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Abstract

Background: Hepatitis B virus (HBV) infection remains a significant global health challenge,
leading to chronic liver disease and hepatocellular carcinoma (HCC). Natural killer (NK) cells
play an important role in the clearance of HBV-infected cells, but their efficacy is often
compromised during chronic infection. Adaptive NK cells, characterised by NKG2C expression
and enhanced functional responses, represent a promising therapeutic avenue for enhancing

anti-HBV immunity and responses to HBV-driven cancers.

Methods: We applied an established protocal, involving K562-HLA-E expressing feeder cells
and cytokines (IL-2), for the expansion of adaptive NK cells from cryopreserved T- and B cell
depleted peripheral blood mononuclear cells (PBMCs) derived from donors with chronic HBV
infection alone or with Human Immunodeficiency Virus (HIV) co-infection. We evaluated the
adaptive profile of expanded NK cells, their antibody-dependent cellular cytotoxicity (ADCC)
capacity and functional responses against hepatoma cell lines in the presence or absence of
HBYV infection.

Results: Expanded NK cells achieved >97% purity, with the NKG2C positive population
exhibiting a mean 100-fold expansion. These cells demonstrated a predominantly adaptive
phenotype with high surface expression of NKG2C and cytotoxic potential (Granzyme B).
They maintained high levels of CD16 surface expression and upregulated CD2, essential for
ADCC. Functionally, expanded adaptive NK cells showed enhanced ADCC capacity and
functional responses to K562 targets, naive, HBV integrant-expressing, and de novo infected
hepatoma cell lines. TGF- preconditioning induced tissue-resident features (CD103, CD49a)
in expanded adaptive NK cells, while preserving their adaptive phenotype and functionality,
enhancing their potential for liver targeted immunotherapy. Further, expanded adaptive NK
cells demonstrated minimal reactivity against autologous activated T cells, suggesting limited

off-target effects.
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Conclusions: Our study demonstrates the first successful expansion of adaptive NK cells with
robust functional responses from donors with chronic viral infection. This approach creates
opportunities for NK cell-based therapies alone or in combination with monoclonal antibodies

contributing to HBV functional cure strategies and the treatment of HBV-driven cancers.

Keywords: Hepatitis B virus; natural killer cells; immunotherapy; adaptive immunity; antiviral

therapy.

Introduction

Hepatitis B virus (HBV) infection poses a significant global health threat, leading to substantial
liver-related morbidity, accounting for more than 800,000 deaths per year globally [1]. Chronic
HBYV infection is a major contributor to hepatocellular carcinoma (HCC), which is not only the
most prevalent type of liver cancer but also the third leading cause of cancer-related deaths
worldwide [2, 3]. There is therefore an unmet need to improve current therapies to increase

‘functional’ cure for HBV and related co-morbidities.

Natural Killer (NK) cells are particularly concentrated within the liver and serve as a
cornerstone of the immune defence, equipped to recognise and eliminate virus-infected and
malignant cells [4, 5]. Studies on human and animal models have previously established the
dual nature of NK cells in HBV infection, where they can both contribute to viral control and
paradoxically to disease pathogenesis [6-10]. In chronic HBV, we have demonstrated that
while conventional NK cells show compromised Interferon gamma (IFNy) production, they
maintain high expression of Tumour necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) that can both directly mediate hepatocyte death and impair HBV-specific T cell
responses in the liver [7, 8]. This functional dichotomy underscores the importance of
identifying and harnessing distinct NK cell subpopulations with beneficial properties while
minimising pathogenic effects to better orchestrate overall immune responses against HBV.

Of particular interest is the identification of NK cells with memory traits (so-called memory or
adaptive NK cells) which exhibit marked phenotypic and functional parallels with cytotoxic CD8
T cells [11], suggesting significant potential for clinical exploitation over conventional NK cells
[12]. These adaptive NK cells, most extensively characterised in the context of human
cytomegalovirus (HCMV) infection, are defined by higher expression of NKG2C (an activating
receptor that recognises HLA-E). They show enhanced functional responses, including
increased antibody-dependent cellular cytotoxicity (ADCC) [13], and IFNy production,

attributed to epigenetic modification of the IFNG locus [11], with the ability to activate
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endogenous immune responses. Furthermore, adaptive NK cells possess single self-killer
immunoglobulin-like receptors (KIRs), which can be leveraged to maximise 'missing-self'
reactivity against tumours [14, 15]. They have also shown resilience against suppression by
myeloid-derived suppressor cells (MDSC), which often impede effective NK cell reactivity [16].
Adaptive NK cells exhibit an elevated bioenergetic profile, with heightened glycolysis and
OXPHOS compared to conventional NK cells, allowing them to better withstand the harsh
microenvironment of inflamed tissues [17]. Furthermore, they also exhibit reduced
immunoregulatory capacity, showing diminished degranulation when encountering activated

T cells and limited capability to suppress virus-specific T cell responses [11, 18].

We have recently identified that adaptive NK cell subsets expressing NKG2C are prominent
in people with HBV/HIV co-infection and potentially advantageous in controlling HBV [19].
These populations were characterised by superior functional responses compared to
conventional NK cells and inversely correlated with circulating HBV-RNA and HBsAg levels,
implying a vital role in HBV control [19]. This suggests that adaptive NK cells may be effective
at targeting HBV-infected hepatocytes while potentially avoiding the detrimental effects

mediated by conventional NK cells.

Building on these insights, we hypothesised that expanding adaptive NK cells from donors
with chronic viral infection could generate populations with enhanced antiviral activity against
HBV-infected cells. In this study, we applied a Good Manufacturing Practice (GMP)-
compatilble expansion protocol leveraging an HLA-E expressing K562 feeder cell line, to
generate adaptive NK cells from donors with chronic viral infection. We assessed their
phenotype and functional capacity and evaluated their potential as an innovative
immunotherapeutic approach for HBV infection and HCC using in vitro models.

Methods
Human Participants and Cell Processing

A total of 30 patients with chronic viral infection (HBV or HBV/HIV), all suppressed on antiviral
therapy with an undetectable HBV DNA and HIV viral load, were recruited at Mortimer Market
Centre for Sexual Health and HIV research, the lan Charleson Day Centre at the Royal Free
Hospital (London, UK) or The Royal London Hospital (London, UK) following written informed
consent as part of a study approved by the local ethics committee (Berkshire [REC
16/SC/0265] and London Bridge [REC 17/LO/0266]) and conformed to the Helsinki

Declaration principles. All participants were confirmed HCV negative and HCMV seropositive.
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Peripheral blood mononuclear cells (PBMCs), plasma, and serum were collected. Whole
blood was collected in Heparin coated tubes, centrifuged for 5 minutes at 800g to collect
plasma which was stored in aliquots at -80°C. The remaining volume of blood was diluted with
Roswell Park Memorial Institute medium (RPMI) (Gibco, Paisley, UK) and then layered onto
Histopaque-1077 gradient (Sigma Aldrich UK), centrifuged for 20 minutes at 800g without a
brake. The resulting buffy coats containing PBMCs were then collected, washed with RPMI
and centrifuged. Concentration of live PBMCs was ascertained using Trypan blue and counted
using an automated cell counter (Biorad, Hercules, CA, USA). PBMCs were resuspended in
freezing media (10% dimethyl sulfoxide (DMSQO) (Honeywell, Seetze, Germany) and 90% heat
inactivated foetal bovine serum (FBS) and cryopreserved at -80°C in a Mr Frosty container
overnight before transfer to liquid nitrogen storage.

Expansion Protocol for Adaptive NK Cells

K562-HLA-E cells were irradiated with a dose of 100Gy on a CellRad X-Ray Irradiator.
Irradiated K562-HLA-E feeder cells were resuspended in serum-free Opti-MEM media (Gibco,
Paisley, UK) and pulsed with 300uM G-leader peptide overnight. HLA-E expression was

confirmed the following day via flow cytometry (clone 3D12, Biolegend).

Cryopreserved PBMCs were thawed, centrifuged and rested for 1 hour at 37°C in complete
RPMI medium (RPMI supplemented with Penicillin-Streptomycin, L-Glutamine, HEPES,
essential amino acids, non-essential amino acids, and 10% FBS. After resting, cells were
centrifuged at 300g for 10 min at 4°C and resuspended in MACS buffer (PBS supplemented
with 0.5% bovine serum albumin and 2mM EDTA) for subsequent CD3/CD19 depletion, using
CD3 Microbeads (Miltenyi Biotec) and CD19 Microbeads (Miltenyi Biotec) as per manufacturer
instructions using MidiMACS Separator (Miltenyi Biotec), LD columns (Miltenyi Biotec) and
pre-separation filters (Miltenyi Biotec). Depleted PBMCs were resuspended in GMP-grade
Stem Cell Growth Medium (SCGM) medium (Sartorius CellGenix) supplemented with 10%
human AB serum (Merck) and 1% L-Glutamine (Sigma Aldrich). A small fraction of pre-
depletion and post-depletion PBMCs were stained for extracellular markers (CD3, CD19,
CD56, CD16, CD14) to confirm depletion and purity. Throughout the expansion process,
cultures were monitored to confirm the absence of CD14+ monocytes and feeder cells

(Supplemental figure 1a).

Depleted PBMCs were co-cultured with irradiated K562-HLA-E feeder cells at a 1:2 ratio in
24-well G-Rex plates (Wilson Wolf) at 0.5x10° total cells/cm? and supplemented with 1001U/ml
recombinant human IL-2 (PeproTech) for 11 days with 60% medium change on day 7, and IL-

2 addition on days 4, 7 and 10. In the TGF- condition, cells were supplemented with 10ng/ml
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recombinant human TGF- (PeproTech) on day 0, 4, 7 and 10 [23]. Expanded NK cells on

day 11 were resuspended in complete RPMI medium and used as indicated.
NK cell isolation

Cryopreserved PBMCs were thawed and rested for 1 hour at 37°C in complete RPMI
medium.After resting, cells were centrifuged at 300g for 10min at 4°C and resuspended in
MACS buffer (PBS supplemented with 0.5% bovine serum albumin and 2mM EDTA) for
subsequent NK cell isolation, using NK isolation kit (Miltenyi Biotec) as per manufacturer
instructions using MidiMACS Separator (Miltenyi Biotec), LS columns (Miltenyi Biotec) and
pre-separation filters (Miltenyi Biotec). Untouched NK cells were resuspended in complete
RPMI medium and used as indicated.

Phenotypic assessment

Ex vivo day 0 and expanded day 11 NK cells underwent phenotypic assessment. Cells were
washed with PBS and stained with fluorochrome conjugated antibodies in combinations as
listed in Table S1 with live/dead dye (Invitrogen, UK) for 20 minutes at 4°C. For subsequent
intracellular cytokine staining, cells were then fixed and permeabilized with Cytoperm/Cytofix
(Becton Dickenson, Wokingham, UK) before staining with fluorochrome conjugated antibodies
(Supplemental Table S1) for 30 minutes at 4°C. For intranuclear staining, cells were fixed and
permeabilized with Foxp3/Transcription Factor Staining (eBioscience) diluted as per
manufacturer’s instructions, before staining with anti-PLZF PE/CF594, anti-Granzyme B
Alexa-fluor 700 and anti-FceRly FITC fluorochrome conjugated antibodies for 45 minutes at
room temperature. Samples were acquired using BD Fortessa x20 using BD FACSDiva 8.0
or Cytek Aurora, using Cytek SpectroFlo software and analysed on FlowJ010.10.0. The gating
strategy used for flow cytometry analysis is provided in Supplemental Figure 1b. ViSNE
analysis was performed using Cytobank (https://www.cytobank.org).

Functional Assays

Matched ex vivo NK cells versus expanded NK cells were assessed for ADCC and functional
responses against K562 and hepatoma cell lines HepG2-NTCP and PLC/PRF/5, as well as
HBV-infected HepG2-NTCP cells and HepG2.2.15 cells.

For ADCC assays, Raiji cells expressing CD20 were incubated for 30 minutes with anti-CD20
antibodies (Invivogen, Ca, USA) or isotype control at final concentration of 5ug/ml. Ex vivo or

expanded NK cells were co-cultured with antibody-coated Raji or isotype-coated Raji cells at



Journal Pre-proof

an effector: target (E:T) ratio of 10:1. Specific ADCC activity was determined by subtracting
background responses from uncoated Raiji cell controls from anti-CD20-coated Raiji cell
responses. An E:T ratio of 5:1 was used for K562 cells, PLC/PRF/5, HepG2-NTCP and
HepG2.2.15 cells. One well of unstimulated effector cells was also included for each donor.
Specific responses against K562, PLC/PRF/5, HepG2-NTCP, and HepG2.2.15 target cells
were calculated by subtracting the background signal from unstimulated effector-only wells
from the experimental effector plus target cell responses. Anti-CD107a APC-H7 fluorochrome
was added to each well at the time of stimulation. Following 1 hour incubation at 37°C,
Golgiplug / Golgistop were added to each well and incubated for a further 5 hours. At the end
of the incubation, 20ul supernatant was collected from each well for Toxilight readings for the
indicated experiments. Cells were stained with fluorochrome conjugated antibodies (listed in
Supplemental Table S1) for 20 minutes at 4°C. Cells were washed with PBS before being
fixed for 20 minutes at 4°C with Cytofix (Becton Dickenson, Wokingham, UK) and
permeabilised with Cytoperm (Becton Dickenson, Wokingham, UK). Intracellular Cytokine
Staining (ICS) was carried out with anti-IFNy BV421-conjugated antibody and anti-TNFa
BV711-conjugated antibody diluted in Cytoperm buffer by incubating cells for 30 minutes at
4°C. Samples were acquired using a BD Fortessa x20 using BD FACSDiva 8.0 and analysed
using FlowJo10.10.0. The gating strategy used for flow cytometry analysis is provided in

Supplemental Figure 2a.
Toxilight

In selected experiments, Toxilight assays were performed on the supernatant of the functional
assays using the Toxilight kit (Lonza) according to manufacturer's instructions. Wells of
effector and target cells alone were included as controls. Target cells were treated with 0.1%
Triton-X for 5 minutes at room temperature and supernatant was collected and stored at -
20°C. Toxilight assays were run using Toxilight kit (Lonza) on a BioTek Synergy H1 plate-
reader (Agilent). Percentage killing was calculated using the following formula:

((effector+target)—(effector background)—(target background)) %100

%killing =
0 9 ((target lysed)—(target background)—(effector background))

xCELLigence

Target cells were plated and allowed to sediment and reach a normalised cell index of 1 before
the addition of effector cells at a 5:1 ratio 24 hours later. Wells of target cells alone were

included as negative controls. Target cells were treated with 0.1% Triton-X as positive
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controls. Assays were run in triplicates for a total of 120 hours. xCELLigence assays were run
on a XCELLigence RTCA MP instrument (Agilent).

HepG2-NTCP HBV de-novo infection

HepG2-NTCP cells were seeded on collagen-coated plasticware. Cells were infected with
HBV at a multiplicity of infection (MOI) of 400 genome equivalents per cell in the presence of
4% polyethylene glycol 8,000 (PEG 8,000) for 24 hours. After infection, the viral inoculum was
removed, and cells were washed three times with PBS before being maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS. Secreted HBsAg levels were
measured by ELISA (Autobio, China), provided in Supplemental Figure 2b.

Co-culture with T cells

Negative isolation of autologous T cells was performed using CD4 or CD8 isolation kits
(Miltenyi Biotec) as per manufacturer instructions using MACS buffer, MidiMACS separator,
LS columns (Miltenyi Biotec) and pre-separation filters. Untouched T cells were resuspended
in complete RPMI, counted and plated in 96-well U-bottom plates. Half of the wells were
stimulated with anti-CD3/anti-CD28 Dynabeads (Gibco, by ThermoFisher Scientific) at a 1:1

ratio for 60 hours.

Cryopreserved expanded NK cells were thawed the day before the co-culture and rested
overnight in SCGM media supplemented with 10% human AB serum, 1% L-Glutamine and
100 IU/ml recombinant human IL-2 at 37°C. Negative isolation of NK cells from thawed
PBMCs was performed as per manufacturer instructions (NK isolation kit, Miltenyi Biotec) and

untouched NK cells were rested in complete RPMI overnight at 37°C.

T cells were washed and co-cultured with expanded NK cells or isolated ex vivo NK cells at a
5:1 ratio for 6 hiours, in the presence of CD107a and Golgiplug/Golgistop, as described for the
functional assays. Cells were stained with fluorochrome conjugated antibodies (listed in
Supplemental Table S1) for 20 minutes at 4°C. Cells were washed with PBS before being
fixed for 20 minutes at 4°C with Cytofix (Becton Dickenson, Wokingham, UK). Samples were
acquired using BD Fortessa x20 using BD FACSDiva 8.0 or Cytek Aurora, using Cytek
SpectroFlo software and analysed on FlowJ010.10.0. The gating strategy used for flow

cytometry analysis is provided in Supplemental Figure 3a.
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Statistical analysis

Prism 10 (GraphPad) was used for statistical analysis. The Wilcoxon-paired t test was used
to compare 2 paired groups. The Friedman test was used to compare 3 paired groups. The
statistical significance is indicated in the figures (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p
< 0.0001).

Results
Expanded NK cells retain adaptive phenotype

We utilised an expansion protocol leveraging K562 HLA-E feeder cells in combination with IL-
2, to drive expansion of NKG2C* adaptive NK cells, previously used to expand NK cells from
healthy donors [14]. All selected donors with chronic viral infection had high baseline
frequencies of NKG2C* NK cells (mean 31%, range 11.7%-57.7%). Their CD3/CD19 depleted
PBMCs were co-cultured for 11 days with K562-HLA-E feeder cells pulsed with HLA-G leader
peptide (Figure 1a). By day 5, CD14" monocytes and feeder cells were no longer present, and
on day 11, the expanded NK cells achieved >97% purity (Figure 1b, Supplemental Figure 1a).
The NK cells expanded with a mean of 50-fold, and the NKG2C* proportion of NK cells
expanded with a mean of 100-fold during the 11-day culture (Figure 1c). Expanded NK cells
displayed a predominant expression of adaptive NK cell markers, with a significant increase
in NKG2C expression, compared to the inhibitory counterpart NKG2A (Figure 1d). Detailed
phenotypic analysis - revealed that the majority maintained the classic adaptive
NKG2C+NKG2A- phenotype (mean 68.9%) with a subset co-expressing NKG2C+NKG2A+
(mean 15.7%), and non-adaptive NKG2C-NKG2A+ cells representing a minimal population
(Supplemental Figure 1d).These expanded populations were characterised by a high
expression of inhibitory KIRs (iKIRs), downregulation of the maturation marker CD57 and of
the inhibitory receptor Siglec-7 (Figure 1d). Expanded NK cells displayed a significant increase
in the expression of activating receptors CD69, DNAM-1, NKG2D and NKp30, and maintained
high expression of NKp46. The high levels of Granzyme B expression indicated robust
cytotoxic potential. Importantly, expanded NK cells retained CD16 expression and upregulated
CD2 expression, both important for ADCC [20] (Figure 1d). These data are in keeping with
observations from healthy donors [14]. There was an upregulation of the inhibitory receptor
LAG3, with no significant increase in the levels of expression of PD-1, TRAIL or PDL1 (Figure
le). Due to their phenotypic characteristics typical of adaptive NK cells, expanded NK cells

are hereafter referred to as expanded adaptive NK cells (aNK).
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Figure 1. Expanded NK cells display an adaptive phenotype. (a) Expansion protocol; (b)
Cell type frequency on day O depleted PBMC and day 11 expanded NK cells; (c) Fold
expansion in number of total NK cells and NKG2C* NK cells following the 11-day culture; (d)
Relative expression of key adaptive markers shown on viSNE clustering and violin plots of
sampled events to show frequencies of positive populations; (e) Heatmap of expression levels
of depicted NK cell markers on day 0 and day 11. Significance determined by Wilcoxon paired
test, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Expanded aNK cells demonstrate enhanced ADCC capacity

To determine how the phenotypic characteristics of expanded aNK cells translated into
functional capacity, we first assessed functional capacity of day 0 vs day 11 expanded aNK
cells from the same donors against K562 HLA-E cells. As expected, aNK cells demonstrated
enhanced IFNy expression, degranulation (as measured by CD107a, a surrogate marker of
cytotoxic abilities) and killing (measured via Toxilight assay) against K562 HLA-E cells (Figure
2a and 2b). Analysis of NKG2C+ NK cells showed enhanced functional responses against
K562 HLA-E targets compared to total NK cells, with greater improvements in both
degranulation and IFNy production (Supplemental Figure 4a). Comparison with K562 wildtype
targets confirmed that NKG2C+ cells maintained higher responses against HLA-E vs wildtype
targets, suggesting both general functional improvement and specific enhancement of the
NKG2C-HLA-E recognition pathway (Supplemental Figure 4b). We then assessed ADCC
capacity against Raji cells coated with anti-CD20 antibody. Expanded aNK cells displayed
significantly enhanced IFNy expression and degranulation, as well as killing compared to day
0 counterparts (Figure 2c and 2d). Our results demonstrated increased ADCC activity from
expanded aNK cells, in some instances recovering baseline defects. Similarlyy, ADCC
responses showed greater enhancement in NKG2C+ cells compared to total NK cells
(CD107a 4.7-fold vs 2.1-fold, IFNy 3.8-fold vs 2-fold) (Supplemental Figure 4c).

10
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on day 0 and day 11 post-expansion against K562 cells expressing HLA-E; (b) Relative
expression of IFNy, CD107a and percentage killing on NK cells against K562 cells expressing
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day 11 post-expansion against Raji cells in the presence of anti-CD20 antibody; (d) Relative
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**p < 0.01, ***p < 0.001 and ****p < 0.0001. Specific ADCC activity was determined by

subtracting background responses from uncoated Raji cell controls from anti-CD20-coated

Raiji cell responses.
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Expanded aNK cells demonstrate enhanced reactivity against hepatoma cell lines and
HBV-infected target cells

To explore the potential antiviral capacity of expanded aNK cells, we initially utilised
PLC/PRF/5 cells, a hepatoma cell line containing integrated HBV DNA that constitutively
expresses and secretes high levels of hepatitis B surface antigen (HBsAg), a known
suppressor of NK cell function and cytokine production [21]. This cell line, normally insensitive
to NK cell mediated killing, served as our initial model of an HBV-infection in vitro. Day 11
expanded aNK cells displayed enhanced degranulation and killing against PLC/PRF/5 cells
compared to their day 0 counterparts (Figure 3a). Next, we sought to determine the functional
capacity of expanded aNK cells against HepG2-NTCP cells, a hepatoma cell line that normally
elicits low-level NK cell responses and expresses the NTCP receptor that HBV uses to gain
entry into hepatocytes and thus can be infected with HBV. First, we assessed the reactivity of
NK cells against uninfected HepG2-NTCP cells. Our results showed enhanced degranulation
and killing against HepG2-NTCP cells relative to day 0 NK cells from the same donors (Figure
3b). Utilising xCELLigence, a real-time cell analysis assay, we continuously monitored target
cell growth after addition of effector cells. While the HepG2-NTCP cells continued to grow in
the absence of expanded aNK cells, their growth was effectively controlled by the expanded

aNK cells, corroborating our findings (Figure 3c).

Finally, we assessed the activity of expanded aNK cells against de novo HBV-infected HepG2-
NTCP cells and HepG2.2.15 cells, a HepG2-derived cell line stably transfected with replicative
HBV DNA that continuously produces viral particles and secretes HBsAg. Secreted HBsAg
levels by the infected cell lines are provided in Supplemental Figure 2b. Due to the low
responses consistently observed from ex vivo NK cells against HepG2-NTCP cells, we
focused on the activity of expanded aNK cells. The reactivity of expanded aNK cells against
HBV infected HepG2-NTCP cells was comparable to that against uninfected HepG2-NTCP
cells, with a trend towards higher degranulation against HepG2.2.15 cells (Figure 3d).

12
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Figure 3. Expanded aNK cells exhibit enhanced functional capacity against HepG2-
NTCP cells compared to pre-expansion. (a) Relative expression of CD107a and target cell
killing of NK cells against PLC/PRF/5 cells of sampled events; (b) Relative expression of
CD107a and target cell killing of NK cells against- uninfected HepG2-NTCP cells of sampled
events; (c) Normalised cell index of HepG2-NTCP cells in the absence or presence of
expanded aNK cells; (d) Representative flow plots of CD107a expression on day 11 expanded
NK cells against uninfected HepG2-NTCP cells, HBV-infected HepG2-NTCP cells and
HepG2.2.15 cells and relative expression of CD107a and target cell killing against uninfected
HepG2-NTCP cells, HBV-infected HepG2-NTCP cells and HepG2.2.15 cells. Significance
determined by Wilcoxon paired test, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

TGF-B conditioning confers a tissue-resident phenotype and maintains functional

responses.in expanded aNK cells

TGF-B is the most abundant immunosuppressive cytokine in the liver microenvironment,
contributing to hampered immune cell responses, viral spread and tumour growth [22]. We
incorporated low-dose TGF- in addition to IL-2 in our expansion platform to induce a tissue-
resident phenotype and to pre-condition the expanded aNK cells to withstand the

immunosuppressive effect of TGF-B encountered in tissue (Figure 4a) [23].

TGF-B conditioning did not impair the generation of high frequencies of NK cells on day 11
(Figure 4b) and expanded cells displayed a similar adaptive phenotype (high expression of
NKG2C, CD2, NKG2D, iKIR and Granzyme B) as IL-2 expanded aNK (Figure 4c). Additionally,

these TGF-B imprinted cells adopted high expression of typical NK cell tissue-resident
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markers CD103, CD49a and CXCR3 (Figure 4c and Supplemental Figure 5a). Importantly,
conditioning with TGF-f did not negatively impact ADCC capacity, with degranulation
responses remaining comparable to IL-2 expanded aNK cells (Figure 4d). Similarly, responses
against HepG2-NTCP cells were enhanced in comparison to day 0 counterparts and were not

affected by TGF-f incorporation compared to IL-2 expanded aNK cells (Figure 4e).
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Figure 4. Pre-conditioning with TGF-B results in an expanded aNK cell population with
retained adaptive features and adopted tissue-resident phenotype, while maintaining
functional responses. (a) Expansion timeline; (b) Cell type frequencies on day O depleted
PBMC, day 11 IL-2 and day 11 TGF-B+IL-2 expanded aNK cells; (c) Histograms of expression
of NKG2C, NKG2A, CD103, CD69, CD49a and CXCRS3, summary graphs of expression for
these phenotypic markers and heatmap of expression of other phenotypic markers; (d)
Summary plot of relative CD107a expression against anti-CD20 coated Raji cells; (e)
Summary plot of relative CD107a expression and estimated target cell killing against HepG2-
NTCP cells. Significance determined by Friedman paired test, *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001. Significance on the heatmap in (c) is shown for comparisons

between IL-2 vs day 0 and TGFB+IL-2 vs day O.
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Expanded aNK cells show minimal reactivity against autologous activated T cells

NK cells can target activated immune cells as part of their role in maintaining homeostasis.
We and others have demonstrated the capacity of NK cells to kill activated T cells in the liver
through various pathways [7, 9]. To evaluate the potential rheostat role of expanded aNK, we
co-cultured these cells with autologous anti-CD3/CD28 activated CD4* T cells and measured
degranulation (Figure 5a). Expanded aNK cells demonstrated minimal degranulation against
autologous activated CD4" T cells compared to ex vivo NK cells from the same donors (Figure
5b and 5c). Within the ex vivo NK cell pool, the NKG2C" population was responsible for the
degranulation observed against activated T cells, while the NKG2C-dominant expanded aNK
pool showed no reactivity (Figure 5d and 5e). Similar observations were made against CD8*

T cells (Supplemental Figure 3b).
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Assay design; (b) Representative flow plots of CD107a expression of day O NK cells and day
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(c) Heatmap of CD107a expression on day 0 NK cells and day 11 cryopreserved expanded
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activated CD4* T cells; (e) Heatmap of expression of CD107a according to NKG2C expression
of day 0 NK cells and day 11 cryopreserved expanded aNK cells against autologous resting

and activated CD4* T cells from 5 donors.
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Discussion

In this study we assessed the robustness of a feeder-based method to enhance both the
expansion and functionality of aNK cells in people with chronic viral infection. Our findings
provide evidence that such an approach can effectively direct and boost aNK cell
subpopulations for functional HBV cure strategies and related HCC.

The expanded aNK cells were characterised by a homogenous receptor expression and high
levels of activating receptors (NKG2D, DNAM-1 and CD2) conferring higher sensitivity to
target cells. Despite the upregulation of LAG-3 after 11 days in culture, consistent with
previous reports [14], the expanded cells retained robust functional capacity, suggesting that

this marker may represent activation rather than true exhaustion of expanded aNK cells.

A distinctive advantage of expanded aNK cells; in contrast to other memory-like NK cell
populations, such as cytokine induced memory-like (CIML) NK cells, was their lack of TRAIL
and PDL1 expression [24], even following TEG- conditioning (Figure 4c). This is particularly
significant in the context of HBYV infection, as TRAIL-expressing NK cells have been shown to
target both hepatocytes, inducing liver damage, and HBV-specific CD8" T cells, hampering
the T cell arm of immunity against HBV [7, 8]. Similarly, PDL1-expressing NK cells can limit
therapeutic HBV-vaccine induced CD8" T cell responses [9]. The absence of these potentially
detrimental markers on our expanded aNK cells could therefore be advantageous for HBV
control by limiting excessive negative regulation of other antiviral effectors and preventing

excessive liver damage.

Importantly, our data indicate that expanded aNK cells have a limited regulatory role against
autologous activated T cells. This observation aligns with recent findings demonstrating that
aNK cells have a reduced capacity for immunoregulatory Killing of activated T cells [18]. This
characteristic would be particularly beneficial in the context of HBV infection, where robust

virus-specific T cell responses are crucial for viral control and ultimate clearance.

TGF-B conditioning resulted in an expanded aNK pool with a tissue-resident phenotype and
retained enhanced functional responses. This contrasts with other NK expansion protocols
incorporating TGF-B imprinting, where downregulation of activating receptors and
upregulation of TRAIL have been observed [25]. The acquisition of tissue-resident markers

(CD103, CD49a) and high CXCR3 expression is particularly important for targeting liver-tropic
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diseases like HBV and HCC, as these markers facilitate tissue homing and retention. Previous
studies have shown that NK cells with tissue-resident phenotypes display enhanced anti-
tumour activity in solid malignancies [26], suggesting that our TGF-B-conditioned aNK cells
may be particularly effective against HCC. Future TGF-B dose-response studies will be
essential to optimise the therapeutic window that maximises conditioning benefits while

avoiding inhibitory effects on NK cell effector function.

Our findings of enhanced functional responses, robust ADCC activity, and recognition of HCC
cell lines in the presence or absence of HBV infection underscore the potential utility of these
populations in combination with monoclonal antibodies currently in use as part of functional
cure studies. The clinical significance of ADCC in HBV infection has been highlighted by
studies showing that antibody-mediated ADCC can target HBV-infected hepatocytes
expressing viral antigens [27, 28]. Our expanded aNK cells, with their preserved CD16
expression and enhanced ADCC capacity, could therefore synergise with therapeutic

antibodies targeting HBV surface proteins to eliminate infected hepatocytes.

In recent years, NK cells have been recognised for their prognostic and predictive roles across
various cancer types, and adoptive NK cell immunotherapy has demonstrated promising
results in both pre-clinical and clinical studies targeting solid tumours, including HCC [29, 30].
Recent studies showing that NK cell frequency and function correlate with better outcomes in
HCC patients [31, 32], further support the potential benefit of enhanced NK cell responses
through adoptive transfer. Although the role of aNK cells specifically in controlling HCC has
remained largely unexplored, our data using patient-derived NK cells present a compelling
opportunity for autologous therapeutic strategies. Future studies should include direct side-
by-side comparisons with healthy donor-derived NK cells to better establish any disease-
related limitations in expansion capacity and functional performance, which will be essential

for optimising donor selection criteria and therapeutic protocols for clinical translation.

Other preconditioning techniques to allow NK cells to survive within the tough immunological
landscape of the liver will be crucial to maximise the efficacy of expanded NK cells in clinical
applications. To that end, we are advancing our expansion platform by incorporating insights
from our recent work on mitochondrial dynamics and metabolic reprogramming [33]. By
addressing the mitochondrial defects commonly observed in exhausted immune cells within
the liver, we aim to enhance the metabolic fithess of aNK cells. This metabolic optimisation
approach, combined with their intrinsically elevated bioenergetic profile, may provide aNK

cells with the resilience needed for sustained antitumour and antiviral activity in the liver.
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As we move forward, additional efforts to improve the expansion platform will be focused on
generating a clinical-grade yield of expanded aNK cells. The exquisite specificity of aNK cells
to HLA-E presented peptides, which has been shown to influence proliferation and ADCC
responses [13], opens the possibility for further optimising these approaches by tailoring the

peptide ligand on HLA-E to enhance expansion and selectivity.

Our study has several limitations that should be addressed in future research. First, while we
demonstrated enhanced functional responses against hepatoma cell lines, assessment
against primary hepatocytes would provide more physiologically relevant insights. Second, in
vivo studies would be valuable to evaluate the efficacy and safety of expanded aNK cells in
relevant animal models of HBV infection. Third, while we observed enhanced functional
responses against hepatoma cell lines, the exact mechanisms underlying these improvements
require further investigation. Our study concentrated on HCMV-associated aNK cells readily
accessible in peripheral blood from our donors; future research will aim to extend these
approaches to other unique NK cell subpopulations with liver adaptive/memory features.
Although we did not perform NKG2C genotyping, the high baseline NKG2C expression in our
cohort and lack of correlation with expansion efficiency suggests that factors beyond gene copy
number variation—including disease-related functional impairments and baseline NK cell
metabolic status—could drive the observed donor-to-donor expansion variability and warrant

investigation in future studies [19, 33].

In conclusion, our findings provide evidence for the potential role of expanded aNK cells in
combating chronic HBV infection and associated malignancies. Our results suggest that
leveraging the unique properties of aNK cells could not only improve antiviral and antitumour
responses but also provide a novel avenue for HBV functional cure strategies. Future studies
will focus on assessing aNK cells against primary hepatocytes and in animal models to
facilitate translation into early-phase clinical trials, potentially offering new hope for patients
with chronic HBV infection and HBV-related HCC.

Funding

This work was supported by an NIH award (R0O1AI55182) and a UKRI Medical Research
Council (MRC) Grant (MR/W020556/1) to D.P.; an Academy of Medical Sciences Starter Grant
(SGL021/1030), Seedcorn funding Rosetrees/Stoneygate Trust (A2903) and Mid-Career
Research Award from The Medical Research Foundation (MRF-044-0004-F-GILL-C0823) to
U.S.G. AXZ is funded by an MRC Career Development Award (MR/X020843/1).

Author Contributions

19



Journal Pre-proof

JK performed experiments, acquisition of data, analysis, and drafting of the manuscript; HAB,
BH, AP, NH, KdC performed experiments and contributed to data acquisition and analysis;
JD, SM, TF contributed to sample processing; SK, FMB, PK, DM, MKM, USG, AXZ, MWL,
KJM, ES contributed to data interpretation and critical editing of the manuscript; PK, UG, MKM,
DP recruited donors and obtained blood samples; DP contributed to the conception and
design of the study, data interpretation, critical revision of the manuscript, and study

supervision.

Acknowledgements

We thank the participating donors and the laboratory team for their support and contributions.
References

1. Hsu YC, Huang DQ, Nguyen MH. Global burden of hepatitis B virus: current status,
missed opportunities and a call for action. Nat Rev Gastroenterol Hepatol. 2023
Aug;20(8):524-537. doi: 10.1038/s41575-023-00760-9. Epub 2023 Apr 6. PMID: 37024566.

2. Liu Z, Jiang Y, Yuan H, Fang Q, Cai N, Suo C, Jin L, Zhang T, Chen X. The trends in
incidence of primary liver cancer caused by specific etiologies: Results from the Global
Burden of Disease Study 2016 and implications for liver cancer prevention. J Hepatol. 2019
Apr;70(4):674-683. doi: 10.1016/j.jhep.2018.12.001. Epub 2018 Dec 11. PMID: 30543829.

3. Toh MR, Wong EYT, Wong SH, Ng AWT, Loo LH, Chow PK, Ngeow J. Global
Epidemiology and Genetics of Hepatocellular Carcinoma. Gastroenterology. 2023
Apr;164(5):766-782. doi: 10.1053/j.gastro.2023.01.033. Epub 2023 Feb 2. PMID: 36738977.

4. Stegmann KA, Robertson F, Hansi N, Gill U, Pallant C, Christophides T, Pallett LJ, Peppa
D, Dunn C, Fusai G, Male V, Davidson BR, Kennedy P, Maini MK. CXCR6 marks a novel
subset of T-bet(lo)Eomes(hi) natural killer cells residing in human liver. Sci Rep. 2016 May
23;6:26157. doi: 10.1038/srep26157. PMID: 27210614; PMCID: PMC4876507.

5. Mikulak J, Bruni E, Oriolo F, Di Vito C, Mavilio D. Hepatic Natural Killer Cells: Organ-
Specific Sentinels of Liver Immune Homeostasis and Physiopathology. Front Immunol. 2019
Apr 30;10:946. doi: 10.3389/fimmu.2019.00946. PMID: 31114585; PMCID: PMC6502999.

6. Peppa D, Micco L, Javaid A, Kennedy PT, Schurich A, Dunn C, Pallant C, Ellis G, Khanna
P, Dusheiko G, Gilson RJ, Maini MK. Blockade of immunosuppressive cytokines restores NK
cell antiviral function in chronic hepatitis B virus infection. PLoS Pathog. 2010 Dec
16;6(12):1001227. doi: 10.1371/journal.ppat.1001227. PMID: 21187913; PMCID:
PMC3003000.

7. Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schurich A, Micco L, Nebbia G,
Singh HD, Adams DH, Kennedy PT, Maini MK. Up-regulation of a death receptor renders
antiviral T cells susceptible to NK cell-mediated deletion. J Exp Med. 2013 Jan 14;210(1):99-
114. doi: 10.1084/jem.20121172. Epub 2012 Dec 17. PMID: 23254287; PMCID:
PMC3549717.

8. Dunn C, Brunetto M, Reynolds G, Christophides T, Kennedy PT, Lampertico P, Das A,
Lopes AR, Borrow P, Williams K, Humphreys E, Afford S, Adams DH, Bertoletti A, Maini MK.
Cytokines induced during chronic hepatitis B virus infection promote a pathway for NK cell-

20



Journal Pre-proof

mediated liver damage. J Exp Med. 2007 Mar 19;204(3):667-80. doi:
10.1084/jem.20061287. Epub 2007 Mar 12. PMID: 17353365; PMCID: PMC2137916.

9. Diniz MO, Schurich A, Chinnakannan SK, Duriez M, Stegmann KA, Davies J, Kucykowicz
S, Suveizdyte K, Amin OE, Alcock F, Cargill T, Barnes E, Maini MK. NK cells limit therapeutic
vaccine-induced CD8+T cell immunity in a PD-L1-dependent manner. Sci Transl Med. 2022
Apr 13;14(640):eabi4670. doi: 10.1126/scitranslmed.abi4670. Epub 2022 Apr 13. PMID:
35417187.

10. Maini MK, Peppa D. NK cells: a double-edged sword in chronic hepatitis B virus
infection. Front Immunol. 2013 Mar 1; 4:57. doi: 10.3389/fimmu.2013.00057. PMID:
23459859; PMCID: PMC3585438.

11. Schlums H, Cichocki F, Tesi B, Theorell J, Beziat V, Holmes TD, Han H, Chiang SC,
Foley B, Mattsson K, Larsson S, Schaffer M, Malmberg KJ, Ljunggren HG, Miller JS,
Bryceson YT. Cytomegalovirus infection drives adaptive epigenetic diversification of NK cells
with altered signaling and effector function. Immunity. 2015 Mar 17;42(3):443-56. doi:
10.1016/j.immuni.2015.02.008. PMID: 25786176; PMCID: PMC4612277.

12. Kokici J, Preechanukul A, Arellano-Ballestero H, Gorou F, Peppa D. Emerging Insights
into Memory Natural Killer Cells and Clinical Applications. Viruses. 2024 Nov 7;16(11):1746.
doi: 10.3390/v16111746. PMID: 39599860; PMCID: PMC11599065.

13. Rélle A, Meyer M, Calderazzo S, Jager D, Momburg F. Distinct HLA-E Peptide
Complexes Modify Antibody-Driven Effector Functions of Adaptive NK Cells. Cell Rep. 2018
Aug 21;24(8):1967-1976.e4. doi: 10.1016/j.celrep.2018.07.069. PMID: 30134159.

14. Haroun-lzquierdo A, Vincenti M, Netskar H, van Ooijen H, Zhang B, Bendzick L, Kanaya
M, Momayyezi P, Li S, Wiiger MT, Hoel HJ, Krokeide SZ, Kremer V, Tjonnfjord G, Berggren
S, Wikstrém K, Blomberg P, Alici E, Felices M, Onfelt B, Héglund P, Valamehr B, Ljunggren
HG, Bjorklund A, Hammer Q, Kveberg L, Cichocki F, Miller JS, Malmberg KJ, Sohlberg E.
Adaptive single-KIR*NKG2C* NK cells expanded from select superdonors show potent
missing-self reactivity and efficiently control HLA-mismatched acute myeloid leukemia. J
Immunother Cancer. 2022 Nov;10(11):e005577. doi: 10.1136/jitc-2022-005577. Erratum in: J
Immunother Cancer. 2023 Jan;11(1):e005577corr1. doi: 10.1136/jitc-2022-005577corr1.
PMID: 36319065; PMCID: PMC9628692.

15. Béziat, V.; Liu, L.L.; Malmberg, J.A.; Ivarsson, M.A.; Sohlberg, E.; Bjérklund, A.T.;
Retiére, C.; Sverremark-Ekstrom, E.; Traherne, J.; Ljungman, P.; et al. NK cell responses to
cytomegalovirus infection lead to stable imprints in the human KIR repertoire and involve
activating KIRs. Blood 2013, 121, 2678—-2688.

16. Sarhan D, Cichocki F, Zhang B, Yingst A, Spellman SR, Cooley S, Verneris MR, Blazar
BR, Miller JS. Adaptive NK Cells with Low TIGIT Expression Are Inherently Resistant to
Myeloid-Derived Suppressor Cells. Cancer Res. 2016 Oct 1;76(19):5696-5706. doi:
10.1158/0008-5472.CAN-16-0839. Epub 2016 Aug 8. PMID: 27503932; PMCID:
PMC5050142.

17. Sohn H, Cooper MA. Metabolic regulation of NK cell function: implications for
immunotherapy. Immunometabolism (Cobham). 2023 Jan 23;5(1):e00020. doi:
10.1097/IN9.0000000000000020. PMID: 36710923; PMCID: PMC9869966.

18. Duhan V, Hamdan TA, Xu HC, Shinde P, Bhat H, Li F, Al-Matary Y, Haussinger D,
Bezgovsek J, Friedrich SK, Hardt C, Lang PA, Lang KS. NK cell-intrinsic FceRly limits CD8+
T-cell expansion and thereby turns an acute into a chronic viral infection. PLoS Pathog. 2019

21



Journal Pre-proof

Jun 20;15(6):e1007797. doi: 10.1371/journal.ppat.1007797. PMID: 31220194; PMCID:
PMC6605677.

19. Sun B, da Costa KAS, Alrubayyi A, Kokici J, Fisher-Pearson N, Hussain N, D'Anna S,
Piermatteo L, Salpini R, Svicher V, Kucykowicz S, Ghosh |, Burns F, Kinloch S, Simoes P,
Bhagani S, Kennedy PTF, Maini MK, Bashford-Rogers R, Gill US, Peppa D. HIV/HBV
coinfection remodels the immune landscape and natural killer cell ADCC functional
responses. Hepatology. 2024 Sep 1;80(3):649-663. doi: 10.1097/HEP.0000000000000877.
Epub 2024 Apr 30. PMID: 38687604; PMCID: PMC11782918.

20. Liu LL, Landskron J, Ask EH, Enqvist M, Sohlberg E, Traherne JA, Hammer Q,
Goodridge JP, Larsson S, Jayaraman J, Oei VYS, Schaffer M, Taskén K, Ljunggren HG,
Romagnani C, Trowsdale J, Malmberg KJ, Béziat V. Critical Role of CD2 Co-stimulation in
Adaptive Natural Killer Cell Responses Revealed in NKG2C-Deficient Humans. Cell Rep.
2016 May 3;15(5):1088-1099. doi: 10.1016/j.celrep.2016.04.005. Epub 2016 Apr 21. PMID:
27117418; PMCID: PMC4858565.

21.Yang Y, Han Q, Zhang C, Xiao M, Zhang J. Hepatitis B virus antigens impair NK cell
function. Int Immunopharmacol. 2016 Sep;38:291-7. doi: 10.1016/).intimp.2016.06.015.
Epub 2016 Jun 22. PMID: 27341035.

22. Fabregat |, Moreno-Caceres J, Sanchez A, Dooley S, Dewidar B, Giannelli G, Ten Dijke
P; IT-LIVER Consortium. TGF-f signalling and liver disease. FEBS J. 2016
Jun;283(12):2219-32. doi: 10.1111/febs.13665. Epub 2016 Feb 22. PMID: 26807763.

23. Harmon C, Jameson G, Almuaili D, Houlihan DD, Hoti E, Geoghegan J, Robinson MW,
O'Farrelly C. Liver-Derived TGF-B Maintains the Eomes"Tbet° Phenotype of Liver Resident
Natural Killer Cells. Front Immunol. 2019 Jul 3;10:1502. doi: 10.3389/fimmu.2019.01502.
PMID: 31333651; PMCID: PMC6616151.

24. Arellano-Ballestero H, Zubiak A, Dally C, Orchard K, Alrubayyi A, Charalambous X,
Michael M, Torrance R, Eales T, Das K, Tran MGB, Sabry M, Peppa D, Lowdell MW.
Proteomic and phenotypic characteristics of memory-like natural killer cells for cancer
immunotherapy. J Immunother Cancer. 2024 Jul 20;12(7):e008717. doi: 10.1136/jitc-2023-
008717. PMID: 39032940; PMCID: PMC11261707.

25. Foltz JA, Moseman JE, Thakkar A, Chakravarti N, Lee DA. TGFB Imprinting During
Activation Promotes Natural Killer Cell Cytokine Hypersecretion. Cancers (Basel). 2018 Nov
5;10(11):423. doi: 10.3390/cancers10110423. PMID: 30400618; PMCID: PMC6267005.

26. Kirchhammer N, Trefny MP, Natoli M, Bricher D, Smith SN, Werner F, Koch V, Schreiner
D, Bartoszek E, Buchi M, Schmid M, Breu D, Hartmann KP, Zaytseva P, Thommen DS,
Laubli H, Béttcher JP, Stanczak MA, Kashyap AS, Plickthun A, Zippelius A. NK cells with
tissue-resident traits shape response to immunotherapy by inducing adaptive antitumor
immunity. Sci Transl Med. 2022 Jul 13;14(653):eabm9043. doi:
10.1126/scitranslmed.abm9043. Epub 2022 Jul 13. PMID: 35857639.

27. Yu WH, Cosgrove C, Berger CT, Cheney PC, Krykbaeva M, Kim AY, Lewis-Ximenez L,
Lauer GM, Alter G. ADCC-Mediated CD56°™ NK Cell Responses Are Associated with Early
HBsAg Clearance in Acute HBV Infection. Pathog Immun. 2018;3(1):2-18. doi:
10.20411/pai.v3i1.228. Epub 2018 Feb 19. PMID: 29541698; PMCID: PMC5847299.

28. Mahgoub S, Abosalem H, Emara M, Kotb N, Maged A, Soror S. Restoring NK cells
functionality via cytokine activation enhances cetuximab-mediated NK-cell ADCC: A

22



Journal Pre-proof

promising therapeutic tool for HCC patients. Mol Immunol. 2021 Sep;137:221-227. doi:
10.1016/j.molimm.2021.07.008. Epub 2021 Jul 17. PMID: 34284214.

29. Bae WK, Lee BC, Kim HJ, Lee JJ, Chung IJ, Cho SB, Koh YS. A Phase | Study of
Locoregional High-Dose Autologous Natural Killer Cell Therapy With Hepatic Arterial
Infusion Chemotherapy in Patients With Locally Advanced Hepatocellular Carcinoma. Front
Immunol. 2022 Jun 2;13:879452. doi: 10.3389/fimmu.2022.879452. PMID: 35720374,
PMCID: PMC9202498.

30. Mantovani S, Oliviero B, Varchetta S, Mele D, Mondelli MU. Natural Killer Cell
Responses in Hepatocellular Carcinoma: Implications for Novel Immunotherapeutic
Approaches. Cancers (Basel). 2020 Apr 9;12(4):926. doi: 10.3390/cancers12040926. PMID:
32283827; PMCID: PMC7226319.

31. Pinyol R, Montal R, Bassaganyas L, Sia D, Takayama T, Chau GY, Mazzaferro V,
Roayaie S, Lee HC, Kokudo N, Zhang Z, Torrecilla S, Moeini A, Rodriguez-Carunchio L,
Gane E, Verslype C, Croitoru AE, Cillo U, de la Mata M, Lupo L, Strasser S, Park JW,
Camps J, Solé M, Thung SN, Villanueva A, Pena C, Meinhardt G, Bruix J, Llovet JM.
Molecular predictors of prevention of recurrence in HCC with scorafenib as adjuvant
treatment and prognostic factors in the phase 3 STORM trial. Gut. 2019 Jun;68(6):1065-
1075. doi: 10.1136/gutjnl-2018-316408. Epub 2018 Aug 14. PMID: 30108162; PMCID:
PMC6580745.

32. Chew V, Chen J, Lee D, Loh E, Lee J, Lim KH, Weber A, Slankamenac K, Poon RT,
Yang H, Ooi LL, Toh HC, Heikenwalder M, Ng 10, Nardin A, Abastado JP. Chemokine-driven
lymphocyte infiltration: an early intratumoural event determining long-term survival in
resectable hepatocellular carcinoma. Gut. 2012 Mar;61(3):427-38. doi: 10.1136/gutjnl-2011-
300509. Epub 2011 Sep 19. PMID: 21930732; PMCID: PMC3273680.

33. Moreno-Cubero E, Alrubayyi A, Balint S, Ogbe A, Gill US, Matthews R, Kinloch S, Burns
F, Rowland-Jones SL, Borrow P, Schurich A, Dustin M, Peppa D. IL-15 reprogramming

compensates for NK cell mitochondrial dysfunction in HIV-1 infection. JCI Insight. 2024 Jan
16;9(4):e173099. doi: 10.1172/jci.insight.173099. PMID: 38385747; PMCID: PMC11143930.

23



