Cell

Therapeutic potential of co-signaling receptor

modulation in hepatitis B

Graphical abstract

Na\ve CD8*
T cell
LSEC
O @ O
Hepatocellular__ TITCR

priming p MHC-I
0
N o oy
o .*.‘ epatocyte a 7_*»«*
.

Acute antigen Chronic antigen
stimulation stimulation
7/ I \

Co sngnalmg receptors

Heterogeneous
dysfunctional pool
aOX40 or Immune checkpoml
a4-1BB inhibitors (e.g., oPD-1 Dys-Ty,.

OtLAG 3, a-CTLA-4)

agonists 4-1BB,
=< 7 ox40
-

Dys-T,,1 \ Dys-T,,2
}’ J CXCR6' | ——» (CXCRE
L \{ No CD48) D487
A Y
4-1BB 4-1BB
) < 04-1BB
)\ A A agonist
Reinvigoration
OX40 4-1BB 4-1BB

oo (Y D.ao@bm
CTD)
Vg oy

GO@DQ ."C) @Dt}
I g § Gt oy
[}

Highlights
e Hepatocellular priming induces key co-signaling receptors in
dysfunctional CD8* T cells

e While checkpoint inhibition fails, 4-1BB and OX40 activation
restores T cell function

e Prolonged Ag stimulation yields a self-renewing, long-lived,
heterogeneous T cell pool

e In chronic settings, only 4-1BB remains effective among
further co-receptor modulation
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In brief

In this study, we traced the trajectory and
fate of dysfunctional HBV-specific CD8"*
T cells and analyzed the modulation of
co-signaling receptors following
hepatocellular priming. We identified
4-1BB agonism as the most promising
strategy to convert these cells into
antiviral effectors for treating chronic HBV
infections.
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SUMMARY

Reversing CD8* T cell dysfunction is crucial in treating chronic hepatitis B virus (HBV) infection, yet specific
molecular targets remain unclear. Our study analyzed co-signaling receptors during hepatocellular priming
and traced the trajectory and fate of dysfunctional HBV-specific CD8* T cells. Early on, these cells upregulate
PD-1, CTLA-4, LAG-3, 0X40, 4-1BB, and ICOS. While blocking co-inhibitory receptors had minimal effect,
activating 4-1BB and OX40 converted them into antiviral effectors. Prolonged stimulation led to a self-renew-
ing, long-lived, heterogeneous population with a unique transcriptional profile. This includes dysfunctional
progenitor/stem-like (Ts ) cells and two distinct dysfunctional tissue-resident memory (Trym) populations.
While 4-1BB expression is ubiquitously maintained, OX40 expression is limited to Ts.. In chronic settings,
only 4-1BB stimulation conferred antiviral activity. In HBeAg* chronic patients, 4-1BB activation showed
the highest potential to rejuvenate dysfunctional CD8" T cells. Targeting all dysfunctional T cells, rather

than only stem-like precursors, holds promise for treating chronic HBV infection.

INTRODUCTION

Hepatitis B virus (HBV) is a hepatotropic, non-cytopathic DNA virus
known for its ability to cause persistent infections, often culmi-
nating in cirrhosis and hepatocellular carcinoma.” HBV has a
unique ability to evade detection by the innate immune system, re-
sulting in adaptive cellular and humoral responses taking center
stage in mediating the resolution of acute infections."? In partic-
ular, CD8* T cells have a crucial role in viral clearance through their
production of antiviral cytokines and elimination of infected hepa-
tocytes."” Nonetheless, the persistence of HBV in most neonatal/
perinatal infections and a small subset of adult-onset infections un-
derscores a failure in this adaptive immune response.’

One of the prevailing enigmas in HBV research revolves around
the timing and location of T cell priming during infection. Traditional
immunological views suggest naive lymphocytes first encounter
antigens (Ags) in secondary lymphoid organs. However, recent ex-
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periments in mouse models of neonatal HBV infection provide the
intriguing alternative that the liver itself may be the main priming
site of naive HBV-specific CD8* T cells.>* This unusual setting,
facilitated by the unique anatomy of liver sinusoids,” could have
profound implications for the ensuing immune response.

Notably, hepatocellular priming of CD8" T cells triggers local
activation and proliferation, but it does not direct them into
effector cells.>* Instead, it initiates a unique differentiation pro-
gram that culminates in a dysregulated T cell phenotype.”
Although these cells appear to respond to interleukin (IL)-2,%°"
the potential for various co-inhibitory receptor blockades or
agonistic co-stimulation to reverse this dysfunction remains
largely unexplored. The significance of this research deepens
considering the underwhelming outcomes of the initial clinical tri-
als involving PD-1 blockade.®

Recent studies have identified diverse T cell subsets (e.g.,
naive-like, cytotoxic, stem cell-like, and exhausted) in chronic

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Immune co-signaling landscape of HBV-specific dysfunctional CD8* T cells uncovers targets for therapeutic intervention

(A) Schematic representation of co-signaling molecules.

(B) Experimental setup. Naive Cor93 T cells (Cor93 Ty) were transferred into HBV-transgenic (HBV-Tg, lineage MUP-core) recipients. At the indicated time points,
Cor93 T cells were sorted from the livers and processed for bulk RNA-seq. From Bénéchet et al.”

(C) Bubbile plot of the upregulated co-inhibitory (left) and co-stimulatory (right) genes expressed by Cor93 T cells upon hepatocellular priming. Data are displayed
according to the time point of analysis and represent normalized expression using bubble size and a color scale ranging from low (gray) to high (purple).

(D) Experimental setup.

(E) Uniform manifold approximation and projection (UMAP) representation of sorted cells (top left). Each dot corresponds to a single cell, and cells belonging to
the same time point are encircled by dotted lines. Feature plots showing the expression of the most upregulated co-signaling receptor genes modulated after
hepatocellular priming.

(F) Experimental setup.

(legend continued on next page)
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infections and cancer.”'® These subsets are evolutionarily
linked and exhibit varied responsiveness to therapeutic co-
signaling receptor modulation.”'® The extent to which such
heterogeneity arises from hepatocellular priming and its conse-
quent impact on the responsiveness of each subset to immuno-
therapeutic interventions, however, remains uncertain.

Neonatal/perinatal HBV infections typically proceed through
an initial stage of high HBV replication and low liver inflammation,
historically labeled the “immunotolerant phase.” Recent studies
challenge this notion, uncovering active HBV-specific T cell re-
sponses and hepatocarcinogenetic events even during this
phase,'®' renamed “high replication, low inflammatory phase”
(HRLI). This underscored the need for earlier initiation of therapy.
Since antiviral drugs are minimally effective during the early
stages of infection,”> immune modulation emerges as a
potential complementary strategy to enhance their antiviral
impact. Regrettably, our limited understanding of immune re-
sponses in young patients restricts the development of novel
immunotherapies.

This study seeks to address these gaps, exploring the unique
characteristics of T cell dysfunction in HBV infection due to he-
patocellular priming and evaluating therapeutic interventions to
reverse it.

RESULTS

Immune co-signaling landscape of HBV-specific
dysfunctional CD8* T cells uncovers targets for
therapeutic intervention
To unravel the immune co-signaling landscape in HBV-specific
dysfunctional CD8" T cells, we analyzed the expression of co-
inhibitory and co-stimulatory receptors (Figure 1A) induced
upon HBV Ag recognition in the liver. Our exploration began by
analyzing our previously published bulk RNA sequencing
(RNA-seq) dataset,” which offered a high sequencing depth. In
this dataset, HBV-transgenic (Tg) mice expressing the HBV
core protein in hepatocytes (lineage major urinary protein
[MUP]-core?®) were adoptively transferred with naive T cell re-
ceptor (TCR) Tg Cor93 T cells (Cor93 Ty) recognizing an
H-2KP-restricted epitope within the HBV core protein.® Intrahe-
patic Cor93 T cells were subsequently isolated at defined time
points for bulk RNA-seq analysis (Figure 1B). We observed a se-
lective upregulation of several co-signaling receptors compared
with naive cells (Figure 1C). Prominent among the upregulated
co-inhibitory receptors were Pdcd1, Ctla4, and Lag3, encoding
for PD-1, CTLA-4, and LAG-3, respectively. Conversely, among
the early upregulated co-stimulatory receptors were members of
the tumor necrosis factor (TNF) receptor superfamily Tnfrsf4 and
Tnfrsf9 (encoding for OX40 and 4-1BB, respectively), as well as
Icos (ICOS) (Figure 1C).

To add depth to our findings, single-cell RNA-seq (scRNA-
seq) was performed under the same conditions (Figure 1D).

Cell

This analysis confirmed the induction of Pdcd1, Ctla4, and
Lag3 after hepatocellular priming, with Cd160, Tigit, Havcr2,
and Cd244a (encoding for CD160, TIGIT, TIM-3, and CD244,
respectively) minimally upregulated subsequently (Figure 1E).
Also with this analysis, Tnfrsf4, Tnfrsf9, and Icos remained the
most induced co-stimulatory genes (Figure 1E), with Tnfrsf9
expression sustained up until day 14. At this late stage, Icos
and Tnfrsf4 were expressed in a small fraction of cells.

We then performed flow cytometry, validating the dynamic
expression of the most upregulated co-signaling genes at the
protein level. To this end, we transferred Cor93 Ty cells into
HBV replication-competent Tg mice (lineage 1.3.32) that express
all HBV Ags and replicate HBV exclusively in the liver at high
levels without any evidence of cytopathology®* (Figure 1F).
This model is immunological equivalent to MUP-core recipients,”
but it additionally offers the evaluation of CD8* T cell antiviral ac-
tivity. t-distributed stochastic neighbor embedding (t-SNE) ana-
lyses validated the upregulation of PD-1, LAG-3, CTLA-4, ICOS,
4-1BB, and OX40 in Cor93 T cells upon intrahepatic recognition
of HBV, with PD-1 and 4-1BB expression remaining elevated
until day 14 (Figures 1G-1l). Similar results were observed
using different TCR Tg CD8" T cells (Env28 T cells, recognizing
an H-2L%restricted epitope of the HBV envelope protein,®
Figures S1A-S1C) and in a distinct lineage of HBV-Tg mice
(Figures S1D-S1F), confirming consistency in our observations.

This investigation provided an atlas of the co-signaling recep-
tors induced in dysfunctional HBV-specific CD8" T cells upon
hepatocellular priming and revealed potential targets for thera-
peutic intervention.

Intrahepatically primed, dysfunctional CD8* T cells are
unresponsive to co-inhibitory receptor blockade but can
be revived by 0X40 and 4-1BB agonism

After characterizing the co-signaling landscape in intrahepati-
cally primed, dysfunctional CD8" T cells, we investigated their
sensitivity to co-signaling receptor modulation. To this end, we
transferred Cor93 Ty cells into HBV replication-competent Tg
mice, followed by the administration of blocking monoclonal an-
tibodies (mAbs) against PD-1, LAG-3, or CTLA-4 at saturating
concentrations 24 h later (Figure 2A). Remarkably, neither of
these treatments induced a substantial increase in the number
of intrahepatic leukocytes (IHLs) and Cor93 T cells when
compared with PBS-treated, Cor93-injected controls
(Figures 2B and 2C). Similarly, immune checkpoint inhibitors
did not alter the ability of Cor93 T cells to produce interferon
(IFN)-y upon cognate peptide stimulation or kill Ag-expressing
hepatocytes, as shown by unchanged serum alanine transami-
nase (SALT) levels (Figures 2D-2F). These observations held
true in a distinct lineage of HBV-Tg mice (Figures S2A-S2F).
Consistent with the absence of a functional differentiation pro-
gram, these treatments did not have any impact on intrahepatic
HBV replication, as determined by southern blot analysis

(G and H) t-Distributed stochastic neighbor embedding (t-SNE) analysis clustered according to the time point (G) and showing the expression of the indicated co-

signaling receptors (H) in Cor93 T cells.

() Mean fluorescence intensity (MFI) fold change (FC) of the indicated markers at the indicated time points compared with day 0. n = 3 per time point; two-way
ANOVA test with Geisser-Greenhouse correction. Statistical significance compared with day 0 is shown.

See also Figure S1.
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Figure 2. Intrahepatically primed, dysfunctional CD8" T cells are unresponsive to co-inhibitory receptor blockade but can be revived by 0X40

and 4-1BB agonism

(A) Experimental setup.

(B) Numbers of IHL isolated from the indicated mice.

(C) Numbers of Cor93 T cells in the livers of the indicated mice.

(D) Representative plots of IFN-y expression among Cor93 T cells in the liver of the indicated mice.

(E) Number of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 4-5; one-way Brown-Forsythe and

Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.

(legend continued on next page)
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(Figure 2G). Accordingly, there was no difference observed in the
cytoplasmic staining of HBcAg, an indirect measure of HBV
replication®* (Figure 2H). Also, we found no histological varia-
tions or cleaved caspase-3 in hepatocytes (Figure 2H).

We further evaluated the effect of agonist mAbs activating
ICOS, OX40, or 4-1BB on dysfunctional CD8* T cells under the
same conditions (Figure 2I). Agonism of OX40 and 4-1BB, but
not ICQOS, triggered an increase in IHL and led to an almost
100-fold expansion of intrahepatic Cor93 CD8" T cells with
enhanced IFN-y-producing and cytotoxic abilities (Figures 2J-
2N). Consequentially, OX40 and 4-1BB agonism resulted in sup-
pression of intrahepatic HBV replication, induced a complete
loss of cytoplasmic HBcAg staining, and triggered the formation
of necro-inflammatory clusters scattered throughout the liver
parenchyma (Figures 20 and 2P). These findings were
completely dependent on the transferred HBV-specific CD8*
T cells (Figures S2G-S2K), and the results were reproduced in
an independent lineage of HBV-Tg mice (Figures S2L-S2Q). By
extending our investigations to distinct TCR Tg CD8" T cells
(Env28 T cells), we found that 2OX40 mAb-treatment moderately
promoted T cell expansion and effector differentiation, while
4-1BB had a superior effect (Figures S2R-S2X). The underlying
reason for this observation could be related to the lower TCR af-
finity of Env28 T cells compared with Cor93 T cells (Figures S2Y
and S22).

Intravital imaging further revealed that OX40 and 4-1BB ago-
nism induced dense clusters of largely immotile cells scattered
throughout the liver parenchyma, contrasting the loose peripor-
tal clusters of relatively motile cells in dysfunctional Cor93 T cells
(Figure S8; Videos S1 and S2).

In conclusion, while immune checkpoint inhibitors exhibit min-
imal effects on intrahepatically primed dysfunctional CD8*
T cells, OX40 and 4-1BB agonism can convert these cells into
potent antiviral effectors.

Intrahepatic priming generates a stable and
heterogeneous pool of dysfunctional memory-like CD8*
T cells

In the experiments described thus far, mice received treatment
1 day following the transfer of HBV-specific CD8* T cells. We
sought to investigate whether manipulating co-signaling recep-
tors could counteract the deeper dysfunction resulting from he-

Cell

patic priming and extended Ag stimulation, conditions mirroring
chronic HBV (CHB) infection in humans. Recent studies in
chronic infections and cancer have discerned unique T cell sub-
sets (e.g., naive-like, cytotoxic, stem cell-like, and exhausted),
which have evolutionary links and differ in their responsiveness
to therapeutic co-signaling receptor modulation.”'® Yet, it is
unclear whether such phenotypic heterogeneity arises from
hepatocellular priming and extended Ag stimulation and,
eventually, how each subset responds to co-signaling receptor
manipulation.

To address this, we examined Cor93 T cells 28 days after
adoptive transfer into HBV-Tg mice. These hepatocellularly
(HC)-primed dysfunctional cells were compared with control
Cor93 T cells injected into wild-type (WT) mice transduced with
a replication-defective recombinant lymphocytic choriomeningi-
tis-based vector (rLCMV-core) that targets the same HBV core
protein to Kupffer cells (KCs) and dendritic cells, which are not
naturally infected by HBV (Figure 3A). Notably, in r(LCMV-core-
injected mice, as opposed to HBV-Tg mice, Cor93 T cells are
primed by KC* and evolve into genuine effector cells that elimi-
nate Ags from the liver (Figure S4A). These cells, referred to as
KC-primed, mature into functional IFN-y-producing memory
cells and stand in contrast to HC-primed cells, which lack the
ability to kill Ag-expressing hepatocytes and produce antiviral
cytokines (Figures S4B and S4C).

We next compared the motility behavior of dysfunctional and
memory cells, as this parameter is linked to Ag recognition and
effector functions.” To this end, intravital microscopy was per-
formed at day 28 using the same setup. Most cells in both con-
ditions were observed crawling intravascularly along the sinu-
soids (Figure S4D; Video S3). Intravascular KC-primed Cor93
T cells exhibited higher speeds compared with HC-primed
Cor93 T cells (Figure S4E), while HC-primed Cor93 T cells dis-
played a higher arrest coefficient (Figure S4F). Directionality, as
indicated by the corrected meandering index, remained un-
changed (Figure S4G). The reduced motility of HC-primed rela-
tive to KC-primed T cells is consistent with persistent Ag
recognition.

To explore the potential heterogeneity within dysfunctional
T cells, we performed scRNA-seq of HC- and KC-primed
Cor93 T cells sorted from the livers of mice injected 28 days
earlier (Figure 3A). HC-primed cells demonstrated remarkable

(F) Serum alanine transaminases (sALTs) of the indicated groups of mice at the indicated time points.

(G) HBV DNA quantification by southern blot analysis of liver lysates from the indicated mice. Bands corresponding to the size of the integrated transgene (Tg),
relaxed circular (RC), double-stranded (DS) linear, and single-stranded (SS) HBV DNAs are indicated.

(H) Representative micrographs of liver sections from the indicated groups of mice. Upper panels show hematoxylin-eosin (H&E) staining, middle panels show
staining for HBcAg, and lower panels show staining for cleaved caspase 3 (ACas3). Scale bars represent 100 um.

(I) Experimental setup.
(J) Numbers of IHL isolated from the indicated mice.
(K) Numbers of Cor93 T cells isolated from the liver of the indicated mice.

(L) Representative plots of IFN-y expression among Cor93 T cells in the liver of the indicated mice.
(M) Number of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 4-5; one-way Brown-Forsythe and
Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.
(N) sALT of the indicated group of mice at the indicated time points. n = 4-5; two-way ANOVA test with Dunnett correction. Each group was compared with PBS-

injected controls.

(O) HBV DNA quantification by southern blot analysis of liver lysates from the indicated mice.
(P) Representative micrographs of liver sections from the indicated groups of mice with the indicated stainings. Scale bars represent 100 um.

See also Figures S2 and S3.
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Figure 3. Intrahepatic priming generates a stable and heterogeneous pool of dysfunctional memory-like CD8" T cells

(A) Experimental setup. 10° Cor93 Ty, cells were adoptively transferred into WT mice (C57BL/6) previously transduced with rLCMV-core 4 h before or into HBV-Tg
mice (MUP-core). Cor93 T cells from the first group (rLCMV-core) will be referred to as “KC-primed” (blue), while those from the HBV-Tg group will be labeled
“HC-primed” (red). Livers were collected at day 28, and Cor93 T cells were analyzed or FACS-sorted and processed for scRNA-seq.

(B) Number of Cor93 T cells in the liver of the indicated mice 28 days after transfer. n = 17, pooled from 4 independent experiments; two-tailed Mann-Whitney test.
(C) Heatmap of normalized and scaled expression values of 106 marker genes characterizing the 2 groups. Genes representative of each group are indicated.
(D) Heatmap showing the frequency of Cor93 T cells expressing the indicated markers by flow cytometry. n = 6-7, pooled from 2 experiments.

(E) UMAP projection of 18,489 sorted and sequenced Cor93 T cells. Each dot corresponds to a single cell, colored according to experimental groups (upper) or
unbiasedly clustered using Louvain algorithm (lower). Dys-Ts,, dysfunctional stem-like T cells; Dys-Trm1 and Dys-Trm2, dysfunctional tissue-resident memory
T cells subset 1 and subset 2, respectively; Try, tissue-resident memory T cells; Tey, central-memory T cells.

(legend continued on next page)
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longevity, as we recovered only slightly fewer cells from the liver
of HC-primed mice compared with KC-primed (Figure 3B). Inter-
estingly, dysfunctional Cor93 cells were proliferating more at
day 28 compared to the memory control cells (Figure S4H),
possibly because of persistent Ag presentation, indicating that
more cells might be dying upon HC priming. We then determined
the highest-ranking differentially expressed genes (DEGs) be-
tween KC-primed and HC-primed cells. The two different prim-
ing modalities elicited strikingly different gene expression pat-
terns (Figure 3C; Table S1), with KC-primed cells showing high
expression of genes linked to a central-memory phenotype
(e.g., Lef1, Ccr7, and Tcf7). By contrast, HC-primed cells were
characterized by the expression of the transcription factor Tox
(critical for T cell exhaustion'®), the chemokine receptor Cxcr6,
typically expressed by liver-resident memory (Trm) cells,?® co-
stimulatory (Thfrsf9) and co-inhibitory (e.g., Lag3 and Pdcd1) re-
ceptors (Figure 3C; Table S1). We confirmed the presence of
prominent marker genes at the protein level, demonstrating
that HC-primed cells showed expression of the liver Tryy markers
CD69 and CXCR6, co-inhibitory receptors PD-1 and LAG-3, as
well as TOX (Figure 3D). IFN-y, however, was not expressed.

Similar results were obtained decreasing the number of
transferred Cor93 T cells (Figures S41-S4K), prolonging the
experiment up to 3 (Figures S4L-S4N) and 6 months
(Figures S40-S4Q), and using HBV replication-competent Tg
mice (Figures S4R-S4T). HBV-specific T cells persisted in similar
numbers in all these settings and maintained their dysfunctional
phenotype as they lacked IFN-y production (Figures S4K, S4N,
S4Q, and S4T). Consistently, these dysfunctional cells did not
exert any antiviral activity, as shown by the persistence of cyto-
plasmic HBcAg in HBV replication-competent Tg mice (Fig-
ure S4U). Similarly, we detected the core HC-primed signature
described above also in HBV replication-competent mice (Fig-
ure S4V). These results indicate that hepatocellular priming
triggers a durable, memory-like T cell population with a dysfunc-
tional phenotype.

To examine the potential heterogeneity in this population, we
created a uniform manifold approximation and projection
(UMAP) representation of the scRNA-seq dataset. This revealed
that HC- and KC-primed T cells clustered distinctly (Figure 3E,
upper panel). We conducted unbiased clustering and manually
annotated the different clusters based on the characteristics of
DEGs (Figure 3E lower panel). Whereas KC-primed cells could
be classified into conventional Tgry and central-memory cells
(Tcm), HC-primed T cells were annotated into four different clus-
ters (Figure 3E, lower panel; Table S2). Since two of them
showed a dysfunctional Tgry-like gene signature, characterized
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by the expression of genes such as Cxcr6, as well as Pdcd1,
Tox, Lag3, Kird1, and Kirc1, they were termed Dys-Tgy1 and
Dys-Trm2. Moreover, we identified a cluster of cells with a
stem-like phenotype (Dys-Ts,), characterized by the expression
of Tcf7, Slamf6, and Xcl1, and one cluster of Mki67"9" prolifer-
ating cells (Figures 3F and 3G; Table S2). Based on differential
gene expression analysis, we identified Slamf6 and Cd48 as po-
tential marker genes to distinguish the three dysfunctional sub-
sets (Figures 3G and 3H). We validated these markers at the pro-
tein level and, using the gating strategy delineated in Figure 3,
we obtained a similar proportion of dysfunctional subpopula-
tions, with the majority of cells being Dys-Tgm2 (Figure 3l, right
panel). We also confirmed the expression of key markers on
the three subpopulations at the protein level (Figures 3J-3L).
Consistent with earlier publications,?® TCF1 (encoded by Tcf7)
showed a strong correlation with SLAMF6 (Figures 3J-3L), al-
lowing them to be used interchangeably as Dys-Tg_ markers.

In conclusion, our findings indicate that hepatocellular priming
induces a long-lasting, heterogeneous, dysfunctional CD8*
T cell population.

Developmental relationship between the three
subpopulations induced by hepatocellular priming

To unravel the developmental relationships among the different
subpopulations induced by HC priming, we carried out RNA ve-
locity analysis. This method generates high-dimensional vectors
that predict the future state of individual cells®” (Figure 4A). From
this analysis, we identified that Dys-Try1 and Dys-Tg, along
with proliferating cells, primarily contributed to the major Dys-
Trm2 subset (Figure 4A). This was corroborated by a higher per-
centage of Ki67* cells in Dys-Tgu1 and Dys-Tg. compared with
Dys-Trm2 (Figure 4B). We then devised an adoptive transfer
experiment to examine the developmental potential of Dys-Tg,,
Dys-Trm1, and Dys-Tgm2. We fluorescence-activated cell sort-
ing (FACS)-sorted these 3 subsets 28 days after HC priming
and transferred them into rLCMV-core-transduced WT mice
(Figure 4C). While all subpopulations showed limited engraft-
ment, Cor93 T cells derived from mice injected with Dys-Tg_
and Dys-Tru1 exhibited notably higher Ki67 staining compared
with those from mice injected with Dys-Tru2 (Figure 4D). Next,
we assessed the relative plasticity of each transferred subset
using TCF1 and CD48 markers (Figure 4E). All transferred popu-
lations demonstrated a strong predilection for generating Dys-
Trm2 (Figure 4F). Interestingly, Dys-Tru2 cells were found to
only give rise to their own subset. By contrast, Dys-Tg, and, to
alesser extent, Dys-Tru1 cells showed the ability to differentiate
into all subsets (Figure 4F).

(F) Feature plot representation of the normalized expression level of selected genes.

(G) Bubble plot representation of the scaled expression level of a manually curated list of genes in clusters identified in (E). Dot size correlates with cell marker
expression percentage per cluster, while color scale indicates average gene expression per cluster.

(H) Violin plots showing the normalized expression of Cd48 in the HC-primed clusters.

(I) Representative gating strategy (left) and frequencies (right) of the three subpopulations among total Cor93 T cells determined by flow cytometry. n = 8; one-way

Brown-Forsythe and Welch ANOVA test with Dunnett correction.

(J) t-SNE representation of Cor93 T cell subpopulations determined by flow cytometry.
(K) t-SNE representation of the expression of indicated markers on Cor93 T cell clusters.
(L) Frequency of expression of the indicated markers in the three subpopulations determined by flow cytometry. n = 8, pooled from 2 independent experiments.

See also Figure S4.
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Figure 4. Developmental relationship between the three subpopulations induced by hepatocellular priming

(A) RNA velocity plotted in the UMAP space for HC-primed Cor93 T cells at day 28. Arrows indicate the location of the estimated future cell state. Each dot
corresponds to a single cell, colored according to the unbiased clusters identified in Figure 3E.

(B) Frequencies of Ki67* Dys-Tg,, Dys-Tgrm1, and Dys-Tgrwu2 cell populations 28 days after transfer. n = 8; one-way Brown-Forsythe and Welch ANOVA test with

Dunnett correction.

(C) Experimental setup. Cor93 T cells were isolated from the livers at day 28 after HC priming, and Dys-Tg;, Dys-Tru1, and Dys-Trm2 were FACS-sorted ac-
cording to the expression of CD48 and SLAMF6. Sorted populations were transferred into rLCMV-core-transduced WT recipients analyzed 5 days later.

(D) Ki67 expression of Cor93 T cells recovered in the liver of the indicated mice 5 days after transfer of FACS-sorted Dys-Tsg , Dys-Tgm1, or Dys-Tgrum2. n = 3; one-

way Brown-Forsythe and Welch ANOVA test with Dunnett correction.
(E and F) Representative plots (E) and frequencies (F) of Dys-Ts, , Dys-Tru1, and Dys-Tru2 output subpopulations recovered in the livers of mice injected with the

indicated input cell populations. n = 3 per group; two-way ANOVA.

(legend continued on next page)
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To provide deeper insights into the potential fates of these
T cell subsets within the context of chronic hepatic Ag exposure,
we conducted additional transfer experiments into HBV-Tg mice
using Dys-Tg. and Dys-Tgy subsets sorted from HC-primed
mice (Figure 4G). Dys-Tg_cells exhibited the capacity to differen-
tiate into both Dys-Ts, and Dys-Try subsets, highlighting their
potential for plasticity and proliferation (Figures 4H-4K). By
contrast, transferred Dys-Tgry cells maintained their Try pheno-
type, reinforcing their state of terminal differentiation and limited
proliferative ability (Figures 4H-4K).

Collectively, our findings outline the hierarchical relationship
among the subpopulations induced by HC priming (Figure 4L).

Intrahepatically primed CD8* T cells show a unique
dysfunctional profile that does not completely overlap
with exhaustion

Next, we aimed to compare the gene expression profile in the
three T cell subsets produced by HC priming with that of clas-
sical T cell exhaustion. To do so, we utilized a previously pub-
lished scRNA-seq dataset’® of splenic CD8* T cells from mice
at day 28 after chronic LCMV infection. Specifically, we
compared the gene expression program of the T cell subsets
induced in chronic LCMV infection (i.e., effector-like, exhausted
[Tex], and precursor of exhausted [Tpex]) with the three T cell sub-
populations resulting from HC priming. Although Dys-Trwm
shared a core signature with Tex, including prototypical genes
such as Tox and Pdcd1 (Figure 5A, red squares), they expressed
a unique set of genes, including Tnfrsf9, Prf1, Kirc1, and Kird1
(Figure 5A, orange squares). Likewise, Dys-Ts exhibited a
shared set of core genes with Tpgy, such as Slamf6 and Tcf7 (Fig-
ure 5A, green squares), but uniquely expressed genes like
Tnfrsf4 (Figure 5A, blue squares). Unlike chronic LCMV infection,
HC priming did not give rise to effector-like cells (Figure 5A, right
column). This is also reflected by the weak enrichment of the
effector-like signature in the Dys-Try subsets (Figure 5B). This
comparison revealed that the dysfunctionality caused by HC
priming is different from the T cell exhaustion observed during
chronic LCMV infection, indicated by the poor enrichment of
the Tex signature on the Dys-Tgry population (Figure 5B). By
contrast, a strong enrichment of the Tpgx signature was
observed on the Dys-Tg_ population (Figure 5B), indicating that
these cells are transcriptionally similar.

Upon chronic antigenic stimulation, only 4-1BB but not
0X40 stimulation results in significant T cell
reinvigoration

The abovementioned scRNA-seq analysis revealed that Tnfrsf4
(encoding for OX40) is expressed exclusively by the Dys-Tg_ pop-
ulation, while Tnfrsf9 (encoding for 4-1BB) is expressed by all HC-
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primed dysfunctional cells (Figures 5C and 5D). To evaluate the
effects of OX40 and 4-1BB activation on dysfunctional T cells un-
der chronic Ag stimulation, we transferred Cor93 T cells into
HBV-Tg recipients and injected them with agonist antibodies
activating OX40 or 4-1BB 28 days later (Figure 5E). Interestingly,
we found that only 4-1BB activation, not OX40, led to an increase
in the total IHL (Figure 5F) and in the number of Cor93 T cells
(Figure 5G). Looking at the distribution among dysfunctional sub-
populations, we noted that 4-1BB activation boosted the expan-
sion of the SLAMF6*CD48'°" Dys-Tg, population, at the expense
of SLAMF6~CD48"°" Dys-Tgu2, while SLAMF6~CD48"9" Dys-
Trm1 cells remained unaffected by the treatments (Figure 5I).
When assessing CD8" T cell effector functions, only Dys-Tg, pro-
duced IFN-vy in response to OX40 activation (Figures 5J and 5K),
along with the secretion of CCL5 (Figures 5L and 5M) and Gran-
zyme A (Figures 5N and 50), as assessed by decreased staining
upon cognate Ag stimulation. This aligns with the notion that
OX40 expression is limited to this subset. By contrast, 4-1BB
activation endowed all distinct Try populations with the ability
to produce and secrete effector molecules (Figures 5J-50).
Consistent with this, 4-1BB—but not OX40—activation pro-
moted CD8" T cell ability to lyse Ag-expressing hepatocytes,
as evidenced by increased sALT levels (Figure 5P) and cleaved
caspase-3 staining (Figure 5Q). Moreover, when tested in HBV
replication-competent mice, 4-1BB activation—but not OX40
activation or PD-1 inhibition—induced cytoplasmic HBcAg clear-
ance, indicating inhibition of HBV replication (Figures 5R-5U).

Collectively, our findings suggest that, in CD8" T cells with es-
tablished dysfunction, 4-1BB is a promising therapeutic target to
restore the unique dysfunctional state of HBV-specific T cells in
chronic settings.

Mechanistic insights into 4-1BB-mediated

reinvigoration of dysfunctional T cells

To unravel the mechanisms behind the functional impairments
of HC-primed T cells and the restorative effects of 4-1BB ago-
nism, we analyzed the Ag-sensing capabilities of dysfunctional
T cells. We found diminished expression of TCR and CD3 in
HC-primed T cells compared with KC-primed counterparts, indi-
cating persistent intrahepatic Ag engagement (Figures S5A-
S5C). This notion was reinforced by evidence of unimpaired
CD3¢ phosphorylation following peptide stimulation, suggesting
intact proximal TCR signaling (Figure S5D). Intravital micro-
scopy already underscored this by showing reduced motility
among HC-primed T cells—a hallmark of active Ag sensing
(Figures S4D-S4G). Remarkably, unlike in KC-primed condi-
tions, the systemic administration of the cognate peptide did
not alter the motility of HC-primed cells, highlighting their contin-
uous engagement with Ag in vivo (Figures S5E and S5F).

(G) Experimental setup. Cor93 T cells were isolated from the livers at day 28 after HC priming, and Dys-Tg_and Dys-Tgy were CD45.1 MACS-enriched and then
FACS-sorted according to the expression of SLAMF6. Sorted subpopulations were transferred into HBV-Tg mice (lineage 1.3.32), and the recipients were

analyzed 5 days later.

(H) Representative plots indicating the purity of the indicated cells after sorting.

(Iand J) Representative plots (l) and frequencies (J) of Dys-Ts, and Dys-Try output subpopulations recovered in the livers of mice injected with the indicated input

cell populations. n = 3 per group; two-way ANOVA.

(K) Percentage of Ki67* Cor93 T cells recovered from the liver of the indicated mice 5 days after transfer. n = 3 per group; two-tailed Mann-Whitney test.
(L) Graphical representation depicting the current model of Dys-T developmental hierarchy.
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Figure 5. Upon chronic antigenic stimulation, only 4-1BB but not 0X40 stimulation results in significant T cell reinvigoration

(A) Heatmap displaying the expression of a selection of genes. Data on the left derived from the scRNA-seq dataset conducted in our study, while the data on the
right originates from the dataset presented in Miller et al.?® Specific cell subsets are labeled above the heatmap. Highlighted squares indicate comparisons
between subsets identified in both studies: genes common to both the Dys-Try and Tex subsets (red), genes exclusive to the Dys-Try subsets (orange), genes
shared between the Dys-Tg, and Tpex subsets (green), and genes specific to Dys-Tg, (blue). Color scale indicates the normalized/scaled expression.

(B) UMAP projection (top left) and feature plots of signatures extracted from the re-analysis of the scRNA-seq dataset of Miller et al.,>® showing the enrichment of
the Tpex (top right), Tex (bottom left), and effector-like (bottom right) signatures on the UMAP from Figure 3E. Color scale indicates the signature score.

(C and D) Violin plots showing the normalized expression profile of Thfrsf4 (C) and Tnfrsf9 (D) on the subsets described in (A).

(legend continued on next page)
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Despite such engagement and signaling, HC-primed T cells
demonstrated a pronounced inability to eliminate peptide-
pulsed targets in vitro, a limitation not observed in T cells post
a24-1BB treatment (Figures S5G-S5I). We posited that this
cytolytic shortfall stemmed from insufficient expression of key
cytotoxic molecules. Supporting this, HC-primed T cells lacked
substantial levels of critical antiviral mediators like FasL,
TNF-a, IFN-v, and negligible GzmB expression (Figures S5J-
S5N). By contrast, 4-1BB activation triggered the production of
these effector molecules, alongside increased degranulation
(assessed by CD107a staining, Figures S5J-S50), indicating a
bottleneck in effector molecule expression as a critical deficit.

Further explorations aimed to ascertain whether 4-1BB ago-
nism fosters the expansion of a latent functional subset or cata-
lyzes a broad functional conversion (Figure 6A). We observed no
significant T cell proliferation 24 h after 4-1BB agonisms, as evi-
denced by stable cell counts and subpopulation frequencies in
both treated and untreated mice (Figures 6B and 6C). Despite
this, we detected enhanced IFN-y production across multiple
T cell subsets (Figures 6D and 6E), suggesting that 4-1BB pro-
motes functional conversion at early time points, independent
of proliferation. This was corroborated by in vitro studies
revealing that 4-1BB agonism prompted functional conversion
across diverse T cell subsets, as evidenced by augmented
IFN-y production among both proliferating (Ki67*) and quiescent
cells (Figures 6F-6l).

Addressing the differential outcomes of 4-1BB and OX40 stim-
ulation during chronic Ag exposure, we found OX40 expression
limited to the Dys-Tg_ subset, contrasting with widespread
4-1BB presence across multiple dysfunctional subsets,
including Dys-Tg. and Dys-Tgy (Figures 6J-6L). This broad
expression enables 4-1BB to initiate a more comprehensive
T cell reinvigoration compared with OX40 more targeted
approach (Figures 6M and 6N). Moreover, 4-1BB activation not
only boosted IFN-y production and cell proliferation more effec-
tively than OX40 but also increased genes crucial for survival,
proliferation, and effector functions, as demonstrated by bulk
RNA-seq (Figure S6; Table S3). Overall, the divergent expression
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patterns and the potent activation capacity of 4-1BB elucidate
the distinct reinvigoration outcomes in the context of chronic
Ag stimulation.

Finally, we delved into the dynamics among different CD8*
T cell subpopulations following HC- priming and post-4-1BB ag-
onism. Sorted Dys-Tgm1, Dys-Tgm2, and Dys-Tg cells from
HC-primed environments were cultured with the cognate pep-
tide, with or without 4-1BB agonist, to observe their differentia-
tion potential (Figure 6F). This exploration revealed that Dys-Tg,
cells serve as a foundational progenitor, capable of self-renew-
ing and differentiating into both Dys-Tgm1 and Dys-Tgum2
(Figures 60 and 6P). Dys-Tru1 cells displayed some degree of
plasticity, predominantly maintaining their phenotype while oc-
casionally transitioning to Dys-Tgm2 (Figures 60 and 6Q). By
contrast, Dys-Tgpm2 cells, more terminally differentiated, ex-
hibited minimal transitions, suggesting a committed effector
state (Figures 60 and 6R). Notably, 4-1BB agonism appeared
to rejuvenate these cells, promoting a less differentiated, more
progenitor-like state across the dysfunctional T cell spectrum
(Figures 60-6R).

4-1BB agonism reinvigorates dysfunctional CD8"* T cells
from patients with HBeAg* CHB infection

Lastly, we explored whether and to what degree modulation of
co-signaling receptors proved effective when assessed in sam-
ples from young patients with HBeAg* CHB infection—the phase
of HBV infection that is best represented by the aforementioned
mouse models. To do so, we generated short-term T cell lines
from the peripheral blood mononuclear cells (PBMCs) of eight
patients (clinical parameters in Table S4) by stimulating them
with HBV core or polymerase peptide pools in the presence or
absence of recombinant human 4-1BB ligand (4-1BBL), OX40
ligand (OX40L), or blocking anti-human PD-1 mAb. On the 10th
day, we evaluated cytokine production and CD107a expression
in CD8" T cells (Figures 7A and 7B). Only the treatment with
4-1BBL induced a significant increase in the production of
both IFN-y and TNF-a, as well as CD107a upregulation, by
CD8* T cells stimulated with either core or polymerase peptide

(E) Experimental setup.
(F) Numbers of IHL isolated from the liver of the indicated mice.

(G) Numbers of Cor93 T cells isolated from the liver of the indicated mice. n = 4-5; one-way Brown-Forsythe and Welch ANOVA test with Dunnett correction. Each
group was compared with PBS-injected controls.

(H and I) Representative FACS plots (H) and percentages () of Dys-Ts,, Dys-Trm1, and Dys-Tru2 Cor93 T cell subpopulations in the groups described in (E).
(J and K) Representative plots (J) and fractions (K) of IFN-y-producing Dys-Ts,, Dys-Tgm1, and Dys-Tgru2 Cor93 T cell subpopulations in the groups described
in (E).

(L and M) Representative plots (L) and percentages (M) of CCL5" Dys-Tg,, Dys-Tru1, and Dys-Tgrm2 Cor93 T cell subpopulations in the groups described in (E).
(N and O) Representative plots (N) and percentages (O) of Granzyme A (GzmA)* Dys-Ts,, Dys-Tgm1, and Dys-Tgm2 Cor93 T cell subpopulations in the groups
described in (E). n = 4-5; one-way Brown-Forsythe and Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.
(P) sALT of the indicated groups of mice at the indicated time points. n = 4-5; two-way ANOVA test with Dunnett correction. Each group was compared with PBS-
injected controls (simple effect within row).

(Q) Representative immunohistochemical micrographs of liver sections from the indicated groups of mice stained for cleaved caspase 3 (ACas3). Scale bar
represents 100 um.

(R) Experimental setup.

(S) Representative plots of IFN-y expression among Cor93 T cells in the liver of the indicated mice. Numbers represent the percentage of cells within the indicated
gates.

(T) Frequencies of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 3-4; one-way Brown-Forsythe
and Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.

(U) Representative micrographs of liver sections from the indicated groups of mice showing immunohistochemical staining for HBcAg. Scale bars represent
100 pm.
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Figure 6. Mechanism of action and plasticity of dysfunctional T cell subpopulations to 4-1BB agonism upon chronic antigenic stimulation
(A) Experimental setup.
(B) Numbers of Cor93 T cells isolated from the liver of the indicated mice.
(C) Representative FACS plots (left) and percentages (right) of Dys-Ts,, Dys-Tgrm1, and Dys-Tgm2 Cor93 T cell subpopulations in the indicated groups.

(D and E) Representative FACS plots (D) and fractions (E) of IFN-y-producing Dys-Tg, Dys-Tgm1, and Dys-Tgm2 Cor93 T cell subpopulations in the indicated
groups. n = 3-5; one-way Brown-Forsythe and Welch ANOVA test with Dunnett correction.
(F) Experimental setup. 10° Cor93 Ty cells were adoptively transferred in HBV-Tg mice (MUP-core). 28 days later, Dys-Tg,, Dys-Trm1, and Dys-Tru2 subsets
were FACS-sorted. Cells were cultured in the presence of cognate Corgs_100 peptide with or without 4-1BB antibody and analyzed 16 h later.

(legend continued on next page)
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pools (Figures 7C-7K). By contrast, OX40L induced only a
modest increase in IFN-y production by CD8" T cells stimulated
with polymerase peptide pools, and PD-1 blockade did not show
any effect (Figures 7C-7K). Considering the fraction of patients
with an increase in cytokine production or CD107a upregulation
greater than 2-fold, 4-1BBL confirmed to be the most effective
treatment for all the tested parameters (Figures 7E, 7H, and
7K). All individual patient data and dose-response curves are re-
ported in Figure S7.

In conclusion, our analysis suggests that, in HBeAg* CHB pa-
tients, 4-1BB activation shows the highest potential to rejuve-
nate dysfunctional CD8* T cells.

DISCUSSION

In this study, we conducted an analysis of co-signaling receptors
induced by hepatocellular priming and traced the trajectory and
long-term fate of dysfunctional HBV-specific CD8* T cells. We
used mouse models that mirror the initial immune responses
seen in young patients acquiring CHB infection neonatally or
perinatally. Our findings suggest that immune checkpoint inhib-
itors offer limited effects on intrahepatically primed dysfunctional
CD8" T cells. By contrast, we observed that by targeting co-
stimulatory members of the TNF receptor family, particularly
4-1BB, these cells could be transitioned into antiviral effectors.
Consistent with this, in patients with HBeAg* CHB infection,
4-1BB activation showed the highest potential to rejuvenate
dysfunctional CD8" T cells. These findings support the theory
that CD8* T cell priming by hepatocytes induces a unique
dysfunctional program separate from exhaustion.” They further
imply that tailored strategies might be essential during various
phases of CHB infection to effectively rejuvenate protective anti-
viral T cell responses.

In regions with high HBV endemicity, most CHB patients typi-
cally acquire their infection perinatally or during childhood.
These patients, primarily young, HBeAg*, and highly viremic,
exhibit a phase with high HBV replication but low liver inflamma-
tion. This stage is commonly known as the immunotolerant
phase of CHB infection. They often respond poorly to direct-
acting antiviral drugs. Despite its prevalence, our understanding
of CD8" T cell behavior during this phase is limited. Most detailed
analyses have concentrated on the HBeAg-negative “immuno-
logically active phase” (which can succeed the immunotolerant
phase). In the HBeAg-negative phase, co-inhibitory receptors
are upregulated and coincide with CD8" T cell impairment.
Yet, in vitro PD-1/PD-L1 blockade only marginally revives T cell

Cell

activity.28 Furthermore, recent clinical trials on nucleoside
analog-treated patients with suppressed viral loads reveal that
only a very minor fraction benefit from checkpoint blockade.®
There is a glaring lack of data on checkpoint inhibition for the
HBeAg" stage.

Challenging conventional wisdom, recent studies cast doubt
on the immunotolerant phase being a dormant stage and not
requiring early treatment. Indeed, HBV-specific T cell re-
sponses in young immunotolerant individuals were found to
be no more impaired than those in adult “immunologically
active” patients.’® Furthermore, evidence of clonal hepatocyte
expansion and HBV DNA integration during the immunotolerant
phase suggests potential early-stage hepatocarcinogenetic
events.?’ These findings have sparked discussions around
the need for earlier therapeutic intervention. Yet, the effective-
ness of existing antiviral treatments during this phase of infec-
tion remains uncertain®® as numerous clinical trials have shown
suboptimal impact on HBeAg and HBsAg loads after adminis-
tering polyethylene glycol (PEG)-IFN-a and nucleoside analog-
treatments, whether used individually or in combination.?®"
This underscores the potential necessity for supplementary im-
mune modulatory approaches to enhance the performance of
direct antiviral therapies. However, our limited understanding
of immune responses in young HBeAg* patients hinders the
development of novel immunotherapies, emphasizing the
need for thorough phenotypic and functional characterization
of HBV-specific CD8" T cells in the HRLI phase of CHB
infection.

Whereas priming by hepatocytes in a non-inflamed liver, likely
to occur in the first phases of CHB infection, triggers a unique
dysfunctional gene program, Ag persistence and liver inflamma-
tion may gradually activate a gene signature progressively more
similar to exhaustion.**>*° Yet a recent study found no clear ev-
idence of classical exhausted T cells expressing all co-inhibitory
receptors or showing hierarchical T cell exhaustion.®* Further-
more, the dysfunctionality of HBV-specific T cells did not corre-
spond with the linear accumulation of co-inhibitory receptors,
implying that these cells were not entirely functionally inert,
further reinforcing the distinctiveness of their phenotype.®*

Remarkably, extended Ag stimulation of intrahepatically
primed dysfunctional T cells resulted in a self-sustaining, long-
lived, heterogeneous population consisting of a dysfunctional
progenitor or stem-like (Tg) population and two distinct
dysfunctional tissue-resident memory (Tgry) cell populations.
All three subsets maintained 4-1BB expression, while OX40
expression was limited to Tg.. Contrary to other chronic

(G-) Fractions of proliferating Ki67* and non-proliferating Ki67 ~ IFN-y-producing cells among Dys-Tg (G), Dys-Tgm1 (H), and Dys-Tru2 (I). n = 3/group; one-way

Brown-Forsythe and Welch ANOVA test with Dunnett correction.

(J) Experimental setup. Cor93 Ty cells were transferred in HBV-Tg mice. 28 days later, livers were collected, and IHL were cultured in the presence of cognate
Corgs_100 peptide with or without «OX40 or a4-1BB agonist antibody. Cells were analyzed 16 h later by flow cytometry.

(K and L) Representative histograms (left) and MFI quantification (right) of OX40 (K) and 4-1BB (L) basal expression levels in endogenous CD8* T cells, Dys-Trwm
(TCF1~ SLAMF67), and Dys-Tg (TCF1* SLAMF6*) Cor93 T cells in unstimulated conditions.

(M and N) Representative histograms (left) and frequencies (right) of IFN-y (M) and Ki67 (N) expression in Dys-Tgrym and Dys-Ts. Cor93 T cells in the indicated

conditions. n = 4 per group; two-way ANOVA.

(O) Representative plots showing different dysfunctional T cell population in the indicated conditions with the same experimental design depicted in (F).
(P-R) Fractions of different CD8* T cell subsets recovered after culture of FACS-sorted Dys-Tg (P), Dys-Trm1 (Q), and Dys-Tgrm2 (R) in the indicated conditions.

n = 3 per group; two-way ANOVA test with Geisser-Greenhouse correction.
See also Figures S5 and S6.
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Figure 7. 4-1BB agonism reinvigorates dysfunctional CD8"* T cells from patients with HBeAg™* chronic HBV infection

(A) Experimental setup.

(B) Gating strategy (left) and representative plots (right) of cytokine production and CD107a upregulation on day 10.

(C and D) Paired percentages of IFN-y-producing CD8" T cells in short-term T cell lines generated by HBV core (C) or polymerase (Pol, D) peptide stimulation in
the presence or absence of a-PD-1, OX40L, or 4-1BBL. One PBS control per patient is used for pairwise comparison against each of the other conditions.
Figure S7 presents all individual patient data along with dose-response curves. For each stimulation, the dosage yielding the maximum enhancement for every
cytokine was chosen. n = 8; two-way ANOVA.

(E) Pie charts represent the percentage of patients showing an increase in IFN-y production by CD8* T cells generated in short-term T cell lines by HBV core (left)
or polymerase (right) peptide stimulation in the presence or absence of a-PD-1, OX40L, or 4-1BBL. Results are percentage of patients showing fold increase <2
(gray) or >2 (red).

(legend continued on next page)
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infections and cancer,?®*>*® our results showed that targeting

all three subpopulations with 4-1BB activation and not only the
stem-like T cells with OX40 activation endowed HBV-specific
CD8™" T cells with robust antiviral activity. The mechanism behind
this observation remains uncertain and may be linked to lower
TsL numbers, their potential distinct localization, or the differen-
tial biological effects downstream of these two co-stimulatory
receptors.®’:*8

The potential of 4-1BB agonism for initiating anti-tumor T cell
responses is well recognized.®® Despite setbacks in early clinical
trials with first-generation agonists due to toxicity and limited ef-
ficacy,“° promising preclinical results and a better understanding
of off-target effects have led to the development of second-gen-
eration 4-1BB agonistic drugs.*® These drugs, noted for their
improved safety and tolerability, are currently undergoing clinical
evaluation.

In conclusion, our study outlines the behavior and potential
therapeutic targeting of dysfunctional HBV-specific CD8"
T cells, providing insights that could guide the development of
immunomodulators to end HBV infection and its complications.

Limitations of the study

This study underscores the potential of 4-1BB agonism in rein-
vigorating T cells but acknowledges some limitations. The use
of monoclonal TCR Tg CD8* T cells may not accurately reflect
the complexity of natural, polyclonal responses to HBV Ag s,
indicating a need for broader research on polyclonal cell sensi-
tivity to 4-1BB agonism. Additionally, the experimental models
lack covalently closed circular DNA (cccDNA), limiting insights
into 4-1BB impact on key HBV dynamics. The role of CD4*
T cells, potentially crucial for the antiviral response, was not
examined, highlighting a gap for future studies. Moreover,
comparing KC-primed cells with HC-primed cells introduces
variability not only in the nature of Ag-presenting cells but also
in the magnitude and duration of Ag exposure.
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Cross-Adsorbed Secondary Antibody
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eFluo 450 anti mouse Ki-67

eFluo 660 anti-mouse TOX

FITC anti human TNF-a

FITC anti-mouse CD45.2

GolnVivo Purified anti-mouse CD279 (PD-1)
Hepatitis B Virus Core Antigen
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InVivoPlus anti-mouse CD137 (4-1BB)
InVivoPlus anti-mouse CD16/CD32

InVivoPlus anti-mouse CTLA-4 (CD152)
InVivoPlus anti-mouse LAG-3

Cell Signaling Technology
BioLegend

BioLegend

Thermo Fisher Scientific

Thermo Fisher Scientific

BioLegend

BioLegend

BioLegend

BioLegend

BD Biosciences

Agilent

BioLegend

BioLegend

BioLegend

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences
BioLegend

BioLegend

BioLegend

BD Biosciences
BioLegend

BD Biosciences
Thermo Fisher Scientific
Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Miltenyi Biotec
BioLegend

BioLegend

Agilent

Bio X Cell

Bio X Cell

Bio X Cell

Bio X cell

Bio X Cell

Bio X Cell

Cat# 6444; RRID:AB_2797627
Cat# 100210; RRID:AB_389301
Cat# 104419; RRID:AB_493377
Cat# A-21470; RRID: AB_2535873

Cat# A-11077; RRID: AB_2534121

Cat# 102725; RRID:AB_2566435
Cat# 515406; RRID:AB_2566333
Cat# 104517; RRID:AB_492848
Cat# 121628; RRID:AB_2783063
Cat# 557995; RRID:AB_396977
Cat# M7249; RRID:AB_2250503
Cat# 106109; RRID:AB_2564296
Cat# 105512; RRID:AB_2721459
Cat# 103432; RRID:AB_2561463
Cat# 565880; RRID:AB_2744480)
Cat# 565212; RRID:AB_2722493
Cat# 741110; RRID:AB_2870702
Cat# 741227; RRID:AB_2870781
Cat# 612791; RRID:AB_2870118
Cat# 749306; RRID:AB_2873680
Cat# 612898; RRID:AB_2870186
Cat# 151111; RRID:AB_2721558
Cat# 125219; RRID:AB_2566571
Cat# 506329; RRID:AB_11123912
Cat# 740549; RRID:AB_2740251
Cat# 135037; RRID:AB_2565269
Cat# 740945; RRID:AB_2740573
Cat# 14-0081-82,;RRID:AB_467087
Cat# 966; RRID:AB_2341188
Cat# 48-5698-80; RRID:AB_11151155
Cat# 50-6502-82; RRID:AB_2574265
Cat# 130-120-490; RRID:AB_2752116
Cat# 109805; RRID:AB_313442
Cat# 114112; RRID:AB_2566090
Cat# B0586; RRID:AB_2335704
Cat# BE0021; RRID:AB_1107665
Cat# BE0353; RRID:AB_2894772
Cat# BE0239; RRID:AB_2687721
Cat# BE0307; RRID:AB_2736987
Cat# BE0131; RRID:AB_10950184
Cat# BE0174; RRID:AB_10949602
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InVivoPlus anti-mouse OX40 (CD134) Bio X Cell Cat# BE0031; RRID:AB_1107592
Pacific Blue anti-mouse Ly108 BioLegend Cat# 134608; RRID:AB_2188093

PE anti human CD4
PE anti mouse CD197 (CCR?7)

PE mouse anti-CD247, phospho (Tyr142)

PE anti-mouse CD178 (FaslL)

PE anti-mouse CD200R (OX2R)

PE anti-mouse CD45.1

PE anti-mouse Granzyme A

PE Mouse Anti-Human Granzyme B
PE-CF594 Mouse Anti-Human CD3
PE-CF594 Rat Anti-Mouse IFN-vy

PE-Cyanine7 anti human CD107 (LAMP-1)
PE/Cyanine7 anti-mouse CCL5 (RANTES)

PE/Cyanine7 anti-mouse CD152
PerCp anti human CD8

PerCP/Cyanine5.5 anti-human CD223 (LAG-3)

Miltenyi Biotec
Thermo Fisher Scientific
BD Biosciences
BioLegend
BioLegend
BioLegend
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
Miltenyi Biotec
BioLegend
BioLegend
Miltenyi Biotec
BioLegend

Cat# 130-113-225; RRID:AB_2726036
Cat# 12-1971-80; RRID:AB_465904
Cat# 558448; RRID:AB_647237
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Cat# 110707; RRID:AB_313496
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Cat# 106313; RRID:AB_2564237

Cat# 130-113-160; RRID:AB_2725988
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Bacterial and virus strains

rLCMV-core/env

provided by D. Pinschewer

Bénéchet*

Chemicals, peptides, and recombinant proteins

4’ ,6-diamidino-2-phenylindole (DAPI)

BD GolgiPlug™ Protein Transport Inhibitor

(Containing Brefeldin A)

BD GolgiStop™ Protein Transport Inhibitor

(Containing Monensin)
Betaine

Bovine Serum Albumin (BSA) US Origin,
Protease free, lyophilized powder

Brilliant Stain Buffer
Collagenase

DMEM

Dnasel

DTT

Dulbecco’s Phosphate-Buffered Saline, 1X without

calcium and magnesium
EDTA

Elution Buffer

Eosin

Ethanol

Fetal Bovine Serum, 500 mL, Regular, South American Origin

FluorSave Reagent
Gentamicin

HBcAg peptide sequence 93-100 [MGLKFRQL]
HBsAg peptide sequence 28-39 [IPQSLDSWWTSL]

HBSS (Hank’s Balanced Salt Solution)
Hematoxylin

LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit

Magnesium chloride MgCI2
Ms H-2Kb/Ig Recom DimerX Pure
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Thermo Fisher Scientific
BD Biosciences

BD Biosciences

Sigma-Aldrich
PAN Biotech

BD Biosciences
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Invitrogen
Corning

Westburg
Qiagen
Sigma-Aldrich
Carlo Erba
Corning
Millipore

Gibco
Proteogenix
Proteogenix
Corning
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
BD Biosciences

Cat# D1306; RRID:AB_2629482
Cat# 555029; RRID:AB_2869014

Cat# 554724; RRID:AB_2869012

Cat# 61962
Cat# P06-139250

Cat# 566349; RRID:AB_2869750
Cat# 11088793001

Cat# 41965-039

Cat# 04 536 282 001

Cat# 18064-014

Cat# 21-031-CV

Cat# 51234
Cat# 19086
Cat# 115935
Cat# 414605
Cat# 35-079-CV
Cat# 345789
Cat# 15710-049
Custom made
Custom made
Cat# 20-021-CV
Cat# 105174
Cat# L34973
Cat# M8266
Cat# 550750; RRID:AB_2868900
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ms H-2Ld/Ig Recom DimerX Pure BD Biosciences Cat# 550751; RRID:AB_2868901
O.C.T. Bio Optica Cat# 05-9801

Paraformaldehyde 10% EMS Cat# 15712

Phosflow Lyse/Fix Buffer
Phosflow Perm/Wash Buffer |

BD Biosciences
BD Biosciences

Cat# 558049; RRID:AB_2869117
Cat# 557885; RRID:AB_2869104

RPMI 1640 Gibco Cat# 52400-025

Treg-Protector (anti-ARTC2 Nanobody) BioLegend Cat# 149803; RRID:AB_2819899
Tritonx100 Sigma Cat# T9284

Viobilit 405/520 fixable dye Miltenyi Biotec Cat# 130-109-816

YCO0206985 - Olig0-dT30VN Qiagen Cat# 339411

YCO0206986 - ISPCR oligo Qiagen Cat# 339411

YCO00206987 - TSO Qiagen Cat# 339412

Zinc Formalin Fixative Sigma-Aldrich Cat# 722902

Zombie Agua™ Fixable Viability Kit BioLegend Cat# 423101

Critical commercial assays

Agencourt Ampure XP beads Beckman Coulter Cat# A63881

Anti-FITC MicroBeads Miltenyi Biotec Cat# 130-048-701; RRID:AB_244371
CellTrace™ Violet Cell Proliferation Kit Thermo Fisher Scientific Cat# C34571

Chromium Next GEM Chip G Single Cell Kit 48 rxns
Chromium Next GEM Single Cell 3’ Kit v3.1 dual index
DIG-High Prime DNA Labeling and Detection Starter Kit Il
Dual Index Kit TT set A

EasySep™ Mouse Naive CD8* T Cell Isolation Kit
First Strand Buffer

Fixation/Permeabilization Solution Kit

Foxp3 / Transcription Factor Staining Buffer Set

High Sensitivity D5000 ScreenTape

High Sensitivity RNA ScreenTape

KAPA HiFi HotStart ReadyMix

Nextera XT 24-index kit

Nextera XT DNA sample preparation kit

Qubit dsDNA HS Buffer

Recombinant RNase inhibitor

Relia Prep RNA Cell Miniprep System

SPRIselect 5ml

Superscript Il reverse transcriptase

TURBO DNA-free™ Kit

Carlo Erba

Carlo Erba

Roche

Carlo Erba

Stem Cell technologies
Invitrogen

BD Biosciences
Thermo Fisher Scientific
Agilent

Agilent

KAPA Biosystems
lllumina

lllumina

Thermo Fisher Scientific
Promega

Promega

Beckman Coulter
Invitrogen

Thermo Fisher Scientific

Cat# FC51000120
Cat# FC51000268
Cat# 11585614910
Cat# FC51000215
Cat# 19858

Cat# 18064-014
Cat# 554714

Cat# 00-5523-00
Cat# 5067- 5592
Cat# 5067- 5579
Cat# KK2601
Cat# FC131-1001
Cat# FC131-1024
Cat# Q32851
Cat# N2611

Cat# 76011

Cat# B23317
Cat# 18064-014
Cat# AM1907

Deposited data

Bulk RNAseq data
Single-cell RNAseq data
Single-cell RNAseq data

This manuscript
This manuscript
Miller et al.?®

GEO: GSE263460
GEO: GSE240036
GEO: GSE122713

Experimental models: Organisms/strains

Mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

Mouse: B6.Cg-Ptprca Pepcb Tg(TcraBC10,TcrbBC10)3Chi/J
(lineage BC10.3)

Mouse: B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J

Mouse: B6.FVB(129)-Tg(Alb1-cre)1DIr/J

Mouse: Balb/c

Mouse: C.Cg-Tg(Tcra6C2,Tcrb6C2)16Chi/J (lineage 6C2.36)

The Jackson Laboratory

M. Isogawa; Isogawa et al.’

The Jackson Laboratory
The Jackson Laboratory
Charles River

M. Isogawa; Isogawa et al.’

Stock No: 007914
Internal colony

Stock No: 006051
Stock No: 016832
Balb/c colony
Internal colony

(Continued on next page)
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Mouse: C57BL/6 Charles River C57BL/6 colony

Mouse: C57BL/6-Tg(CAG-EGFP)10sb/J
Mouse: CBy.PL(B6)-Thya/ScrJ
Mouse: lineage 1.3.32

Mouse: MUP-core 50 [MC50]

The Jackson Laboratory
The Jackson Laboratory
Francis V. Chisari, L. G. Guidotti.;

Guidotti et al.**

Francis V. Chisari, L. G. Guidotti.;

Guidotti et al.”®

Stock No: 003291
Stock No: 005443
Internal colony

Internal colony

Software and algorithms

Adobe lllustrator
BD FACSDiva V8

CytExpert

edgeR

Enrichr
featureCounts

fGSEA

Fiji-Imagej
FlowJo V10.10
GeneOntology
Ggplot2
GseaPreranked

llastik
ImageScope
Imaris bitplane

Leica Application Suite X (LAS X)

LIMMA R package

pheatmap R

Prism 10

RSEM tool
scVelo

Seurat (v4.0.2)
STAR aligner
Velocyto

Adobe
BD Biosciences

Beckman Coulter
Robinson et al.*’

Kuleshov et al.*?
Liao et al.*®

Korotkevich et al.**

Schneider et al.*®
FlowJo
Ashburner et al.*®
Wickham et al.*”

Subramanian et al.*®

Berg et al.*®
Leica Biosystem
Imaris

Leica Microsystem

Ritchie et al.*®

Kolde®'

GraphPad software

Li and Dewey®?
Bergen et al.>®

Stuart et al.>*

Dobin et al.>®

La Manno et al.?’

www.adobe.com

http://www.bdbiosciences.com/us/
instruments/research/software/flow-
cytometry-acquisition/bd-facsdiva-
software/m/111112/overview

https://www.beckman.com/flow-
cytometry/instruments/cytoflex/software

http://bioconductor.org/packages/
release/bioc/html/edgeR.html

http://amp.pharm.mssm.edu/Enrichr/

https://www.rdocumentation.org/
packages/Rsubread/versions/1.22.2/
topics/featureCounts

https://bioconductor.org/packages/
release/bioc/html/fgsea.html

https://imagej.net/Fiji/Downloads
https://www.flowjo.com/
http://geneontology.org/
https://ggplot2.tidyverse.org
https://gsea-msigdb.github.io/
gseapreranked-gpmodule/v6/index.html
https://www.ilastik.org/

N/A

https://imaris.oxinst.com/products/
imaris-for-cell-biologists?gclid=
CjoKCQiAgomBBhDXARISAFNyUqOQMD64
vZvZMyBoHWFOYRm_ZPxHWLb_
tWDIOpGijii8ZVNDkW-
UNtRgaAnhfEALwW_wcB
https://www.leica-microsystems.com/
products/microscope-software/p/
leica-las-x-Is/
https://bioconductor.org/packages/
release/bioc/html/limma.html

https://www.rdocumentation.org/
packages/pheatmap/versions/1.0.12/
topics/pheatmap

https://www.graphpad.com/scientific-
software/prism

https://deweylab.github.io/RSEM/
https://scvelo.readthedocs.io
https://satijalab.org/seurat/
https://github.com/alexdobin/STAR
http://velocyto.org
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https://www.rdocumentation.org/packages/pheatmap/versions/1.0.12/topics/pheatmap
https://www.graphpad.com/scientific-software/prism
https://www.graphpad.com/scientific-software/prism
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https://scvelo.readthedocs.io
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https://github.com/alexdobin/STAR
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Other

Aperio GT 450 DX Leica Biosystem N/A
Cytek Aurora Spectral Analyzer Cytekbio N/A
CytoFLEX LX Beckman Coulter N/A
FACSAria Fusion BD Bioscience N/A
FACSymphony A5 BD Bioscience N/A
lllumina HiSeq 4000 system lllumina N/A
Infinite M Nano Tecan N/A
Inverted 2-Photon microscope TriM Scope I LaVision Biotec N/A
MACSQuant Tyto Cell Sorter Miltenyi Biotec N/A
MoFlo Legacy Beckman Coulter N/A
SP8 confocal microscope Leica Biosystem N/A
Tape Station 2100 Agilent N/A
UVitec Eppendorf N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Matteo
lannacone (iannacone.matteo@hsr.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® The bulk RNA and scRNAseq datasets have been deposited in the Gene Expression Omnibus (GEO) repository and will be pub-
licly available upon publication. Accession numbers are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse lines

C57BL/6, CD45.1 (inbred C57BL/6), Balb/c, Thy1.1 (CBy.PL(B6)-Thya/Scrd), B-actin-GFP [C57BL/6-Tg (CAG-EGFP) 10sb/J], Ai14
(RCL-tdT)-D [B6.Cg-Gt (ROSA) 26Sortm14 (CAG-tdTomato) Hze/J], B-actin-DsRed [B6.Cg-Tg (CAG-DsRed*MST) 1Nagy/J] mice
were purchased from Charles River or The Jackson Laboratory. MUP-core transgenic mice (lineage MUP-core 50 [MC50], inbred
C57BL/6, H-2Kb), that express the HBV core protein in 100% of the hepatocytes under the transcriptional control of the mouse
major urinary protein (MUP) promoter, have been previously described.”® HBV replication-competent transgenic mice (lineage
1.3.32, inbred C57BL/6, H-2Kb), that express all of the HBV Ags and replicate HBV in the liver at high levels without any evidence
of cytopathology, have been previously described.” In indicated experiments, MUP-core and HBV replication-competent
transgenic mice were used as C57BL/6 x Balb/c H-2bxd F1 hybrids. Cor93 TCR transgenic mice (lineage BC10.3, inbred
CD45.1), in which > 98% of the splenic CD8" T cells recognize a H-2Kb-restricted epitope located between residues 93-100 in
the HBV core protein (MGLKFRQL), have been previously described.® Env28 TCR transgenic mice (lineage 6C2.36, inbred Thy1.1
Balb/c), in which >85% of the splenic CD8" T cells recognize a H-2Ld-restricted epitope located between residues 28-39 of
HBsAg (IPQSLDSWWTSL), have been previously described.® For intravital imaging experiments, Cor93 TCR were crossbred with
the CAG-dsRed lineage for homozygous CAG-dsRed expression. Furthermore, Alb1-Cre- MUP-core™” mT/mG** and MUP-
core” mT/mG** (control) mice were generated by crossing mT/mG (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)
Luo/J) and MUP-core transgenic mice.

Mice were housed under specific pathogen-free conditions and entered experiments at 8-10 weeks of age. Mice of both sexes
were used. In all experiments, mice were matched for age, sex and (for the 1.3.32 animals) serum HBeAg levels before experimental
manipulations. All experimental animal procedures were approved by the Institutional Animal Committee of the San Raffaele Scien-
tific Institute and are compliant with all relevant ethical regulations.
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Viruses and viral vectors

The replication-incompetent LCMV-based vector encoding HBV core protein (LCMV-core) has been previously described.* Mice
were injected intravenously with 2.5x10° infectious units of r(LCMV-core 4 h before CD8" T cells transfer unless otherwise indicated.
In accordance with institutional guidelines, all infectious work was carried out in designated BSL-2 or BSL-3 workspaces.

Human samples

A total of 8 patients with HBeAg-positive chronic HBV infection were enrolled at the Unit of Infectious Diseases and Hepatology of the
Azienda Ospedaliero-Universitaria of Parma, Italy. Diagnosis was based on serum HBsAg and HBeAg positivity lasting more than six
months and normal ALT levels. Patient age ranged from 21 to 42 (participants clinical parameters, age, ethnicity and sex are reported
inin Table S4). No patient was under antiviral therapy. All patients were negative for anti-hepatitis C virus, delta virus, human immu-
nodeficiency virus type 1 (HIV-1) and type 2 (HIV-2) antibodies and for other markers of viral or autoimmune hepatitis. The influence of
sex/gender, age or ethnicity on the therapeutic potential of co-signaling receptor modulation in hepatitis B is not known, and our
study is not powered enough to address this aspect. Data presented in this study derive from a non-profit clinical project approved
by the Ethic Committee Area Vasta Emilia Nord (record n. 730/2020/TESS/UNIPR).

METHOD DETAILS

Naive T cell isolation, adoptive transfer, and in vivo treatments

Recipient mice were adoptively transferred with 2x10* or 10° HBV-specific naive CD8* TCR transgenic T cells isolated from the
spleens of Cor93 and/or Env28 TCR transgenic mice, as described.? The appropriate amount of TCR transgenic CD8" T cells
was confirmed by dimer FACS staining as described.” The indicated amount cells were injected intravenously (i.v.) into recipient
mice in 200 pl HBSS. In selected experiments, mice were splenectomized and injected intraperitoneally (i.p.) with 100 pg of anti-
CD62L monoclonal antibody (clone MEL-14, BioXcell #BE0021) in PBS 4 h prior to cell injection. Splenectomy was performed ac-
cording to standard protocols.®® In indicated experiments, recipient mice were injected i.p. with wither 100pg of anti-mouse PD-1
(clone RMP1-14, Biolegend #114114), anti-mouse LAG-3 (clone C9B7W, BioXcell #BE0174), anti-mouse CTLA-4 (clone 9H10,
BioXcell #BE0131), anti-mouse ICOS (clone C398.4A, BioXcell #BE0353), anti-mouse OX40 (clone OX-86, BioXcell #BE0031) or
anti-mouse 4-1BB (clone 3H3, BioXcell #BE0239) antibodies at saturating concentration one day after T cell transfer, unless other-
wise indicated.

Conventional cell sorting

Single-cell suspensions from livers were obtained as described.* Briefly, mice livers were perfused with PBS, processed through me-
chanical and enzymatic digestion, and isolated cellular fractions were purified using differential centrifugation and Percoll gradient.
Cells were finally stained with Viobility 405/520 fixable dye (Miltenyi), with PB-conjugated anti-CD8a. (clone 53-6.7) and PE-conju-
gated anti-CD45.1 (clone A20) antibodies. Live CD8" CD45.1* cells were sorted on a MoFlo Legacy (Beckman Coulter) cell sorter
in a buffer containing PBS with 2% FBS. Cell purity was greater than 98%. For scRNAseq experiments, single-cell suspensions
from livers were stained with Zombie Aqua Fixable Viability Kit (BioLegend, #423101), APC-conjugated anti-CD8 (clone 53-6.7)
and PE-conjugated anti-CD45.1 (clone A20) antibodies. Live CD8* CD45.1" cells were sorted on a BD FACSAria lll cell sorter in a
buffer containing PBS with 2% FBS.

For sequential adoptive transfer experiments, single-cell suspensions from livers were stained with Zombie Aqua Fixable Viability
Kit (BioLegend, #423101), PB-conjugated anti-CD8a. (clone 53-6.7), APC-Cy7 conjugated anti-CD48 (clone HM48-1), and APC
conjugated anti-Slamf6é (clone 330-AJ) antibodies. Live CD8" CD45.1* and SLAMF6* cells, or SLAMF6~ CD48* or CD48™ cells
were sorted on a BD FACSAria lll cell sorter.

MACSQuant Tyto cell sorting

To obtain highly pure and viable Cor93 T cells for the experiments depicted in Figure 5G, single-cell suspensions isolated from the
livers of CD45.2 HBV Tg mice, previously transferred with 10° naive Cor93 Ty cells, underwent initial enrichment through Magnetic-
Activated Cell Sorting (MACS) followed by subsequent Fluorescence-Activated Cell Sorting (FACS). For that, single-cell suspensions
were stained with FITC-labeled anti-mouse CD45.2 antibody (clone 104), followed by anti-FITC antibody-coated micromagnetic
beads (Miltenyi Biotech) and passed through a magnetic isolation column. Negative fraction containing CD45.1" cells was obtained.
Following this, cells were stained with PB-conjugated anti-SLAMF6 (330-AJ), PE-conjugated anti-CD8q. (clone 53-6.7), and
AlexaFluor647-conjugated anti-CD45.1 (clone A20). Total Cor93 T cells (CD45.1* CD8*), Dys-Tg, (CD45.1* CD8* SLAMF6™), and
Dys-Trm (CD45.1* CD8" SLAMF67) were sorted at a rate of 4 mL/h with ~140 mbar pressure using a MACSQuant Tyto Sorter (Miltenyi
Biotec) in a buffer containing PBS with 2% FBS plus 1mM EDTA. Cell debris, doublets, and dead cells were gated out during sorting.
Following sorting, the purity of the target cells was verified by flow cytometry, ensuring a purity close to 99%.

Flow cytometry

For all experiments where mice were sacrificed 14 days or longer after T cell transfer, mice were injected in the tail vein with 50 pg of Treg-
Protecto (anti-ARTC2 Nanobody, Biolegend #149802) 30 min before sacrifice. Staining of chemokine receptors was carried out at 37°C,
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5% CO2 for 30 minutes in the presence of an anti-CD16/32 blocking antibody (Fc-block, BD Biosciences #553142). Staining of cell sur-
face markers was performed with Brilliant Stain buffer (BD Biosciences #566349) according to manufacturer instructions. Stimulation and
analyses of intracellular cytokines was performed as described.” Briefly, cells were plated in at 10° per well in a 96-well U-bottom tissue
culture plate with cognate peptide (2p1g/ml) for 4 hours in incubator in complete RPMI medium containing Brefeldin-A (10pg/ml) and IL-2
(EL-4 supernatant, 10 U/ml). At the end of the stimulation cells were washed and stained as described above.

To stain intranuclear proteins, cells were processed using FoxP3/transcription Factor Staining Buffer Set (Thermo Fisher Scientific
#00-5523-00) following manufacturer instructions. Cell viability was assessed by staining with Viobility 405/520 fixable dye (Miltenyi,
#130-109-816) or LIVE/DEAD Fixable Far-Red dye (Invitrogen, # L34973), according to manufacturer instructions.

Abs used included: Anti-CD45.1 (clone A20, BD Biosciences #565212), anti-CD90.1 (cloneOX-7, BD Biosciences #741110), anti-
CD44 (clone IM7, BD Biosciences #741227), anti PD-1 (clone EH12.1, BD Biosciences #612791), anti-CD8a (clone 53-6.7, BD Bio-
sciences #612898), anti-OX40 (clone OX-86, BD Biosciences #740945), anti-ICOS (clone C398.4A, BD Biosciences #565881), anti-
LAG-3 (clone 11C3C65, #369312), anti-CTLA-4 (clone UC10-4B9, #106314), anti-4-1BB (clone 17B5, #106110), anti-IFN-y (clone
XMG1.2, BD Biosciences #562333), anti-GranzymeB (clone GB11, # 515406), anti-CXCR6 (clone SA051D1, BD Bioscences
#151111), anti-CD69 (clone: H1.2F3, # 104517), anti-PD1 (clone RMP1-30, BD Bioscences #749306), anti-LAG3 (clone CO9B7W, #
125219), anti-NKG2A/C/E (clone 20d5, BD Bioscences #740549), anti-CD94 (clone 18d3, # 105511), anti-Tox (clone TXRX10, Invi-
trogen #50-6502-82), anti-CCL5 (clone 2E9/CCLS5, #149106), anti-Granzyme A (clone 3G8.5, # 149704), anti-Granzyme B (clone
GB11, BD Biosciences #752045), anti-SLAMF6 (clone 330-AJ, # 134608), anti-TCF1 (clone C63D9, Cell Signaling Tech #6444),
anti-CD48 (clone HM48-1, #103432), anti-CD62L (clone MEL-14, #104420), anti-CD127 (clone A7R34, BD Bioscences #135037),
anti-CCRY7 (clone 4B12, eBioscience #12-1971-80), anti-Ki67 (clone SolA15, Thermo Fisher #48-5698-80), anti-CD200R (clone
OX-110, #123908), anti-CD178 (FASL, clone MFL3, #106606), anti-CD107a (LAMP-1, clone 1D4B, #121628), anti-TNF-a (clone
MP6-XT22, #506329), anti-CD3 (clone 17A2, #100210). All Abs were purchased from BioLegend, unless otherwise indicated.

Recombinant dimeric H-2Ld:lg and H-2Kb:Ig fusion proteins (BD Biosciences) complexed with peptides derived from HBsAg
(Envag_39) or from HBcAg (Corgs_100), respectively, were prepared according to the manufacturer instructions.

Flow cytometry analyses were performed either on a FACS CANTO Il (BD Bioscience), CytoFLEX LX (Beckman Coulter),
FACSymphony A5 (BD Biosciences) or Cytek Aurora (CytekBio) and analyzed with FlowJo software (Treestar).

TCR phosphoprotein signaling analysis

10° Cor93 Ty, cells were adoptively transferred into WT mice (C57BL/6 background) previously transduced with r(LCMV-HBc 4 hours
before (KC-primed ) or into HBV transgenic mice (lineage MUP-core). Livers were collected after 5 days, and intrahepatic leukocytes
(IHL) were isolated. Every step has been performed at room temperature and cells have been serum-starved for 2 hours in incubator
in controlled atmosphere (37°C, 5% CO2). Cells were stimulated with 10ug/ml of Corgz.100 cognate peptide for 10 minutes in incu-
bator. At the end of stimulation, cells were washed, fixed with BD Phosflow Lyse/Fix buffer (BD Bioscience #558049) and permea-
bilized with Phosflow Perm Buffer | (BD Bioscience #557885), following the manufacturer’s instructions. Cells were finally stained with
anti-mouse CD3¢ /CD247 (pY142)-PE (clone K25-407.69) and analyzed by flow cytometry (Cytek Aurora).

Measurement of TCR affinity

The spleens from Cor93 TCR transgenic mice (lineage BC10.3) and Env28 TCR transgenic mice (lineage 6C2.36) were harvested and
mechanically dissociated to obtain a single cell suspension, as described.” Effector CD8" T cells (Tg) were generated in vitro as pre-
viously described.® Briefly, splenocytes from BC10.3 mice were harvested, stimulated with cognate peptide for 1 hour, and then
cultured in RPMI complete medium supplemented with IL-2 (EL-4 supernatant, 10 U/ml). Cells were split every two days over an
8-day period. Tg were stimulated with the indicated amount of the cognate peptide and subsequently stained for intracellular
IFN-y production using flow cytometry, following the same protocol as described above.

In vitro killing assay

HBV-Tg mice (1.3.32 lineage) were adoptively transferred with 10® Cor93 Ty and challenged 24 hours later with or without 100ug of
4-1BB agonist antibody. 5 days after T cell transfer, intrahepatic leukocytes (IHL) were isolated. For co-culture experiments, 2x10°
Cor93 T cells were plated alongside 2x10° C57BL/6 splenocytes, which had been either pulsed with the cognate Corgs_100 peptide or
left unpulsed. Peptide pulsing involved incubating the splenocytes with 5pg/ml of the Corgs_100 peptide for one hour at 37°C, followed
by extensive washing to remove excess of peptide.

Before co-culture, unpulsed and peptide-pulsed splenocyte populations were labeled with distinct concentrations of cell trace
violet (CTV, ThermoFisher #C34557) — low (500nM) for unpulsed and high (5uM) for pulsed cells. These populations were then mixed
in a 1:1 ratio and co-cultured with Cor93 T cells for either 4 or 16 hours. Control conditions were obtained by culturing target cells
alone, without Cor93 T cells. Cells were analyzed by flow cytometry and percentage of specific killing in the indicated conditions
was calculated according to the following formula:

100 — % peptide pulsed observed in experiment % peptide pulsed observed in terget alone «100
% peptide unpulsed observed in experiment % peptide unpulsed observed in terget alone
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Southern blot analysis

Genomic DNA was isolated from frozen livers using the phenol/chloroform method and analyzed for intrahepatic HBV DNA contents
by Southern blotting, as previously described.® Briefly, genomic DNA was digested by Hind-IIl (NEB), separated in 1.4% agarose gel,
and transferred to a positively charged nylon membrane (Roche). The membrane was hybridized with a DIG-dUTP-labeled, full-length
HBV DNA fragment and detected by the alkaline phosphatase—labeled anti-DIG antibody according to the manufacturer’s instructions
(DIG High Prime DNA Labeling and Detection Starter Kit Il; Roche). The signals were acquired using Syngene Imaging System.

ScRNAseq library preparation

Single cells were processed on the Chromium platform (10x) using the Chromium Next GEM Single Cell 3’ v3.1 (Dual Index). After
quality controls and quantification on TapeStation instrument (Agilent), libraries were sequenced on NovaSeq6000 platform (lllumina)
generating around 25’000 reads/cell. Raw sequencing data were demultiplexed with the mkfastq application (Cell Ranger v.6.0.2).
UMI-Tools (v.1.0.0) whitelist and extract commands were used to identify and select the number of cell barcodes to use in down-
stream analysis. Reads were mapped to the reference genome using STAR v.2.5.3a and assigned to genes with featureCounts
v.1.6.4. GRCm38 was used as the reference genome. Bam files were sorted with samtools software (v1.9). Finally, Umi-Tools count
was used to processing the UMIs aligned to each gene in each cell to find the number of distinct, error-corrected UMIs mapping to
each gene. The UMI count tables of each cellular barcode were used for further analysis.

ScRNAseq bioinformatics analysis

Single cell data analysis was performed using Seurat (v4.0.2).>* Cells with sufficient bioinformatic quality were obtained after applying
a filter of at least 200 genes expressed per cell and only genes expressed in at least 3 cells were retained. Moreover, cells with more
than 10% of reads mapped to mitochondrial genes were also excluded from the analysis. UMI count matrix was further normalized
and scaled following the standard Seurat workflow and Umap reduction was then applied on first 20 Principal Components after
running PCA. Unbiased clustering was computed using the FindClusters function in Seurat with default parameters and a resolution
value of 0.3. Specific markers for the different unbiased clusters were found using the function FindAlimarkers or FindMarkers in
Seurat with default parameters. The plots showing normalized expression values with a color scale on top of Umap plots (on Fig-
ure 3F) and the Violin plots of specific genes were produced with FeaturePlot and VInPlot Seurat functions, respectively. The max.cut-
off parameter is set to “q95”. Raw count datasets from Miller et al.”® were downloaded from the Gene Expression Omnibus (GEO)
database under accession no. GSE122713 and were re-analyzed following the abovementioned procedure. The gene signatures in
Figure 5B were calculated with the AddModuleScore function in Seurat.

RNA velocity analysis

The velocyto python package®’ was used to generate the loom file, a matrix containing information regarding spliced/unspliced RNA.
Velocyto (version 0.17.17) was run through the command line interface (CLI) and the loom file was then used as input for scVelo
(version 1.7.2), a scalable toolkit for RNA velocity analysis in single cells based on Bergen et al., 2020. After the standard pre-pro-
cessing, RNA velocities were computed using the functions scv.tl.velocity (in dynamical mode) and scv.tl.velocity_graph. In order
to visualize velocity fields across all genes and all cells the function scv.pl.velocity_embedding_stream has been used, built on
the UMAP previously computed.

RNA Purification and RNAseq Library Preparation for bulk RNA sequencing

Between 40000 and 50000 Cor93 T cells in the indicated conditions were FACS-sorted as Live, Lineage™ (CD19/CD3/Ly6G / NK1.1),
CD8" and CD45.1". Total RNA was extracted using ReliaPrep RNA Cell Miniprep System (Promega Corporation, Madison Wisconsin,
USA) according to manufacturer’s protocol. All Mouse RNAs were analyzed on Tape Station System, Automated Electrophoresis
(Agilent, Santa Clara, CA, USA) for quality assessment with RNA Integrity Number (RIN) around 9. cDNA libraries were prepared using
4 ng of total RNA using the Smart-Seq v2 protocol (Picelli et al., 2014). The length distribution of the cDNA libraries was monitored
using a High Sensitivity D5000 Screentape assay and analysis (Agilent, Santa Clara, CA, USA). All samples were subjected to an in-
dexed sequencing run of 1x100nt of length through NovaSeq 6000 SP Reagent Kit (100 cycles).

RNAseq bioinformatics analysis

Raw reads were aligned to mouse genome build GRCm38 using STAR aligner (Dobin et al., 2013). Read counts per gene were then
calculated using featureCounts based on GENCODE gene annotation version M16. Read counts were subject to log, TPM (transcript
per million) normalization to account for transcript length and library size.

Only genes with a CPM (Counts per Million) value higher than 1 in at least three samples were considered for following analysis.
Differentially Expressed Genes (DEGs) between groups treated with 4-1BB agonist and PBS were identified by generating a linear
model using LIMMA R package (Ritchie et al., 2015). Only DEGs with an adjusted P value < 0.05 (using Benjamini Hochberg correc-
tion method) were selected for further analysis.

Functional Enrichment Analysis
Of the 4,928 identified DEGs between 4-1BB and control (PBS) treated samples, 2,443 were up-regulated and 2,485 were down-
regulated. The up-regulated ones were subject to a functional enrichment analysis using the EnrichR R package (Kuleshov et al.,
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2016). They were checked for any biological signature enrichment in the Gene Ontology Biological Process database (2021),
BioPlanet (2019) and the MSigDB Hallmark database (2020). In order to select the top enriched terms, only those with a high Com-
bined Score (-log(p-value) * Odds Ratio) and an adjusted P value < 0.05 were considered.

Clustering of up-regulated Terms

For visualization and analysis, the first 100 (ordered by adjusted P value) up-regulated terms were subject to a clustering algorithm, in
order to identify the most prominent biological signatures. Briefly, a Jaccard Index Similarity score was calculated for each pair set of
terms, based on the DEGs annotated for each term, using an in-house developed script. Next, terms were clustered using a hierar-
chical clustering method, using as distance measure the Pearson correlation between the calculated Jaccard Index Similarity scores.
An arbitrary number of clusters was selected and manually annotated based on the terms present. To visualize the result, the pheat-
map R package was used.

Intravital multiphoton microscopy

Anesthetics procedures and surgery for intravital microscopy were approved by local institutional animal care and use committee
(IACUC) and were carried out as previously described.* Briefly, mice were anesthetized using 5% isoflurane (1 L/min oxygen) deliv-
ered through an inhalation cone. A heparinized polyethylene catheter was then inserted into either the tail lateral vein or the hepatic
vein, connected to an infusion pump that administers a 37°C saline solution at a rate of 0.5 ml/hour. This setup is crucial not only for
hydrating the animals but also for administering Quantum dots to visualize blood flow and lymphocytes during the experiment. Sur-
gery was conducted under 2% isoflurane anesthesia. Throughout the procedure, vital signs such as heart rate, respiratory rate, ox-
ygen saturation, and vascular distension were continuously monitored in real-time using a MouseOx sensor (Starr Life Science Corp,
Allison Park, PA, USA). This monitoring allows for the precise adjustment of anesthesia levels tailored to each animal, ensuring that
oxygen saturation remains above 95% by varying the delivered oxygen amount. Intravital images were acquired with a LaVision
BioTec TriMScope Il coupled to a Nikon Ti-U inverted microscope enclosed in a custom-built environmental chamber (Life Imaging
Services) that was maintained at 37°C during imaging using heated air. Fluorophores were excited with two tunable femtosecond-
pulsed Ti:Sa lasers (Ultra I, Coherent) allowing 680-1080 nm wavelengths of excitations. Images were acquired using a water-im-
mersion 25x objective with a high working distance (NA = 0.95, Olympus) and high sensitivity photomultiplier tubes (Hamamatsu
H7422-40 GaAsP and Hamamatsu H7422-50 GaAsP red-extended PMT). Image stacks were acquired as 6-15 xy slices (squares
of 150 pm x 150 um to 300 pm x 300 um) sampled with 4 pm z spacing every 20s for 10-60 min. Image stack sequences were rendered
into four-dimensional videos with using Imaris software (Bitplane). Imaris was also used for semi-automated cell tracking and to
manually separate intravascular and extravascular cell tracks. Data of cell centroids was used to derive key parameters of cell motility
with the help of customized Matlab scripts (R2019b, MathWorks). The cell speed was calculated as total track length divided by the
total track duration (um/min). Arrest coefficients were calculated as the percentage of time a cell migrates below a moatility threshold
of 5 um/min. The meandering index was derived by dividing track displacement by total track length. We further calculated corrected
track straightness, which is defined as the meandering index multiplied with the square root of track duration.

Confocal Immunofluorescence Histology and Histochemistry
Confocal microscopy analysis of livers was performed as described.” Briefly, the liver was fixed overnight in PBS with 4% parafor-
maldehyde and subsequently incubated for 24 hours in PBS with 30% sucrose. Next, liver lobes were embedded in O.C.T (Killik
BioOptica) and cut at -20°C into 60 um thick sections with a cryostat. Sections were blocked for 15 min with blocking buffer
(PBS, 0.5% BSA, 0.3 % Triton) and stained for 1h at room temperature with anti-CD38 Alexa Fluor 594 (BioLegend, #102725) in
wash/stain buffer (PBS, 0.2% BSA, 0.1% triton). Sections were then washed twice for 5 min, stained with DAPI (Sigma) for 5 min,
washed again and mounted for imaging with FluorSave Reagent (Millipore). Image acquisition was performed with a 63x oil-immer-
sion or 20x objective on an SP8 confocal microscope (Leica Microsystem). To minimize fluorophore spectral spillover, the Leica
sequential laser excitation and detection modality was used. Where necessary to compensate for uneven slide illumination, fluores-
cent intensity of layers was normalized using Imaris normalize Layers tool. Where necessary, autofluorescence was filtered from the
image by channel subtraction of a deep red autofluorescent channel from APC signal with the Imaris Channel Arithmetics tool.
For H&E, HBcAg and Caspase 3 immunohistochemistry, livers were perfused with PBS, harvested in Zn-formalin, and transferred
into 70% ethanol 24 hours later. Subsequent to processing, the tissues were embedded in paraffin blocks and sectioned for staining.
Primary antibodies included rat anti-Ki67 (clone TEC-3, Dako #M7249) polyclonal rabbit anti-HBcAg (Dako #B0586) and polyclonal
rabbit anti-Cleaved Caspase-3 (Asp175, CST #9661). Primary antibodies were applied to the tissue sections at 1:500 dilution
and allowed to incubate for 2 hours at room temperature to ensure optimal binding. This was followed by incubation with HRP-con-
jugated anti-rabbit secondary antibody for 30 minutes at room temperature. The antigen-antibody reaction was visualized using
3,3’,5,5’-Tetramethylbenzidine (TMB) substrate, which provides a clear contrast for the identification of the target antigens.
Bright-field images were acquired through an Aperio Scanscope System CS2 microscope and an ImageScope program (Leica Bio-
system) following the manufacturer instructions.

Biochemical Analyses

The extent of hepatocellular injury was monitored by measuring serum alanine transaminase (sALT) activity at multiple time
points after treatment, as previously described.® Briefly, ALT liquid (Werfen #0018257440) was used for the quantitative
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determination of the serum ALT with an International Federation of Clinical Chemistry and laboratory medicine-optimized kinetic ul-
traviolet (UV) method in an ILab650 chemical analyzer (Instrumentation Laboratory). SeraChem control level 1 and level 2 (Werfen
#0018162412 and #0018162512) were analyzed as quality control.

Analysis of human samples

Peripheral Blood Mononuclear Cell (PBMC) were isolated from fresh heparinized blood by Ficoll-Hypaque density gradient centrifu-
gation and cryopreserved in liquid nitrogen until the day of analysis. Two mixtures of synthetic peptides were utilized for functional
experiments, each consisting of 15-mers that overlap by ten amino acids and covering the complete sequence of either HBV core or
polymerase proteins (Mimotopes, Victoria, Australia). Short-term T-cell lines were generated by 8-10 days PBMCs stimulation with
HBV core or polymerase peptides (1uM), in the presence/absence of different compounds including anti-PD1 MADb (1, 5, 10 pg/ml,
Thermo Fisher), OX40 ligand (30, 50, 100, 500, 1000 ng/ml, Sigma, Missouri, USA), 4-1BB ligand (0.5, 1, 2, 4 ng/ml, Enzo Life Sci-
ences, New York, USA). All T-cell lines were supplemented with recombinant IL-2 on day 4 of culture, and the immunologic assays
were performed on day 10.

T cell cytokine production (IFN-g, TNF-a, IL-2) and degranulation (CD107a) were detected by intracellular cytokine staining in
treated or untreated T cell lines, upon stimulation with pools of 15-mer HBV peptides (1uM) and simultaneously stained with
CD107a antibody. GolgiStop (BD Biosciences) and GolgiPlug (BD Biosciences) were added for 4 hours of incubation. After washing,
cells were stained with surface markers for 15 min at room temperature. Cells were then fixed and permeabilized (Nordic MUDbio,
Susteren Netherlands) and stained with anti-IFN-g, anti-TNF-a monoclonal antibodies for 15 min at room temperature. Cells were
finally washed and analyzed by flow cytometry. The antibodies used included anti-CD3-BD Horizon PE-CF594 (clone UCHT1),
IFN-y-AlexaFluor700 (Becton Dickinson, BD Biosciences, NJ, USA); TNF-a-FITC, CD4-PE, CD8-PerCP (Miltenyi Biotec, Bergisch
Gladbach, Germany); CD107a-PE-Cy7 (ThermoFisher, Massachusetts, USA). For every stimulation, the dosage that resulted in
the most significant enhancement for each cytokine was selected.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as mean + SEM with the exception of pairwise comparisons and violin plots, in which only mean is displayed.
Individual data points are presented unless the analysis includes a temporal component. All statistical analyses were performed in
Prism (GraphPad Software), and details are provided in the figure legends. Normality of data distribution was tested in all graphs with
a Shapiro-Wilk or D’Agostino & Pearson normality test and parametric tests were chosen only when normality could be confirmed for
each dataset. One-tailed test was chosen over two-tailed test when basic biology dictates that the change between the control and
treatment group can only occur into one direction.

For each analysis, statistical significance is indicated as follows: *p<0.05, **p<0.01, **p<0.001. Data above p=0.05 threshold were
considered not statistically significant and are not highlighted in the comparisons.

Sample sizes were determined according to standard guidelines to ensure sufficient statistical power, targeting 90% power level,
and taking into account the expected effect size and data variability. The number of animals or patients is indicated as “n” in the
corresponding figure legend.

For flow cytometry data, t-SNE was selected for its effectiveness in visualizing high-dimensional data in lower-dimensional spaces.
However, for datasets coming from scRNAseq experiments, UMAP was chosen as it offers advantages due to its ability to handle
larger datasets more efficiently.
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Figure S1. Analysis of co-signaling receptors induced in CD8* T cells upon hepatocellular priming, related to Figure 1

(A) Experimental setup. 10° naive Env28 CD8* T cells (Env28 Ty) were adoptively transferred into HBV replication-competent transgenic mice (lineage 1.3.32;
background C57BL/6 x BALB/c H-2°*¢ hybrids) mice. At the indicated time points, intrahepatic leukocytes were isolated and processed for multicolor flow
cytometry. n = 3-4 per group.

(B) t-Distributed stochastic neighbor embedding (t-SNE) analysis of Env28 T cells (gates as live/CD90.1*/CD8* cells) showing expression of selected co-signaling
receptors at the indicated time point upon T cell transfer.

(C) Mean fluorescence intensity (MFI) of the indicated co-signaling receptors at the indicated time points after T cell transfer expressed as fold change (FC) relative
to day 0.

(D) Experimental setup. 10° naive Cor93 T cells (Cor93 Ty) were adoptively transferred into HBV-Tg mice (lineage MUP-core). At the indicated time points, in-
trahepatic leukocytes were isolated and processed for multicolor flow cytometry. n = 3 per group.

(E) t-SNE analysis of Cor93 T cells (gated as live/CD45.17/CD8" cells) showing expression of selected co-signaling receptors at the indicated time point upon
T cell transfer.

(F) MFI of the indicated co-signaling receptors at the indicated time points after T cell transfer expressed as fold change (FC) relative to day 0. For (C) and (F), two-
way ANOVA test with Geisser-Greenhouse correction. Statistical significance compared with day 0 is shown.
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Figure S2. Validation of co-signaling receptor modulation in independent mouse models, related to Figure 2

(A) Experimental setup. 10° naive Cor93 T (Cor93 Ty) cells were adoptively transferred into HBV-Tg mice (lineage MUP-core). 24 h later, indicated groups of mice
were injected intraperitoneally with PBS or 100 pg of monoclonal antibodies (mAbs) blocking PD-1, LAG-3, or CTLA-4. Livers were collected and analyzed at
day 5.

(B) Total numbers of intrahepatic leukocytes (IHLs) isolated from the indicated mice.

(C) Total numbers of Cor93 T cells in the livers of the indicated mice.

(D) Representative density plots of IFN-y expression among Cor93 T cells in the liver of the indicated mice. Numbers represent the percentage of cells within the
indicated gates.

(E) Total number of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 3-4; one-way Brown-Forsythe
and Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.

(F) Amount of serum alanine transaminases (sALTs) in the serum of the indicated groups of mice at the indicated time points.

(G) Experimental setup. HBV replication-competent transgenic mice (lineage 1.3.32) were injected intraperitoneally with PBS or with 100 pg of agonist mAbs
activating OX40 or 4-1BB. Livers were collected and analyzed at day 4.

(H) Total numbers of IHL isolated from the indicated mice.

(I) Representative micrographs of liver sections from the indicated groups of mice. The upper panels show hematoxylin-eosin (H&E) staining, the middle panels
show immunohistochemical staining for cleaved caspase 3 (ACas3, brown), and the lower panels show immunohistochemical staining for HBcAg (brown). Scale
bar represents 100 pm.

(J) HBV DNA quantification by southern blot analysis of liver lysates from the indicated mice. Bands corresponding to the expected size of the integrated
transgene (Tg), relaxed circular (RC), double-stranded (DS) linear, and single-stranded (SS) HBV DNAs are indicated.

(K) Amount of sALT in the serum of the indicated groups of mice at the indicated time points.

(L) Experimental setup. 10° Cor93 Ty, cells were adoptively transferred into HBV-Tg mice (lineage MUP-core). 24 h later, selected groups of mice were injected
intraperitoneally with PBS or 100 pg of mAbs activating ICOS, OX40, or 4-1BB. Livers were collected and analyzed at day 5.

(M) Total numbers of IHL isolated from the indicated mice.

(N) Numbers of Cor93 T cells isolated from the liver of the indicated mice.

(O) Representative density plots of IFN-y expression among Cor93 T cells in the liver of the indicated mice.

(P) Total number of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 3—4; one-way Brown-Forsythe
and Welch ANOVA test with Dunnett correction for multiple comparisons. Each group was compared with control.

(Q) Amount of sALT in the serum of the indicated group of mice at the indicated time points. n = 3-4; two-way ANOVA test with Dunnett correction for multiple
comparisons. Each group was compared with control group (simple effect within row).

(R) Experimental setup. 10° naive Env28 CD8" TCR transgenic cells (Env28 Ty) were adoptively transferred into HBV replication-competent transgenic mice
(lineage 1.3.32; background C57BL/6 x BALB/c H-2°*? hybrids). 24 h later, selected groups of mice were injected intraperitoneally with PBS or 100 pug of mAbs
activating OX40 or 4-1BB. Livers were collected and analyzed at day 5.

(S) Numbers of IHL isolated from the indicated mice.

(T) Numbers of Env28 T cells isolated from the liver of the indicated mice.

(V) Representative density plots of IFN-y expression among Env28 T cells in the liver of the indicated mice.

(V) Percentages of IFN-y-producing Env28 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 3-4; one-way Brown-Forsythe
and Welch ANOVA test with Dunnett correction. Each group was compared with PBS-injected controls.

(W) Amount of sALT in the serum of the indicated groups of mice at the indicated time points. n = 3-4; two-way ANOVA test with Dunnett correction for multiple
comparisons. Each group was compared with PBS-injected controls (simple effect within row).

(X) Representative micrographs of liver sections from the indicated groups of mice. The upper panels show staining for HBcAg, and the lower panels show
staining for cleaved caspase 3 (ACas3). Scale bar represents 100 um.

(Y and Z) Representative histograms (Y) and percentages (2) of in vitro differentiated Cor93 T effector (Cor93 Tg) or Env28 T effector (Env28 Tg) cells producing
IFN-y upon cognate in vitro peptide stimulation at the indicated concentrations. Results are representative of two independent experiments giving similar results.
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Figure S3. Spatiotemporal dynamics of HBV-specific CD8" T cells upon 4-1BB and OX40 activation, related to Figure 2

(A) Experimental setup. 10° fluorescent naive Cor93 T (Cor93 Ty) cells were adoptively transferred into HBV-Tg mice (lineage MUP-core). 24 h later, selected
group of mice were injected intraperitoneally with 100 png of monoclonal agonist antibody against OX40. 2 days later, mice were injected with Qtracker quantum
dots (Qdots) to visualize blood vessels, and the dynamics of Cor93 T cells were assessed by multiphoton intravital microscopy (MP-IVM).

(B-D) Quantitative analyses of Cor93 T cell behavior in the mouse liver. Single-cell speed (B), meandering index (C), and arrest coefficient (D, calculated for a
threshold of 3 um/min). Mann-Whitney test.

(E) Representative time-lapse images (left) showing Cor93 T cells (red) and sinusoids (white) in PBS-injected controls or «OX40-treated mice. Scale bar rep-
resents 50 um. Time-color coding is used to superimpose frames, providing a visualization of cell movement over time, with the outlines of the cells clearly
delineated (right).

(F) Representative confocal micrograph of the liver of the indicated mice 3 days after T cell transfer. Sinusoids are stained with anti-CD38 Abs (white), while Cor93
T cells are depicted in red. Scale bars represent 100 pm.

(G) 108 fluorescent Cor93 Ty, were adoptively transferred into HBV-Tg mice (lineage MUP-core). 24 h later, selected group of mice were injected intraperitoneally
with 100 ng of monoclonal agonist antibodies against 4-1BB. 2 days later, mice were injected with Qtracker quantum dots (Qdots) to visualize blood vessels, and
the dynamics of Cor93 T cells were assessed by MP-IVM.

(H-J) Quantitative analyses of Cor93 T cell behavior in the mouse liver. Single-cell speed (H), meandering index (I), and arrest coefficient (J, calculated for a
threshold of 3 um/min). Two-tailed Mann-Whitney test.

(K) Representative time-lapse images (left) showing Cor93 T cells (red) and sinusoids (white) in PBS-injected controls or a4-1BB-treated mice. Scale bar rep-
resents 50 um. Time-color coding is used to superimpose frames, providing a visualization of cell movement over time, with the outlines of the cells clearly
delineated.

(L) Representative confocal microscopy of the liver of the indicated mice 3 days after T cell transfer. Sinusoids are stained with anti-CD38 Abs (white), while Cor93
T cells are red. Scale bars represent 100 um.
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Figure S4. HC priming generates a long-lived and heterogeneous pool of dysfunctional memory-like CD8"* T cells, related to Figure 3

(A) Representative immunohistochemical micrographs of liver sections from the indicated groups of mice at day 28, showing HBcAg expression (brown). Scale
bar represents 200 pm.

(B) Amount of sALT in the serum of the indicated group of mice at the indicated time points. n = 9-12.

(C) Percentage of IFN-y-producing Cor93 T cells in the livers of the indicated mice upon ex vivo cognate peptide stimulation. n = 8-10, pooled from 3 independent
experiments; Mann-Whitney test.

(D) Multiphoton intravital microscopy was performed between days 28 and 35. Representative time-lapse images showing Cor93 T cells (green) and membranes
of host cells (red) in the indicated groups (scale bars represent 10 um, time mm:ss). Cell motion during time is visualized by white dotted tracks.

(E-G) Quantitative analyses of Cor93 T cell behavior in the mouse liver 28-35 days after T cell transfer. n = 11-14 mice pooled from 3 independent experiments.
Single-cell speed (E), arrest coefficient (F, calculated for a threshold of 3 pm/min), and meandering index (G). Mann-Whitney test.

(H) Fraction of Ki67* Cor93 T cells isolated from the liver of the indicated mice 28 days after adoptive transfer. n = 6-7 per group, pooled from 2 experiments;
unpaired two-tailed t test.

(I) Experimental setup. 2 x 10* CD8" Cor93 Ty, cells were adoptively transferred into HBV-Tg (MUP-core, HC-primed) or WT (C57BL/6) mice that had been
transduced with rLCMV-HBc 4 h before (KC-primed). Livers were collected and analyzed on day 28.

(J) Total numbers of Cor93 T cells per liver in the indicated groups.

(K) Geometric mean fluorescent intensity (QMFI) of IFN-y in Cor93 T cells isolated from the liver in the indicated groups at the indicated time point upon ex vivo
stimulation with or without cognate peptide. n = 3—-4; two-way ANOVA.

(L) Experimental setup. 10° naive CD8* Cor93 Ty cells were adoptively transferred into HBV-Tg (MUP-core, HC-primed) or WT (C57BL/6) mice that had been
transduced with rLCMV-HBc 4 h before (KC-primed). Livers were analyzed after 3 months.

(M) Total numbers of Cor93 T cells per liver in the indicated groups.

(N) gMFI of IFN-v in Cor93 T cells isolated from the liver in the indicated groups at the indicated time point upon stimulation with or without cognate peptide.
n = 3-4; two-way ANOVA.

(O) Experimental setup. 10° CD8* Cor93 Ty cells were adoptively transferred into HBV-Tg (MUP-core, HC-primed) or WT (C57BL/6) mice that had been
transduced with rLCMV-HBc 4 h before (KC-primed). Livers were analyzed after 6 months.

(P) Total numbers of Cor93 T cells per liver in the indicated groups.

(Q) gMFI of IFN-y in Cor93 T cells isolated from the liver in the indicated groups at the indicated time point upon stimulation with or without cognate peptide.
n = 4-5; two-way ANOVA.

(R) Experimental setup. 10% CD8* Cor93 Ty, cells were adoptively transferred into HBV replication-competent transgenic (1.3.32, HC-primed) or WT (C57BL/6)
mice that had been transduced with rLCMV-HBc 4 h before (KC-primed). Livers were analyzed after 28 days.

(S) Numbers of Cor93 T cells per liver in the indicated groups.

(T) gMFI of IFN-v in Cor93 T cells isolated from the liver in the indicated groups at the indicated time point upon 4 h stimulation with or without cognate peptide.
n = 5-6; two-way ANOVA.

(V) Representative immunohistochemical micrographs of liver sections from the indicated groups of mice, showing HBcAg expression (brown). Scale bar
represents 100 pm.

(V) Heatmap showing the percentages of Cor93 T cells expressing the indicated markers in the indicated groups as determined by flow cytometry. Each column
represents an individual mouse.
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Figure S5. Antigen sensing, cytolytic function, and effector molecule expression in HC-primed CD8* T cells before and after 4-1BB treat-
ment, related to Figure 6

(A) Experimental setup. 10° Cor93 Ty, cells were adoptively transferred into WT mice (C57BL/6 background) previously transduced with rLCMV-core 4 h before
(KC-primed) or into HBV-Tg mice (MUP-core). Livers were collected and analyzed at day 7.

(B) Representative histograms (left) and median fluorescence intensity (MFI, right) of Corgs_1q0:Dimer staining on Cor93 T cells (defined as live/CD45.1*/CD8%)
isolated from the liver of the indicated mice.

(C) Representative histograms (left) and MFI (right) of CD3 staining on Cor93 T cells isolated from the liver or the spleen of the indicated mice.

(D) Representative histograms (left) and MFI quantification (right) of CD3¢-pY 142 detected by BD Phosflow protocol on Cor93 T cells isolated from the liver of the
indicated mice at the indicated conditions. n = 3/4 per group; one-way Brown-Forsythe and Welch ANOVA test with Dunnett correction for multiple comparisons.
(E) Experimental setup. 10° fluorescent Cor93 Ty, cells were adoptively transferred into WT mice (C57BL/6 background) previously transduced with r(LCMV-core
4 h before or into HBV-Tg mice (lineage MUP-core). Mice were injected or not with Corgs_100 peptide at day 28, and Cor93 T cell behavior was assessed by
multiphoton intravital microscopy (MP-IVM) 4 h later.

(F) Single-cell speed of Cor93 T cells in the liver of the indicated mice in the indicated condition. Mann-Whitney test.

(G) Schematic representation of the experimental setup. HBV-Tg mice (1.3.32 lineage) were adoptively transferred with Cor93 Ty and challenged 24 h later with or
without 4-1BB agonist antibody. 5 days after T cell transfer, intrahepatic Cor93 T cells were isolated and plated with a mixture of C57BL/6 splenocytes pulsed or
not with cognate Corgz_100 peptide. Unpulsed and pulsed target cell populations were labeled with low or high amount of cell trace violet (CTV), respectively, and
mixed at 1:1 ratio prior to coculture. Cocultured cells were incubated for 4 or 16 h and analyzed by flow cytometry.

(H and I) Representative histograms (H) and quantification (I) depicting the specific killing of CTV"9" peptide-pulsed population in the indicated conditions. n = 3/4
per group; two-way ANOVA test with Geisser-Greenhouse correction.

(J) Schematic representation of the experimental setup. HBV replication-competent transgenic mice (lineage 1.3.32) were adoptively transferred with Cor93 Ty
and challenged 24 h later with or without 4-1BB agonist antibody. Livers were collected and analyzed 5 days after adoptive transfer.

(K-O) Representative histograms (left) and fractions (right) of FasL (K), TNF-a (L), IFN-y (M), GzmB (N), and CD107a (O) in the indicated cell populations isolated
from the liver of the indicated mice. n = 3/4 per group; one-way Brown-Forsythe and Welch ANOVA test with Dunnett correction. Each group was compared with
PBS-injected controls.
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Figure S6. Differential gene expression induced by 4-1BB vs. 0X40 stimulation in dysfunctional T cells, related to Figure 6

(A) Experimental setup. 10° Cor93 Ty cells were adoptively transferred into HBV replication-competent transgenic mice (lineage 1.3.32). 24 h later, indicated
groups of mice were injected intraperitoneally with PBS or 100 pg of OX40 or 24-1BB agonist. Livers were collected and analyzed at day 5, and bulk RNA-seq
was performed on FACS-sorted Cor93 T cells.

(B) Principal-component analysis (PCA) of samples in the indicated conditions.

(C) Bar plots displaying a manually curated set of pathways enriched in Cor93 T cells upon in vivo «OX40 (red) and a4-1BB (orange) treatment compared with PBS
HC-primed condition. Pathways were retrieved from the MSigDB database and belong to Gene Ontology, Reactome, and Hallmarks collections. NES,
normalized enrichment score.

(D) Clustering of top significant (EnrichR combined score > 100, false discovery rate [FDR] < 0.05) Gene Ontology biological processes, BioPlanet, and MSigDB
Hallmark pathways of processes upregulated in Cor93 T cells upon in vivo «OX40 (left) and a4-1BB (right) treatment compared with PBS HC-primed condition.
The thermal scale represents the Jaccard similarity coefficient between every gene set pair (blue representing a similarity coefficient of 0 and red a similarity
coefficient of 1).

(E) Heatmaps of manually curated list of genes linked to the indicated pathway comparing PBS, «OX40, and a4-1BB treatments. Values are Z scores, calculated
from scaling by row the log,(TPM) values.
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Figure S7. 4-1BB agonism reinvigorates dysfunctional CD8"* T cells from patients with HBeAg* chronic HBV infection, related to Figure 7
Percentage of IFN-y, TNF-a, and CD107a-positive CD8* cells in short-term T cell lines for each patient (n = 8) with HBeAg* chronic HBV infection in the presence
or absence of anti-PD-1 (yellow histograms; 1, 5, and 10 ug/mL), recombinant OX40L (red histograms; 30, 50, 100, 500, and 1,000 ng/mL), or recombinant 4-1BBL
(orange histograms; 0.5, 1, 2, and 4 pug/mL). T cell lines were generated by HBV core (left) or polymerase (right) peptide pool stimulation.
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