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Highlights:

e In chronic HBV infection, dysfunctional HBV-specific CD8 T
cells are not a homogeneous cell population.

e Different subsets with distinctive transcriptional features
can be identified within HBV-specific CD8 T cells.

e A core CD8 T-cell exhaustion gene signature was identified
by comparing transcriptional profiles of HBV-specific CD8
T-cell subsets.

e This signature includes genes progressively upregulated
from memory-to exhaustion-oriented CD8 T-cell subsets.

e Deregulated gene targeting can reconstitute efficient anti-
viral CD8 T-cell function.

https://doi.org/10.1016/j.jhepr.2025.101705

> Deregulated gene targeting can reconstitute efficient antiviral CD8 T cell function

Impact and implications:

Exhausted HBV-specific CD8 T cells in chronic HBV infection are not a homoge-
neous population but comprise distinct subsets with differing capacities to control
infection. This study identifies: (i) a transcriptional continuum of HBV-specific CD8 T-
cell subsets spanning exhaustion to memory differentiation, reflecting disease pro-
gression and recovery in HBeAg-negative CHB; (ii) a core CD8 T-cell exhaustion
gene signature characterized by progressively increased expression from memory-
oriented to exhaustion-oriented subsets during active and resolution phases of
disease; and (jii) the ability of targeted modulation of deregulated genes to restore
antiviral CD8 T-cell function, with implications for the development of novel immune-
based anti-HBV therapies. Overall, these findings advance our understanding of
CD8 T-cell heterogeneity in chronic HBV infection and identify molecular targets for
immunomodulatory strategies aimed at restoring CD8 T-cell functionality and

achieving functional cure.
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Background & Aims: In chronic HBV infection, HBV-specific CD8 T cells are dysfunctional and comprise distinct subsets
defined by phenotype and antigen specificity. We aimed to characterize the transcriptional and functional features of HBV-
specific CD8 T-cell subsets in patients with HBeAg-negative chronic HBV infection who were either viremic (CHB) or had
achieved spontaneous or nucleos(t)ide analogue (NUC)-induced HBsAg loss (RES), to better elucidate HBV-specific CD8 T-cell
dysfunction and identify potential molecular targets for functional cure.

Methods: Gene expression profiles of PD1"CD127°"- and PD1+CD127+ memory-like (ML) coresg.»7-specific CD8 T-cell
subsets were analyzed by Nanostring, adapted for low-input samples in 5 patients with HBeAg-negative CHB and 6 with RES. An
expanded cohort of 23 patients with CHB and 22 with RES was evaluated for phenotypic and functional profiling. Selected
deregulated genes were functionally validated in an additional cohort of 14 patients with HLA-A2-negative CHB.

Results: Analysis of 84 genes concurrently expressed across all CD8 T-cell subsets identified an 11-gene signature describing a
progressive transition from exhaustion-oriented PD1"CD127'°- CD8 T cells in patients with CHB to memory-oriented ML CD8
cells in patients with RES, representing the two extremes of differentiation. Intermediate stages of memory differentiation were
identified among ML CD8 T cells from patients with CHB, with high or low TOX expression (p <0.05 by Spearman’s rank cor-
relation). Higher frequencies of TOX'®" ML CD8 cells in patients with CHB were associated with a greater serum HBsAg decline
during NUC treatment compared to TOX"9" MLCHB (A slope p value = 0.003). Targeting selected deregulated genes with
specific immune modulators significantly enhanced cytokine production by CD8 T cells, with response rates ranging from 30% to
86% of patients.

Conclusions: Distinct exhaustion signatures characterize HBV-specific CD8 T-cell subsets and vary across disease phases.
These findings support the development of individualized transcriptional and functional correction strategies and identify novel
immune modulators with potential for immune-based anti-HBV therapies.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction function appears to be shaped by different factors, including
not only the phase of infection® and viral and antigen load, but
also antigen specificity,*® intrahepatic antigen distribution and
modes of antigen recognition,”*® and the duration of infection.®

T-cell exhaustion is generally associated with induction of
the transcription factor TOX following prolonged TCR stimu-
lation by high antigen levels and is characterized by expression
of multiple co-inhibitory receptors, altered transcriptional pro-
grams, and impaired effector function.” We recently described
a CD8 T-cell exhaustion index based on multiparametric
phenotypic staining (PD-1, CD127, TOX, CD39, Bcl-2, TCF-1),

In chronic HBV infection, HBV-specific CD8 T cells are
dysfunctional due to the combined effect of different molecular
mechanisms; this altered functionality has generally been
referred to as T-cell exhaustion. Studies in the mouse model of
LCMV (lymphocytic choriomeningitis virus) infection and in
chronically HCV-infected patients have shown, however, that
dysfunctional virus-specific CD8 T cells are highly heteroge-
neous, with distinct T-cell subsets exhibiting different levels of
antiviral activity." Similar functional heterogeneity has been
observed in chronic HBV infection, where HBV-specific T-cell
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which enables quantification of overall CD8 T-cell dysfunction
in individual treatment-naive HBeAg-negative CHB patients
and predicts the likelihood of in vitro functional restoration.’®
This phenotypic profiling also identified distinct circulating
HBV-specific CD8 T-cell subsets: one detectable in a limited
proportion of viremic patients (PD1"CD127'°") and another
(PD1+CD127+) present in both actively infected and
cured patients.

By inference with other chronic infections,”® the PD1"C-
D127"°"- CD8 T-cell subset is thought to represent the most
terminally exhausted population; however, comprehensive
transcriptional and functional characterization of these cells in
chronic viremic HBeAg-negative hepatitis B is still lacking.
Conversely, the PD1+CD127+ subset has been defined as a
“memory-like” T-cell subset, yet its presence in both chronic
viremic patients and in patients able to control virus replication
suggests a possible transcriptional and functional plasticity of
these cells which is worth investigating.

The novelty of our study lies in its focus on highly viremic
patients with active disease and severely exhausted CD8 T
cells — cells that are particularly challenging to isolate — as well
as on patients who achieved functional cure following spon-
taneous or nucleos(t)ide analogue (NUC)-induced HBsAg loss.

We focused on coreqg.o7-specific T cells to enable com-
parisons across disease stages, given the exceedingly low
frequencies of polymerase- and envelope-specific CD8 T cells
in patients with CHB.

Here, we combined low-input Nanostring-based gene
expression profiling of individual HBV-specific CD8 T-cell
subsets (1-10 cells per sample) with functional/phenotypical
characterization, T cell protein and functional validation by
flow cytometry to gain mechanistic insight and identify stra-
tegies to selectively target CD8 T-cell subsets with different
degrees of exhaustion.

Patients and methods

Study participants

A total of 45 HLA-A2+ patients (Table 1), with detectable fre-
quencies of coreqg.o7-specific CD8 T cells, were enrolled,
comprising: 23 patients with HBeAg-negative CHB, eligible for
antiviral treatment according to EASL CPGs;'" 22 patients with
CHB who achieved persistent HBsAg loss either spontane-
ously or by NUC therapy (resolved, RES).

An additional 14 HLA-A2-negative treatment-naive CHB
patients and 5 resolved patients were enrolled to perform
further in vitro functional validation of the deregulated genes
(Table 2). Eight healthy individuals were enrolled as controls.

Cell sorting

After peripheral blood mononuclear cell thawing, CD8 T cells
were isolated and labeled with 7-AAD, anti-CD3, anti-CD8,
anti-CD279 (PD1), anti-CD127 antibodies, and the coreqg.o7-
HLA class | complex dextramer.

Dextramer-positive CD8 T cells were sorted with a FAC-
SAria lll Cell Sorter, and ten cells/sample were collected
directly in single-cell lysis solution for Nanostring experiments
per each condition: 10 PD1"CD127"°"~ HBV-specific CD8 T-
cell subset, 10 PD1+CD127+ HBV-specific CD8 T-cell subset,
10 total HBV-specific CD8 T cells. We decided to perform

HBV-specific CD8 T-cell remodeling in chronic HBV

transcriptional analysis with 10 cells per subset since they can
likely be isolated in all samples and represent the cell number
validated in our previous studies'® as a reliable threshold for
reproducible Nanostring experiments.

Nanostring analysis

The expression of 579 immunology-related human genes and
an additional panel of 30 genes'? was evaluated in 10 sorted T
cells per each condition according to the “nCounter XT Gene
Expression assay for single cells” Nanostring protocol with
minor modifications.?

Identification of differentially expressed genes using effect
size calculation

To establish relevant differentially expressed genes between
groups, we relied on the estimation of the effect size."® For our
data, we chose the "large effect" threshold as the discriminant
for the list of genes of interest to be used for a more strin-
gent evaluation.

Assessment of gene variability by the IQR on ML subsets

To analyze the degree of gene variability of memory-like (ML)
subsets derived from treatment-naive CHB or RES patients,
data dispersion was quantified using the IQR.

Phenotypic analysis of HBV-specific CD8 T cells

Dextramer-positive CD8 T cells were stained with antibodies to
cytokine receptors (CD127), anti-apoptosis/cell survival (Bcl-2
and TCF-1) and T-cell exhaustion (PD-1, TOX and
CD39) markers.

Protein expression levels of the identified deregulated
genes were tested with antibodies to IL4R and CD244 by
flow cytometry.

Ex vivo functional assessment of HBV-specific CD8 T cells
Intracellular cytokine staining for IFN-y and TNF-o was per-

formed on dextramer+CD8+ T cells following stimulation with
PMA (100 ng/ml) and ionomycin (1 pg/ml) for 4 h.

In vitro T-cell expansion and treatment with
immunomodulators

T-cell cytokines (IFN-y, TNF-o and IL-2) were tested by intra-
cellular cytokine staining, as previously described'® on short-
term T-cell lines treated with the following compounds: a
TBK1 inhibitor; anti-CD48 and anti-CD244 antibodies; and an
anti-IL4R antibody.

Additional materials and methods

A full description of all methods and statistical analysis is
provided in the supplementary materials section.

Results
Transcriptional profiling of HBV-specific CD8 T cells from
CHB and RES patients

The comparison of global transcriptional profiles of total
dextramer-stained coreqg_»7-specific CD8 T cells sorted from
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Table 1. Demographic and clinical details of different HLA-A2+ patient categories.

Patient ID Sex Age (years) Genotype Experiments* Therapy HBsAg (IU/ml) Anti-HBs (IU/ml) ALT (lU/L) HBV DNA (IU/ml)
CHB

CHB 1 M 35 D Nanostring/cytokines/phenotype Naive 1,932 - 136 237,528
CHB 2 F 40 D Nanostring/cytokines/phenotype Naive 608 - 93 881,000
CHB 3 M 34 D Nanostring/cytokines/phenotype Naive 4,085 - 85 3,497,520
CHB 4 F 40 D Nanostring/cytokines/phenotype/validation Naive 5,398 - 168 842,528
CHB 5 F 42 C Nanostring/cytokines/phenotype/validation Naive 144 - 51 6,800,000
CHB 6 M 36 B Cytokines Naive 3,472 - 607 8,132,680
CHB 7 F 51 D Cytokines/phenotype/validation Naive 482 - 43 66,400
CHB 8 F 57 A Cytokines/phenotype Naive 4,600 - 65 229,402
CHB 9 M 54 D Cytokines/phenotype Naive 694 - 183 9,856
CHB 10 F 43 D Cytokines/phenotype Naive 714 - 30 11,453
CHB 11 M 44 D Cytokines/phenotype Naive 8,819 - 49 20,700
CHB 12 M 64 A Cytokines/phenotype Naive 185 - 33 5,140
CHB 13 F 29 D Cytokines/phenotype Naive 5,140 - 21 31,721
CHB 14 F 57 D Cytokines/phenotype Naive 19,679 - 34 509,000
CHB 15 M 34 D Cytokines/phenotype/validation Naive 2,752 - 40 86,620
CHB 16 M 54 D Cytokines/phenotype Naive 4,775 - 68 153,246
CHB 17 M 52 D Cytokines/phenotype/validation Naive 2,662 - 40 21,331
CHB 18 M 44 D Cytokines/phenotype Naive 3,736 - 146 1,400,591
CHB 19** F 66 D Cytokines/phenotype Naive 98 148 23 7,744
CHB 20 F 26 A Cytokines/phenotype Naive 7171 - 12 3,380
CHB 21 M 38 D Phenotype/validation Naive 5,031 - 57 110,009
CHB 22 M 50 D Validation Naive 2,940 - 35 9,733
CHB 23 M 71 D Validation Naive 3,097 - 23 5,030
Resolved

RES 1 M 79 D Nanostring/cytokines/phenotype NUC - 4 19 -
RES 2 M 65 D Nanostring/phenotype NUC - 2 19 -
RES 3 M 43 A Nanostring/cytokines/phenotype/validation NUC - 506 17 -
RES 4 M 38 D Nanostring/cytokines/phenotype NUC - 190 19 -
RES 5 M 64 N/A Nanostring - - 55 38 -
RES 6 F 69 N/A Nanostring/cytokines/phenotype - - 66 26 -
RES 7 M 81 N/A Cytokines NUC - 33 14 -
RES 8 M 57 D Cytokines NUC - 26 28 -
RES 9 F 46 F Cytokines/validation NUC - 173 20 -
RES 10 M 64 A Cytokines/validation NUC - 325 23 -
RES 11 M 48 N/A Phenotype NUC - >1,000 29 -
RES 12 M 59 N/A Cytokines/validation - - 45 30 -
RES 13 M 49 N/A Cytokines - - + 36 -
RES 14 M 60 N/A Cytokines - - 270 31 -
RES 15 F 73 N/A Cytokines/phenotype - - 7 15 -
RES 16 F 41 N/A Cytokines/phenotype - - 451 11 -
RES 17 M 58 N/A Phenotype/validation - - 47 48 -
RES 18 F 59 D Phenotype - - 20.11 16 -
RES 19 F 67 N/A Phenotype - - 1.2 19 -
RES 20 M 65 N/A Validation NUC - n.d. 32 -
RES 21 M 60 N/A Validation NUC - 2 31 -
RES 22 M 36 N/A Validation NUC - 216.91 23 -

ALT, alanine aminotransferase; CHB, chronic hepatitis B; NA, not available; NUC, nucleos(t)ide analogues; RES, resolved HBV infection.
*Assay performed in the indicated patients.
*Patient followed for >10 years; CHB diagnosed by liver biopsy; fluctuations of ALT (from normal to slightly elevated) and viremia (from 5,000 1U/ml to 40,000 IU/ml) levels; recent detection of anti-HBs combined with HBsAg.

a|o1ME Youeasay



Table 2. Demographic and clinical details of different HLA-A2- patient categories.

HBeAg ALT (IU/L) HBV DNA (IU/ml)

Anti-HBs (IU/ml)

HBsAg (IU/ml)

Therapy

Genotype Experiments*

Sex Age (years)

Patient ID
CHB

24
60

12,102

442,709,600

3,880,200

50

246

24
26
26
25
212

19
72

228
55,988
12,539
11,695

200
000
690

349,480

31,836

90

116

2,866

27

182
30,606

000

59

T cel
T cel
T cel
T cel
T cel
T ce

50
77

CHB 24
CHB 25
CHB 26
CHB 27
CHB 28
CHB 29
CHB 30
CHB 31
CHB 32
CHB 33
CHB 34
CHB 35
CHB 36
CHB 37

48
20

37

N/A

23
36
47

T cel
T cel

64
59
42
81

N/A

T cel
T cel

37

29

135,171

Resolved
RES 23

30

97

uc

uc
NUC
NUC
N

N
N

idation
idation
idation
idation
idation

10
44
38

46

45

20

97

ucC

T cel
T ce
T cel
T cel
T cel

N/A
N/A

44
79
75
41

RES 24

RES 25

N/A
N/A

RES 26

63

RES 27
ALT, alanine aminotransferase; CHB, chronic hepatitis B; NA, not available; NUC, nucleo

*Assay performed in the indicated patients.

s(t)ide analogues; RES, resolved HBV infection.

HBV-specific CD8 T-cell remodeling in chronic HBV

the peripheral blood of patients in the chronic (n = 5) and
resolution (n = 6) phases of chronic HBV infection (Fig. 1A)
revealed a clear segregation of the two patient groups by un-
supervised analysis of the 263 expressed genes (Fig. 1B).
Some heterogeneity within each group was expected,
reflecting differences in the time elapsed between antigen
loss and study enrolliment among RES individuals, as well
as the variable degrees of infection and disease severity typi-
cally observed in patients with CHB. Despite these
potential limitations, 65 differentially expressed genes (DEGs)
between patients with chronic and resolved infections were
identified (Fig. 1C) and principal component analysis of these
65 genes confirmed the evident segregation of CHB and
RES (Fig. 1D).

Several of the most upregulated genes in patients with CHB
have been reported to be deregulated in animal and human
models of T-cell dysfunction.”™*">'*"'" These included genes
involved in inflammatory processes (MAP4K2, CCL5, IL16,
MYD88, GBP1, GBP5) and T-cell activation (TFRC, LCK,
CD81, CD2, DDB1), transcription factor-encoding genes (IRF1,
STAT1, ILF3), the NF-kB signaling-mediator MALT1,
exhaustion-related genes involved in inhibitory pathways
(SELPLG, CD244, CTLA4, ENTPD1, LAGS3, LILRA5, CD48),
autophagy and apoptosis (ATGI6L1, BAX, FADD, RARRES3)
(Fig. 1E). Additional dysregulated genes were related to intra-
cellular signaling and cell cycle control (LRPPRC, PRKCD,
MAPKI4, IKZF2, LEF1), effector functions (GZMA, GZMB), and
mitochondrial (FIS1, NDUFA6, NDUFA4, TIMMZ23, PHB2,
UQCRCT) and proteasome (PSME1, PSMB10, PSMD3) path-
ways (Fig. 1C).

In contrast, fewer genes were upregulated in RES patients
and downregulated in patients with CHB; these genes were
mainly associated with immune regulation (SOCS17, CDS5,
IL6ST) and T-lymphocyte migration (CXCR3)'®" (Fig. 1E).

Overall, transcriptional profiling of total HBV-specific CD8 T
cells revealed predominant upregulation during the chronic
phase of genes involved in inflammation, activation, and
inhibitory pathways, whereas genes promoting immune regu-
lation and responsiveness were preferentially upregulated
during the resolution phase of chronic HBV infection.

Differential transcriptional profiles of ML PD1+CD127+
HBV-specific CD8 T cells in CHB (ML-CHB) and resolved
patients (ML-RES)

As already described,'® conventional memory HBV-specific T
cells (PD-1-/CD127+) generated after spontaneous resolution
of acute HBV infection were not present in patients who ach-
ieved functional cure following chronic HBV carriage. Thus, we
focused our analysis on ML PD1+CD127+ HBV-specific CD8 T
cells to elucidate whether their transcriptional profile might
differ depending upon the phase of infection. Using the
Kruskal-Wallis test, we identified 17 genes with significantly
different expression levels in ML CD8 T cells derived from 4
CHB and 6 RES patients (Fig. 2A-C).

In addition, a significantly greater degree of heterogeneity
was observed in CHB vs. RES patients by applying an IQR
calculation after z-score normalization (Fig. 2D; p <0.0001 and
medium effect size r = 0.36), in line with the assumption that
successful control of HBV infection should result in a more
homogeneous population of ML cells."®

JHEP Reports, March 2026. vol. 8 | 101705 4
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Fig. 1. Gene-expression profiling of total core,s_»7-specific CD8+ T cells from CHB and RES patients. (A) Overview of the experimental design. (B) Patient group
correlation by unsupervised PCA of all 263 expressed genes identified in total HBV-specific CD8 T cells from patients with chronic (n = 5) and resolved (n = 6) HBV
infections. (C-D) Hierarchical-clustering (C) and PCA representation (D) of the 65 DEGs identified by the Kruskal-Wallis test. Data were centered and normalized before
clustering (z-score); upregulated and downregulated genes are shown in red and green, respectively. (E) Bar-plot representation of some selected DEGs (mean
expression value plus SEM for each patient category) grouped according to their respective functions; upregulated (black) and downregulated (grey) genes are shown
for each patient. CHB, chronic hepatitis B; DEG, differentially expressed gene; PCA, principal component analysis; RES, resolved HBV infection.

Next, we asked whether some of the 65 genes differentially
expressed in total HBV-specific CD8 T cells from CHB vs. RES
patients (Fig. 1C) overlapped with the 17 DEGs distinguishing
the ML T-cell subsets of chronic and resolved patients. Of
note, 6 common DEGs (Fig. 2E) were identified with a
concordant trend to upregulation in CHB vs. RES patients in
both comparisons (Fig. 2F). These 6 genes are involved in
inhibitory pathways (CD48), pro-inflammatory processes
(CCL5), as well as T-cell activation (CD2, MR1, ZAP70,
ABCBH1), and their deregulation has previously been associ-
ated with dysfunction/exhaustion in other models of chronic
infection and inflammation (Table S2). Additional genes upre-
gulated in ML-CHB are related to NF-KB (IKBKB), TCR-
activated tyrosine kinase (LCP2) and cytokine receptor
(IL2RG) signaling, effector (GZMK) and differentiation pro-
cesses (IL7R), as well as apoptosis (CRADD, CASP3, CUL9).
The transcription factor NFIL3, involved in Treg cell function
and stability, as well as the inhibitory molecules PDCD1 and
LAIR1 were upregulated in the ML-RES subset (Fig. S1;
Table S2). The finding of PDCD1 upregulation is rather unex-
pected, although the variable role that PD-1 can play in

JHEP Reports, March 2026. vol. 8 | 101705

different settings — exhaustion vs. activation — can make the
interpretation of transcriptional upregulation quite controver-
sial, especially if not supported at the protein level, as in our
study where protein expression was not significantly different
between ML-CHB and ML-RES.

Taken together, these results indicate that ML HBV-specific
CD8 T cells, although detectable in both chronic and resolved
patients, differ at the transcriptional level in relation to activity
or successful control of infection.

Exhaustion-related gene enrichment in the
PD1"CD127'°"/- HBV-specific CD8 T-cell subset

The HBV-specific PD1"CD127'°"- CD8 T-cell subset, which is
only present in a proportion of treatment-naive patients with
CHB, is thought to be terminally differentiated towards
dysfunction/exhaustion.>>'° In patients CHB3 and CHBS5, only
ML PD1+CD127+ CD8 T cells were detected, whereas in pa-
tients CHB2 and CHB4 both PD1+CD127+ and PD1"C-
D127'°"~ subsets were present (Fig. 1A), enabling analysis of
their transcriptional profile.
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HBV infection.

We first compared the transcriptional profiles of the
PD1"CD127'°"- CD8 T cells from CHB2 and CHB4 patients
with the ML PD1+CD127+ CD8 T cells derived from either the
6 RES (Fig. 3A, left panel) or the 4 CHB patients (Fig. 3A, right
panel) and we identified 36 and 33 DEGs, respectively.
Notably, we found only 15 genes in common (rectangular
frame at the top of the heatmaps in Fig. 3A; upper radar plot
and Venn diagram in Fig. 3B; panel A in Fig. S2), further con-
firming that ML-CHB and ML-RES largely differ in their tran-
scriptional programs, as already suggested by the results of
the direct comparison shown in Fig. 2. Focusing on the 21 non-

overlapping DEGs in the comparison of ML-RES vs. PD1"C-
D127"°"~ T cells (Venn diagram, Fig. 3B; panel B in Fig. S2),
both the heatmap and the radar plot shown in the left part of
Fig. 3B underline their largely homogeneous downregulation
in ML-RES T cells. Conversely, the 18 non-overlapping genes
(Heatmap, Fig. 3A; Venn diagram, Fig. 3B) deriving from the
comparison of PD1"CD127'°" vs. ML-CHB cells showed
more heterogeneous expression levels with a more mixed
representation of up- and downregulated genes among the
two subsets (radar plot, right part of Fig. 3B; panel C in
Fig. S2). These results suggest a greater transcriptional
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distance between PD1"CD127'°"~ CD8 T cells and ML CD8 T
cells from resolved compared with chronic patients, consistent
with maximal dysfunction of PD1"CD127'°"- CD8 cells and
maximal transcriptional and functional recovery of ML-
RES cells.

Assuming that the 65 DEGs in the comparison of total
coreqgo7-specific CD8 T cells from CHB and RES patients
define the transcriptional distance between CD8 dysfunction
on one extreme and recovered CD8 functionality on the other,
the number of these DEGs in common with the 36 DEGs
derived from the comparison of PD1"CD127'°%" vs. ML-RES
CD8 T cells should be greater than the number in common with
the 33 DEGs derived from the comparison of PD1"CD127'°%/-
vs. ML-CHB CD8 T cells. In line with this assumption, we found
that 16 of the 36 DEGs (44%) from PD1"CD127'°"" vs. ML-
RES cells appeared to be in common and concordantly
upregulated with the 65 DEGs (Fig. 3C, left box), as opposed to
only 6 of the 33 DEGs (18.2%) derived from the PD1"C-
D127 vs. ML-CHB comparison (Fig. 3C, right box) (p =
0.0124 by McNemar’s test). These shared DEGs include che-
mokines, genes involved in pro-inflammatory processes (CD2,
CCL5, MAP4K2, STAT1, ITGAL), intracellular signaling
(PRKCD), inhibitory checkpoint pathways (CD48) and cytotoxic
effector functions (GZMA and GZMB) (Fig. 3C, left box;
Table S2). These observations again indicate that PD1"C-
D127~ CD8 T cells and ML-RES T cells represent the ex-
tremes of the spectrum from exhaustion to memory with ML-
CHB in an intermediate position (Fig. 3C, right scheme). Of
note, 20 additional DEGs were identified by comparing the
most distant PD1"CD127'°" and ML-RES subsets (Fig. 3C,
left part and Table S2). Some of these genes may be part of a
more comprehensive CD8 exhaustion signature identified by
combining DEGs derived from the comparison of total HBV-
specific CD8 T cells from patients in the active and resolu-
tion phases of chronic HBV infection and of PD1"CD127"°%/-
vs. ML-RES CD8 T cells.

In summary, the transcriptional analysis of the PD1"C-
D127~ HBV-specific CD8 T-cell subset reveals an enrich-
ment in exhaustion-related genes compared to the ML
PD1+CD127+ subsets, which is more pronounced when the
comparison is focused on ML-RES. In addition, the compari-
son between PD1MCD127°"" and ML CD8 T cells from
chronic and resolved patients confirms that ML CD8 T cells
can adopt distinct differentiation programs depending on the
clinical context.

Phenotypic analysis enables further dissection of the ML
PD1+CD127+ HBV-specific CD8 T-cell subset in patients
with CHB

PD1+CD127+ and PD1"CD127"°"" coreqs.o7-specific CD8 T
cells from CHB and resolved patients were analyzed ex vivo by
flow cytometry in a larger population of 21 patients with CHB
and 18 resolved patients to assess cytokine production and
the expression of TOX and TCF1 transcription factors, Bcl-2
and the checkpoint molecule CD39. Patients previously
analyzed for their transcriptional profile were included in this
expanded cohort.

TOX expression was significantly higher in PD1"CD127'°%/~
than in ML-CHB and ML-RES (Fig. 4A). Notably, the quantifi-
cation of TOX protein levels allowed us to distinguish, using a
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median fluorescence intensity threshold value of 640, corre-
sponding to the maximum value observed in the resolved
patient cohort (red dotted line in Fig. 4A), two different pop-
ulations within the ML PD1+CD127+ subset of patients with
CHB (ML-TOX"" CHB and ML-TOXMe" CHB). Conversely, Bcl-
2 expression was significantly reduced in PD1"CD127"°%- T
cells in comparison with the ML-TOX"9" CHB and ML-RES
CD8 cells. Differences between distinct T-cell subsets were
less evident for CD39 and TCF-1 (Fig. S3).

In line with the phenotypic profiling, PD1"CD127"°"" cells
from chronic patients produced lower levels of cytokines
compared to ML-TOX'" CHB and ML-RES cells. Moreover,
cytokine production was higher in ML-TOX"" and ML-RES T
cells compared to ML-TOX™" cells (Fig. 4B). A statistically
significant negative correlation between cytokine production
and TOX levels was also observed (Fig. 4C).

As shown in Fig. 4D, unsupervised analysis grouped CHB3
and CHB5, which exhibit low TOX levels, together, whereas
CHB2 and CHB4, with higher TOX expression, clustered
separately. Thus, the transcriptional profile of ML cells from
chronic patients with low TOX levels appeared to be distinct
from that of ML cells from chronic patients with higher
TOX expression.

Of note, PD1MCD127'°"" T cells were present in CHB2 and
CHB4 patients along with TOX"" ML CD8 T cells, whereas
PD1"CD127°"" T cells were not detected in CHB3 and CHB5
patients with TOX'°" ML cells. Forty-three DEGs were found in
the comparison between TOX'®" and TOX"9" ML CD8 T cells,
showing clear segregation according to TOX levels (Fig. 4D),
and aligning along the proposed trajectory, as illustrated by
unsupervised principal component analysis (Fig. 4E). TOX""
ML CD8 T cells showed a significant upregulation of genes
associated with apoptosis, NF-kB signaling and inhibitory
pathways, suggesting a more dysfunctional immune profile,
compared to ML-TOX°" CD8 T cells (Fig. 4F; Table S2).
Additional genes upregulated in ML-TOX"S" CD8 T cells are
involved in cell cycle modulation (CDKN1B, DUSP4) and reg-
ulatory pathways known to promote T-cell exhaustion and
immunosuppression (TGFB1, XBP-1, IL4R, IL21R, CD44,
CD59). Finally, the upregulation of SLC2A1/Glut1 in ML-TOX-
hish CD8 T cells may reflect a critical glucose metabolic
adaptation of more dysfunctional ML-TOX"" T cells
(Fig. 4F; Table S2).

Interestingly, a statistically significant inverse correlation
between TOX expression and frequencies of individual ML-
CHB subsets was also observed (Fig. 4G). To understand
whether the presence of ML-TOX!¥ cells in individual patients
with CHB predicts a higher likelihood of HBsAg decline during
NUC treatment, we conducted a longitudinal follow-up of
serum HBsAg levels. CHB patients with ML-TOX'°" CD8 T
cells displayed a significantly better serum HBsAg decline
upon NUC treatment over time compared to those with ML-
TOX"" cells, suggesting that patients with ML-TOX'°" CD8 T
cells may have an increased probability of resolving CHB
(Fig. 4H; A slope p value = 0.003 by linear mixed-effects model
analysis; details in the supplementary materials).

Thus, TOX levels enable the identification of distinct sub-
populations within ML CD8 T cells from patients with CHB,
characterized by divergent transcriptional and functional pro-
files oriented toward either exhaustion (TOXM9") or memory T-
cell differentiation (TOX'%). Indeed, when compared to the
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ML cells of resolved patients, ML-TOX"S" CD8 T cells exhibi-
ted a significantly higher number of DEGs (n = 27) than that
found for ML-TOX"" cells (n = 13), suggesting a transcriptional
profile of ML-TOX"" cells more similar to ML-RES than that
of ML-TOXMS" cells (Fig. 41, p = 0.006 by McNemar’s test).
This observation further supports the notion that ML-TOX""
and ML-TOX" are more exhaustion- or memory-
oriented, respectively.

Identification of a core gene-dysregulation signature of
CD8+ T-cell exhaustion

Next, we tried to generate an aggregated T-cell exhaustion
gene signature by integrating the transcriptional landscape of
the different HBV-specific CD8 T-cell subsets as a continuum
and considering the ML T cells of patients that control HBV
infection (ML-RES) and PD1"CD127°"" T cells of active
chronic patients as the extremes in the progressive differenti-
ation from exhaustion to memory (Fig. 41). We found that 11 out
of the 84 genes concordantly expressed in all T-cell subsets
showed a positive correlation with a progressive increase of
their expression from ML T cells of patients able to control HBV
infection, in sequence to ML-TOX'" T cells, ML-TOX"" T cells
and the most dysfunctional PD1"'CD127'°"~ T cells in patients
with CHB (Fig. 5A and S4).

They included genes involved in inhibitory (CD48) and pro-
inflammatory/activation processes (CD2, CCL5, ITGAL),*>7%°
the TCR-activated tyrosine kinase LCP2°° and NF-kB (IKBKB,
TBK1)*"?® signaling, apoptosis (CASP3),>° IL4 regulatory
pathway (DUSP4),>° and antigen presentation (B2M, HLA-
DPAT) (Fig. 5A and S4). Notably, 10 of these 11 genes were
also included among the 36 DEGs identified by comparing the
transcriptional profiles of the most extreme subsets, i.e. ML
CD8 T cells from resolved patients and the PD1"CD127'°""
CD8 T-cell subset from CHB patients (Fig. 5B), further sup-
porting the notion that the 11-gene list may represent a true
transcriptional exhaustion signature.

To assess whether gene deregulation is associated with an
altered expression of the corresponding protein, some
selected genes were tested by flow cytometry. For this pur-
pose, dextramer-positive CD8 T cells were co-stained with
monoclonal antibodies targeting the inhibitory pathway-related
components CD48/CD244 and the IL4 receptor belonging to
the IL4/DUSP4 signaling pathway. Increased CD244 and IL4R
frequencies were detected in chronic compared to resolved
infections and to FLU-specific CD8 cells from healthy con-
trols (Fig. 6A).

Targeting the core gene-dysregulation signatures by
immune modulatory interventions can improve antiviral T-
cell function

To confirm whether some of the most significantly deregulated

genes can actually represent suitable candidate targets for
immunotherapeutic interventions, we then assessed whether
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HBV-specific CD8 T cells of patients with CHB were more or
less sensitive in vitro to the modulation of the NF-kB signaling-
related gene TBK1, and of the inhibitory pathway-related
genes CD48/CD244 that have already been applied with
promising results in hepatocellular carcinoma®® and head-neck
squamous cell carcinoma.?? In addition, we also tested the
effect of inhibitors targeting DUSP4 and the IL4R genes
belonging to the IL4 signaling pathway, whose positive effect
on protective immune response has also been described in
breast cancer settings®' and in HIV infection.*?

Notably, all tested compounds had a significant effect on
HBV-specific CD8 T-cell function. Indeed, following incubation
of peripheral blood mononuclear cells from CHB patients with
HBV peptides covering the entire core sequence, in the pres-
ence or absence of an anti-IL4R monoclonal antibody, a TBK1
inhibitor and anti-CD244/CD48 antibodies, a significant in-
crease in cytokine production was detected in treated
compared to untreated cultures (Fig. 6B). Most of the patients
displayed an increase of at least 1.5-fold, with the percentage
of patients responding to treatment varying from 30% to 86%,
depending on individual T-cell functions (Fig. 6C). Interestingly,
57% of patients with CHB showed an increase in the per-
centage of IFN-y+ HBV-specific CD8 T cells in response to
more than three simultaneous treatments (Fig. 6D, left).
Functional changes induced by these immune modulatory
compounds are well recapitulated by hierarchical-clustering
analysis, which demonstrates a distinct distribution of pa-
tients who responded to multiple treatments. Notably, the
modulatory responses induced by anti-CD244 and anti-CD48
monoclonal antibodies displayed a common clustering,
reflecting the convergence of their target molecules toward a
common signaling pathway, as CD48 is a ligand of CD244 and
both molecules belong to the SLAM family of signaling pro-
teins. On the other hand, despite the common involvement of
TBK1 and the IL4R in the NF-xB-related signaling
pathway through the engagement of the transcription factor
STAT6,* the TBK1 inhibitor and the anti-IL4R monoclonal
antibody displayed distinct distribution patterns in clustering
analysis, reflecting a different magnitude of modulatory effect
(Fig. 6D, right).

The combination of the TBK1 inhibitor and the anti-IL4R
antibody resulted in a much greater improvement of HBV-
specific CD8 T-cell responses than the individual therapeutic
approaches, whereas the anti-CD48/anti-CD244 antibody
combination did not reveal any synergistic or additive effect
(Fig. S5A and B). Similarly to what we observed in patients with
CHB, antiviral cytokine levels did not change upon incubation
with the combined anti-CD48/anti-244 antibody treatment in
patients who achieved functional cure with NUC therapy
(Fig. S5C, left). Instead, the addition of a TBK1 inhibitor com-
bined with an anti-IL4R monoclonal antibody to in vitro-
expanded T cells led to a slightly greater effect, although still
significantly lower than that observed in patients with CHB
(Fig. S5 C, right).

representing the overlapping DEGs among different Kruskal-Wallis sub-lists: PD1MCD127'°"~ T cell subset vs. ML-RES (light blue, DEGs n = 36) and total core;g.o7-
specific CD8 T cells from CHB vs. RES patients (grey, DEGs n = 65) on the left; PD1"CD1 27'°%" T cell subset vs. ML-CHB (light blue, DEGs n = 33) and total coreygo7-
specific CD8 T cells from CHB vs. RES patients (grey, DEGs n = 65) on the right. In a scale of differentiation from exhaustion to memory, PD1"'CD127"°""~ are more
exhaustion-oriented, ML-RES more memory-oriented, and ML-CHB in an intermediate position. CHB, chronic hepatitis B; DEG, differentially expressed gene; ML,

memory-like; PCA, principal component analysis; RES, resolved HBV infection.
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Discussion

There is growing evidence that dysfunctional HBV-specific
CD8 T cells are not a homogeneous population.* %% Ac-
cording to their antigen-specificity, HBsAg-specific CD8 T
cells are rarely detectable in the peripheral blood of viremic
HBeAg-negative CHB patients, likely due to maximal exhaus-
tion and poor in vivo expansion. In contrast, core-specific CD8
T cells are generally more abundant and exhibit distinct phe-
notypes and functions compared to polymerase-specific CD8

A D

HBV-specific CD8 T-cell remodeling in chronic HBV

T cells.*®"° Based on phenotype, virus-specific CD8 T cells
can be further subdivided into distinct CD8 T-cell subsets
whose relative representation may reflect the overall protective
capacity of an individual patient’s CD8 T cells."® For example,
detection of PD-1"/CD127'°"/~ core-specific CD8 T cells is
associated with more profound dysfunction of the overall CD8
T-cell population in HBeAg-negative CHB patients and with
worse responsiveness to functional T-cell restoration strate-
gies in vitro. In the same patient category, dysfunctional
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CHB, chronic hepatitis B; DEG, differentially expressed gene; MdFI, median fluorescence intensity; ML, memory-like; NUC, nucleos(t)ide analogue; PCA, principal

component analysis; RES, resolved HBV infection.
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CXCRG6 positive core-specific CD8 T cells display enhanced
CREM transcriptional activity, rather than TOX induction,
which is typically associated with conventional exhaustion.”
Moreover, functional attenuation of polymerase-specific CD8 T
cells sustained by deregulated TGF-f signaling has been re-
ported in chronic patients with persistently low viral loads and
better control of infection.”

All these observations raise the issue of whether T-cell
dysfunction indeed encompasses distinct cell conditions sus-
tained by different transcription and differentiation programs
that only partially overlap with those so far attributed to con-
ventional exhaustion. They also emphasize the need to go
beyond the overall transcriptional and functional profile of
HBV-specific CD8 T cells to identify the specific characteristics
of the different CD8 T-cell subsets that can be detected in
relation to the clinical setting.

Our study addressed two main issues. First, we performed
a transcriptional and functional characterization of the PD-1"/
CD127"°% T-cell subset, which is expected to be the most
severely dysfunctional, with the aim of identifying a transcrip-
tional exhaustion/dysfunction signature and of defining the
specific changes needed to drive the control of infection with
HBsAg loss. Second, we analyzed the ML PD1+CD127+ CD8
T-cell subsets in active and resolved chronic infections to
investigate whether their transcriptional and functional plas-
ticity contributes to HBV control.

To this end, we enrolled two HBeAg-negative cohorts: pa-
tients with severe liver inflammation and active HBV replica-
tion, and patients who achieved HBsAg loss, either
spontaneously or after antiviral treatment, as a reference group
to identify transcriptional changes underlying disease resolu-
tion. Of note, only core-specific CD8 cells were studied
because envelope- and polymerase-specific CD8 T cells are
barely detectable in chronic active hepatitis B and, when
detectable, their frequencies are generally too low to allow for
reliable transcriptional and functional analysis of individual
CD8 T-cell subsets.
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We first analyzed total HBV core-specific CD8 T cells to
identify a broad signature of T-cell dysfunction and then
refined the analysis by focusing on the two CD8 T-cell subsets
expected to be the most distant in the spectrum from more
terminally exhausted, i.e. PD-1"/CD127'°*"", to more memory-
oriented, i.e. the ML-RES CD8 T cells. Sixty-five DEGs were
identified in the comparison of total CD8 T cells from CHB and
resolved patients, while 20 additional DEGs were derived from
the comparison of the PD-1"/CD127'°%~ vs. ML-RES subsets.
Together these 85 genes define a comprehensive CD8 T-cell
exhaustion/dysfunction signature that is indeed enriched in
dysfunction-related transcripts already reported in other
models of chronic infection.”*'2"%~7 Most of them belong to
inflammatory and T-cell activation processes, as well as
inhibitory checkpoint pathways, NF-kB signaling and effector
cytotoxic functions. In line with the transcriptional data, ML-
RES CD8 T cells showed lower TOX expression and were
significantly more efficient in cytokine production than PD-1"/
CD127"°"~ CD8 T cells.

Notably, the transcriptional profile observed in CHB patient
CD8 T cells differs from that reported by Heim et al. in atten-
uated polymerase-specific CD8 T cells from patients with
endogenous viral control, which is expected given our focus on
core-specific cells from highly viremic patients, where the
host environment favors terminal differentiation and se-
vere dysfunction.

The second objective of our study was to investigate
whether and to what extent the ML PD1+CD127+ CD8 T-cell
subset is transcriptionally and functionally different in relation
to the stage of infection. Our results indicate that ML CD8 T
cells are indeed different in active vs. controlled chronic
HBeAg-negative infections. Seventeen DEGs were identified in
ML-CHB vs. ML-RES, enriched for dysfunction/exhaustion
transcripts. Second, ML-CHB CD8 T cells appeared to be
transcriptionally more similar to PD-1"/CD127'°"/- CD8 T cells
than ML-RES T cells. Notably, the transcriptional differences
translated into a lower capacity to produce antiviral cytokines

SIGNIFICANT GENES
by Spearman correlation test (11)

@ PD1"CD127°Sub CHB
VS.
@ ML Sub RES
(36 DEGs)

Fig. 5. Analysis of all T-cell subsets reveals a molecular signature of CD8+ T-cell exhaustion in CHB patients. (A) Analysis of 84 genes concurrently expressed
across all CD8 T-cell subsets identified 11 genes displaying a significant progressive increase in expression across the indicated subset categories, with lowest levels
in ML-RES patients, intermediate levels in ML-TOX"°" and ML-TOX"9" T cells from CHB patients, and highest levels in the PD1"CD127"°" subset (o <0.05 by
Spearman’s rank correlation test). Each symbol represents the mean z-score of individual genes. (B) Venn diagram representing the overlapping genes among the
above mentioned 11 genes and the 36 DEGs obtained by the comparison of PD1"CD127"°""~ and ML-RES T-cell subsets. CHB, chronic hepatitis B; DEG, differ-
entially expressed gene; ML, memory-like; PCA, principal component analysis; RES, resolved HBV infection.
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Fig. 6. Effect of immune modulatory interventions on the HBV-specific CD8 T-cell function. (A) Percentage of IL4R- and CD244-positive HBV-specific CD8 T
cells from patients with CHB, RES, and FLU-specific CD8 cells from healthy controls (n = 8 for each group; Kruskal-Wallis non-parametric test). Representative
examples are shown on the right. (B) Paired values (%) of cytokine-producing CD8 T cells in T-cell cultures generated by HBV core peptide stimulation in the presence
or absence of an anti-IL4R monoclonal antibody, a TBK1 inhibitor and anti-CD244/CD48 antibodies (n = 14) (Wilcoxon-matched-paired test). Representative dot plots
showing frequencies of IFN-y+, TNF-a+, and IL2+ HBV-specific CD8 T cells cultured in the presence or absence of distinct modulators are illustrated on the bottom.
(C) Percentage of cultures responding to a TBK1 inhibitor and to anti-IL4R, anti-CD48 and anti-244 antibodies. Patients were considered responsive to treatments
when cytokine expression by CD8 T cells increased at least 1.5-fold in treated vs. untreated cultures. (D) Pie charts illustrate the percentage of CHB patients showing
recovery of IFN-y+ HBV-specific CD8 T-cell production induced simultaneously by multiple modulators (left). Hierarchical-clustering of IFN-y+ HBV-specific CD8 T-
cell responses in the presence of the different treatments in CHB patients (right); up and downregulated T-cell responses are shown in a color scale ranging from
intense blue (maximal response) to white (negative responses), respectively. CHB, chronic hepatitis B; DEG, differentially expressed gene; FLU, influenza; RES,

resolved HBV infection.

by ML-CHB CD8 T cells. Finally, ML-CHB CD8 T cells could be
further divided into two distinct CD8 T-cell subsets charac-
terized by different TOX expression levels: a first subset with
higher TOX expression, transcriptionally and functionally more
similar to exhausted PD-1"/CD127'°"- CD8 T cells, and a
second subset with lower TOX expression, more similar to ML-
RES CD8 T cells.

Altogether, our data indicate that different subsets with
distinctive transcriptional features can be identified within
coreqgo7-specific CD8 T cells, ranging from a more
exhaustion-oriented PD-1"/CD127"°%~ subset followed, in a
progressive scale of increasing memory differentiation, by
TOXM" and TOX'" ML CD8 T cells from CHB patients and
finally by ML CD8 T cells from patients achieving func-
tional cure.

JHEP Reports, March 2026. vol. 8 | 101705

Notably, higher frequencies of TOX°Y ML CD8 T cells
identified CHB patients with a better serum HBsAg decline
over time, suggesting an increased likelihood of resolving CHB
upon NUC treatment administration in patients with TOX"°"
compared to those with TOX"9" ML CD8 T cells.

The notion of progressive discrete steps of memory T-cell
differentiation guided us to recapitulate the individual lists of
DEGs derived from all comparisons between the different CD8
T-cell subsets into a unique, more restricted gene signature,
including only those genes that displayed a progressive in-
crease in their expression from more memory-to more
exhaustion-oriented subsets. This signature comprises 11
genes (CD48, CD2, CCL5, ITGAL, LCP2, IKBKB, TBKI1,
CASP3, DUSP4, B2M and HLA-DPAT). Many of these genes
are particularly interesting because they have been previously
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reported in published transcriptome datasets of exhausted
CD8 T cells in other chronic infections, including lymphocytic
choriomeningitis virus (CD48, CASP3, CCL5)'*"® and HCV
(DUSP4, CASP3, CCL5, HLA-DPA1, B2M, CD2).?® Remark-
ably, at least 5 genes from our core gene-dysregulation
signature (CD2, CCL5, ITGAL, LCP2, CD244) were previously
identified in a distinct hepatotoxic tissue-resident CD8+ T-cell
subset described in the liver and characterized by a highly
activated phenotype and expression of effector molecules,
chemokines and exhaustion markers.** Ten of these 11 genes
overlap with DEGs distinguishing ML-RES from PD-1"/
CD127"°"- subsets. Therefore, targeting these deregulated
genes may represent an ideal CD8 functional reconstitution
strategy. In line with this prediction, administration of a TBK1
inhibitor or anti-IL4R or anti-CD244/CD48 antibodies to
in vitro-expanded T cells led to improved cytokine production

Research article

in most of the tested CHB patients, with the TBK1 inhibitor
showing slightly superior effects, further potentiated when
combined with anti-IL-4R.

Interestingly, restoration of T-cell function has previously
been reported in hepatocellular carcinoma,?® gastric cancer™
and head-neck squamous cell carcinoma® through the
modulatory effect of TBK1, CCL5/CCR5 and CD48/CD244
inhibitors. Moreover, targeting DUSP4 and the IL4R genes
belonging to the IL4 signaling pathway sensitized cancer cells
to anti-cancer therapy and strengthened protective immune
responses in breast cancer,®' and in HIV infection.>> These
observations suggest that these compounds may be prom-
ising for restoring exhausted CD8 T cells in chronic HBV
infection, warranting further studies in larger patient cohorts to
validate their potential as immunotherapeutic targets.
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