2−/−, and TRIF−/− mice but not in MyD88−/− and
TRIF/MyD88−/− mice (Fig. 6C, left panel). The fold
changes of MHC II and CD86 expression were sig-
nificantly decreased in MyD88−/− and TRIF/MyD88−/−

mice as compared to other groups (Fig. 6B, C, right panel).
In turn, HBV stimulation increased the uptake of 2-
NBDG and expression of Akt and p-mTOR in B cells
from WT, TLR2−/−, and TRIF−/− mice, but not from
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Fig. 4 HBVs and TLR2-L promote B-cell function. A FSC-A, MHC II, CD86, and TLR2 expression in HBV-stimulated B cells was measured by flow
cytometry. B Antibodies, including IgG, IgM, and cytokine production, including IL-6, IL-10, and TNF-α, in HBV-stimulation, were measured by ELISA.
(C) FSC-A, MHC II, and CD86 expression in TLR2-stimulated B cells were measured by flow cytometry. D Antibodies, including IgG and IgM, and
cytokine production, including IL-6, IL-10, and TNF-α, in TLR2-L-stimulated B cells was measured by ELISA. Data are representative of three
independent experiments. All data are presented as the mean ± SD (*p < 0.05; **p < 0.01; ***p < 0.001) according to t test (A, B) and one-way ANOVA
(C, D).
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MyD88−/− and TRIF/MyD88−/− mice (Fig. 6D, E, left
panel). The fold changes of metabolism parameters such
as 2-NBDG, Akt, and p-mTOR were significantly lower in
MyD88−/− and TRIF/MyD88−/− mice as compared to
other groups (Fig. 6D, E, right panel). Thus, the mTOR
signaling pathway plays an important role in mediating
the TLR2-induced elevation in glycolytic metabolism in

CD8+ T cells. These results showed that TLR2-MyD88
was required for HBV-mediated enhancement of immune
functions and metabolism in B cells.
These findings indicated that after stimulation with HBV

particles, MyD88-deficient B cells abolished HBV-mediated
TLR expression and effector functions, confirming that the
process depended on the MyD88 pathway.

Fig. 5 Blocking the Akt-mTOR and metabolic pathways in HBV/TLR2-L stimulates B cells. A Purified B cells were stimulated with TLR2-L/HBV
particles for 24 h with or without metabolic pathway inhibitors. B, C MHC II and CD86 expression in B cells was detected by flow cytometry following
treatment with Rapamycin/Akti-1/2. Glucose and glutamine uptake was measured by detecting the MFI of the glucose analog 2-NBDG and
glutamine transporter CD98 following treatment with Rapamycin/Akti-1/2. D, F MHC II and CD86 expression in B cells was detected by flow
cytometry following metabolic blocking. E, G Akt, and p-mTOR expression were detected by flow cytometry following treatment with 2-DG/DON/
oligomycin. Data are representative of three independent experiments. All data are presented as the mean ± SD (*p < 0.05; **p < 0.01; ***p < 0.001)
according to one-way ANOVA.
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Fig. 6 HBV-enhanced B-cell function and metabolism are MyD88-dependent. Purified B cells were derived from WT, TLR2−/−, TRIF−/−, MyD88−/−,
and TRIF/MyD88−/− mice and stimulated with HBV particles for 24 h. A TLR2 expression in B cells was detected by flow cytometry in WT, TLR2−/−,
TRIF−/−, MyD88−/−, and TRIF/MyD88−/− B cells. B, C B-cell size and activation were assessed by FSC-A, MHC II, and CD86. D Glucose uptake was
measured by detecting the MFI of the glucose analog 2-NBDG in WT, TLR2−/−, TRIF−/−, MyD88−/−, and TRIF/MyD88−/− B cells after 24 h of
stimulation. E Akt and p-mTOR expression were detected by FACS in WT, TLR2−/−, TRIF−/−, MyD88−/−, and TRIF/MyD88−/− B cells after 24 h of
stimulation (*p < 0.05; **p < 0.01; ***p < 0.001). Data are representative of three independent experiments. All data are presented as the mean ± SD
(*p < 0.05; **p < 0.01; ***p < 0.001) according to two-way ANOVA.
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Discussion
One of the main issues in the field of HBV research is

the role of TLRs in HBV infection. The present study
analyzed whether TLR2 mostly contributed to resolving
WHV infection. Only TLR2-related genes were upregu-
lated in resolved WHV samples. To investigate which cell
type was mostly regulated by TLR2 activation in the
antiviral response, we used BTMs to analyze the spleen
signature of resolved WHV and TLR2-stimulated PBMCs.
The results revealed that TLR2 activation was related to
the enrichment of monocytes and B cells. Furthermore, by
comparing TLR2-stimulated T/Mac/B cells to resolved
spleen samples, we found TLR2-activated B cells to be
more similar to the signature of resolved WHV spleen
samples.
Zhang et al. found that HBVs induce an immune

response to TLR2 signaling in the primary human hepa-
tocytes, suggesting that HBV is a cunning but not stealthy
virus6. Our in vitro findings demonstrated that HBV also
activated the innate immune signaling pathway (TLR2) in
B cells. Both HBVs and TLR2 stimulation promoted B-cell
activation, suggesting that HBV-induced B-cell activation
by TLR2 is a factor contributing to the resolution of HBV
infection.
Early studies on TLR activation in monocytes and

T cells indicated that TLR-enhanced cellular function was
regulated by metabolic processes. The relationship
between HBV particle-stimulated TLRs and metabolic
function in B cells, however, remains unclear. Our tran-
scriptome analysis of TLR2-stimulated B cells revealed a
potential interaction among TLRs, Akt, mTOR, and glu-
cose metabolism pathways. To further investigate the
interaction of TLR2 with the mTOR pathway, we detected
Akt/mTOR expression in B cells and found that HBV and
P3C upregulated both the expression and phosphoryla-
tion of Akt/mTOR. Studies on metabolic pathways are
needed to confirm B-cell activation28,29. Stimulation of B
cells with lipopolysaccharide, a TLR4 receptor agonist, or
an anti-IgM antibody to cross-link the B-cell antigen
receptor increased glucose import into activated B cells
and increased the oxygen consumption rate30–32. Along
with the enhanced function in B cells, our results indi-
cated that HBVs and P3C increased glucose uptake and
lactate production.
Previous studies have shown that mTOR regulates

important cellular processes, such as cell survival, meta-
bolism, and autophagy18,33,34. mTOR signaling can induce
complex networks of reprogramming, including enhanced
aerobic glycolysis, to facilitate rapid clonal expansion.
Interestingly, in our study, blocking the AKT-mTOR
signaling pathway with Akti-1/2 or Rapamycin impaired
the enhanced function and metabolism in HBV/P3C-
activated B cells. To further elucidate the role of meta-
bolic pathways in HBV/P3C-stimulated B cells, we applied

different metabolic inhibitors and found them to block B-
cell functions. The blocking of metabolism also may have
decreased Akt and mTOR phosphorylation, indicating an
interaction between the mTOR pathway and metabolism
in B cells.
TLRs recognize distinct pathogen-associated molecular

patterns and attract adaptor proteins, such as TRIF and
MyD88, facilitating the further accumulation of kinase-
like IL-1 receptor-associated kinase-4 for signal trans-
duction27. In our study, we observed eliminated B-cell
activation, glucose uptake, and Akt and p-mTOR
expression in MyD88−/− and TRIF/MyD88−/− mice,
whereas these processes were not blocked in TLR2−/− or
TRIF−/− mice in the presence of HBVs. MyD88 is
required in B cell activation after treated with HBV par-
ticle, but not TLR2 only. MyD88 is the downstream
adaptor molecule of several TLRs such as TLR1/6, TLR2,
TLR4, TLR7, TLR9, while TLR2 was only expressed on
the cell surface.
In conclusion, the results of this study suggested that

TLR2 was the only TLR involved in WHV resolution and
that HBV particles were recognized by TLR2 to initiate B-
cell activation in vitro. Moreover, a virus-host interplay
occurred in B cells through a coordinated balance
between cell activation and metabolism that involved
immune induction during HBV infection. These obser-
vations highlighted that HBVs induced B-cell activation
and metabolism through the TLR2–MyD88–mTOR
pathway (Fig. 7). Further studies are needed to determine
the underlying mechanisms at the single-cell level, taking
into account spatial and temporal events, which may lead
to the development of novel treatments for chronic HBV.

Materials and methods
Data and samples
We used gene expression in the spleens of uninfected,

resolved, and chronically infected woodchucks in micro-
array analysis. The results were deposited in NCBI’s Gene
Expression Omnibus, which is accessible through GEO
series accession number GSE3654420. Gene expression in
TLR2- stimulated PBMCs is available through GEO series
accession number GSE13181835. Gene expression in
TLR2-stimulated purified B cells, T cells, and macro-
phages is available through GEO series accession numbers
GSE28517, GSE89513, and GSE81291, respectively22,36,37.

Mice
We obtained C57BL/6 mice (wild-type, WT mice) from

Harlan Winkelmann Laboratories (Borchen, Germany).
Deficient mouse strains, including TRIF−/−, TLR2−/−,
MyD88−/−, and TRIF/MyD88−/− mice, were bred under
specific pathogen-free conditions at the Laboratory Ani-
mal Facility of the University Hospital Essen, Essen,
Germany. All mice used for the experiment were
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6–8 weeks of age. All mice were handled according to the
Guide for the Care and Use of Laboratory Animals with
approval from the district government of Düsseldorf,
Germany.

Microarray analysis
We acquired the normalized expression microarray data

of each sample from GEO as earlier described. Probe sets
without gene symbol annotation were omitted. For mul-
tiple probes targeting the same genes, we retained only
the probe with the maximum mean. We used the linear
model for microarray data (Limma) package, a modified t-
test that integrates the Benjamini–Hochberg multiple
hypotheses correction method, to assess differential
expression genes38. Genes with a p value < 0.05 were
defined as significantly differentially expressed.

Principal component analysis
First, we applied hierarchical clustering (using Pearson’s

correlation distance/average linkage method) in R version
3.6.139. The top two principal components were displayed
using the factoextra package for the mean point and
confidence40.

Ranked gene set enrichment analysis
We analyzed the differential regulation of blood tran-

scriptome modules (BTMs)21 rather than those of indi-
vidual genes. Each BTM includes a set of genes with
correlated expression patterns and similar biological
functions. The ranked gene set enrichment analysis
(GSEA; threshold gene size at 10) was conducted
according to the average fold-change between two
groups41. The normalized enrichment score, false dis-
covery rate, and gene size are shown in a bubble chart
(Fig. 2A) prepared using the ggplot2 package.

Gene ontology analysis
We focused our analysis on the terms Akt-signaling

pathway (gene ontology [GO] term: 0043491), glucose
metabolism pathway (GO term: 0006006), TLR signaling
pathway (GO term: 0002224), and TOR signaling pathway
(GO term: 0031929). We analyzed the interaction among
different terms using Cytoscape software (version:3.8.0).

B-cell isolation, culture, and activation in vitro
We prepared single-cell suspensions of mouse spleno-

cytes as previously described23. We purified murine B
cells from splenocytes using a B-cell isolation kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s guidelines.
We cultured B cells in RPMI complete medium

(Thermo Fisher Scientific, Waltham, MA, USA). For
murine B-cell activation, purified B cells were seeded into
96-well flat-bottom tissue culture plates at a density of
5 × 105 cells/well with or without TLR2 ligand (P3C, 2 μg/
mL; InvivoGen, San Diego, CA, USA)/HBV particles
[Multiplicity of infection (MOI): 1,000] stimulation for
24 h. In some experiments, we treated the cells with the
indicated inhibitors, such as 2-deoxy-D-glucose (2-DG),
oligomycin, 6-diazo-5-oxo-L-norleucine (DON), Rapa-
mycin, and Akti-1/2 (Sigma, St. Louis, MO, USA).

HBV particle preparation
We cultured the cell line HepG2.117, stably transfected

with a replication-competent HBV genome, as previously
described24. We collected HBV particles (genotype D,
serotype ayw, HBeAg-positive) from the cell culture
supernatants, precipitated in 6% polyethylene glycol 8000
(PEG8000, Sigma) at 4 °C, and concentrated the super-
natants by centrifugation (12,000g, 60 min, 4 °C). We

Fig. 7 Schematic diagram of HBV/TLR2-mediated B-cell
activation. HBV/TLR2 stimulation promotes the activation of B cells.
TLR2-mediated B-cell activation relies on MyD88-AKT-mTOR signaling,
leading to metabolic reprogramming of B cells, including the
upregulation of glucose uptake and glutamine transport, which in
turn activate B cells. Signaling pathways identified in this study are
indicated by solid arrows. Potential signaling pathways are
represented by broken arrows.
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produced a mock control by precipitating cell culture
supernatants of HepG2 cells under the same conditions.

Cell surface and intracellular staining
We performed cell surface and intracellular staining as

previously described25. We conducted cell surface stain-
ing using antibodies, including αCD4 (clone GK1.5; Bio-
legend, San Diego, CA, USA), αCD19 (clone 6D5;
Biolegend), αCD43 (clone S11; Biolegend), αB220 (clone
RA3-6B2; Biolegend), αCD8 (clone 53-6.7; Biolegend),
αTLR2 (clone QA16A01; Biolegend), and αCD98 (clone
RL388; Biolegend).
For intracellular staining, the cells were permeabilized

using a Cytofix/Cytoperm fixation and permeabilization
solution kit (BD Biosciences, Franklin Lakes, NJ, USA)
and stained with antibodies, including α-phospho-mTOR
(clone MRRBY; eBioscience, San Diego, CA, USA) and
αAkt (clone 55; BD Biosciences).
We detected stained cells using flow cytometry (LSR II,

BD Biosciences) and conducted data analysis with FlowJo
software (version 10.6.2; Ashland, OR, USA).

Metabolism assays
We detected MFI of the glucose analog 2-NBDG

(Thermo Fisher Scientific), which was represented in
cells as glucose uptake. For 2-NBDG staining, we incu-
bated cells at 37 °C in glucose-free media for 30 min. Then
we added 200 μM 2-NBDG to glucose-free media for
20min before cell surface staining. We measured lactate
production using lactate colorimetric/fluorometric kit
(Biovision, Milpitas, CA, USA). Glutamine transporter
CD98 was stained using a specific antibody (clone MEM-
108; Biolegend).

Enzyme-linked immunosorbent assay
We measured cytokines (IL-2, IL-6, IL-10, and TNF-α)

and antibodies (IgG and IgM) produced and secreted by B
cells into the cell culture supernatants with enzyme-
linked immunosorbent assay (ELISA) kits (Biolegend)
according to the manufacturer’s instructions. We then
measured the OD at a wavelength of 405 nm using an
ELISA reader (Bio-Rad Model 550 l; Hercules, CA, USA).

Statistical analyses
We performed data analyses using GraphPad Prism

software (version 6, Inc.; San Diego, CA, USA). We
compared data between two groups with a nonparametric
t-test and those between more than two groups with a
one-way ANOVA. For the experiments with immune-
deficient mice, data were analyzed by a two-way ANOVA
test. Significant differences between the two groups are
indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.
All results are representatives of two to three independent
experiments.
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