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IL-15 boosts activated HBV core-specific CD8+

progenitor cells via metabolic rebalancing
in persistent HBV infection

Julia Peña-Asensio,1,6 Henar Calvo-Sánchez,2,5,6 Joaquı́n Miquel,2,6 Eduardo Sanz-de-Villalobos,2,6

Alejandro González-Praetorius,3,6 Miguel Torralba,4,5,6 and Juan-Ramón Larrubia2,5,6,7,*
SUMMARY

A rebalance between energy supply and demand in HBV-specific-CD8+ activated progenitor (AP) cells
could restore the functionality of proliferative progeny (PP) in e-antigen(Ag)-negative chronic hepatitis
B (CHBe(�)). We observed that quiescent progenitor (QP [TCF1+/FSClow]) HBVcore-specific-CD8+ cells
displayed a memory-like phenotype. Following Ag-encounter, the generated AP [TCF1+/FSChigh] subset
maintained the PD1+/CD127+ phenotype and gave rise to proliferative progeny (PP [ TCF1-/FSChigh]). In
AP cells, IL-15 compared to IL2 decreased the initial mTORC1 boost, but maintained its activation longer
linked to a catabolic profile that correlated with enhanced PP effector abilities. In nucleos(t)ide analogue
(NUC)-treated CHBe(�), AP subset showed an anabolic phenotype associated with a dysfunctional PP
pool. In CHBe(�) cases with low probability of HBVcore-specific-CD8+ cell on-NUC-treatment restoration,
according to a clinical predictive model, IL-15/anti-PD-L1 treatment re-established their reactivity. There-
fore, IL-15 could improve AP pool energy balance by decreasing intensity but extending T cell activation
and by inducing a more catabolic metabolism.

INTRODUCTION

An effective hepatitis B virus (HBV)-specific CD8+ T cell response is essential to keep HBV under control but unfortunately these cells become

exhausted during persistent HBV infection.1 Exhausted virus-specific CD8+ T-cells comprise the progenitor and progeny cell pools. The

former is responsible for maintaining a dysfunctional effector subset capable of keeping viral replication in check during chronic infection.2

These progenitor cells carry out asymmetric cell division (ACD) and self-renewal and are characterized by the expression of the transcription

factor T cell factor(TCF)-13–6 and can be found in central and peripheral compartments.7 After antigen (Ag) encounter, this quiescent precur-

sor (QP) subset follows a linear differentiation,7 starting with transformation into the activated progenitor (AP) cell pool, which develops a

more intense metabolism to give rise to the effector proliferative progeny (PP), but still maintains ACD ability and are capable of reacquiring

a more quiescent phenotype.7–9

Mitochondrial metabolism is a key factor for the AP cell pool to carry-out its functions. Despite their activation, these cells need to preserve

catabolic features defined by oxidative phosphorylation (OXPHOS), fatty acid oxidation (FAO), and low generation of reactive oxygen spe-

cies.9,10 This process involves the phosphoinositide 3-kinase (PI3K) pathway.11 T cell receptor (TCR) triggering induces PI3K/protein kinase

B (Akt)/mammalian target of rapamycin (mTOR)C1 activation, leading the progeny to an anabolic state. Nevertheless, mTORC1 activation

is also necessary to promote catabolic reprogramming and memory T cell generation in the progenitor cell pool.4 A balance between the

intensity of T cell activation and the ability to meet the energy needs in the AP cell subset could determine the functionality of the PP.

During persistent viral infections, the progenitor cell subset displays an exhausted phenotype defined by programmed cell death

protein-1 (PD-1dim) expression but remains capable of responding to immunotherapy strategies.2,12–14 PD-1 receptor counteracts co-stimu-

latory signals that are essential for complete T cell activation.15 Monotherapy strategies blocking PD-1/PD-ligand(L)1 pathway can restore

T cell function in some cases, but fails in others with a more intense exhaustion level.16 PD-1, by restraining Ag-dependent TCR signals, pro-

tects exhausted progenitor cells.17 Blockade of inhibitory checkpoints in these cells may not be sufficient to achieve T cell restoration due to

the coexisting impairment of energy production, being unable these cells to meet the necessary extra-energy demands after full stimulation.
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Figure 1. Directly ex vivo peripheral HBV-specific CD8+ ‘‘memory-like’’ progenitor cell pool

(A) BD FACS Calibur contour-plots depicting the co-expression of PD-1 and CD127 molecules on peripheral total and HBVcore18-27-specific CD8
+ cells in eAg(�)

chronic HBV infection (CIBe(�)) and nucleos(t)ide analogue (NUC)-treated chronic hepatitis B (CHBe(�)).

(B) Boxplots summarizing the percentage of CD127+ PD-1-expressing and PD-1- cells out of total CD8+ andHBVcore18-27-specific CD8
+ cells in CIBe(�) andNUC-

treated CHBe(�).

(C) Representative BD FACS Caliburcontour-plots and histograms describing the level of PD-1 and CD127 expression and the percentage of conventional

memory and memory-like peripheral Ag-specific CD8+ cells in paired HBV and CMV infections in a CIBe(�) patient.

(D) Boxplots summarizing the expression level of PD-1 and CD127 and the frequency of CD127+ PD-1+ and PD-1- cells on peripheral HBV and CMV-specific CD8+

cell populations in CIBe(�).

(E) BD FACS Caliburdensity-, contour- and dot-plots showing the TCF1 and CX3CR1 expression in peripheral total and HBV and CMV-specific CD8+ cells from a

CIBe(�) patient.

(F) Boxplots summarizing the percentage of FSClow TCF1-expressing and the CXCR3-expressing TCF1 positive and negative cells in peripheral total and Ag-

specific CD8+ cells in CIBe(�). CMV: cytomegalovirus, FMO: fluorescence minus one, FSC: forward scatter, HBV: hepatitis B virus, MFI: mean fluorescence

intensity, NUC: nucleos(t)ide analogue, Pent: pentamer. UWilconxon test. Data are represented as median plus interquartile range.
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Interleukin (IL)-15 is a pleotropic cytokine involved in T cell survival, proliferation and memory formation.18–23 Repeated doses of this cyto-

kine can induce cell exhaustion by intense mTORC1 activation through continuous gamma chain-receptor triggering.24 However, T cell stim-

ulation in an IL-15-rich environment canmodulate mTORC1 activity and favor FAO andmemory generation,25 which could make this strategy

useful for improving AP cell functionality.

Natural history of chronic HBV infection has several distinctive phases defined by the interplay between immune response and HBV repli-

cation.26 During e-Ag negative chronic HBV infection (CIBe(�)) phase, formerly called ‘‘inactive carrier’’, the immune system is able to keep

HBV closely controlled. This phase is characterized by normal transaminases and low HBV DNA level. Nevertheless, during eAg(�) chronic

hepatitis B (CHBe(�)) stage, the immune response is exhausted, leading to high level of HBV replication and liver inflammation.1,27 In those

cases, where the peripheral AP pool is expected to be little exhausted, as in CIBe(�), IL-15 treatment might be sufficient to enhance its func-

tionality. In contrast, in more exhausted cases, as in CHBe(�) treated for a short period of time with nucleos(t)ide analogues (NUC),28 the com-

bination of IL-15 with other immunomodulatory therapies, such as PD-1/PD-L1 blockade, might be necessary, as both strategies could have a

positive effect on mitochondrial metabolism and TCR triggering.29–32

Previous work has shown that early-onset, long-term treatment with NUC can restore HBV-specific cytotoxic T cell response in CHBe(�)

cases with short-duration infection, which is associated with functional cure after treatment discontinuation.28 Nevertheless, about 2/3 of

CHBe(�) cases do not develop functional cure after treatment stop.33,34 In these cases, realignment between energy demands and supply

in the AP pool should be explored as strategy to achieve functional cure. In this work, we demonstrate that IL-15 in vitro treatment induces

both an intermediate but sustained mTORC1 activation and a catabolic profile in the AP subset, resulting in an enhanced effector capacity in

HBV-specific CD8+ T cell progeny. Furthermore, this effect of IL-15 can be harnessed in combination with anti-PD-L1 to restore HBV-specific

CD8+ T cell reactivity in CHBe(�) patients with low likelihood of developing a functional response during NUC treatment.28

RESULTS

Peripheral HBV-specific CD8+ cell pool is enriched in quiescent progenitor cells displaying a memory-like phenotype during

chronic HBV infection

We carried out a directly ex vivo analysis of the peripheral pool of HBVcore18-27-specific CD8
+ cells expressing the memory marker CD127 in

patients with CIBe(�) and NUC-treated CHBe(�). We observed that 96% (interquartile range (IQR) 7%) and 92% (IQR 15%) of the peripheral

pool of quiescent cells in CIBe(�) and CHBe(�) expressed CD127 respectively. We searched for the ‘‘memory-like’’ phenotype, characterized

by CD127 expression but also by the presence of the exhaustion/activationmarker PD-1.12 We observed this phenotype in 93% (IQR 10%) and

83% (IQR 17%) of peripheral CD8+/pentamer+ cells in CIBe(�) and CHBe(�) respectively, while the bulk of the CD8+ CD127+ population was

PD-1 negative, as corresponds to the conventional memory pool. (Figures 1A and 1B).

We also compared the frequency of peripheral HBVcore18-27- and cytomegalovirus (CMV)pp65495-04-specific CD8
+ ‘‘memory-like’’ cells in

paired samples of CIBe(�). We observed a higher PD-1 andCD127 expression in HBV-specific than in CMV-specific cells, resulting in a ‘‘mem-

ory-like’’ enrichment in the HBV-specific pool of approximately 2-fold the level observed in the CMV population and, a higher frequency of

conventional memory cells in the CMV subset (Figures 1C and 1D).

We analyzed whether the memory-like CD127+/PD-1+-expressing HBV-specific CD8+ peripheral pool could correspond to the peripheral

memory subset described byGerlach et al.35 by testing the level of CX3CR1int expression in TCF1+ cells fromCIBe(�). We detected an enrich-

ment of QP cells (TCF1+ FSClow) in the HBV-specific CD8+ cells, approximately twice the frequency observed in the CMV-specific pool. No

TCF1-expressing HBVcore18-27-Pentamer+ CD8+ cell expressed CX3CR1, whereas we observed CX3CR1int expression in 46% (IQR 58%) of

TCF1+ cells in the CMV-specific CD8+ cell pool (Figures 1E and 1F).

IL-15 favors a weaker but longer-lasting activation of peripheral HBV-specific CD8+ activated progenitor cells after Ag

encounter

To understand the differentiation process of quiescent peripheral memory-like HBV-specific CD8+ cells after Ag-encounter in persistent HBV

infection, we checked the in vitro dynamics of progenitor and progeny cell pools after Ag-specific TCR triggering in four CIBe(�) patients and
iScience 27, 108666, January 19, 2024 3
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Figure 2. Characterization of the peripheral pool of activated Ag-specific CD8+ progenitor cells

(A) BD FACS Calibur dot-plots showing the dynamics of Ag-specific CD8+ cells after specific in vitro challenge in presence of IL-2 or IL-15, according to TCF1

expression and FSC level. CD8+ cell pools defined by the FSC and TCF1 level: FSClow comprises quiescent progenitor (TCF1+; QP) and post-mitotic progeny

(TCF1-; PMP) cells and FSChigh encompasses activated progenitor cells (TCF1+; AP) and effector proliferative progeny (TCF1-; PP). On the background, gray

density plots show the total CD8+ cell subset distribution as control. In the foreground, red and blue dot-plots represent the Ag-specific CD8+ cells

stimulated in presence of IL-2 (blue) or IL-15 (red). The figures in each dot-plot quadrant show the percentage of CD8+/Pentamer+ cells out of total Ag-

specific CD8+ cells. The figure in the upper-right corner describes the total number of CD8+/Pentamer+ cells acquired per million of seeded peripheral

blood mononuclear cells.

(B) Boxplots summarizing the dynamics of each Ag-specific CD8+ cell progenitor and progeny subset after Ag encounter, according to FSC level and TCF1

expression, during one-week follow-up.

(C) Illustrative BD FACS Calibur contour-plot showing the frequency of HBVcore18-27-specific CD8
+ cells in the activated progenitor pool after 5-day Ag-specific

in vitro challenge in presence and absence of ICAM-I blocking mAb.

(D) BD FACS Calibur dot-plots and histograms showing the dynamic of phosphorylated ribosomal protein S6 (P-rpS6) in the different HBVcore18-27-specific CD8
+

cell pools after Ag-encounter in presence of IL-2 or IL-15 or IL-2 plus rapamycin. Background gray density plots show the total CD8+ cells as control. The figure in

the upper-right quadrant in each dot-plot represents the frequency of AP cells out of total HBV-specific CD8+ cells. The figure in each histogram plot shows the

P-rpS6 MFI in the AP pool.

(E) Boxplots depicting the P-rpS6 MFI dynamics on the different Ag-specific CD8+ cell pools after Ag encounter.

(F) Boxplots summarizing the frequency of AP (TCF1+/FSChigh) cells and the P-rpS6 level in this pool of HBV-core18-27 specific CD8+ cells at days: 3, 5 and 7 of

culture in presence of rapamycin plus IL2 or IL-2 or IL-15 treatment. Ab: antibody, AP: activated progenitor, CMV: cytomegalovirus, D: day, FSC: forward

scatter, HBV: hepatitis B virus, MFI: mean fluorescence intensity, Neg: negative, pent: CD8+/Pentamer+ cells, PMP: post-mitotic progeny, PP: proliferative

progeny, QP: quiescent progenitor. yFriedman test. xWilconxon test. Data are represented as median plus interquartile range.
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five CMV infection cases in presence of IL-2 or IL-15. We defined four different CD8+ progenitor and progeny cell subsets according to TCF-1

expression and forward scatter (FSC) level on flow cytometry analysis. TheQP cell pool (TCF-1+/FSClow), disappeared after Ag encounter. The

AP subset frequency (TCF-1+ FSChigh), peaked at day 3 of culture with IL2 and IL-15 and progressively decreased thereafter. In IL-2 cultures, PP

subset (TCF-1- FSChigh), progressively increased until day-5, to enter the contraction phase on day-7. Nevertheless, HBV- and CMV-specific

proliferative progenies treated with IL-15 experienced an inflationary state on day-7 compared to IL-2 treatment (p = 0.008, Wilcoxon test).

Finally, in IL-2 group, the post-mitotic proliferative (PMP) cell pool (TCF-1- FSClow), was small on day-3 and day-5, with a subsequent increase

on day-7, whereas this pool remained low in IL-15 cultures (p = 0.008, Wilcoxon test), (Figures 2A and 2B).

To analyze the involvement of asymmetric cell division (ACD) in the role of the AP cell pool in giving rise to progeny, we impaired this

function by blocking the interaction of intercellular adhesion molecule 1 (ICAM-I) with its ligand, lymphocyte function-associated antigen

1 (LFA-1), in HBV-core18-27-specific CD8
+ cells from one patient with CIBe(�). In addition to the TCR/human leukocyte antigen (HLA)-I inter-

action, ICAM-I/LFA-1 is required at the immune synapse to promote ACD.4 In both IL-2 and IL-15 cultures, ICAM-I blocking antibodies

increased the frequency of TCF1+ FSChigh cells after 5-day Ag-specific in vitro challenge, suggesting the presence of more self-renewal

and less ACD than without blocking ICAM-I/LFA-1 interaction (Figure 2C).

After TCR activation, an initial mTORC1 down-modulation is necessary to promote ACD, but after this initial 24-36h suppression, partial

activation of mTORC1 is required to maintain ACD.4 We longitudinally assessed the expression of phosphorylated ribosomal protein S6

(P-rpS6) as a readout of mTORC1 activation. We observed a peak of P-rpS6 expression at day-3 of culture in the IL-2-treated AP cell pool

with a subsequent decline, whereas IL-15-treated AP cells showed a lower initial increase of P-rpS6, but maintained the same moderate level

throughout culture, whichmeant a significantly highermTORC1 activation at day-7 with IL15 thanwith IL-2. Similar but delayed dynamics were

observed in PP cell subset with IL-2, peaking P-rpS6 on day 5 with a subsequent decrease on day 7. Once again, IL-15 treatment maintained a

higher level of P-rpS6 on day 7 in PP cells, which could be related to the inflation process observed in the IL-15 treated PP pool (Figures 2D

and 2E).

To better understand the requirement for mTORC1 activation to carry-out the ACD in the AP pool, after 24h of Ag-specific in vitro chal-

lenge, we added rapamycin to the culture. In the HBVcore18-27-specific cultures treated with rapamycin plus IL-2, we observed a correlation

between the absence of P-rpS6 expression and an enrichment in the frequency of AP cells at day-5 and 7 compared to those receiving only

IL-2 or IL-15, which could suggest more self-renewal and less ACD in the AP subset after blocking mTORC1 activity (Figures 2D and 2F).

Activated peripheral HBV-specific CD8+ progenitor cells from HBV inactive carriers (CIBe(�)) show a catabolic phenotype

CPT1high, PGC1high linked to high Glut1 expression

We tested T cell lines at day 7, to ensure that AP cells have performed their three initial divisions, before giving rise the PP pool by ACD.8 On

day-7 after Ag-specific in vitro challenge, we tested the expression of carnitine palmitoyltransferase (CPT)1a, peroxisome proliferator-acti-

vated receptor-gamma coactivator (PGC)-1a and glucose transporter (Glut)1 in all different subsets of HBVcore18-27-specific CD8+ cells

from CIBe(�) patients. The TCF1+ FSChigh (AP) pool maintained the memory-like phenotype (CD127+ PD1+), with higher CD127 expression

than the PP and PMP pools and with PD-1 expression similar to that of the PP subset but higher than that of the PMP pool (Figure 3). AP cells

showed mitochondrial biogenesis induction with intense PGC1a expression, higher than that of the PP and PMP subsets (Figure 3). These

TCF1+/FSChigh cells also exhibited favored OXPHOS, as they expressed higher levels of CPT1a than those of the PP and PMP subsets (Fig-

ure 3). Finally, the AP pool had also induced the expression of the glucose transporter Glut1 at the same level as the PP subset and higher than

the PMP (Figure 3).
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Figure 3. Metabolic profile of the different HBV-specific CD8+ progenitor and progeny pools after Ag-specific in vitro challenge

Representative BD FACS Calibur dot-plots and histograms and summarizing box-plots from eAg(�) chronic HBV infection patients (inactive carriers), describing

the expression of CD127, PD-1, CPT1a, PGC1a and Glut-1 in HBVcore18-27-specific CD8+ progenitor and progeny cell pools after 7-day Ag-specific in vitro

challenge. Blue dots in the foreground represent HBV-specific CD8+ cells and gray density plots in the background show the total CD8+ cell distribution as

control. The dashed line in the box-plot charts represents the upper-limit of MFI FMO distribution. AP: activated progenitor, FMO: fluorescence minus one,

FSC: forward scatter, HBV: hepatitis B virus, ID: patient’s identification, MFI: mean fluorescence intensity, PMP: post-mitotic progeny, PP: proliferative

progeny, QP: quiescent progenitor. (+) Positive expression, (�) Negative expression. yFriedman test. xWilconxon test. Data are represented as median plus

interquartile range.
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IL-15 induced amore catabolic profile in the activated progenitor cell pool linked to an enhancement of the effector abilities

of the proliferative progeny subset in HBV inactive carriers (CIBe(�))

After 7-day Ag-specific in vitro challenge in presence of IL-2 or IL-15, we tested the expression level of Glut-1, CPT1a and PGC1a in the subset

of FSChigh/TCF1+ (AP) HBVcore18-27-specific CD8
+ cells in CIBe(�). We observed a significant up-regulation of CPT1a and PGC1a and down-

regulation of Glut-1 with IL-15 compared to IL-2 treatment (Figure 4A). This IL-15 inducedmetabolic reprogramming resulted in an increase in

the absolute number of cells in the progeny pool, with enhanced degranulation capacity and more intense interferon (IFN)g and tumor ne-

crosis factor (TNF)a secretion (Figure 4B).
Activated HBV-specific CD8+ progenitor cells in NUC-treated eAg(�) chronic hepatitis B showed a more anabolic profile

that was counteracted by IL-15 treatment

On day 7 of specific in vitro challenge with HBVcore18-27, we compared Glut-1, CPT1a and PGC1a expression in the AP cell pool be-

tween CIBe(�) cases and NUC-treated CHBe(�) patients with detectable cells. FSChigh TCF1+ HBV-specific CD8+ cells from NUC-

treated CHBe(�) patients showed lower expression of CPT1a and Glut-1 than in CIBe(�) group but a similar level of PGC1a (Figure 5).

In NUC treated CHBe(�), IL-15 treatment compared to IL-2 induced an up-regulation of CPT1a and PGC1a expression and a down-

regulation of Glut-1 in the HBV-specific CD8+ AP cell pool (Figure 6A). This IL-15 induced metabolic remodeling was associated

with an improvement in the effector abilities of the generated progeny. Specifically, we observed with IL-15 treatment an increase in

the absolute number of HBV-specific CD8+ cells, an enhanced degranulation capacity and an increase in IFNg and TNFa secretion

(Figure 6B).
Expected highly exhausted HBV-specific CD8+ cell response was restored by the synergistic effect of IL-15 plus anti-PD-L1

in NUC-treated eAg(�) chronic hepatitis B

NUC treatment can restore HBV-specific CD8+ cell response in a subgroup of CHBe(�) patients. There are several clinical predictive

variables related to this goal that can be combined to calculate a score that estimates the likelihood of restoration of a functional

HBV-multi-specific cytotoxic T cell response during treatment with NUCs,28 (Figure S1). In a cohort of 48 HLA-A2+ NUC treated CHBe(�)

patients (Table S1), we applied this score and observed that those cases with a restoration score >90% had intense-proliferating HBV

polymerase(pol)455-63 and HBVcore18-27 specific CD8+ cell responses (>1% HBV-specific CD8+ T cells out of total CD8+ cells) in 88% of

cases for both epitopes, whereas this was only found in 43% of HBVpol455-63- and 66% of HBVcore18-27-specific CD8+ cells in cases with

intermediate restoration score (16–90%), while in the low score group (0–15%) only 10% of HBVpol455-63- and 32% of HBVcore18-27-spe-

cific CD8+ cells had an intense proliferation (Figure 7A). Furthermore, in the %15% score group only 5% of patients had HBV-specific

CD8+ cells with >1% expansion out of total CD8+ cells against both epitopes while this was observed in 37% of intermediate score cases

and 75% of patients with restoration score >90% (Figure 7B). In fact, a linear trend was shown between the number of epitopes with

intense responses and the restoration score (Figure 7C).

Based on the previously described data about the IL-15 effect on themetabolic profile in the HBV-specificCD8+ activated progenitor pool,

we treated selected HBVcore18-27- or HBVpol455-63-specific CD8
+ cell lines from this cohort with different in vitro treatments and analyzed the

outcomes according to the probability of having a functional response during NUC treatment, calculated by our predictive model,28 (Fig-

ure S1). Data from both epitopes were pooled for statistical analysis. In the restoration score group%15%, only 13% of T cell lines expanded

with IL-2 and did similarly with IL-2 plus anti-PD-L1 and with a slight improvement with IL-15. However, we obtained the restoration of a reac-

tive response in 75% of cases in the %15% restoration score group after treatment with IL-15 plus anti-PD-L1 (Figure 7E). Moreover, IL-15-

based treatments not only increased the number of CD8+ cell lines with expansion in this group, but also increased the absolute number

of HBV-specific CD8+ cells obtained after expansion per 1$106 seeded peripheral blood mononuclear cells (PBMC) (Figures 7E and 7F).

To check whether this effect of IL-15 plus anti-PD-L1in the low restoration score group was observed in both HBV-core and HBV-pol specific

CD8+ T-cells, we performed a subsequent pilot analysis in a group of cases with restoration score <15%.We tested the proliferation potential

after 10-day core18-27 and pol455-63 in vitro challenge in presence of IL-2 or IL-15 plus anti-PD-L1. We observed the restoration of proliferation

potential with this combination treatment in HBV-core18-27-specific CD8 T-cells but not in HBV-pol455-63-specific cytotoxic T -cells (Figure S2).

In the intermediate restoration score group (16–90%), all cultures proliferated with the different treatments, (Figures 7D and 7F) but an in-

crease in the total number of HBV-specific CD8+ cells was also observed with treatments that included IL-15 (Figures 7E and 7F). Finally,

CD8+ cell cultures from cases with a high probability of having a functional response proliferated intensely with both IL-2 and IL-15

(Figures 7D–7F).
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Figure 4. IL-15 effect on the metabolic profile of activated progenitor HBV-specific CD8+ cells and on the effector abilities of their progeny

(A) Representative BD FACS Calibur dot-plots and histograms and summarizing box-plots depicting the CPT1a, Glut-1 and PGC1a expression on activated

progenitor HBVcore18-27 specific CD8+ pool from eAg(�) chronic HBV infection patients (inactive carriers) after 7-day Ag-specific in vitro challenge in

presence of IL-2 or IL-15. Background gray density plots show the total CD8+ cells as control. In the foreground, IL-2 (blue dots) and IL-15 (red dots) treated

HBV-specific CD8+ cells are overlayed.

(B) Representative BD FACS Calibur dot-plots, density-plots and histograms and summarizing box-plots describing the frequency and absolute number of

pentamer+/CD8+ cells, CD107 expression and IFNg and TNFa secretion level on the HBVcore18-27 specific CD8+ effector progeny from eAg(�) chronic HBV

infection (inactive carriers) after 7 days Ag-specific in vitro challenge in presence of IL-2 or IL-15. The dashed line in the box-plot charts represents the upper-

limit of MFI FMO distribution. AP: activated progenitor, FMO: fluorescence minus one, FSC: forward scatter, HBV: hepatitis B virus, IFN: interferon, ID:

patient’s identification, MFI: mean fluorescence intensity. TNF: tumor necrosis factor. yWilconxon test. Data are represented as median plus interquartile range.
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DISCUSSION

In recent years, different Ag-specific CD8+ progenitor cells have been described during persistent viral infection. Some are located in pri-

mary lymphoid organs2,7,36 but others can be found in the periphery, developing tissue surveillance.7,35,37 These progenitor cells display a

‘‘memory-like’’ phenotype characterized by PD1 and CD127 expression. As in hepatitis C virus infection,37 we observed in our study that in

both CHBe(�) and CIBe(�) the majority of peripheral HBV-specific CD8+ cells belonged to the memory-like subset, which expressed the

memory-linked factor TCF1 and the PD-1+/CD127+ phenotype. We referred to this set as the peripheral QP pool that could be similar to

the Ly108+ CD69� T-exhausted (ex)progenitor2 population previously described in a chronic lymphocytic choriomeningitis virus (LCMV) infec-

tion model.7 After Ag encounter, these QP cells underwent a linear differentiation process that was described based on the dynamics of

TCF1 expression and FSC level throughout the expansion course by flow cytometry analysis. In the first three days after stimulation, quies-

cent HBV-specific CD8+ progenitor cells disappeared to transform into the AP pool (TCF1+ FSChigh). These cells could develop ACD, as

previously suggested by Reiner et al. in a murine model.5,6 In our work, blocking ICAM-I/LFA1 interaction or decreasing mTORC1 activity

by rapamycin treatment reduced the generation of the effector progeny and favored the accumulation of TCF1+ cells. These data suggest

a decrease of ACD by blockade of immune synaptosome formation or reduced activation of PI3K pathway. Between day-3 and day-5 after

Ag encounter, the AP cell pool began to give rise to the effector progeny subset (TCF1- FSChigh), which would correspond with Ly108-

CD69� Texintermediate population in Beltra et al. LCMV model.7 Finally, after day-7, the PMP pool (TCF1- FSClow) was observed as the

endpoint of the T cell differentiation, which would match with the Texterminal pool in Beltra’s model.7 In this course, mTORC1 pathway

was involved with an intense peak at day-3 in the AP subset and at day-5 in the PP pool under IL-2 culture conditions. It is likely that

this strong IL-2-mediated stimulation might not be endured by exhausted HBV-specific CD8+ progenitor cells in NUC-treated CHBe(�)

patients, unlike the less activated cells of CIBe(�) subjects. Interestingly, IL-15 modified mTORC1 activity according to P-rpS6 as readout.

IL-15 decreased the intensity of the activation peak but extended its duration, resulting in an increase in the number of PP cells and a

decrease in the PMP pool. Modulation of mTORC1 activity by IL-15 in the progenitor pool could explain the T cell accumulation and

enhanced protection after encounter with TCR cognate-Ag in presence of this cytokine.38 A previous in vitro study to analyze the role

of gamma-chain cytokines in Ag-specific CD8+ T cell growth regulation agrees with our data, showing that IL-2 and IL-15 are comparable

mitogens upon TCR stimulation, but differ in regulation of protein synthesis because of the different ability to induce PI3K pathway, char-

acterized by temporal and intensity differences in mTORC1 activation.39 Unequal PI3K signaling during cell division bifurcates sibling fates

into progenitor or effector cells with higher activation in the effector progeny.11 According to our data, this low but more sustained IL-15-

induced PI3K activation could be exploited not only to generate memory cells, but also to trigger exhausted progenitor T-cells that do not

respond to strong TCR stimulation as occurs in presence of IL-2.

In addition to this effect on PI3K pathway, IL-15 treatment showed an intense effect on the metabolism of activated HBV-specific CD8+

progenitor cells. Previous studies showed that IL-15 was able to induce a catabolic state in chimeric antigen receptor (CAR)-T cells associated

with reducedmTORC1 activity and increased CPT1a expression.25 Moreover, IL-15 can also enhancemitochondrial spare respiratory capacity

andmitochondrial biogenesis.40 T cell fatemay be linked tomitochondrial metabolism.10 Therefore, favoring a catabolicmitochondrial meta-

bolism could promote memory T cell generation. Thus, IL-15 by inducing a catabolic profile could lead to the generation of progenitor cells

with better bioenergetic capacity. In our study, IL-15 increased in the AP cell pool the expression of CPT1a, PGC1a and decreased the level of

Glut-1. These data suggest a possible increase in FAO and OXPHOS due to increased fatty acid supply, induced by CPT1a up-regulation.

Furthermore, these findings imply an increase in mitochondrial mass due to PGC1a-favored biogenesis. Exhausted T-cells have lower levels

of PGC1a co-receptor expression than functional cells,41,42 thus induction of the master regulator of mitochondrial biogenesis could amelio-

rate the dysfunctional metabolic state of exhausted AP cells. Previous studies show that Glut-1 level and glucose acquisition are decreased in

exhausted cells in chronic infection and tumors.42 Nevertheless, earlier work by Schurich et al., demonstrated a high Glut-1 expression in ex-

hausted effector HBV-specific CD8 cell linked to anabolic metabolism.43 This observation could suggest that the higher Glut-1 level that we

observed in theAP pool similar to PP subset could be due to a higher activation of glycolysis, but this probably only occurs in the effector pool.

In fact, it should be clarified that progenitor cells use glucose for fatty acids lipogenesis to fuel mitochondrial metabolism instead of up-taking

lipids as occurs in effector cells.44 Therefore, the high Glut-1 level observed in the AP pool could be related to an activated catabolic state

requiring more glucose for fatty acid processing. In any case, the IL-15-induced Glut-1 down-regulation in the AP subset, observed in this

study, suggests that both the improved mitochondrial function and decreased activation of PI3K pathway leads to less fueling needs to

meet the reduced energy demands with the subsequent reduction in glucose up-take. All these IL-15-induced metabolic changes in the

AP pool both at the metabolic level and upon mTORC1 modulation resulted in improved effector capacities of the PP. We must stress
iScience 27, 108666, January 19, 2024 9



FSC-H

TC
F-

1

FSC-H

TC
F-

1

4.750.34

65.0129.9

6.05<0.01

93.520.43

104

103

102

101

100

104103102101100

104

103

102

101

100

104103102101100

C
el

lN
o

CPT1a

464
232100

80

60

20

0

40

104103102101100

CD8+ Pent+ TCF-1hi FSChi [AP]

n=9 n=10

p<0.001†

M
FI

CP
T1

a

n=19

103

102

101

FMO CBI NUC
CHB

CPT1aCPT1a

TC
F-

1

GLUT-1

6.05

93.920.03

104

103

102

101

100

10410310210110

<0.01
291

C
el

lN
o

291
100

80

60

20

0

40

104103102101100TC
F-

1

GLUT-1

4.440.65

82.7112.2

104

103

102

101

100

104103102101100

1089

n=9 n=10

p<0.05†

M
FI

G
LU

T-
1

n=19

102

101

FMO CBI NUC
CHB

TC
F-

1

PGC1α

5.060.03

85.519.4

104

103

102

101

100

104103102101100TC
F-

1

PGC1α

6.030.02

91.442.51

104

103

102

101

100

104103102101100

GLUT-1

n=6 n=11

n.s†

C
el

lN
o

PGC1α

327269
100

80

60

20

0

40

104103102101100

M
FI

PG
C1

α

n=17

100

200
300
400
500

0
FMO CBI NUC

CHB

TC
F-

1

6

2272

104

103

102

101

100

104103102101100

Gated on CD8+ Pent+ cells

FMO

eAg(-) Chronic HBV infection (CBI)

NUC treated eAg(-) chronic hepatitis B (NUC CHB)

ID: 1494 eAg(-) Chronic
HBV infection

TC
F-

1
5.2

54.540.3

104

103

102

101

10
104103102101100

ID: 875 NUC treated eAg(-)
chronic hepatitis B

After 7-day Ag-specific in-vitro challenge

103

Figure 5. Metabolic profile of activated HBV-specific CD8+ progenitor cells according to eAg(�) HBV control

Representative BD FACS Calibur density-plots and histograms and summarizing box-plots depicting the level of CPT1a, Glut-1 and PGC1a expression on

FSChigh/TCF1+ (activated progenitor) HBVcore18-27-specific CD8+ cells from eAg(�) chronic HBV infection (inactive carriers) and nucleos(t)ide analogue

(NUC)-treated eAg(�) chronic HBV hepatitis after 7-day antigen-specific in vitro challenge. The dashed line in the box-plot charts represents the upper-limit

of MFI FMO distribution. AP: activated progenitor, CBI: chronic HBV infection, HBV: hepatitis B virus, NUC CHB: NUC-treated chronic hepatitis B, FMO:

fluorescence minus one, FSC: forward scatter, ID: patient’s identification, MFI: mean fluorescence intensity, NUC: nucleos(t)ide analogue, Pent: pentamer.
yWilconxon test. Data are represented as median plus interquartile range.

ll
OPEN ACCESS

10 iScience 27, 108666, January 19, 2024

iScience
Article



CD8+ pentamer- cells

CD8 +HBV-Core18-27 IL-2 culture

CD8 +HBV-Core18-27 IL-15 culture

Gated on CD8+ HBV-Core18-27
+ cells

n=11
p=0.005†

M
FI

PG
C1

α

256
379

PGC1a

C
el

l N
o

104103102101

156
217

CPT1α

C
el

l N
o

104103102101

M
FI

G
LU

T-
1

n=9
p=0.008†

IL-2 IL-15

M
FI

CP
T1

a

n=10
p=0.005†

FMO

Gated on TCF1+ FSChigh CD8 +HBV-Core18-27
+ cells

T1α

423
186

GLUT-1

C
el

l N
o

104103102101

100

80

60

40

20
0

FSC-HTC
F-

1

104

103

102

101

200 600 1.0K200 600 1.0K

4

3

2

1

CPT1αTC
F-

1

104103102101

104

103

102

101

104103102101

4

3

2

4321

GLUT-1TC
F-

1

104103102101

104

103

102

101

104103102101

T1α

PGC1aTC
F-

1

104103102101

104

103

102

101

104103102101

UT-1

Absolute cell nº:

CD107a

Pe
nt

am
er

104103102101

104

103

102

101

CD107a

Pe
nt

am
er

104103102101

104

103

102

101

CD107a

C
el

l N
o

322
477

104103102101

IFN-γ

TN
Fα

IF
N

γ
M

FI
 

101

102

103 n=13
p=0.028†

6.530.21

58 35.2

IFN-γ

TN
Fα

104103102101

104

103

102

101

16.10.31

38 45

104103102101

104

103

102

101

IFN-γ

C
el

l N
o 

108
210

104103102101

γ

TNF-α

C
el

lN
o

139
153

104103102101

n=48
p<0.001†

Ab
so

lu
te

nu
m

be
r

of
C

D
8+

Pe
nt

am
er

+

ce
lls

(lo
g

sc
al

e)

102

103

TN
F α

M
FI

 

n=13
p=0.002†

CD8

Pe
nt

am
er

12.7%

18844
129000

104103102101

104

103

102

101

CD8

Pe
nt

am
er

21.3%

132000
486000

104103102101

104

103

102

101

C
D

10
7

M
FI

n=13
p=0.001†

10 5

10 4

10 3

10 2

101

100

IL-2 IL-15

IL-2 IL-15

IL-2 IL-15

IL-2 IL-15

IL-2 IL-15

IL-2 IL-15

0

300

500

100

200

400

50

300
350

100

200
250

150

400

300

200

0

400

600

300

After 7-day Ag-specific in-vitro challenge

Gated on CD8+ HBV-Core18-27
+ or pol455-63

+ cells

ID: 875

ID: 875
7-fold Pent+ CD8+ cell increase
3.7-fold Pent- CD8+ cell increase

A

B

ll
OPEN ACCESS

iScience 27, 108666, January 19, 2024 11

iScience
Article



Figure 6. Effect of IL-15 on metabolic profile of activated HBV-specific CD8+ progenitor cells and on the effector abilities of their progenies in NUC-

treated eAg(�) chronic hepatitis B

(A) Representative BD FACS Calibur dot-plots and histograms and summarizing boxplots depicting the level of CPT1a, Glut-1 and PGC1a expression on FSChigh/

TCF1+ (activated progenitor) HBVcore18-27-specific CD8+ cells from NUC-treated eAg(�) chronic hepatitis B after 7-day antigen-specific in vitro challenge in

presence of IL-2 or IL-15. Background gray density plots show the total CD8+ cells as control. In the foreground, IL-2 (blue dots) and IL-15 (red dots) treated

HBV-specific CD8+ cells are overlayed.

(B) Representative BD FACS Calibur dot-plots and histograms and summarizing boxplots showing the proliferation ability, CD107 expression and IFNg/TNFa

secretion on total HBV-specific CD8+ cells after 7-day Ag-specific in vitro culture in presence of IL-2 or IL-15. The assessment of HBV-specific CD8+ cell

effector responses comprised a pool of experiments carried-out for HBVcore18-27- and HBVpol465-63.-specific CD8+ cells. FMO: fluorescence minus one, FSC:

forward scatter, HBV: hepatitis B virus, IFN: interferon, ID: patient’s identification, MFI: mean fluorescence intensity, Pent: pentamer, TNF: tumor necrosis

factor. yWilconxon test. Data are represented as median plus interquartile range.
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that all these phenotype and metabolic analysis were performed on HBVcore-specific CD8+ T-cells, so future work should be done to test

whether more potentially exhausted T-cells,45 such as envelope(env)- or pol-specific T-cells, could behave in a different way.

To increase sample size for the study of effector abilities, HBV-core and -pol experiments were pooled. Globally, pol-specific proliferating

CD8+ T cell response was less frequently observed than core-specific one under IL-2 condition, probably due to a more severe exhaustion in

the pol subset. This finding is in agreement with the recent report stating that the dysregulation of TCF1/Bcl2 expression limits the expansion

capacity of pol-specific CD8+ cells in chronic patients.45

Based on our previous work, we calculated a probability score for restoration of a multi-specific cytotoxic T cell response in CHBe(�) pa-

tients during treatment with NUC. This score is the result of a logistic regression model predicting the probability of having an HBV-multi-

specific functional CD8+ T cell response in CHBe(�) patients during NUC treatment as a function of different clinical variables,28 (Figure S1).

We must point out that our predictive model was developed in a Mediterranean cohort and has not been externally validated, so we cannot

be sure that our findings can be extended to other CHBe(�) populations. Cases with higher restoration score maintained proliferative cells

after Ag-encounter and we were able to analyze in them the expression of different metabolic markers. We observed that in NUC-treated

CHBe(�) cases, the expression of Glut-1 and CPT1a in the AP cell subset was significantly lower than in the less exhausted cells of CIBe(�)

cases. Interestingly, similar to the effect in CIBe(�) patients, IL-15 in vitro treatment was also able to enhance CPT1a and PGC1a expression

and decreaseGlut-1 level in NUC-treatedCHBe(�) cases. This observation encouraged us to pursue an IL-15-based strategy to restore a func-

tional HBV-specific CD8+ T cell response in those CHBe(�) patients with a low HBV-multi-specific cytotoxic T cell response restoration score,

according to our previously published predictive model,28 (Figure S1). Overall, IL-15 treatment alone increased proliferation intensity in cases

with a medium-high restoration probability score but was not sufficient for patients with potentially extremely exhausted cells. Nevertheless,

in these cases, blockade of the immune check-point PD-1 in combination with IL-15 treatment, but not isolated treatment with anti-PD-L1,

restored the expansion capacity of HBV-specific CD8+ cells in 75% of this sort of patients. Unfortunately, the positive effect of combined

IL-15/anti-PD-L1 treatment appeared to be limited to HBV core-specific CD8+ T-cells but failed to restore HBVpol-specific CD8+ T cell pro-

liferation in patients with a low restoration probability score, suggesting the involvement of differentmechanisms of exhaustion depending on

the target epitope. This finding could be related with the downregulation of anti-apoptotic proteins in HBVpol-specific CD8+ progenitor

T-cells.45 Although we did not directly check the PD-1 effect on mitochondrial metabolism, in a murine model of chronic infection, PD-1

was shown to alter glycolytic flux, OXPHOS and decreases PGC1a on exhausted cells, yet anti PD-L1 treatment was able to improve bioen-

ergetic balance.32 Nevertheless, PD-1 pathway blockade has shown clinical efficacy only in the cases with low level of T cell exhaustion in

CHB.16 Probably, in highly exhausted cells, energy needs after enhancing TCR signaling by blocking PD-1 pathway15 cannot be supplied

by dysfunctional mitochondria. Indeed, PD-1 induction has a supportive effect on TCF-1+ exhausted progenitor cells in the early phase of

chronic infection by decreasing TCR signaling in order to sustain the viability of these cells during a persistent infection.46 In those non-re-

sponders to anti-PD-1 treatment, a synergistic effect between IL-15 and PD-1 blockade on mitochondrial metabolism and modulation of

T cell activation intensity could be a potential strategy to explore in order to achieve functional cure in CHBe(�),34 as we suggest in our study.

Theeffect of PD-1/PD-L1pathwayblockadeplus IL-15 treatmentonCD8+T cell effector functionhasbeenpreviously tested inother chronic

viral infections47 and also in tumor-infiltratingCD8+ T-cells unresponsive to PD-1 blockade.48 In addition, the development of CAR-T cells in an

IL-15-rich environment enhances the response to PD-1 blockade in solid tumors.49 Combined IL-15 blockade with anti-PD-1 or anti-cytotoxic

T lymphocyte-associated (CTLA-4) treatments has also yielded promising results in tumor models.50 In phase-1 human clinical trials, adminis-

tration of IL-15 in combination with PD-1 blocking antibodies can be safely administrated with promising clinical activity in non-microcytic lung

cancer.51 The findings of these studies correlate with our data and suggest that the combination of IL-15 with PD-1/PD-L1 pathway blockade

leads to improved immune response in chronic infections and cancer and couldbe apotential strategy to achieve functional cure inCHBe(�).34

To sum up, our study shows that the restoration of a functional HBV-specific CD8+ T cell response depends on the balance between the

intensity of T cell activation and the mitochondrial capacity to supply the energy needs of progenitor cells after Ag encounter. IL-15 induces

both an intermediate but sustainedmTORC1 activation and a more catabolic profile in the AP cell pool, resulting in an enhanced effector ca-

pacity in the PP subset. This effect of IL-15 is especially important in deeply exhausted HBV core-specific CD8+ T-cells, in which restoration of

TCR signalingbasedonPD-1/PD-L1pathwayblockademay likely not be supportedby these cells due to cell deficiencies in energygeneration.

In thoseNUC-treatedCHBe(�) caseswith lowprobability of achieving a functional responseduring treatmentwithNUCs, IL-15 combinedwith

anti-PD-L1 treatment restoresHBVcore-specificCD8+ cell reactivity in vitrobut couldnotbeeffective inHBVpol-specific cells. These strategies

should be explored in the future, in combination with standard NUC treatment, to increase the likelihood of obtaining functional cure.34
12 iScience 27, 108666, January 19, 2024
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Figure 7. in vitro restoration of exhausted HBV-specific CD8+ cell response by the synergistic effect of IL-15 plus anti-PD-L1 treatment

In eAg(�) chronic hepatis B patients treated with nucleos(t)ide analogues, (A) Percentage of cases with CD8+ cell proliferation after core18-27- and pol455-63-

specific in vitro challenge plus IL-2 and, (B) Proportion of cases with proliferation >1% of CD8+ pentamer+ cells out of total CD8+ cells for none, one or two

epitopes after IL-2 plus Ag-specific in vitro challenge, according to the pre-test probability of having a restored functional HBV-specific CD8+ cell response

(restoration score) during NUC treatment.28

(C) Positive correlation between the number of epitopes with CD8+ Pentamer+ proliferation >1% after IL-2 plus Ag-specific in vitro challenge and the probability

of having a functional response during NUC treatment (restoration score).28

(D) Percentage of HBV-specific (core18-27 or pol455-63) CD8
+ cell lines with Ag-specific expansion after different in vitro treatments (IL-2, IL2+anti-PD-L1, IL-15 and

IL-15+anti-PD-L1), according to the probability of developing a functional response during treatment (restoration score).28

(E) Boxplot charts describing the absolute number of CD8+/Pentamer+ cells per 1x106 seeded peripheral blood mononuclear cells after 10days Ag-specific

in vitro challenge, according to different in vitro treatments and the restoration score.28

(F) Representative BD FACS Calibur dot-plots showing the expansion ability of HBV-specific CD8+ cells after different in vitro treatments together with the values

of the predictive variables of themodel to define the pre-test probability of having a functional response (restoration score).28 The figure in the dot-plot shows the

percentage of CD8+/Pentamer+ cells out of total CD8+ cells. The figures in the external upper right corner show the total number of CD8+ and CD8+/pentamer+

cells acquired in each experiment. CHBe(�): eAg(�) chronic hepatitis B, dur: duration, HBV: hepatitis B virus, N.D: not done, NUC: nucleos(t)ide analogue, PBMC:

peripheral blood mononuclear cells, Prob: probability, Pent: pentamer, pol: polymerase, tx: treatment, Rest: restoration. {The calculation of the probability of

having a proliferative HBV-specific CD8+ cell response against core and pol (restoration score) during NUC treatment is based on the risk factors: patient age,

NUC treatment duration, HBsAg level and age at NUC treatment initiation according to the predictive model defined by Peña-Asensio et al., 2022,28 (Figure S1).
UChi-square test, xLinear trend test, ǂJonckheere-Terpstra test. Data are represented as median plus interquartile range.
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Limitations of the study

The main limitation of the study is that modulation of T cell activation and metabolic phenotype induced by IL-15 treatment was performed

only in HBV core-specific CD8+ T-cells andwe cannot extrapolate these data directly to other specificities, such as HBVpol or HBV env-specific

CD8+ T-cells, whichmight bemore exhausted. Another possible caveat of our work is that we studiedHBV-specific cytotoxic T cell response in

aMediterranean cohort, sowe cannot be sure that our results can be extended to another non-Caucasian populationwith a different source of

infection and natural history. Finally, in the restoration experiments we used our predictive logistic regression model28 (Figure S1) to split

cases according to the estimated exhaustion level. This model was described by our group recently, but it has not yet been externally vali-

dated, therefore this information should be taken with caution.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human CD3 mAb (Alexa Fluor� 647 conjugate) BioLegend Cat # 300416, RRID:AB_389332, Clone UCHT1

anti-human CD8 mAb (PerCP conjugate) BioLegend Cat # 344708, RRID:AB_1967149, Clone SK1

anti-human CD8 amAb (PE-Cyanine7 conjugate) eBioscience Cat # 25-0088-42, RRID:AB_1659702, Clone RPA-T8

anti-human TCF1/TCF7 mAb (Alexa Fluor� 647 conjugate) Cell Signaling Technology Cat # 6709 RRID:AB_2797631, Clone C63D9

anti-human CX3CR1 mAb (FITC) BioLegend Cat # 341605, RRID:AB_1626276, Clone 2A9-1

anti-human CD279 (PD-1) mAb (FITC) BD Pharmingen Cat # 557860, RRID:AB_2159176, Clone MIH4

anti-human CD127 (IL-7Ra) mAb (Alexa Fluor� 647) BioLegend Cat # 351318, RRID:AB_10896063, Clone A019D5

anti-human Glut1 mAb (Alexa Fluor� 488-conjugate) R&D Systems Cat # FAB1418G, RRID:AB_2941076, Clone 202915

anti-human PGC1a mAb (Alexa Fluor� 488-conjugate) Santa Cruz Biotechnology Cat # sc-518025, RRID:AB_2890187, Clone D-5

Anti-human CPT1A mAb (Alexa Fluor� 488) Abcam Cat # ab171449, RRID:AB_2714024, Clone 8F6AE9

Anti-Human Phospho-S6 Ribosomal Protein (Ser235/236) XP�
Rabbit mAb (Alexa Fluor� 488 Conjugate)

Cell Signaling Technology Cat # 4803, RRID:AB_916158, Clone D57.2.2E

anti-human CD107a (LAMP-1) mAb (Alexa Fluor�
488-conjugate)

BioLegend Cat # 328610, RRID:AB_1227504, Clone H4A3

anti-human INF-alpha mAb (FITC conjugate) R&D Systems Cat# IC285F, RRID:AB_357308, Clone 25723

anti-human TNF-a mAb (Alexa Fluor� 647 conjugate) BioLegend Cat # 502916, RRID:AB_493123, Clone MAb11

anti-human HLA-A2 mAb (FITC conjugate) BioLegend Cat # 343304, RRID: AB_1659245, Clone BB7.2

Chemicals, peptides, and recombinant proteins

Ficoll-Hypaque TM PLUS Cytiva Cat # 17144002

Roswell Park Memorial Institute medium

(RPMI) 1640 1x with L-Glutamine

Corning Cat # 100040CV

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat # 276855

Heat-Inactivated Fetal Bovine serum (HI FBS) Gibco Cat # 10082-147

CTS Optimizer T cell expansion SFM Thermo Fisher Scientific A1048501

Antibiotic-Antimycotic Gibco Cat # 15240-062

L-Glutamine Gibco Cat # 25030-032

autoMACS� Running Buffer – MACS� Separation Buffer Miltenyi Biotec Cat # 130-091-221

Brefeldin A Sigma-Aldrich Cat #B6542

Recombinant Human IL-2 Protein R&D Systems Cat # 202-IL

Recombinant Human IL-15 Protein R&D Systems Cat # 247-IL

BD FACS Flow Sheat Fluid BD Pharmigen Cat # 342003

HBV core antigen 18-27 lyophilized peptide Proimmune Cat # P023-0A

HBV Pol 455-463 lyophilized peptide Proimmune Cat # P778-0A

HCMV pp65 495-504 lyophilized peptide Proimmune Cat # P008-0A

Critical commercial assays

Pro5� MHC Class I Pentamer HBV core antigen

18-27 (PE conjungate)

Proimmune Cat # F023-2A, Allele A*02:01, peptide code:23,

Peptide sequence: FLPSDFFPSV

Pro5� MHC Class I Pentamer HBV Pol 455-463

(PE conjungate)

Proimmune Cat # F778-2A, Allele A*02:01, peptide code:778,

Peptide sequence: GLSRYVARL

Pro5� MHC Class I Pentamer HCMV pp65 495-504

(PE conjungate)

Proimmune Cat # F008-2A, Allele A*02:01, peptide code:8,

Peptide sequence: NLVPMVATV

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cytofix/Cytoperm� Fixation/Permeabilization

Solution Kit

BD Pharmigen Cat # 554714

Human FoxP3 buffer set BD Pharmigen Cat # 560098

Anti-PE Microbeads Miltenyi Biotec Cat # 130-048-801

Software and algorithms

FlowJo� software v10.7.1 Becton Dickinson Bioscience Cat # Non-applicable

IBMª SPSSª 25 Statistics software IBM Corporation Cat # Non-applicable
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RESOURCE AVAILABILITY

Lead contact

Subsequent inquiries and requests for materials and chemicals should be sent to and will be fulfilled by the lead contact, Dr. Juan-Ramón

Larrubia (juan.larrubia@uah.es).
Materials availability

This study did not generate new unique reagents to be shared.
Data and code availability

� On request, the lead contact will share the original data reported in this article.
� This article contains no original code.
� Any extra data necessary to reanalyze the data given in this research is accessible upon request from the lead contact.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design

We carried-out an analytical cross-sectional study.We enrolled 22 CIBe(-) [control group] and 44NUC-treatedCHBe(-) HLA-A2+ patients from

Guadalajara University Hospital Viral Hepatitis Clinic, (Table S1). Clinical diagnosis and treatment indication were performed according to the

European Association for the Study of the Liver (EASL) guidelines.27 In all cases at recruitment, a serum and a blood sample were taken to

quantify hepatitis B surface (HBs)Ag (logIU/mL), HBV DNA (logIU/mL), and alanine aminotransferase (ALT) (IU/mL) levels and for the immu-

nological tests. PBMC were obtained by Fycoll-Paque (Cytiva, Sweeden) gradient and cryopreserved up to the study. Age, sex at birth and

ethnic origin were also recorded and were similarly distributed among the groups compared (Table S1). Sex at birth was recorded from the

patient’s own information. Patients were recruited consecutively from the Viral Hepatitis Clinic database, regardless of sex at birth or self-re-

ported gender. Gender was not registered in this study. Study patients weremiddle-aged adults with amedian age of 48 years (IQR: 14) in the

NUC-treated CHBe(-) group and 49 year (IQR: 20) in the CIBe(-) group (Table S1). The duration of NUC treatment (years) and the age at treat-

ment start (years) were also recorded in NUC-treated CHBe(-) cases. At treatment start for NUC-treated CHBe(-) and at the first appointment

for CIBe(-), HBV DNA (logIU/mL), ALT (IU/mL), and liver fibrosis, estimated by transient liver elastography with FibroScan-402� (Echosens,

France), were retrospectively obtained. We excluded patients co-infected with hepatitis C, hepatitis D, human immunodeficiency virus or

cirrhosis.

Directly ex-vivo analysis of Ag-specific CD8+ cell memory-like and TCF1 phenotypes were carried out to describe the peripheral QP cells.

From peripheral QP cells of CIBe(-) patients, we tracked the generation of AP, PP, and PMP cells after HBV-specific in-vitro challenge in pres-

ence of IL-2. These cell subsets were discriminated through TCF1 and FSC level by flow-cytometry. In these experiments, CD8+ cell response

against CMV was used as internal control. This Ag-specific in-vitro differentiation would mimic the ex-vivo linear differentiation proposed by

Beltra et al. in a mice model of LCMV chronic infection.7 In these T-cell pools sequentially developed after Ag-encounter, we analyzed the

following immunological features: memory-like phenotype, metabolic profile, mTORC1 activation, and effector abilities. We compared

this IL-2-mediated differentiation process with that observed after Ag-encounter in presence of IL-15. In all NUC-treated CHBe(-) patients,

we perform the same Ag-specific proliferation assay to test the expansion ability and effector capacities of the effector progeny pool and

metabolic profile of the AP subset in presence of IL-2, and were compared with those observed in CIBe(-). In NUC-treated CHBe(-), we

also tested the potential IL-15 role to repair effector function of PP and metabolic profile of AP subsets. The likelihood of restoration of func-

tional HBV-multi-specific cytotoxic T-cell response during NUC treatment (restoration score) was calculated in NUC-treated CHBe(-), based

on patient age (decades), HBsAg (logIU/mL) level, NUC therapy starting-point (before or after 40-year age) and treatment duration (years),

according to a previously published logistic regression predictive model,28 (Figure S1). We analyzed the role of IL-15+/-anti-PD-L1 to restore

HBV-specific CD8+ cell reactivity in NUC-treated CHBe(-), according to this restoration score as a subrogate of the level of baseline T-cell
18 iScience 27, 108666, January 19, 2024
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exhaustion. The Research Ethical Committee of the Guadalajara University Hospital (Spain) approved the study protocol, which was con-

formed to the ethical guidelines of the 1975 Declaration of Helsinki. All the patients enrolled in the study gave written informed consent

and all the experiments conformed to regulatory standards.
METHOD DETAILS

Human leukocyte antigen-A2

Screening for HLA-A2 haplotype was performedby stainingwith anti-HLA-A2 fluorescein 5-isothiocyanate (FITC)monoclonal antibody (mAb),

(Clone BB7.2), (Biolegend, San Diego, CA).
Synthetic peptides and pentamers

HLA-A2-restricted peptides corresponding to the genotype D HBVcore18-27, HBVpol455-63 and CMVpp65495-504, and phycoerytrin-(PE)-

conjugated HLA-A2/peptide pentameric complexes (pentamer) loaded with the same HBV and CMV peptides were purchased from

ProImmune (Oxford, UK).
Antibodies

The following mouse anti-humanmonoclonal antibodies (mAb) were used for flow cytometry: anti-CD3-Alexa Fluor (AF) 647, (Biolegend, San

Diego, CA, clone UCHT1), anti-CD8-peridinin chlorophyll(PerCP), (Biolegend, San Diego, CA, clone SK1), anti-CD8-phycoerytrin-(PE)-

cyanine(Cy)7,(eBioscience Inc, San Diego, CA, clone rpa-t8), anti-TCF-1-AF 647, (Cell Signaling, Boston, MA, clone 7FIA10), anti-CX3CR1-

FITC, (Biolegend, San Diego, CA, clone 2A9-1), anti-PD-1-FITC, (Becton Dickinson Bioscience, San Jose, CA, clone MIH4), anti-CD127-AF

647, (Biolegend, San Diego, CA, clone, A019D5), anti-Glut1-AF488, (R&D Systems, Minneapolis, MN, clone 202915), anti-PGC1a-AF488,

(Santa Cruz Biotechnology, Santa Cruz, CA, Clone D-5), anti-CPT1a-AF488 (Abcam, UK, clone 8F6AE9), anti-P-rpS6-AF488 (Cell Signaling,

Boston, MA, clone D57.2.2E), anti-CD107a-AF488, (Biolegend, San Diego, CA, clone H4A3), anti-IFNg FITC, (R&D Systems, Minneapolis,

MN, clone RMMA-1), anti-TNFa AF647 (Biolegend, San Diego, CA, clone MAb11).
Virological assessment and tissue typing

HBeAg and anti-HBeAgwere tested by chemiluminescentmicroparticle immunoassay (Abbott, IL). HBsAgwas quantified by Elecsys�HBsAg

II quant II (Roche Diagnostics, Switzerland). HBV DNA was measured by COBAS� AmpliPrep/COBAS� TaqMan� HBV Test, v2.0 (Roche Di-

agnostics, Switzerland).
Detection and characterization of the different progenitor and progeny cell pools

To detect HBV-specific CD8+ cells, 1x106 PBMCwere stained for 10 min at room temperature at saturating concentration of PE-labelled pen-

tamers in Roswell Park Memorial Institute (RPMI) 1640 medium plus 10% heat inactivated fetal bovine serum (HI-FBS), (Thermo Fisher Scien-

tific, MA). Cells were washed in phosphate buffered saline and then incubated at 4�C for 20 min with saturating concentrations of directly

conjugated anti-CD8-PerCP mAb. Subsequently after washing, cells were stained with the different markers as described below.

InNUC treatedCHBe(-) andCIBe(-), to visualize the different progenitor and progeny subsets in the heterogenous peripheral HBV-specific

CD8+ pool, we tracked the differentiation process of CD8+ T-cells after Ag-specific in-vitro challenge by TCF-1 expression level and the FSC

value. The FSClow pool comprised the QP pool (TCF1+) and the PMP subset (TCF1-). The FSChigh population encompassed the AP pool

(TCF1+) and the PP subset (TCF1-). These four populations generated in vitro would mimic the linear differentiation process of exhausted

Ag-specific CD8+ T -cells proposed by Beltra et al.7 from peripheral Texprogenitor2 poolzQP, which after activation (AP) would give rise to

Texintermediate cellszPP, and finally to Texterminal subsetzPMP.

Directly ex-vivo, PD-1, CD127, CX3CR1 and TCF-1 phenotypes were assessed in the QP subset of HBV and CMV-specific CD8+ cells. In

HBV patients, PE-pentamer+ cells were enriched by miniMACSmagnetic beads (Milteny Biotec, Germany) followingmanufacturer’s protocol

to obtain enough CD8+/Pentamer+ cells to test ex-vivo QP cell phenotypes.

To simulate in-vitro the differentiation process of the QP subset after Ag encounter, in a group of CIBe(-) co-infected with CMV, the dy-

namics of the different subsets of HBV- and CMV-specific CD8+ cells and the level of P-rpS6 in presence of IL-2 or IL15 were monitored at

baseline, day-3, day-5 and day-7 after Ag-specific in-vitro challenge. As negative control of mTORC1 activation was used rapamycin at

100 hM (Sigma-Aldrich Inc, St. Louis, MO). In CIBe(-) and NUC-treated CHBe(-), Glut-1, PGC1a, CPT1a, PD-1 and CD127 phenotypes were

assessed after Ag-specific stimulation at day-7 in AP subset, because at that moment AP cells have already completed their initial three di-

visions8 with IL-2 and IL-15. CD107a expression and IFNg and TNFa secretion were tested at day-10 in the progeny, which is the day with

relative highest expansion both with IL-2 and IL-15.

For surface staining, PBMC were first labelled with pentamers and CD8mAb as previously described. After washing, PBMCs were stained

for 30min at room temperature with anti-CD127-AF647, anti-PD-1-FITC, anti-CX3CR1-FITC or anti-Glut1-AF488. For degranulation assay and

IFNg and TNFa staining, PBMC were Ag-specific in-vitro challenged for 5h at 37�C at 1x106 cells/mL in RPMI 1640, plus 10% HI-FCS, in the

presence of Brefeldin A (10 mg/mL; Sigma-Aldrich Inc, St. Louis, MO), during the last 4h. Cells were washed, and surface stained with PE-pen-

tamers as above. After a further wash, cells were subjected to intracellular staining using Cytofix-Cytoperm (BD Bioscience, San Jose, CA) to
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permeabilize and fix cells, followed by stainingwith anti-IFNg-FITC or anti-TNFa-AF647mAb. For degranulation test, anti-CD107a-AF488 was

added at the beginning of the stimulation.

For the TCF-1, P-rpS6, PGC1a and CPT1a intracellular staining, after anti-CD8 and pentamer staining, PMBCs were fixed and permeabi-

lized using Human FoxP3 Buffer Set (BD Bioscience, San Jose, CA), according to manufacturer’s protocol. After subsequent washing, PBMCs

were stained with anti-TCF-1-AF647, anti-PGC1a-AF488, anti-P-rpS6-AF488 or anti-CPT1a-AF488 for 30 min at room temperature.

In all cases, after a final washing, stained cells were acquired on a Becton Dickinson FACS�Calibur flow-cytometer. Percentage of positive

cells and mean fluorescence intensity (MFI) was recorded. Fluorescence minus one (FMO) was used as negative control. All the experiments

were analyzed on FlowJo� software v10.7.1 (Becton Dickinson Bioscience, San Jose, CA).
Ag-specific in-vitro challenge of HBV/CMV-specific CD8+ cells

PBMC were resuspended at a concentration of 1x106/mL in complete T-cell medium plus 10% HI-FBS (Thermo Fisher Scientific, MA). Cells

were stimulated with 1uM of one of the different HBV/CMV peptides, in a 96-well plate, as previously described.1,52 Recombinant IL-2 or

IL-15 was added on day 2 and 5 of culture (R&D Systems, MN) based on a previous pilot study to test the effect of single or repeated cytokine

administration on metabolic markers and proliferation (Figure S3). Final cytokine concentrations were 25 IU/mL for IL2 and 10hg/mL for IL-15

as previously published.25 Cells were analyzed after 7 and 10 days of Ag-specific in-vitro challenge to test the metabolic profile of AP and the

function of effector cells respectively.
HBV-specific CD8+ cell in-vitro treatments

PBMC were seeded in 96 well plates at a concentration of 1x106 cell/mL in complete T-cell medium plus 10% HI-FBS. Cells were stimulated

with HBVcore18-27 or HBVpol455-63 for ten days in presence of IL-2 (25 IU/mL) or IL-15 (10hg/Ml) or IL-2 plus anti-PD-L1 (10 mg/mL), (eBioscience,

San Diego, CA) or IL-15 plus anti-PD-L1. Anti-PD-L1 mAbs were added 2h before the stimulation with the specific peptide. IL-2 and IL-15 were

administered 48 and 96h post Ag-stimulation. The intensity of proliferation was tested at day-10 as the percentage of CD8+/Pentamer+ cells

out of total CD8+ cells. The diverse treatments were assessed in representative NUC-treated CHBe(-) patients with different degree of resto-

ration score according to the logistic regression equation showed in Figure S1, recently published by our group28
ICAM-I/LFA interaction blockade

In order to test the involvement of ACD in the AP pool differentiation, the interaction between ICAM-I and LFA-1 was assessed. Blocking anti-

ICAM-I mAb (Thermo Fisher Scientific, MA, clone HA58) was added to the cell culture at 10mg/mL for 30 min before adding the specific

peptides. The cultures were carried out in presence of IL-2 or IL-15. Cultures without anti-ICAM-I were performed as controls. After 5-day

Ag-specific in-vitro challenge, PBMC were collected and the percentage of TCF1+/FSChigh CD8+ Pentamer+ cells was assessed.
QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative and categorical variables are summarized as median plus IQR and as frequency distribution respectively. Chi-square, Mann-

Whitney-U, Wilcoxon, Friedman, linear trend, and Jonckheere-Terpstra tests were employed where appropriate. Data were analyzed with

IBMª SPSSª 25 Statistics software. All the tests were two tailed and with a p<0.05 significance level. The statistical details of expermients

can be found in figure, figure legends and results.
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