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Hepatitis B virus (HBV) exclusively infects hepatocytes and produces large

amounts of subviral particles containing its surface antigen (HBsAg). T cell

immunity is crucial for controlling and clearing HBV infection. However, the
intercellular processes underlying HBsAg presentation to T cells are incom-
pletely understood. Here, using preclinical mouse models, we show that, fol-
lowing HBsAg expression, the intrahepatic Batf3*XCR1'*CCR7 conventional
dendritic cell subset cDC1 presents HBsAg by MHC-I cross-dressing, driving
CDS8" T cell response. Meanwhile, upon HBsAg access to lymphoid tissues, B
cells acquire HBsAg directly in the follicles of lymphoid tissues and initiate
CD4" T cell responses sequentially in the follicular and interfollicular regions,
guided by chemoattractant receptors CCR5 and EBI2, respectively. Finally, we
identify ALCAM, LFA-1, and CD8O as key co-stimulatory signals essential for

optimal T cell responses. Thus, these findings reveal the roadmap of non-
canonical antigen presentation that drives T cell immunity against HBsAg,
advancing novel therapeutic strategies for chronic HBV infection.

Hepatitis B virus (HBV) infection is a significant global public health
threat, with over 240 million individuals chronically infected world-
wide, leading to approximately 650,000 deaths annually from cir-
rhosis and hepatocellular carcinoma'. HBV, a member of the
Hepadnaviridae family, comprises a nucleocapsid, containing partially
double-stranded, relaxed circular DNA (rcDNA) and HBV core antigen
(HBcAg), enveloped by HBV surface antigen (HBsAg) embedded within
a lipid membrane®. The rcDNA forms a covalently closed circular DNA
(cccDNA) within the nucleus of the host cell, which serves as a template
for transcription of viral mMRNAs®. Infected cells produce 10>-10° times
more subviral particles of HBV, which contain HBsAg, than they do
infectious virions*. Resolution of acute infection by the immune sys-
tem involves the clearance of HBsAg and the development of anti-
HBsAg antibodies’%; however, cccDNA may continue to persist in liver

cells’. Currently, the goal of therapy for chronic HBV infection is sus-
tained loss of HBsAg, with or without anti-HBsAg seroconversion,
leading to a functional cure'®". However, current treatments rarely
achieve this'’. Thus, there is an urgent need to better understand the
immune response to HBsAg, which will enable the development of
novel therapeutics.

T cell immunity is crucial for controlling and clearing HBV
infection® . While CD8" T cells play a central role in this process, CD4"
T cells orchestrate both CD8" T cell and antibody responses, and act as
direct effectors of antiviral immunity>®. T cell immune responses
constitute a complex and well-coordinated network involving various
cells, mediators, and niches™. This network’s functionality hinges on
the presentation of antigens from sites of viral replication, such as the
liver in the case of HBV, to T cells, which are predominantly located in
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secondary lymphoid organs but are also present in peripheral tissues.
The crucial task of antigen presentation is executed by specific cells,
known as antigen-presenting cells (such as dendritic cells, macro-
phages, and B cells)*". Our current understanding of viral antigen
presentation primarily stems from studying viruses with tropism for
both peripheral and lymphoid tissues, or from immunization with
various adjuvant-antigen combinations'®?°. According to these stu-
dies, T cells are primed in the T cell zone of the spleen and draining
lymph nodes (dLN) by conventional dendritic cells (cDC) after their
acquisition of antigens. The cDC1 subset employs MHC class I (MHC-I)
cross-presentation to activate CD8' T cell differentiation. In contrast,
the cDC2 subset utilizes MHC class Il (MHC-II) to present antigens to
CD4" T cells, thereby triggering their differentiation, which includes
initiating the early stages of T follicular helper (Tfh) cell
differentiation®. In parallel, B cells in the follicles of lymphoid tissues
capture antigens from CD169" resident macrophages and migrate to
the interface between the B cell follicle and the T cell zone (T-B bor-
der), enhancing Tfh cell maturation®. In these research scenarios, the
immune system is exposed to a wealth of innate immune ligands and
readily accessible antigens*>*, thereby enabling it to mount an effec-
tive T cell immune response. However, HBV's exclusive
hepatotropism?, along with its failure to elicit an apparent innate
immune response’®, presents a significant challenge for the immune
system’s ability to detect and acquire viral antigens. Thereby, the
applicability of the above-described principles of antigen presentation
to HBsAg remains uncertain. Despite this distinctive situation, the key
intercellular processes by which HBsAg is presented to T cells, thus
inducing T cell immune responses, remain largely unexplored.

Mouse models remain essential for investigating complex
immune responses to viruses. Despite the inability to achieve natural
HBYV infection in mice, surrogate mouse models are widely used as they
have successfully recapitulated many of the cellular and molecular
pathogenic and antiviral mechanisms observed during acute and
chronic viral hepatitis in humans?~?°. Such models include those cre-
ated either by hydrodynamic injection of a plasmid containing a 1.3-
fold overlength HBV genome (pHBV1.3) or a recombinant cccDNA
precursor plasmid (prcccDNA) into the tail vein®**, Alternative models
can be established through infection with a recombinant adenovirus
expressing HBV (AdHBV) or a recombinant adeno-associated virus
serotype 8 expressing HBV (AAV8-HBV)*>**, In these surrogate models,
the HBV transcription template is introduced into a proportion of
hepatocytes and remains extra-chromosomal, thereby simulating the
natural HBV transcription in humans from the cccDNA template. This
strategy leads to hepatocyte-specific viral gene expression and repli-
cation, driven by authentic HBV promoters and enhancers.

This study investigates how HBsAg is presented to T cells in pre-
clinical mouse models. In the liver, the intrahepatic Batf3*XCR1'CCR7
¢DCls present HBsAg to CDS8' T cells via MHC-I cross-dressing, while in
lymphoid tissues, B cells prime CD4" T cell responses in follicular and
interfollicular regions, guided by CCR5 and EBI2. These findings
uncover a novel antigen presentation mechanism distinct from clas-
sical viral paradigms. The insights gained from these pathways are
crucial for advancing innovative vaccines and targeted immu-
notherapies to better control chronic HBV infection.

Results

Single-cell landscape of T-cell responses in acute HBV patients
A thorough understanding of the T cell responses to HBV infection in
patients is limited but crucial to explore potential intercellular
mechanisms of HBsAg presentation. To address this question, we
conducted single-cell RNA sequencing (scRNA-seq) on peripheral
blood mononuclear cells (PBMC) from five patients with acute HBV
infection (AHB) and five healthy donors (HD) (Fig. 1a and Supple-
mentary Data 1). This allowed us to examine the transcriptomic profiles
of these cells and their T cell receptor (TCR) repertoire (Fig. 1a).

Concurrently, we analyzed immune cells from a liver biopsy of one
patient (Fig. 1a). By employing anchoring integration and unsupervised
clustering, we identified 36 unique cell types and states (subsets) in a
pool of 49,305 high-quality single cells (Fig. 1b), based on their distinct
signature markers of gene expression (Supplementary Fig. 1a and
Supplementary Data 2). We also confirmed that these cell clusters were
consistently present across all PBMC samples (Supplementary Fig. 1b).

We classified the T cells identified among the PBMCs into 18 sub-
sets, including Tfh, effector (TEF), exhausted (TEX) clusters, innate-like
T cells, and others (Fig. 1b). By comparing the relative proportions of
these subsets in patients and healthy donors, we found the Tfh, cycling
CDS8', and CD8" TEX granzyme A" (GZMA) subsets were significantly
enriched, whereas gamma-delta (y8) T cells were diminished in
patients (Fig. 1c). Gene ontology (GO) pathway enrichment analysis of
the T cells further indicated more transcription from genes involved in
T cell responses in the cells from patients than in those from healthy
donors (Fig. 1d). Moreover, patient TEF and TEX CD8" T cells scored
more highly in cytotoxicity assays than did these cells from healthy
donors (Fig. 1e). Discriminant regulon expression analysis (DoRothEA),
which estimates transcription factor activity from the mRNA levels of
their target genes, predicted that the observed enhancement of T cell
responses is driven by certain signaling pathways and transcription
factors (Supplementary Fig. 1c, d). This includes, but is not limited to,
well-known innate immunity modulators such as JAK-STAT signaling
pathways, and the transcription factors IRF2 and RELA (Supplementary
Fig. 1c, d)***, suggesting the presence of a complex regulatory net-
work that influences T cell dynamics. To determine which T cell sub-
sets are involved in the response to acute HBV infection, we analyzed
TCR clonality and observed more clonal expansion in patients than in
healthy donors (Fig. 1f), particularly expansion of differentiated CD4"
T cells, CD8" TEF granzyme K* (GZMK), and CD8" TEF granulysin®
(GNLY) subsets (Fig. 1g). Additionally, we observed an increase in the
Vy9- subset within the y& T cell population from the PBMCs of acute
HBV patients (Supplementary Fig. 1e), consistent with a previous
report describing dominant clonal expansions of human Vy9- T cells
during adaptive antiviral immunosurveillance®. These findings indi-
cate a robust T cell response during acute HBV infection.

Myeloid cells are crucial for antigen presentation in T cell
immunity”. These cells comprised 7 subsets within PBMCs, including
monocytes, macrophages, and DCs (Fig. 1b). Gene set enrichment
(GSEA) and gene expression analyses revealed that, during acute HBV
infection, specific subsets of myeloid cells exhibited enhanced acti-
vation and adhesion (Fig. 1h and Supplementary Fig. 1f), a response
that can be primed by granulocyte-monocyte colony-stimulating fac-
tor (GM-CSF)”. In contrast, genes associated with interferon (IFN)
production and signaling, as well as pro-inflammatory cytokine
secretion, did not show increased expression in these cells compared
to those from healthy donors (Fig. 1h and Supplementary Fig. 1f).
Additionally, DoRothEA analysis indicated downregulation of key
innate immunity modulators, including NF-kB and JAK-STAT signaling
pathways, as well as the transcription factor RELA, in these cells
(Supplementary Fig. 1g, h). These findings are consistent with previous
reports that patients with acute HBV infection do not mount a robust
innate immune response to the virus®®. Further GSEA of DC subsets
found that genes involved in lymphocyte activation and immune
synapse formation were downregulated in cDC2s from patients when
compared with healthy controls (Fig. 1i), suggesting that cDC2s may be
ineffective in driving CD4" T cell responses in these patients, contrary
of what might be expected from our understanding of classical CD4" T
cell activation by cDC2s"*.,

Comparative analysis of the immune cell subsets in PBMCs and
matched liver tissue from the same patient revealed significantly
greater enrichment of certain myeloid cell and CD8" T cell subsets in
the liver than in PBMCs (Supplementary Fig. 1i). By using NicheNe-
t algorithm to predict ligand-receptor interactions between these
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Fig. 1| Single-cell landscape of T-cell responses in acute HBV patients. a A
schematic workflow of the study design (top) and the clinical time course of five
acute HBV infection (AHB) patients (bottom) (created with BioRender.com).

b Uniform manifold approximation and projection (UMAP) visualization of PBMCs
and liver cells, colored by cluster. CD4 TEF GZMK: Granzyme K" effector CD4"

T cells; CD8 TEX GZMA: Granzyme A" exhausted CD8' T cells. ¢ Box plots showing
the fold enrichment of cell type proportions between AHB patients (n =5) and
healthy donors (HDs, n = 5). In each plot, the box represents the interquartile range,
with the median indicated by a horizontal line. The lower whisker extends to the
minimum (lowest value within 1.5xIQR) and the upper whisker extends to the
maximum (highest value within 1.5 x IQR). d Pathway enrichment analysis of T cells
in AHB patients versus HDs. e Box plots illustrating the cytotoxicity scores of TEF
and TEX CD8' T cell subsets in AHB patients (n = 5) versus HDs (n = 5). Each box plot
displays the minimum, lower quartile, median, upper quartile, and maximum

—
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values. f Clonal status percentages of T cells across AHB patients and HDs.

g Proportion of single and expanded clones (left) and quantification of clonal
expansion (right) in T cell clusters in AHB patients (n=>5) versus HDs (n=5). The
point estimates (odds ratios) are depicted with error bars representing the 95%
confidence intervals. h Gene set enrichment analysis (GSEA) of myeloid cell clusters
in AHB patients versus HDs. ISG: Interferon-stimulated genes. i GSEA of dendritic
cells (DCs) in AHB patients versus HDs. j Circos plot illustrating the prioritized
interactions mediated by ligand-receptor pairs between hepatic-enriched myeloid
cell subsets and activated and cycling CD8" T cells within the liver. Statistical ana-
lysis was performed using two-tailed Mann-Whitney tests (c), one-tailed Fisher’s
exact test (d), two-tailed Student’s t-tests (e), two-tailed Fisher’s exact test (g) and
Kolmogorov-Smirnov (K-S) test followed by Benjamini-Hochberg procedure (h, i).
Statistically significant results are labeled (*p < 0.05, **p < 0.01, ***p < 0.001).

enriched cell subsets, we found that c¢DCls established most ligand-
receptor interactions with activated and proliferating CD8" T cells,
surpassing even the interactions of Kupffer cells (specialized macro-
phages in the liver) and other myeloid cells with CD8" T cells (Fig. 1j).
This suggests that cDCls, in addition to the previously reported
Kupffer cells***°, may be also crucial for priming CD8" T cell responses

against HBV in the liver, though further in-depth studies involving
more patients are needed to confirm these findings. Overall, our
scRNA-seq analysis indicates that HBsAg presentation underlying T cell
immunity in acute HBV patients may involve c¢DCls, independent of
cDC2s, suggesting the potential presence of novel intercellular
mechanisms.
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Intrahepatic Batf3"XCR1"CCR7 cDCls drive CD8" T cell
response against HBsAg
As the location of CD8" T cell priming in HBV infection remains poorly
understood’, we began investigating the sites of CD8" T cell responses
following HBsAg expression in hepatocytes. To do so, we created a
recombinant HBV construct, pHBV1.3/ovalbumin (OVA) 257-264,
which expresses HBsAg fused to an epitope of OVA, OVA257-264, in
the context of HBV replication (Supplementary Fig. 2a). This epitope is
recognized specifically by the CD8" T cells of OT-I mice, which express
a transgenic TCR specific for the OVA257-264 peptide bound to the
MHC-I molecule H-2K**. The recombinant HBsAg, containing the
inserted epitope, remains functional: it is secreted and supports HBV
release (Supplementary Fig. 2b). Also, it has a buoyant density and
particle size similar to wild-type (WT) HBsAg (Supplementary
Fig. 2¢, d). Following hydrodynamic injection into the tail vein of mice
(Supplementary Fig. 2e), this construct instigated earlier activation,
increased division, and amplified effector functions of OT-I T cells in
the liver than in the spleen and liver-dLNs, as analyzed by flow cyto-
metry (Supplementary Fig. 2f). Consistent with this conclusion, the
CDS8' T cell response in the liver was unchanged by prior splenectomy
combined with an anti-CD62L antibody treatment (Supplementary
Fig. 2g, h), which inhibits the homing of naive T cells to LNs, or treat-
ment with sphingosine-1-phosphate receptor modulator FTY720
(Supplementary Fig. 2g, i), which blocks the egress of T cells from LNs.
We further confirmed that the liver supports CD8" T cell responses
against HBsAg using HBV Env28 TCR transgenic T cells (Supplemen-
tary Fig. 2e, j), which specifically recognize an HBsAg epitope pre-
sented by MHC-I (H-2K%)*2, These results corroborate the essential role
of the liver in priming CD8" T cells against HBsAg, at least in mice*>*,

The mechanism of CD8" T cell priming in the liver is controversial
due to the multiplicity and heterogeneity of antigen-presenting
cells®™®*°*, To identify the subsets and the cellular interaction respon-
sible for HBsAg-related CD8' T cell responses in the liver, we performed
scRNA-seq on liver cells sorted by fluorescence activated cell sorting
(FACS) from mice at days O and 2.5 after the hydrodynamic injection of
pHBV1.3/0VA257-264 (Supplementary Fig. 3a). This analysis identified
various cell types, including diverse DC and CD8" T cell subsets in the
liver (Fig. 2a, b, Supplementary Fig. 3b and Supplementary Data 3), with
clustering patterns similar to those observed in humans (Fig. 1b)*. We
analyzed the subsets for the presence of MHC-1 (H-2K®) molecules
bound to the OVA257-264 peptide epitope SIINFEKL by flow cytometry
after labeling with an antibody, 25-D1.16, which binds specifically to the
H-2K°-SIINFEKL complex. Intrahepatic resident ¢DCls (CCR7) had the
most H-2K°-SIINFEKL complex, hepatocytes, LESCs, migratory cDCs
(CCR7*, mig-cDCs), and monocyte-derived DCs (mono-DCs) had lesser
amounts, and Kupffer cells, B cells and cDC2s had none (Fig. 2c). Co-
culture of OT-1 T cells with various liver cell subsets showed that only
¢DCls could induce OT-1 T cell proliferation (Fig. 2d). Consistent with
this finding, 3.5 days after hydrodynamic injection, OT-I T cell pro-
liferation and differentiation were nearly completely blocked in Batf3
KO mice (Fig. 2e, f), which lack c¢DCls in their liver (Supplementary
Fig. 3c). Furthermore, when the recruitment of cDCI1 cells via the XCR1
receptor and its ligand XCL1 was blocked using an anti-XCL1 antibody,
there was significantly less OT-I T cell proliferation and differentiation
(Fig. 2g, h). By contrast, OT-I T cell proliferation and differentiation were
unaffected in monocyte-deficient CCR2 KO, Kupffer cell-depleted, and
B cell-deficient pMT mice (Supplementary Fig. 3d-i). We conclude from
these experiments that the intrahepatic resident Batf3*XCR1'CCR7
cDCls are the subset of antigen-presenting cells crucial for HBsAg-
specific CD8" T cell responses in the liver, aligning with the established
role of ¢cDCls in CD8" T cell responses™*, as exemplified by lympho-
cytic choriomeningitis virus (LCMV) Armstrong infection (Supplemen-
tary Fig. 3j, k).

We confirmed our conclusion that the cDCls initiate CD8" T cell
responses against HBsAg by using HBV Env28 TCR transgenic T cells

(Fig. 2i, j). Further validation was provided by employing an MHC-
peptide tetramer and 5-ethynyl-2’-deoxyuridine (EdU) incorporation
assay to detect the proliferation of endogenous HBsAg-specific CD8"
T cells (Fig. 2k, 1), thereby ruling out the potential artifact associated
with transgenic TCRs. The predominance of ¢cDCls in the CD8" T cell
response in the liver was also evident in two additional HBV mouse
models: the prcccDNA model (Supplementary Fig. 3l, m) and the
AdHBV model with a high infection dose of 3 x 10 infectious units (i.u.)
(Supplementary Fig. 3n, 0)*. In addition, supporting a specific role of
cDCls in HBsAg presentation, we found that cDCls (Fig. 2m, and
Supplementary Fig. 4a, b), but not macrophages (Supplementary
Fig. 4c), were essential for the clearance of HBsAg from liver tissues.
Thus, consistent with the NicheNet analysis of our human scRNA-seq
data (Fig. 1j), the intrahepatic resident Batf3"XCR1'CCR7 cDCls are the
primary antigen-presenting cells in the CD8" T cell response against
HBsAg in the liver.

The cDCls acquire and present HBsAg by MHC-I cross-dressing
but not cross-presentation
¢DCls can present the antigens that they take up by endocytosis on
MHC-I rather than on MHC-II molecules, a process called cross-
presentation*. To investigate whether cDCls elicit CDS8" T cell
responses to HBsAg by endocytosis and cross-presentation, we first
tested whether a non-secreted variant of recombinant HBsAg expres-
sed by the pHBV1.3/OVA257-264 construct would prime the OT-I T cell
response. Despite the fact that this form of recombinant HBsAg was
not secreted (Supplementary Fig. 5a), the amount of MHC-I-SIINFEKL
on cDCls and the OT-I T cell response was unaffected after hydro-
dynamic injection of this construct into WT mice that had previously
received a transfer of OT-1 T cells (Supplementary Fig. 5b-d), indicat-
ing that cDCls do not take up recombinant HBsAg by endocytosis for
cross-presentation. We investigated whether cDCls take up recombi-
nant HBsAg released from hepatocytes in extracellular vesicles (exo-
somes) by using Rab27a KO mice in which exosome release is
impaired*’*%, Again, MHC-I-SIINFEKL presentation and OT-1 T cell
responses were unaffected (Supplementary Fig. Se-g). Also, we
examined whether ¢cDCls acquired HBsAg from dying hepatocytes by
expressing HBsAg as a fluorescent fusion protein with ZsGreen from an
HBV replicon, utilizing the virus’s own hepatocyte-specific promoter
(Supplementary Fig. 5h). The ZsGreen signal in hepatocytes indicated
intracellular HBsAg (Supplementary Fig. 5i). Although we found
ZsGreen in Kupffer cells and liver sinusoidal endothelial cells (LSEC),
we did not find it in cDCls (Supplementary Fig. 5j). Furthermore,
blocking DNGR-1, a receptor implicated in dead cell debris recognition
and internalization by cDCl1s*, did not affect antigen presentation or
CD8" T cell priming by cDCls (Supplementary Fig. Sk-m). Together,
these data indicate that the Batf3*XCR1'CCR7 c¢DCls do not acquire
recombinant HBsAg from the environment, thus they may not use
classical cross-presentation to present on MHC-I-HBsAg peptide anti-
gens to CD8* T cells.

¢DCl1s can acquire antigenic peptides bound to MHC-1 by non-
canonical MHC-I cross-dressing under certain circumstances™. If the
Batf3*XCR1'CCR7 ¢DCls obtain intact HBsAg peptide-MHC-I com-
plexes from neighboring cells by MHC-I cross-dressing, MHC-I
expression by the cDCls would not be necessary for a T cell
response. To test this prediction, we transferred cDCls from MHC-I-
deficient 32M KO mice, or control WT mice, into cDCl1-deficient Batf3
KO mice (Fig. 3a). Unlike in LCMV Armstrong infection, where MHC-I
expression on cDCls was required for effective CD8" T cell priming by
cross-presentation (Supplementary Fig. 6a, b), the p2M KO c¢DCls
primed CD8" T cell responses against HBsAg as well as the WT cDCls
did, indicating that the MHC-I defective cDCls acquired HBsAg
peptide-MHC-I complexes from neighboring cells by cross-dressing
(Fig. 3b, ¢). To consolidate this conclusion, we implanted bone marrow
from Batf3 KO or WT BALB/c (H-2KY) into lethally irradiated F1 (C57BL/
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Fig. 2 | Intrahepatic Batf3’XCR1'CCR7 cDCIls drive CD8’ T cell response
against HBsAg. a UMAP plot of 4829 single liver cells as illustrated in Supple-
mentary Fig. 3a. b Dot plot of selected canonical cell markers across populations
detailed in (a). ¢ Representative FACS plots and percentages of H-2K-SIINFEKL-
expressing antigen-presenting cells (APCs) in WT mouse livers at days 0 and 2.5
post-pHBV1.3/0OVA257-264 hydrodynamic injection (HDI) (n =3). d Representative
Violet tracer dilution and proliferation index of OT-I T cells after a 3-day culture
alone or with liver-sorted APCs from WT mice post-1 day pHBV1.3/OVA257-264 HDI
(n =6 biologically independent replicates). e, f Violet tracer-labeled OT-I T cells
were transferred into WT or Batf3 KO mice, followed by pHBV1.3/OVA257-264 HDI
for 3.5 days. e Representative Violet tracer dilution and proliferation index (n=6).
fRepresentative FACS plots and percentages of IFN-y* or GzmB* OT-I T cells (n = 6).
g, h Violet tracer-labeled OT-I T cells were transferred into WT recipients treated
with anti-XCL1 versus control antibody, followed by pHBV1.3/OVA257-264 HDI for

3.5 days. g Representative Violet tracer dilution and proliferation index (n = 6).

h Representative FACS plots and percentages of IFN-y" or GzmB* OT-I T cells (n = 6).
i, j Same as (g, h) but using HBV Env28 T cells as donors and BALB/C mice as
recipients receiving pHBVL3 for HDI (n =3). k, 1 Representative FACS plots and
percentages of HBV ENV353 tetramer-specific CD8 T cells in Batf3 KO versus WT
mice at day 5 post-pHBV1.3 HDI (n = 6), and representative FACS plots and per-
centages of EdU" cells among these tetramer-specific CD8" T cells (n=3).

m Intrahepatic HBsAg levels in WT and Batf3 KO mice on day 14 post-pHBV1.3 HDI
(n=15 fields from 5 mice). Scale bars, 50 um. At least two independent experiments
were performed. The horizontal lines represent median values. Statistical sig-
nificance was calculated using one-way ANOVA with Dunnett’s multiple compar-
isons test (d) and two-tailed Student’s ¢-tests (c, e-m). Significance levels are
indicated as follows: *p < 0.05, **p < 0.01, *p < 0.001, ***p < 0.0001. Source data
and exact p-values are provided in the Source Data file.

6 X BALB/c) mice (Fig. 3d). Upon pHBV1.3/OVA257-264 injection, OT-I
T cell expansion occurred in chimeras reconstituted with BALB/c bone
marrow, but not in those with Batf3 KO bone marrow (Fig. 3e),
underscoring H-2K’-restricted OT-I response mediated by BALB/c
¢DCls. The ¢DCls in the mice that received the BALB/c bone marrow
were exclusively BALB/c-derived, as expected (Supplementary Fig. 6c).
When we measured the percentages of various classes of BALB/c DCs
that had H-2K°-SIINFEKL, the class with the highest percentage was the

cDCls (Fig. 3f), indicating that these cells must have acquired the
H-2K°-SIINFEKL by cross-dressing.

To demonstrate that MHC-I cross-dressing was not confined to a
specific experimental system, we first confirmed that the response of
endogenous HBsAg-specific CD8" T cells was independent of MHC-I
expression on c¢DCls in the pHBV1.3 mouse model (Fig. 3g). Further, by
reconstituting F1 mice with either Batf3 KO or C57BL/6 (H-2K®) bone
marrow, we showed that C57BL/6-derived cDCls could also mediate
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Fig. 3 | The cDCls acquire and present HBsAg by MHC-I cross-dressing. a A
schematic of the cell reconstitution strategy and experimental timeline.

b Representative Violet tracer dilution and proliferation index from the mice
described in (a) (n = 6). c Representative FACS plots and percentages of IFN-y* or
GzmB* OT-I T cells from the mice described in (a) (n=3). d Schematic of bone
marrow chimeras generation and experimental timeline (created with BioR-
ender.com). e Representative Violet tracer dilution and proliferation index of OT-I
T cells from mice described in (d) at day 3.5 post-pHBV1.3/OVA257-264 HDI (n=5).
f Representative FACS plots and percentages of H-2K’-SIINFEKL-expressing BALB/c
APCs at day 0 and 2.5 in the livers of mice from (d) post-pHBV1.3/OVA257-264 HDI
(n=6). g Representative FACS plots and percentages of ENV353 tetramer-specific
CD8' T cells from mice described in (a) at day 5 post-pHBV1.3 HDI (n=6).

h Representative Violet tracer dilution and proliferation index of Env28 T cells in F1
chimeras reconstituted with C57BL/6 versus Batf3 KO bone marrow at day 3.5 post-

pHBV1.3 HDI (n = 3). i Intrahepatic HBsAg levels in Batf3 KO mice reconstituted with
2M KO or WT ¢DCls at day 14 post-pHBV1.3 HDI (n =15 view fields from 5 mice).
Scale bars, 50 pm. j Schematic of chimeras generation and experimental timeline
(created with BioRender.com). k Representative FACS plots and percentages of
H-2K®-SIINFEKL-expressing cDCls from mice described in (j) at day 2.5 post-
pHBV1.3/0VA257-264 HDI (n = 6). I Representative FACS plots and percentages of
H-2K®-SIINFEKL-expressing cDCls after a 1-day co-culture with unpulsed or
SIINFEKL-pulsed hepatocytes or LSECs (n =3 biologically independent replicates).
At least two independent experiments were performed. Horizontal lines in

(b, ¢, e-i, k) represent median values. Error bars in (I) represent mean + SD. Sta-
tistical significance was calculated using two-tailed Student’s t-tests (b, ¢, e-i, k) and
one-way ANOVA with Tukey’s multiple comparisons test (I). Significance levels are
indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Source data
and exact p-values are provided in the Source Data file.

the H-2K%restricted response of HBV Env28 TCR transgenic T cells
(Fig. 3h). Similar evidence of cDCI1 cross-dressing was observed in both
the prcccDNA and high-dose AdHBV models. Specifically, HBsAg-
specific CD8" T cell expansion occurred independently of MHC-I
expression on cDCls (Supplementary Fig. 6d, e), and C57BL/6-derived
cDCls mediated the H-2K%restricted response of HBV Env28 TCR
transgenic T cells in these two models (Supplementary Fig. 6f, g). cDC1

cross-dressing was also observed after hydrodynamic injection of a
low dose of pHBV1.3/OVA257-264 (Supplementary Fig. 7a-c), which
resulted in low HBsAg expression (Supplementary Fig. 7d, e), and in
AdHBV (low-dose infection: 1 x 10° i.u.*?) and AAVS-HBV infections
(Supplementary Fig. 7f-k), both of which caused mild yet observable
liver inflammation (Supplementary Fig. 71)*>*.. These findings suggest
that cDC1 cross-dressing may not be exclusively dependent on the
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rapid expression of a large amount of HBsAg or on marked inflam-
mation. Moreover, hydrodynamic injection of the pALB-Igk/HEL-
OVA257-264 plasmid, expressing a secretable hen egg lysozyme (HEL)-
OVA257-264 fusion protein under the hepatocyte-specific albumin
(ALB) promoter (Supplementary Fig. 8a), demonstrated that cDCls
drove OT-1 T cell proliferation in a manner dependent on the expres-
sion of MHC-I by cDCls themselves (Supplementary Fig. 8b, c¢). This
raises the possibility that cDC1 cross-dressing may not be a general
feature of secreted proteins from hepatocytes, but rather a mechanism
potentially specific to HBsAg. Finally, while cDCls played a significant
role in intrahepatic HBsAg clearance (Fig. 2m and Supplementary
Fig. 4a, b), this process did not require MHC-I expression by cDCls
(Fig. 3i), indicating that MHC-I cross-dressing of cDCls contributes to
the clearance of intrahepatic HBsAg. In conclusion, intrahepatic resi-
dent Batf3*XCRI'CCR7 ¢DCls drive the CD8" T cell response against
HBsAg in the liver through MHC-I cross-dressing.

Irradiation-resistant cells provide HBsAg peptide-MHC-1 com-
plexes for cross-dressing

To identify the source of HBsAg peptide-MHC-1 complexes for cross-
dressing of ¢DCls, we reconstituted irradiated WT and 32M KO mice
with bone marrow from WT mice (Fig. 3j). Many fewer cDCls presented
recombinant HBsAg in the 32M KO mice when compared with the WT
controls (Fig. 3k), suggesting that the HBsAg peptide-MHC-I com-
plexes used to cross-dress cDCls come from irradiation-resistant cells.
LSECs, which can uptake dying hepatocytes (Supplementary Fig. 5j),
present H-2K-SIINFEKL complexes at higher levels than hepatocytes
(Fig. 2c). This led us to hypothesize that LSECs, in addition to HBsAg-
producing hepatocytes, may contribute to cross-dressing of cDCls. To
test this, we loaded SIINFEKL onto both LSECs and hepatocytes and
cocultured them with ¢DCls to assess H-2K®-SIINFEKL complex trans-
fer. Flow cytometry analysis showed that both LSECs and hepatocytes
transferred these complexes to cDCls, with LSECs demonstrating
greater efficiency (Fig. 3l). In conclusion, intrahepatic resident
Batf3*XCRI'CCR7 cDCls likely utilize HBsAg peptide-MHC-I com-
plexes derived from irradiation-resistant cells, particularly LSECs, to
drive the CD8" T cell response against HBsAg.

B cells but not cDCs initiate CD4" T cell responses against HBsAg
To investigate the mechanism by which antigen-presenting cells acquire
HBsAg to drive CD4" T cell responses, we generated a recombinant
pHBVL3 replicon (pHBV1.3/0VA323-339) that expresses HBsAg fused to
the OVA323-339 peptide (Supplementary Fig. 2a). The OVA323-339
peptide bound to MHC-II is recognized by CD4* T cells in OT-Il mice,
analogous to the previous CD8" T cell experiments with OT-I mice. To
identify the antigen-presenting cell subsets that present OVA323-339 to
CD4" T cells, we transferred OT-II T cells into mice lacking one subset
and then introduced pHBV1.3/0VA323-339 by hydrodynamic injection.
Ablation of all ¢cDCs in Zbtb46-diphtheria toxin (DT) receptor (DTR)
mice by treatment with the toxin had no effect on early OT-II T cell
activation (Supplementary Fig. 9a), proliferation (Supplementary
Fig. 9b), or Tfh and effector differentiation (Supplementary Fig. 9¢, d) in
the spleen, dLNs, and liver after injection of pHBV1.3/OVA323-339, as
determined by flow cytometry. This was true, likewise, when either the
¢DC1 or the cDC2 subset was constitutively deficient in Batf3 KO mice
and Irf4"CD11cCre mice, respectively (Supplementary Fig. e, f). As a
positive control, immunization with OVA-conjugated sheep red blood
cells (SRBC-OVA) elicited the classical cDC-dependent OT-Il T cell
responses (Supplementary Fig. 9g, h)*>. These findings challenge the
conventional paradigm that cDCs, especially cDC2s, initiate CD4" T cell
responses?, but are consistent with our human scRNA-seq data (Fig. 1i)
and with the clearance of intact HBsAg from the circulation and liver
tissues in Irf4Y"CDI11cCre mice (Supplementary Fig. 10a, b).

Similarly, the absence of monocytes or macrophages had no
effect on OT-II T cell proliferation (Supplementary Fig. 9i, j). In B cell-

deficient uMT mice, by contrast, OT-II T cell activation was abrogated
in the spleen and impaired in the dLNs but remained intact in the liver
(Fig. 4a). Notably, there was almost no proliferation (Fig. 4b) or dif-
ferentiation (Fig. 4c, d) of OT-II T cells in these three organs of puMT
mice. These findings indicate that B cells are essential for initiating OT-
II T cell responses, though other cells may provide weak activation
signals that are insufficient for full responses, particularly in the liver. A
similar phenomenon was observed in vesicular stomatitis virus (VSV)-
specific BCR transgenic VIIOYEN mice (Supplementary Fig. 1la-c),
which lack a normal B cell repertoire. Importantly, a role of B cells was
also observed in the response of endogenous CD4" T cells, which dif-
ferentiated less in uMT mice than in WT mice (Fig. 4e, f), whereas they
differentiated normally in cDC-ablated mice (Supplementary Fig. 9Kk, I).
The essential role of B cells in initiating endogenous CD4" T cell
responses to HBsAg was also demonstrated in both the prcccDNA and
high-dose AdHBV mouse models (Supplementary Fig. 11d-g). Addi-
tionally, B cells initiated CD4" T cell responses under low HBsAg
expression induced by hydrodynamic injection of a low dose of
pHBV1.3/OVA323-339 (Supplementary Fig. 12a), or during mild
inflammation in low-dose AdHBV and in AAV8-HBYV infections (Sup-
plementary Fig. 12b-e). Moreover, the lack of MHC-Il on B cells
(Fig. 4g), but not on phagocytes (Supplementary Fig. 9m), significantly
impeded OT-II T cell proliferation, suggesting that B cells prime CD4" T
cell responses against recombinant HBsAg by presenting antigens on
MHC-IL Finally, B cells contributed to the clearance of both circulating
and intrahepatic HBsAg (Fig. 4h, i), as did CD4" T cells (Supplementary
Fig. 13a, b). However, injection of the mouse HBsAg-specific mono-
clonal antibody 129G1* resulted in the clearance of only circulating
HBsAg, without affecting intrahepatic HBsAg clearance (Supplemen-
tary Fig. 13c, d). These findings suggest that B cells may not only
mediate an antibody response, with the assistance of Tfh cells, to clear
circulating HBsAg, but also initiate effector CD4" T cell responses to
clear intrahepatic HBsAg. Thus, B cells are the principal antigen-
presenting cells that initiate CD4" T cell responses against HBsAg.

B cells acquire nonopsonized HBsAg in situ

To study where and how HBsAg-specific B cells acquire HBsAg for
initiating CD4" T cell responses, we developed a knock-in mouse
model, termed S129Gl,,, that expresses a monoallelic immunoglo-
bulin (Ig) heavy/light chain derived from the 129Gl monoclonal
antibody™, along with a human Igk constant region (HuCk) (Fig. 5a). B
cells in these mice predominantly expressed the engineered B cell
receptor, which recognizes HBsAg (Fig. 5b). We transferred S129G1y,; B
cells into congenic WT mice and blocked the entry of patrolling B cells
into the white pulp (lymphoid region) of the spleen by using anti-LFA-1
and anti-a4 antibodies®, and into LNs by using an anti-CD62L anti-
body, respectively (Fig. 5c). Following the blockade and 18 hours after
pHBVL.3 injection, we observed that the BCR signaling intensity, as
indicated by Nur77 expression, remained intact in S129Gl,, B cells
from both the spleen and dLNs (Fig. 5d, e), suggesting that S129G1,;, B
cells can acquire HBsAg in the white pulp of the spleen and dLNs
without the need for patrolling the periphery. Likewise, splenectomy
and B cell egress inhibition from LNs using FTY720 also did not alter
S$129G1y, B cell activation in the liver (Fig. 5f), suggesting that S129Gl,y,
B cell antigen engagement in the liver is independent of the spleen and
dLNs. Furthermore, 18 hours after pHBV1.3 injection, the S129G1,, B
cells had not migrated to outer B cell follicles near antigen-rich areas
like the marginal or subcapsular sinus (Fig. 5g)", indicating that
S129Gl1y, B cells acquire HBsAg in situ.

Once antigens are passively transported to the lymphoid tissues
via blood or lymph, small, soluble antigens with a radius of less than
approximately 5.5nm (about 70 kDa) can filter through the conduit
system to gain direct access to lymphoid B cell follicles™, while larger
antigens require active transport by accessory or resident cells after
opsonization to gain access to these follicles”. Complement
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Fig. 4 | B cells initiate CD4" T cell responses against HBsAg. a-d OT-II T cells,
labeled with Violet tracer where indicated, were transferred into WT or pMT mice,
followed by pHBV1.3/OVA323-339 HDI. Spleens, draining LNs (dLNs), and livers
were harvested for FACS analysis from days 2 to 4.5 post-HDI. a Representative
histogram and geoMFI data of CD69 expression at day 2 (n=3). b Representative
Violet tracer dilution and proliferation index at day 3.5 (spleen and dLN: n = 5; liver:
n=4).cRepresentative FACS plots and percentages of CXCR5'Bcl6" OT-II T cells at
day 3.5 (n=5). d Representative FACS plots and percentages of T-bet'GzmB" OT-II
T cells at day 4.5 (n = 6). e, f Representative FACS plots and percentages of endo-
genous CD25'0X40" (e, n=7) and T-bet'GzmB" (f, n = 6) CD4* T cellsin the spleens,
dLNs, and livers from pMT versus WT mice at day 5 post-pHBV1.3 HDI.

d.p.i

g Representative Violet tracer dilution and proliferation index of transferred OT-II
T cells in spleens, dLNs, and livers from pMT mice reconstituted with MHC-1l KO
versus WT B cells at day 3.5 post-pHBV1.3/0VA323-339 HDI (n=3). h, i Circulating
HBsAg levels (h, n=4) and intrahepatic HBsAg levels (i, n =15 view fields from 5
mice) in WT and pMT mice, with serum collected at the indicated time point and
liver tissues on day 14 after pHBV1.3 HDI. Scale bars, 50 pm. At least two inde-
pendent experiments were performed. Horizontal lines in (a-g, i) represent median
values. Error bars in (h) show mean + SD. Statistical significance was calculated
using two-tailed Student’s t-tests (a-g, i) and two-way ANOVA (h). Significance
levels are indicated as follows: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
Source data and exact p-values are provided in the Source Data file.

component 3 (C3) and Fc-gamma receptor IIB (FcyRIIB) are essential
for antigen opsonization”. Supporting this model, the small soluble
HEL protein (approximately 14.4 kDa) expressed via hydrodynamic
injection of the pALB-Igk/HEL plasmid, induced intact BCR signaling in
HEL-specific Hy10 B cells after knockout of C3 or FcyRIIB expression
(Supplementary Fig. 14a, b), or depletion of cDCs or macrophages
(Supplementary Fig. 14c, d). Surprisingly, HBsAg, despite being a large
subviral particle far exceeding 70 kDa in size, similarly did not require
the expression of C3, FcyRIIB, or the involvement of ¢cDCs or macro-
phages to elicit BCR signaling in S129Gly, B cells following pHBV1.3
injection (Fig. 5h-k). Importantly, HBsAg’s ability to bypass these fac-
tors is not due to a lack of HBsAg-specific antibodies for opsonization.
Natural IgG binding to HBsAg was detectable in WT but absent in B cell-
deficient pPMT mice (Supplementary Fig. 14e). Furthermore, HBsAg-
specific 1gG was induced as early as 18 hours after hydrodynamic
injection of pHBV1L3 in WT mice (Supplementary Fig. 14f). These
findings indicate that HBsAg can reach lymphoid B cell follicles without
undergoing the opsonization process or being constrained by the

conduit system’s size limitations, thereby enabling S129Gl1y;; B cells to
acquire HBsAg in situ, challenging established assumptions*".

B cells initiate CD4" T cell responses sequentially in follicular
and interfollicular areas

To examine where HBsAg-specific B cells present antigen to their
cognate CD4" T cells, we followed the migration of S129G1y; B cells and
OT-II T cellsin WT recipients by immunofluorescence microscopy after
injection of pHBV1.3/OVA323-339. After 24 hours, around half of the
OT-II T cells had migrated from the T cell zone to follicular regions of
the spleen and dLNs (Fig. 6a, b), some of which co-localized with
S129Gly, B cells. When non-cognate VIIOYEN B cells and OT-II T cells
were transferred into HEL-specific BCR transgenic MD4 mice, by con-
trast, the T cells neither migrated into follicles (Supplementary
Fig. 15a, b) nor were activated (Supplementary Fig. 15c). Thus, T cell
migration into follicles appears to depend on cognate B cells. After
1.5 days, both S129G1y, B and OT-II T cells began to accumulate in the
interfollicular regions between the follicles and remained enriched in
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Fig. 5 | B cells acquire nonopsonized HBsAg in situ. a Schematic illustrating the
targeting strategy for generating HBsAg-specific Ig knock-in mice, named S129Gly, .
b Representative FACS plots and percentages of HuCk*, HBsAg-binding cells in the
blood from S129Gly; versus WT mice, gated on B220" cells (n =3). ¢ Schematic
showing the time course of the B cell response to HBsAg. d Representative histo-
grams and geoMFI data of Nur77 expression in S129Gly, B cells in the spleens from
WT recipients treated with both anti-LFA-1 and anti-oa4 versus control antibodies, at
21 hours post-pHBV1.3 HDI (n = 3). e Representative histograms and geoMFI data of
Nur77 expression in S129G1;; B cells in the dLNs from WT recipients treated with
anti-CD62L versus control antibodies, at 21 hours post-pHBV1.3 HDI (n = 3).
fRepresentative histograms and geoMFI data of Nur77 expression in the livers from
mice with both splenectomy and FTY720 versus control treatments, at 21 hours

post-pHBV1.3 HDI (n = 3). g Immunohistochemistry of spleens and dLNs from WT
recipients at 18 hours post-pHBV1.3/0VA323-339 HDI, showing S129G1y;, B cells
(HuCk, blue) and endogenous B cells (IgD, brown). Scale bars, 50

pm. h-k Representative histograms and geoMFI data of Nur77 expression in
transferred S129G1y, B cells in the spleens, dLNs, and livers from C3 KO (h, n=3),
FcyRIIB KO (i, n =3), Zbtb46-DTR chimeras treated with DT (j, n=3), and WT mice
treated with CLD liposomes (k, n=3), compared to their respective controls, at
21 hours post-pHBV1.3 HDI. At least two independent experiments were performed.
The horizontal lines represent median values. Statistical significance was calculated
using two-tailed Student’s t-tests. Significance levels are indicated as ****p < 0.0001.
Source data and exact p-values are available in the Source Data file.

these regions on day 2.5 (Fig. 6a, b). We observed a similar migratory
pathway when we used SMARTA TCR transgenic T cells, specific for
LCMV glycoprotein (GP) 66-80 epitope and injected the pHBV1.3/
GP66-80 replicon (Supplementary Fig. 15d, e). By contrast, consistent
with our previous report™, in the SRBC-OVA immunization model,
splenic cDCs marked by DCIR2 re-localized from marginal zone brid-
ging channels to the outer T cell zone, and nearly the entire population
of activated OT-II T cells co-localized with the activated DCIR2" cDCs
(Supplementary Fig. 15f, g). Together, these findings reveal that B cells
present antigens to CD4" T cells through a series of interactions first in
the follicles and then in the interfollicular regions of the spleen and
dLNs, suggesting an alternative to the traditional view that CD4" T cells
are primed in T cell zones by ¢cDCs"?*.

CCRS and EBI2 guide the follicular and interfollicular priming of
CD4" T cells by B cells, respectively

To identify the cues that might guide B cell and T cell migration and
mediate their interactions, we conducted RNA-seq analysis on the

transferred S129Gly; B cells in the spleen 18 hours after pHBV1.3/
OVA323-339 injection. This revealed that the genes encoding CCL3 and
CCL4 were most significantly induced (Fig. 7a and Supplementary
Data 4), both of which are ligands for the chemokine receptor CCR5 on
naive CD4" T cells®. These were the only upregulated chemokine genes
in S129Gly, B cells (Fig. 7b). Treatment of the mice with maraviroc, a
commonly used CCRS antagonist’®”, halted OT-Il T cell migration
towards S129G1,y, B cells in follicles and hindered their activation after
injection of pHBVI1.3/OVA323-339 (Fig. 7c-e). Our previous work
identified a key role for the oxysterol receptor EBI2 and its ligand,
7a,25-dihydroxycholesterol, in positioning activated T cells and cDC2
cells in the outer T cell zone*?. Similarly, both EBI2 KO S129G1,y, B cells
and EBI2 KO OT-II T cells failed to concentrate in interfollicular regions,
instead localizing to the central T-B border (Fig. 7f, g) or the T cell zone
(Fig. 7h, i), respectively. EBI2-deficient OT-II T cells proliferated less
rapidly than WT OT-II T cells (Fig. 7j), which might be due to impaired
interactions with their cognate WT B cells in the interfollicular regions.
In summary, these findings establish that B cells present the antigen to
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Day 0

Day 1.5

Fig. 6 | B cells initiate CD4" T cell responses sequentially in follicular and
interfollicular areas. aImmunofluorescence of S129G1, B cells (HuCk, green), OT-
I T cells (CD45.1, red), and endogenous B cells (B220, blue) in the spleens and dLNs
of WT recipients at the indicated time points post-pHBV1.3/0OVA323-339 HDI. The
boxed area indicates regions shown at higher magnification. Scale bars, 50 pm.

b Schematic illustration of the spatial organization of B and T cell zones and their
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interfaces in spleen and dLN (top), and the relative proportions of S129Gl1y;, B cells
(bottom, left) and OT-II T cells (bottom, right) localized in each anatomical region
at the indicated time points. (middle: n = 6 white pulp areas from 3 mice; bottom:
n=6 LN slices from 6 mice). The data represent the relative proportions of each
group. Three independent experiments were performed. Source data are available
in the Source Data file.

CD4" T cells first in follicular areas guided by the chemokine receptor
CCRS, likely binding its ligands CCL3 and CCL4, and subsequently in
interfollicular areas, guided by the oxysterol receptor EBI2 and its
ligand 7a,25-dihydroxycholesterol.

Deciphering the cellular crosstalk landscape associated with T
cell priming

The above results demonstrated that cDCls and B cells drove CD8" T
and CD4" T cell responses against HBsAg, respectively. We next set out
to identify the signals provided by antigen-presenting cells to initiate T
cell responses in addition to recognition of MHC-peptide complex by
TCR. To do so, we used the NicheNet algorithm to prioritize ligand-
receptor interactions between interacting antigen-presenting cells-
T cells based on their bulk or single-cell transcriptome data. We first
compared the single-cell transcriptome of CD11c""MHCII* DCs, hepa-
tocytes and OT-I T cells in liver between day O and day 2.5 after the
hydrodynamic injection of pHBVL3/OVA257-264 (Supplementary
Fig. 3a). Then, we built up a cDCl-proliferating CD8" T cell ligand-
receptor interaction map with NicheNet algorithm (Fig. 8a). We blocked
those potential integrins and co-stimulator crosstalk pathways including
CD86-CD28 and ALCAM-CDé6 in in vitro co-culture system of cDCls and
CD8' T cells (Fig. 8b). Intriguingly, CD8" T cell proliferation induced by
mature cDCls was not affected by the CTLA4-Ig fusion protein (Fig. 8c),
suggesting a weaker role for CD28 co-stimulation in priming CD8" T cells
than CD4" T cells as has been previously reported®*. Consistent with
previous observations that CD6 was a T cell co-stimulatory receptor®®,
the presence of the recombinant soluble CD6-Fc molecules greatly
inhibited CD8" T cell proliferation (Fig. 8c). Notably, ALCAM mRNA was
highly enriched in cDCls, and moderately expressed in cDC2s and virus-
infected hepatocytes, but not in other DC subsets, Kupffer cells and
LSECs (Fig. 8a). Moreover, cDCls constitutively expressed ALCAM pro-
tein at homeostasis (Supplementary Fig. 16a), with expression levels
unaffected by pHBVL3 hydrodynamic injection (Supplementary
Fig. 16b). While LSECs also constitutively expressed ALCAM (Supple-
mentary Fig. 16c), they co-expressed the immuno-inhibitory checkpoint
PD-L1 (Supplementary Fig. 16d), consistent with previous reports®>*,
and their ALCAM expression decreased after pHBV1.3 hydrodynamic
injection (Supplementary Fig. 16e). However, hepatocytes did not
express ALCAM under either condition (Supplementary Fig. 16f, g).
These findings may partially explain why only cDCls were capable of
priming CD8' T cell responses. Additionally, scRNA-seq data from liver

biopsy of a patient with acute HBV infection revealed the presence of
ALCAM mRNA in cDCls (Supplementary Fig. 16h), suggesting a potential
role for ALCAM in co-stimulating CD8" T cell responses by human
hepatic cDCls. Together, these results demonstrated a CD6-dependent
but CD28-independent co-stimulation mechanism for CD8" T cell
priming uniquely mediated by cDCls.

Next, we sorted the S129G1y, B and OT-II T cells interacting at
follicular and interfollicular regions of spleens, corresponding to days
1 and 2.5 time points (Fig. 6a), respectively, and performed RNA-seq
analysis (Supplementary Fig. 17a). According to the expression of
ligands, receptors, associated pathway components and genomic tar-
gets of these pathways, we identified the top predicted the ligand-
receptor pairs between B cells and CD4" T cells (Fig. 9a and Supple-
mentary Fig. 17b). Nearly half of these ligand-receptor pairs were
shared by cells interacting at follicular and interfollicular regions
(Supplementary Fig. 17¢). Furthermore, we focused on blocking those
shared integrin and co-stimulatory signals individually by using com-
mercially available neutralizing antibodies or proteins in mice, con-
sidering their well-appreciated roles in T cell priming®’. The
proliferation and survival of CD4" T cells were strongly inhibited by an
anti-LFA-1 (encoded by /tgb2) blocking antibody (Fig. 9b, c). The dif-
ferentiated CD4" T cells showed a compensatory increase in frequency
but still decreased in total number (Fig. 9d). The competitive blockade
of CD28-CD80 costimulatory pathway by a CTLA4-Ig fusion protein
potently suppressed CD4" T cell proliferation (Fig. 9¢) and subse-
quently decreased the total number of differentiated T cells without
any significant effect on survival and differentiation itself (Fig. 9f, g).
However, the CD4" T cell priming remained intact in mice treated with
a widely used anti-ICOS antibody to block ICOSL engagement of ICOS
(Supplementary Fig. 17d-f), which was believed to be an important co-
stimulatory molecule for optimal CD4" T cell responses®. Additionally,
we sorted HBsAg-specific B cells from PBMCs of four patients and
performed scRNA-seq analysis, revealing increased expression of /tgb2
(encoding LFA-1) and CD80 mRNA in activated B cells, along with
upregulation of HLA-II genes (Supplementary Fig. 17g), suggesting a
potential role for these molecules in co-stimulating CD4" T cell
responses by B cells in humans. These results indicated an LFA-1- and
CD80-dependent but ICOSL-independent priming of CD4" T cells by B
cells. In sum, we mapped the ligand-receptor signaling landscape
between antigen-presenting cells and T cells, identifying fundamental
co-stimulatory signals required for optimal T cell responses to HBsAg.
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3 mice). e Representative histograms and percentages of CD69* OT-II T cells in spleens,
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S129Gl1yy B cells (HuCk, blue) and endogenous B cells (IgD, brown). g Quantification of
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pHBV1.3/0VA323-339 HDI (n = 3). At least two independent experiments were per-
formed. Horizontal lines of (d, e-j) represent median values. Data in g, i represent the
relative proportions of each group. Statistical significance for d, e, j was calculated
using two-tailed Student’s t-tests. Significance levels are indicated as: *p < 0.05,

*p < 0.001, ***p < 0.0001. Scale bars (c, f, h), 50 pm. Source data and exact p-values
are available in the Source Data file.

Together, these findings elucidate how HBsAg initiates T cell
responses in HBV infection, revealing novel intercellular antigen pre-
sentation mechanisms distinct from classical viral paradigms (Sup-
plementary Fig. 18).

Discussion

Understanding the ‘who,” ‘where,” and ‘how’ of antigen presentation to
T cells is fundamental to deciphering the mechanisms that drive T cell
immune responses. This study reveals novel intercellular mechanisms
of HBsAg presentation that differ from those of viruses with broad
tropisms, and those of model antigens. First, we show that the
Batf3"XCRI'CCR7 cDCls drive the CD8" T cell response against HBSAg

in the liver by acquiring HBsAg peptide-MHC-I complexes from
irradiation-resistant cells, particularly LSECs, and presenting them to
CD8" T cells by the non-canonical antigen presentation mechanism
known as MHC-I cross-dressing™. Second, we show that, beyond their
conventional antibody-secretion function, B cells are the principal
antigen-presenting cells that prime CD4" T cell responses against
HBsAg by presenting antigens on MHC-II. These findings challenge the
conventional paradigm that cDCs, especially cDC2s, initiate CD4" T cell
responses™?. Third, we show that B cells acquire nonopsonized HBsAg
directly in situ in B cell follicles of the spleen and dLNs; the B cells then
present the antigen to CD4" T cells first in follicular areas guided by the
chemokine receptor CCRS, and subsequently in interfollicular areas,
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Fig. 8 | Deciphering the cellular crosstalk landscape associated with CD8" T cell
priming. a Ligand activities (left, brown), potential receptors (middle, red), and

predicted target genes (right, blue) identified by NicheNet analysis based on single-
cell transcriptome data described in Supplementary Fig. 3a. Dot plots showing the
average expression levels of ligands, receptors, and target genes are also presented.
b Schematic showing the cell co-culture strategy. ¢ Representative Violet tracer

dilution and proliferation index of OT-1 T cells after 3 days of culture alone or co-

culture with liver-sorted cDC1s from WT mice hydrodynamically injected with
pHBV1.3/0VA257-264 for 24 hours, in the presence of indicated proteins (n=3
biologically independent replicates). Three independent experiments were per-
formed. Statistical significance was calculated using one-way ANOVA with Tukey’s
multiple comparisons test for c. Error bars represent mean + SD, with significance
levels indicated as: *p < 0.05. Source data and exact p-values are available in the
Source Data file.

guided by the oxysterol receptor EBI2. These findings challenge the
dogma that T cells are primed in T cell zones by cDCs"*. These find-
ings could serve as a model for studying antigen presentation
mechanisms of other narrowly tropic viruses, and for understanding
the mechanisms behind nanoparticle- and viral-like particle-based
vaccines, which hold great potential for enhancing vaccine efficacy®.
The liver provides niches for CD8" T cell response, but the
underlying mechanism remains largely unknown®**%*>¢"_ In HBV
transgenic mice, a non-inflamed model of chronic HBV infection,
hepatocytes directly present antigens to virus-specific naive CD8"
T cells, initially triggering vigorous in situ proliferation but ultimately
failing to induce IFN-y production or cytolytic effector function due to
the lack of necessary co-stimulatory signals®®**, In our study, we pro-
vide strong evidence that intrahepatic resident Batf3*XCR1'CCR7
¢DCls drive the CD8" T cell proliferation and differentiation via MHC-I
cross-dressing in pHBVL3, prcccDNA, AdHBV, AAV8-HBV mouse
models, which exhibit different degrees of inflammation, from strong
to mild. Thus, these findings raise the possibility that cDC1 cross-
dressing may not occur in the absence of inflammation but is instead
triggered under specific inflammatory conditions. However, the spe-
cific inflammatory molecules involved, and the exact mechanism
remain to be elucidated. An intriguing avenue for further study would
be to investigate how MHC-I-peptide complexes are transferred from
LSECs or hepatocytes to cDCls, using imaging and genetic approaches
in an inflammatory context. Additionally, it would be insightful to
examine whether and how HBV manipulates the antigen presentation
pathway of cDC1 cross-dressing to establish chronic infection.
Furthermore, we found that the ALCAM-CD6 co-stimulation is
essential for the CD8" T cell response driven by cDCls. cDCls, but not

hepatocytes, express ALCAM at both mRNA and protein levels at
homeostasis. While LSECs also express ALCAM, they co-express the
inhibitory checkpoint PD-L1. By utilizing cross-dressing as a novel
mode of antigen presentation to T cells in the liver, cDCls bypass the
co-stimulation defects of hepatocytes and the co-inhibitory activity of
LSECs, which can lead to T cell anergy or impaired proliferation and
differentiation*®*2, This also eliminates the need for direct antigen
uptake and processing. Additionally, while DC cross-dressing has been
shown to be important for anti-tumor, anti-viral, and anti-allograft
immunity in certain contexts®®”’, studies on cross-dressing in hepatic
diseases remain limited. Notably, graft-infiltrating PD-L1™ cross-
dressed DC may play a key role in the induction of liver transplant
tolerance””. However, the role of ¢DCI cross-dressing in liver inflam-
mation, fibrosis, cancer, and other hepatic diseases remains largely
unexplored. This gap in knowledge highlights the need for targeted
research to elucidate the impact of cDCI cross-dressing across these
conditions.

However, our study suggests that cDC1 cross-dressing may not be
a general feature of proteins secreted by hepatocytes but rather a
mechanism potentially specific to HBsAg, as demonstrated using a
secretable HEL-OVA257-264 fusion protein. This observation leads to
the hypothesis that the nature of the antigen, for example, whether it is
membrane-bound or cytosolic, might influence the type of antigen-
presenting cells that take up the antigen and, consequently, the
mechanism of T cell priming. Although CDIllc-expressing cells in
CD11c-DTR mice are required for the proliferation and differentiation
of HBcAg-specific CD8" T cells*’, the precise identity and mechanism of
these CDl11c-expressing cells remain unclear. A recent study showed
that a subset of Kupffer cells can reinvigorate dysfunctional HBcAg-
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Fig. 9 | Deciphering the cellular crosstalk landscape associated with CD4"* T cell
priming. a Ligand activities (left, brown), potential receptors (middle, red), and
predicted target genes (right, blue) identified by NicheNet analysis based on the key
signature genes of transferred OT-II T cells in spleens from WT mice, at day 2.5 post-
HDI of pHBV1.3/0VA323-339. Heatmaps showing the absolute expression levels of
ligands, receptors, and target genes are also shown. b Representative Violet tracer
dilution and proliferation index of OT-II T cells at day 3.5 in the spleens, dLNs, and
livers from WT mice treated with anti-ltgb2/LFA1 antibody versus control anti-
bodies, at day 3.5 post-HDI of pHBV1.3/OVA323-339 (n = 6). ¢ Percentages of dead
cells within transferred OT-II T cells in spleens, dLNs, and livers from the mice

described in (b) using the viability dye eFluor 780 (n = 6). d Percentages and
number of CXCR5Bcl6" cells within transferred OT-II T cells in spleens, dLNs, and
livers from the mice described in (b, n=6). e Same as (b), but mice were treated
with control or CTLA4-Ig protein (n=3). f Same as ¢, but mice were treated with
control or CTLA4-Ig protein (n =3). g Same as (d), but mice were treated with
control or CTLA4-Ig protein (n =3). At least two independent experiments were
performed. Horizontal lines indicate median values. Statistical significance was
calculated using two-tailed Student’s t-tests. Significance levels are indicated as:
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Source data and exact p-values are
available in the Source Data file.

specific CD8" T cells via cross-presentation, thereby enhancing their
antiviral function upon interleukin-2 administration®. This highlights
the need to investigate whether the priming of HBcAg- and
polymerase-specific CD8" T cells in the liver involves ¢DC1 cross-
dressing during acute HBV infection. If not, identifying the antigen-
presenting cells responsible for their priming and elucidating the
underlying mechanisms remains a critical direction for future
research.

The paradigm that cDCs dominate CD4" T cell responses was
recently challenged by studies showing that B cells are the pre-
dominant antigen-presenting cells that initiate naive CD4" T cell
responses during Plasmodium infection and when RNA phage Q-
derived virus-like particles were used as a model antigen’>”*. In this
study, we provide strong evidence that B cells, not c¢DCs, are the

antigen-presenting cells that initiate the CD4" T cell responses against
HBsAg. Whereas cDCs take up antigens mostly by binding to non-
specific receptors, B cells uptake antigens that bind to antigen-specific
BCRs, potentially making B cells more efficient antigen-presenting
cells than cDCs at the individual cell level. Importantly, viruses can
cross-link the BCR of antigen-specific B cells through multivalent
interactions with the particulate and highly repetitive protein antigens
of viruses, thereby strongly inducing expression of co-stimulatory
molecules™. If viruses or certain particulate antigens enter cDCs effi-
ciently by natural infection, as do live influenza viruses or by endocy-
tosis, as in sheep red blood cells’*”*, ¢cDCs might act as the primary
antigen-presenting cells for CD4" T cell responses against them. HBV
does not infect cDCs, however, and HBsAg is reported to inhibit acti-
vation of ¢cDCs’®, suggesting that cDCs probably do not capture HBsAg
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and present it to CD4" T cells efficiently. Therefore, cDCs and B cells
might both prime CD4" T cells depending on their relative abilities to
present antigen and to activate the cells. Notably, studies have
reported that HBsAg-specific B cells exhibit an anergic state in patients
with chronic HBV”778, indicating that these B cells may lose their ability
to initiate CD4" T cell responses during the persistence of HBsAg.

Many studies of model antigen transport and presentation to B
cells have found that they are transported passively through the blood
or lymph to the spleen and LNs, where they pass through a filter that
excludes antigen complexes larger than approximately 5.5 nm'*. These
large antigen complexes, including opsonized antigens cannot diffuse
passively into lymphoid follicles but must be actively transported by
accessory or resident cells”. We were surprised to find that HBsAg,
which circulates in 22 nm subviral particles, bypasses opsonization and
the size filter of the conduit system to gain access direct to the follicles
in the early stage of infection. One possible explanation could be that
circulating HBsAg is degraded to a size small enough to bypass the
filter mechanism, thereby gaining access to follicular B cells without
the involvement of CD169" macrophages or DCs. However, consider-
ing that T cell assistance for B cells to respond to HBsAg operates
through an intermolecular mechanism’®, we consider this explanation
to be highly unlikely. Alternatively, the virus infection might result in
extracellular matrix remodeling and/or conduit system disruption to
permit the entry of large particles®.

In this study, we utilized several mouse models to explore the
mechanisms of HBsAg presentation relevant to T cell responses.
Although these models do not perfectly replicate the dynamics of
human HBV infection, they provide valuable insights into specific
aspects of viral immunopathogenesis®*"*>%!, Notably, we observed
similarities in liver cell clusters between humans and mice, as pre-
viously reported®, suggesting that shared features may exist in the
immune responses to HBV in both systems. In line with this, cDCls,
which are associated with CD8" T cell responses against HBV in the
human liver, were shown to drive CD8" T cell proliferation and dif-
ferentiation in the mouse liver. Consistent with the critical role of
ALCAM-CD6 co-stimulation in mouse cDCl-mediated CD8" T cell
responses, hepatic cDCls also expressed ALCAM mRNA in at least one
human liver sample. Furthermore, aligning with the observation that
¢DC2s may be ineffective in initiating CD4" T cell responses in acute
HBYV patients, our data revealed that B cells, rather than cDCs, initiate
CD4" T cell responses against HBsAg. In mice, CD4" T cell priming
relied on co-stimulatory signals, including /tgb2 (encoding LFA-1) and
CD8O. These molecules were similarly upregulated in HBsAg-specific B
cells from the PBMCs of four acute HBV patients. However, the extent
to which these mouse models fully capture the complexity of HBV-
related immunology in humans remains unclear. Nevertheless, our
findings challenge traditional concepts of viral antigen presentation
and lay the groundwork for innovative therapeutic strategies to com-
bat chronic HBV infection.

Methods

Mice and bone marrow chimaeras

The HBsAg-specific Ig knock-in S129Gly;, mice were generated on a
C57BL/6 background by CRISPR-Cas9-mediated targeting of a bicis-
tronic allele encoding both the light and the heavy Ig chains to the
endogenous Igh locus as previously described®, with the assistance of
Cyagen Biosciences. The light and heavy Ig chains were derived from the
129G1 monoclonal antibody recognizing a linear epitope located at
amino acids 137-151 of HBsAg>, with a HuCk used for subsequent iden-
tification of cells bearing the transgenic receptor. The S129Gly;, allele
can be identified by PCR using the primer sets: S129Gly,; Forward: 5-
CTGATAGGCACCCAAGTACACTA-3, SI29Gly, Reverse: 5 GCTATA
GCAACCACTTGTTAGGTG -3. The Ebi2” mice were generated by
CRISPR-Cas9-mediated homologous recombination in mouse ES cells on
an albino C57BL/6 background with assistance from Cyagen Biosciences.

The EBI2 Mutant allele can be distinguished from the WT allele by PCR
using the primer sets: EBI2.Common_Forward: 5-CAGCTGGTGTTAGGT
ACACACCTAC-3', EBI2_ Wildtype_Reverse: 5-CTCCGTAATGACACACAAT
CATC-3' and EBI2_Mutant Reverse: 5-TTCAGTGTGCAAATTCCCTCG-3.
WT C57BL/6 mice (Stock no. NOOOO13) and BALB/c mice (Stock no.
N000020) were purchased from GemPharmatech. CD45.1° congenic
C57BL/6 mice (stock No. 002014), Irf4"" mice (stock No. 009380), B cell-
deficient pMT mice (stock No. 002288), MHC-II" mice (stock No.
003584), HBV Env28 TCR transgenic mice (stock No. 027510), Zbtb46-
DTR (stock No. 019506) for the specific depletion of cDCs, cDCI-
deficient Batf3" mice (stock No. 013755), monocyte-deficient Ccr2” mice
(stock No. 004999), OVA-specific TCR transgenic OT-II mice (stock No.
004194) and OT-I mice (stock No. 003831), HEL-specific BCR transgenic
MD4 mice (stock No. 002595), LCMV GP61-80 TCR-specific transgenic
SMARTA mice (stock No. 030450), LCMV GP33-41 TCR-specific trans-
genic P14 mice (stock No. 037394), C3" mice (stock No. 029661), and
Itgax“® mice (stock No. 008068) were purchased from the Jackson
Laboratory. VSV-specific BCR transgenic VIIOYEN mice were provided by
M. lannacone®, HEL-specific BCR knock-in Hy10 mice were provided by
J. Cyster®. H2-AbI""LysMCre mice, with Mhc-Il conditional knockout in
phagocytes, were provided by T. Deng®. Rab27a""Rosa26CreERT2 mice,
with the tamoxifen-induced knockout of Rab27a, were provided by Z.
Cai®. FcyRIIB mice were provided by F. Li®. f2M" mice, characterized
by severely diminished MHC-I expression, were provided by S. Yu®. F1
(C57BL/6 X BALB/c) mice were provided by C. Duan. /rf4"" mice were
crossed to ftgax“ mice to obtain cDC2-deficient /rf4""CD11cCre mice.
Bone marrow chimeras were generated as previously described®” and
subsequently analyzed after a period of 6-12 weeks. All mice were
maintained at a 12-h light-dart cycle, at a temperature of 64-72°F
(18-22°C), and at a humidity condition of 30-70% at the Laboratory
Animal Research Center of Shanghai Medical College, Fudan University.
All mice were euthanized following the CO, euthanasia protocol. All
experiments were conducted using six- to eight-week-old male mice,
with experimental groups matched for age and housing conditions. Each
group of mice was co-housed separately. All the animal studies were
approved by the Ethics Committee of the School of Basic Medical Sci-
ences, Fudan University (Approval No: 20190221-098) and the Ethics
Committee of Pudong Hospital, Shanghai (Approval No: 2021-DS-M-20).

Human specimens

Human tissue samples were obtained from Huashan Hospital of Fudan
University in compliance with national guidelines. All patients met the
diagnostic criteria for acute HBV infection and had no prior history of
HBV infection. Specifically, HBsAg positivity was detected within 2 to
14 days after the onset of symptoms, during which there were no anti-
HBs antibodies present, but positive anti-HBc antibodies were
observed. Follow-up assessments lasting up to four months indicated
that all patients achieved clearance of HBV DNA and HBsAg, while
developing HBsAg-specific antibodies and maintaining anti-HBc anti-
bodies. Comprehensive clinical characteristics of the patients are
presented in Supplementary Data 1. The study was approved by the
Institutional Review Board at Huashan Hospital (Ethics Committee
Archiving No. KY2021-919). All patients provided written informed
consent. Human PBMCs from healthy donors and patients with acute
HBV infection were isolated and cryopreserved. The isolation of
immune cells from liver puncture biopsy was performed as previously
described®.

HBV surrogate mouse models

The original pHBVL3 HBV replicon construct was previously
described®®. We created a recombinant pHBV1.3 HBV replicon
expressing HBsAg fused to OVA323-339 epitope (pHBV1.3/OVA323-
339), by silencing all original HBsAg®’, followed by the insertion of an
HBsAg-reading frame with an embedded OVA323-339 fragment
between 127 and 128 amino acids of S gene. The pHBV1.3/GP66-80 and
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pHBV1.3/0VA257-264 were constructed by replacing OVA323-339 with
GP66-80 and OVA257-264, respectively. The secretion-deficient HBsAg
(Cys48Ala) was previously described®. The pHBV1.3/OVA257-264-
IRES-ZsGreen was constructed by inserting IRES-ZsGreen sequence
amplified from pHAGE-CMV-hIL7-IRES-ZsGreen (Addgene, 26532) to
the pHBV1.3/OVA257-264. The pALB-Igk/HEL construct was engi-
neered to express HEL under the hepatocyte-specific ALB promoter,
incorporating an Igk leader sequence at the N-terminus to facilitate
secretion. The pALB-Igk/HEL-OVA257-264 construct was created by
insertion of OVA257-264 fragment at the C-terminus of the HEL gene.
For hydrodynamic injection, a total of 20 ug plasmid was diluted in
2 ml of saline and injected into the tail vein of 6- to 8-week-old mice
within 5-8 seconds, as described previously*®. For low-dose adminis-
tration, 0.5 pg of plasmid was diluted in the same volume of saline. The
prcccDNA plasmid was described previously”. To establish acute
infection, we hydrodynamically co-injected 4 pg of pCMV-Cre and 8 ug
of prcccDNA, resulting in recombinant cccDNA generation in mouse
hepatocytes. The AAHBV were produced, propagated, and titrated as
described earlier®. High-dose and low-dose infections were induced by
intravenous (i.v.) injection of 3 x 10° i.u. and 1 x 108 i.u. of AdHBV in
200 pL of saline, respectively®. For the AAV-HBV mouse model, each
mouse was i.v. injected with 5x10'° AAV-HBV.

LCMV infection and SRBC-OVA immunization

The LCMV Armstrong strain, provided by M. Matloubian, was propa-
gated using standard procedures. Mice were administered 2 x 10°
plaque-forming units (PFU) of LCMV Armstrong via intraperitoneal
injection. Simultaneously, OVA-conjugated SRBCs were prepared and
injected intraperitoneally (i.p.) at a dose of 2 x 108 SRBCs, following
previously established methods™.

Sucrose-gradient ultracentrifugation and electron microscopy
Human hepatoma cell lines Huh7 were cultured and transfected with
pHBV1.3/0VA323-339 plasmid. Continuous sucrose density gradients
(10, 20, 30, 40, 50 and 60%) were prepared with a solution containing
20 mM Tris-HCI (pH 7.4), 140 mM NaCl, and 1mM EDTA. Culture
supernatant was concentrated by PEG 8000, followed by laid on the
linear sucrose gradient and centrifugation at 200,000 x g for
14 hours at 4 °C with a Beckman SW 41 Ti rotor. Fractions were col-
lected from top to bottom, and the density of each fraction was
determined by refractometry (Abbe 60). Fractions containing HBsAg
were determined with an HBsAg ELISA kit (Shanghai Kehua Bio-
Engineering Co.). For electron microscopy of HBsAg particles, pur-
ified particles were fixed with 2% glutaraldehyde and dropped onto a
carbon-coated copper grid. Grids were contrasted with phosphoric
tungstic acid and examined by a CMI20 transmission electron
microscope (Phillips)®.

Serum HBsAg and HBsAg-specific IgG detection

Sera were prepared from blood collected from the retro-orbital sinus
of the mouse at the indicated time points. Serum levels of HBsAg were
quantified using chemiluminescence immunoassay (CLIA) kits (Auto-
bio), following the manufacturer’s guidelines. Serum levels of anti-
HBsAg antibodies were monitored by indirect ELISA after 1:100 dilu-
tion with PBS containing 2% BSA. Plates were coated with the recom-
binant ayw-specific and CHO cell-derived HBsAg proteins (Bioforce) at
100 ng per well, and nonspecific binding was blocked with PBS con-
taining 2% BSA. Then, 100 pl of diluted serum samples were added to
the reaction well and incubated for 60 minutes at 37 °C, followed by
washing and reaction with horseradish peroxidase (HRP)-conjugated
anti-mouse IgG antibody (Jackson ImmunoResearch Labs). After the
addition of chromogenic substrate solution for 30 minutes, the reac-
tion was terminated by the addition of an acidic stop solution. The
absorbance of each well was read at 450 nm by a microplate reader
(Bio-Rad X-Mark spectrophotometer).

Cell isolation, labeling, and adoptive transfer

T cells from OT-Il, SMARTA, OT-, P14, and Env28 mice, along with B
cells from S129Gly;, Hy10, and VIIOYEN mice, were isolated from the
spleens and LNs using commercial isolation kits (BioLegend, STEM-
CELL). Cell proliferation was visualized by labeling the isolated cells
with CellTrace™ Violet Tracer (Thermo Fisher Scientific) as per the
manufacturer’s instructions. For the analysis of T and B cell activation
and proliferation, 6 x 10° isolated cells or 1 x 10° labeled cells were
adoptively transferred. For the analysis of T cell differentiation, 1 x
10°T cells were transferred for early time points (day 3 or day 3.5),
while 2 x 10°T cells were transferred for a later time point (day 7). To
observe CD4' T and B cell interactions, either 1.2x 107 B cells or 6 x
10°T cells were transferred for visualization at 18 hours, day 1 and day
1.5 post-injection, or 7.2 x 10° B cells and 3.6 x 10°T cells were trans-
ferred for visualization at day 2.5 post-injection. In the MHC-II
dependency experiment, 1 x 107 B cells from either WT or MHC-11 KO
mice were transferred to pMT recipients. In the MHC-1 dependency
experiment, 5x 10° FACS-sorted cDCls from WT or 2M KO donors
were transferred to Batf3 KO recipients.

In vivo treatments

Heterozygous Zbtb46-DTR full chimeras underwent cDC ablation
through intraperitoneal (i.p.) injection of 20 ng/g body weight diph-
theria toxin (DT; Sigma-Aldrich) 3 days prior to hydrodynamic injec-
tion or infection, and continued on a regimen of 4 ng/g body weight
DT every 3 days. Total macrophage depletion involved intravenous
administration of CLD liposomes (FormuMax) according to the man-
ufacturer’s instructions. Exosome depletion was facilitated by treating
Rab27a™" Rosa26CreERT2 mice with tamoxifen (2.5 mg/mouse/day,
Sigma-Aldrich) for 3 days, starting 7 days before hydrodynamic injec-
tion. Blocking antibodies such as anti-XCL1(50 pg/mouse, 80222, R&D
Systems), anti-CLEC9A (100ug/mouse, 7H11, BioXCell), anti-ICOS
(200 pg/mouse, clone 7E.17G9, BioXCell) and anti-LFA-1 (200 pg/
mouse, M17/4, BioXCell) were administered i.v. every 3 days, starting
2 days prior to hydrodynamic injection or infection. To prevent B-cell
re-entry into the splenic white pulp, mice were injected i.v. with anti-
VLA-4 (200 pg/mouse, clone PS/2, BioXCell) and anti-LFA-1 at 200 pg
per mouse 2hours as described **after hydrodynamic injection of
pHBVL3. To prevent OT-I T cell entry into LNs, anti-CD62L antibody
(200 pg/mouse, Mel-14, BioXCell) was administered i.v. every 3 days,
beginning 4 hours before the transfer. Antibodies used are detailed in
Supplementary Table 1. To prevent T and B cell egress from LNs,
FTY720 was injected i.p. at a dose of 1 pg/g body weight, 4 hours after T
cell or B cell transfer. The initial interaction between T and B cells was
blocked by daily i.p. administration of the CCR5 antagonist maraviroc
(200 pg/g body weight, Selleck), starting 4 hours before the transfer.
Splenectomy was conducted at 2 hours after pHBV1.3 hydrodynamic
injection, with a control group undergoing sham operation involving
spleen exteriorization and manipulation for at least 30 seconds. To
competitively block the CD28-CD80 costimulatory pathway, the
mouse was injected i.v. with recombinant CTLA4-Ig (clone CTLA4-Ig,
ZXBio) fusion proteins at 200 pg/mouse one day prior to cell transfer
and thereafter every 3 days. For the administration of EdU, mice were
treated with EdU (Beyotime) in PBS via i.p. injection at a dosage of
50 mg/kg body weight, administered daily for 5 consecutive days prior
to euthanasia. The 129G1 monoclonal antibody (1 mg/mouse) was
administered i.v. to mice that had received a hydrodynamic injection
of pHBV1.3 two days earlier. All commercial reagents used are detailed
in Supplementary Table 2.

Flow cytometry and cell sorting

Single-cell suspensions were prepared from mouse spleens, dLNs, or
livers as previously described®**’. Fc receptors were blocked using
2.5 ug/mL purified anti-CD16/32 (BioLegend) at 4 °C for 15 minutes.
Live/dead cell discrimination was performed using Live/Dead Fixable
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Viability Dye eFluor 780 (eBioscience). Surface antibodies used in this
study were as follows: CXCR5 (2G8), B220 (RA3-6B2), CD103 (2E7),
CD11b (M1/70), CD11c (N418), CD138 (281-2), ALCAM (eBioALC48), PD-
L1 (10 F.9G2), 0X40 (0X-86), CD19 (6D5), CD3 (17A2), CD31 (MEC13.3),
CD4 (GK1.5), CD45.1 (A20), CD64 (X54-5/7.1), CD8« (53-6.7), F4/80
(BMS), H-2K* bound to SIINFEKL (25-D1.16), human Ig light chain k
(MHK-49), I-Ab (AF6-120.1), Ly6C (HK1.4), TCR Va2 (B20.1), XCR1
(ZET), CD25 (PC61.5), CD45.2 (104), CD69 (HL2F3), H-2K® (AF6-
88.5.5.3), H-2K® (SF1-1.L.1). CXCRS5 and H-2K®ENV353 (VWLSVIWM)
tetramer primary staining occurred at room temperature for
30-45 minutes, with all other surface staining at 4 °C for 30 minutes.
Fluorescently labeled streptavidin was used to detect biotinylated
antibodies. For the Antigen-Specific Imnmune Response (AIM) assay,
single-cell suspensions were rested at 37 °C for 3 hours before seeding
at 1x10° cells/well in U-bottom 96-well plates. Cells were then stimu-
lated with 5 pg/ml of each 18mer peptide of a peptide pool spanning
HBsAg for 18 hours at 37 °C. For intracellular staining, T cells were
stimulated with HBsAg peptide pool for 18 hours, or cell stimulation
cocktail (eBioscience) for 4 hours at 37 °C. The cells were then har-
vested, stained for surface markers, and subsequently fixed and per-
meabilized using the Intracellular Fixation & Permeabilization Buffer
Set (eBioscience). Intracellular staining for IFN-y (XMGL.2) and GzmB
(NGZB) was performed at 4 °C for 30 minutes. For intranuclear stain-
ing, cells already stained for surface markers were fixed and permea-
bilized using the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience). Intranuclear staining of Bcl6 (IG191E/A8), T-bet (4B10),
and Nur77 (12.14) was subsequently performed at 4 °C overnight.
HBsAg-binding B cells were detected using HBsAg (Bioforce) labeled
by Alexa Fluor 647 (Invitrogen). HEL-binding B cells were detecting
using HEL (Sigma-Aldrich) labeled by Alexa Fluor 647. All antibodies
for flow cytometry were purchased from BiolLegend, Thermo Fisher
Scientific, or BD Biosciences, with flow cytometry performed using the
BD LSRFortessa or Attune NxT (Thermo Fisher Scientific). The incor-
poration of EdU into cellular nucleic acids was detected using the
BeyoClick EdU Cell Proliferation Kit with Alexa Fluor 647 (Beyotime)
according to the manufacturer’s instructions. For cell sorting, cells
were stained using the same method as in the flow cytometry protocol,
with CD45.1-enrichment applied when necessary. The sorted cells
included various types such as CDIIc"8"MHC-II' pan-DCs,
CDI1c"s"MHC-II'XCRI*  ¢DCls, CDIIc"s"MHC-II'CD11b*  ¢DC2s,
CD11c"#"MHC-II'F4/80* mono-DCs, CDI11c*MHC-II' F4/80* Kupffer
cells and CD31" LSECs, B220°CD45.1'HuCk" S129Gl;;, B cells,
CD45.1'CD4'TCR Va2* OT-ll cells and CD45.1'CD8'TCR Va2 OT-I cells.
All these cells were sorted on a BD FACSAria Ilu. The flow cytometric
gating strategies are indicated in the Supplementary Fig. 19. Data were
analyzed with FlowJo software (Tree Star, Inc. version 10.8.1). Anti-
bodies used are detailed in Supplementary Table 1.

Ex vivo co-culture assay

To obtain specific DC subsets or other APC compartments, cells were
FACS-sorted from livers of mice as described above. To obtain CD8"
T cells, TCR transgenic CD8" T cells were isolated from spleens and LNs
of naive OT-I mice and stained with CellTrace™ violet tracer as
described above. For the co-culture, 1 x 10° CellTrace™ violet-labeled
TCR transgenic T cells and 5 x 10* sorted antigen-presenting cells were
individually mixed and added to each well of a U-bottom tissue culture-
treated 96-well plate in RPMI1640 supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1 x HEPES. For competitive blocking of
ALCAM-CD6 and CD80-CD28 pathways, 10 pg/ml mouse recombinant
CTLA4-Ig fusion protein (clone CTLA4-lg, ZXBio) and mouse recom-
binant CD6 protein (Sino Biological Inc.) were added to the culture
medium, respectively. Cells were cultured at 37°C and 5% CO, for
3 days. T cell proliferation was then measured by dye dilution via flow
cytometry. For the in vitro assay to assess SIINFEKL-MHC-I complexes
transfer from LSECs and hepatocytes, these cells were isolated from

the livers of naive mice and stimulated overnight with IFN-y (200 ng/
ml, PeproTech). Subsequently, they were loaded with 1 pg/ml OVA257-
264 (SIINFEKL) peptide for 1 hour at 37 °C. After thorough washing, the
cells were co-cultured with FACS-sorted cDCls at 37 °C for 18 hours,
and the proportion of H-2K°-SIINFEKL* cDCls was quantified using flow
cytometry.

Immunohistochemistry and immunofluorescent microscopy
For immunohistochemistry, tissues were directly frozen in OCT.
Cryosections of 7 um were dried for 20 minutes at room temperature,
fixed in 4 °C acetone for 10 minutes, dried for 1hour at room tem-
perature and stained immunohistochemically as previously
described®® with Rabbit anti-HBsAg (Bio-Rad), FITC-conjugated anti-
IgD (11-26 c.2a), biotin-conjugated anti-HuCk (MHK-49) or biotin-
conjugated anti-CD45.2 (104) antibody for 2-3 hours at room tem-
perature, followed by HRP-conjugated anti-rabbit IgG, HRP-conjugated
anti-FITC or AP-conjugated Streptavidin (Jackson ImmunoResearch)
for 1-2 hours at room temperature. Liver sections were counterstained
in Hematoxylin. Images were captured with a BX63 Upright Micro-
scope (Olympus). For immunofluorescent microscopy, tissues
expressing ZsGreen were fixed in 4% PFA for 2 hours at 4 °C, washed,
and sunk in 30% sucrose before being frozen in OCT. All other tissues
were directly frozen in OCT, and slides were fixed in ice acetone. For
hematoxylin and eosin (H&E) staining, the liver sections were stained
from formalin-fixed, paraffin-embedded tissues. Cryosections of 7 pm
were stained as previously described® with Super Bright 436-
conjugated anti-B220 (RA3-6B2), biotin-conjugated anti-human Ig
light chain k (1:50 dilution, MHK-49), biotin-conjugated anti-DCIR2
(33D1), biotin-conjugated 35.61 antibody (European Virus Archive
Global), Alexa Fluor 647-conjugated anti-CD45.1 (A20) antibodies
overnight at 4 °C, followed by Alexa Fluor 488-conjugated anti-FITC,
Alexa Fluor 488-conjugated anti-Rabbit IgG, Cy3-conjugated anti-bio-
tin, Cy3-conjugated anti-Rat IgG (Jackson ImmunoResearch), Alexa
Fluor 647-conjugated anti-Rabbit IgG (Invitrogen) and APC Streptavi-
din (BioLegend) for 1-2 hours at room temperature. Antibodies used
are detailed in Supplementary Table 1. For staining of DCIR2, a tyr-
amide amplification kit was used (TSA Biotin System; Perkin Elmer).
Subsequently, DAPI (Sigma Aldrich) was applied for 15 minutes at
room temperature. All commercial reagents used are detailed in Sup-
plementary Table 2. Images were captured with a BX63 Upright
Microscope (Olympus) equipped with a Prime BSI sCMOS Camera
(Photometrics).

Bulk RNA-seq and data analysis

Sorted cells (>10°) were snap frozen, and then RNA was extracted with
the RNeasy Mini Kit (QIAGEN). RNA was checked by gel electrophoresis
and quantified with a Qubit Fluorometer (Invitrogen). Barcoded
sequencing libraries were constructed using the TruSeq Stranded
mRNA kit (Illumina). Sequencing was performed on an Illumina
NovaSeq 6000 System (Genergy Biotechnology) with 150 bp paired-
end reads. The raw data was handled by Skewer (v0.2.2), and data
quality was checked by FastQC (v0.11.5). Clean reads were aligned to
the mm10 mouse genome with STAR (v2.7.9a) and counted with fea-
tureCounts (v2.0.1). Generation of differentially expressed genes was
defined based on a logFC cutoff >1 or <-1 and adj.P value < 0.05 with
DESeq2 (v1.30.1) using R software (v4.0.3).

scRNA-seq and data analysis

For human specimens, frozen samples were thawed, recovered, and
washed using RPMI1640 medium supplemented with 10% FBS, and
then labeled by TotalSeq anti-human Hashtag (BioLegend). Single cells
were captured using the 10 x Chromium (10x Genomics), and libraries
were prepared using Chromium Next GEM Single Cell 5" Reagent Kits
v2 (10x Genomics), according to the manufacturer’s instructions.
Libraries were run on an Illumina NovaSeq 6000 System (Genergy
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Biotechnology) for 150 bp paired-end sequencing. Raw gene expres-
sion matrices were generated by the Cell Ranger (v5.0) pipeline cou-
pled with human reference version GRCh38. The output filtered gene
expression matrices were analyzed by R software (v4.0.3) with the
Seurat package (v.4.0.2). Low-quality cells with less than 200 detected
genes, as well as cells with more than 10% mitochondrial gene counts
and 5% hemoglobin gene counts, or potential doublets with UMI
counts above 10,000 were filtered out. Hashtag-labeled cells were
demultiplexed with HTODemux function to identify their original
samples. UMI counts were then normalized with the SCTransform
function.

To integrate cells into a shared space from different datasets for
unsupervised clustering, we used the Seurat’s Selectinte-
grationFeatures function to identify 3000 features with high cell-to-
cell variation, then identified “anchors” between individual datasets
with the FindIntegrationAnchors function and inputted these anchors
into the IntegrateData function to do batch effect correction. Then, the
integrated dataset was scaled, and PCA was calculated. The first 50 PCs
were used to construct an SNN network, and a graph-based clustering
approach, Louvain algorithm, was applied to identify cell clusters with
the resolution = 1. Finally, uniform manifold approximation and pro-
jection (UMAP) was applied to visualization. The first round of clus-
tering identified 6 major cell types, including CD4" T cells, CD8* T cells,
NK cells, B cells, hepatocytes, and myeloid cells. To identify clusters
within each major cell type, we performed a second round of cluster-
ing on CD4" T cells, CD8" T cells, B cells, and myeloid cells separately.
Marker genes were identified with Seurat’s FindAllMarkers function.
Clusters were then classified and annotated based on expressions of
canonical markers of particular cell types. Clusters expressing two or
more canonical cell-type markers were classified as doublet cells and
excluded from further analysis.

Generation of DEGs was defined based on the adj.P value < 0.05
with Seurat’s FindMarkers function using “MAST” test. GSEA of the
DEGs was conducted with the clusterProfiler’s (v3.18.1) gseGO, gse-
KEGG, gsePathway, gseWP, and GSEA function. Gene sets were limited
by minSize = 3 and maxSize = 500. GO over-representation analysis of
the DEGs was conducted with the enrichGO function. Log2 trans-
formed relative T cell proportion changes were calculated by dividing
the fraction of the cell type in an individual patient by the mean of
healthy donors. Signature module scores were calculated with Seurat’s
AddModuleScore function using default settings. We used 9
cytotoxicity-associated genes (PRF1, IFNG, GNLY, NKG7, GZMB, GZMA,
GZMK, GZMH, and FASLG) to define the inflammation scores. PRO-
GENy model (v1.17.3) and DoRothEA (v1.8.0) were used to infer path-
way and TF activity between AHB and HD groups of T cells via
decoupleR (v2.2.2). The activity scores were inferred by running
Weighted Mean (WMEAN) with the run_wmean function. Single-cell
TCRs were computed from the sequencing data using Cell Ranger.

For samples from mice, immediately post-sorting, cells from dif-
ferent organs or time points were labeled by TotalSeq anti-mouse
Hashtag (BioLegend) separately. Single cells were captured using the
10x Chromium (10x Genomics), and libraries were prepared using
Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (10x Genomics)
according to the manufacturer’s instructions. Raw gene expression
matrices were generated by the Cell Ranger pipeline, as described
above, coupled with the mouse reference version mm10. The output
filtered gene expression matrices were analyzed by R software with the
Seurat package. Low-quality cells or potential doublets were filtered
out. Hashtag-labeled cells were demultiplexed with the HTODemux
function to identify their original organs or time points. UMI counts
were then normalized with the SCTransform function. PCA was cal-
culated and used to construct an SNN network. A graph-based clus-
tering approach was applied to identify cell clusters with a resolution =
0.6. Clusters were then classified and annotated based on expressions
of canonical markers of particular cell types.

Image quantification

For quantifying IHC images, HBsAg-positive hepatocytes were auto-
matically counted using the Positive cell detection function in QuPath
(v.0.3.2) as previously described”. This was done across a total of 15
view fields, with five randomly selected fields per mouse at 20x mag-
nification. The intensity threshold parameters were manually adjusted
for each experimental group, ensuring identical procedures for all
samples. Antigen-specific B and T cell positioning within lymphoid
tissue regions was quantified as detailed”. S129G1;y, B and OT-II T cell
counts in these regions were manually executed with CellSens (v.2.3).
Stacked bar charts were subsequently calculated and designed with
GraphPad Software (v. 8.4.3).

Statistical analysis

Statistical analysis was performed with GraphPad Software (v. 8.4.3)
and R softwares (v4.0.3). Unpaired two-tailed Student’s t-test was used
for comparisons between two groups. Two-way ANOVA test with Sidak
multiple testing correction was used for serum HBV antigen assays.
Fisher’s exact test was used for odds ratio of expanded T cells between
AHBs and HDs. Differences between groups were considered sig-
nificant for p values < 0.05 (+ p < 0.05; #x p < 0.01; xxx p < 0.001; s
p <0.0001). No statistical methods were used to predetermine sample
size, which was chosen based on prior experience with a similar
experimental design.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Mouse bulk-RNA-seq data generated during this study have been
deposited in the Gene Expression Omnibus (GEO) at the National
Center for Biotechnology Information (NCBI) under the accession
code GSE207539. Mouse scRNA-seq data have been deposited in GEO
under the accession code GSE207541. Human scRNA-seq data have
been deposited in the Open Archive for Miscellaneous Data (OMIX) at
the China National Center for Bioinformation under the accession
code OMIX009529. Source data are provided with this paper.
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