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1. ABSTRACT

Natural Killer (NK) cells represent a pivotal component of innate immunity, positioned at the
interface between early antiviral defence and tumour immunosurveillance. Their ability to
integrate activating and inhibitory signals, mediate MHC-independent cytotoxicity, and
dynamically adapt to environmental cues renders them uniquely suited for translational
exploitation in both oncology and infectious diseases. This doctoral work explores NK-cell
biology along two complementary axes: (i) the development of NK-based immunotherapeutic
strategies for hepatocellular carcinoma (HCC), and (ii) the investigation of NK-cell regulation
during viral infections, with particular emphasis on the sheddase ADAM17 as a biomarker and

functional modulator of immune activation.

The first part of the thesis focused on optimizing NK-cell-based immunotherapy for solid
tumours, using HCC as a model of immune-resistant malignancy within a tolerogenic hepatic
microenvironment. Primary NK cells were isolated from liver perfusate obtained from
deceased brain-dead donors, a highly enriched and biologically distinctive source of
intrahepatic immune cells. Following ex vivo expansion, longitudinal flow cytometric analyses
were performed to characterize activation, inhibitory, and maturation markers, providing a

dynamic portrait of NK-cell phenotypic remodelling under cytokine stimulation.

The antitumor potential of cytokine-activated NK cells was subsequently evaluated in a
preclinical orthotopic xenograft model of HCC. Luciferase-expressing HepG2 cells were
implanted in immunodeficient NOG mice, allowing longitudinal monitoring of tumour burden
through in vivo bioluminescence imaging and serum alpha-fetoprotein (AFP) quantification.
Ex vivo—activated NK cells demonstrated measurable antitumor activity without overt toxicity,
supporting the feasibility and safety of adoptive NK-cell therapy in a solid tumour setting

characterized by complex immune evasion mechanisms.



Building upon these findings, a third experimental phase addressed the genetic engineering of
NK cells through the generation of fourth-generation self-inactivating lentiviral vectors
encoding an anti-GPC3 chimeric antigen receptor (CAR). Construct variants were designed to
enhance persistence and functional fitness through cytokine armouring strategies. CAR-NK
products were systematically characterized in terms of transduction efficiency, cytokine
secretion profiles, and cytotoxic potency. This work contributes to the growing body of
evidence supporting CAR-NK cells as a potentially safer, allogeneic, and metabolically
adaptable alternative to CAR-T platforms, particularly in the context of solid tumours such as

HCC.

The second major axis of the thesis investigated NK-cell regulation during viral infections,
focusing on ADAM17 (A Disintegrin And Metalloprotease 17), a membrane-bound sheddase
that modulates surface expression of key immune receptors, including CD16, TIM-3, and
cytokine receptors, thereby fine-tuning NK-cell activation thresholds. ADAM17 expression
was analysed ex vivo in whole blood samples from HHV-8—positive transplant recipients,
revealing virus-associated modulation patterns consistent with immune tuning in chronic
infection. In parallel, an in vitro stimulation model was established using peripheral blood
mononuclear cells from healthy donors exposed to viral peptide pools derived from SARS-
CoV-2,HHV-8, CMV, and EBV. Longitudinal assessment of ADAM17 expression across NK-
cell subsets, together with cytokine quantification in culture supernatants, enabled dissection

of virus-specific immune signatures.

Collectively, these findings suggest the possibility that ADAM17 may function as a dynamic
regulator of NK-cell functional plasticity, potentially linking cytokine-driven activation,
particularly TNF-o and IL-6 signalling, to receptor shedding and subsequent immune
recalibration. The modulation of ADAMI17 observed across distinct viral contexts raises the
hypothesis that this sheddase could represent not only a surrogate marker of immune activation,
but also a candidate therapeutic node through which NK-cell responsiveness might be fine-

tuned in chronic infection and cancer.



By integrating translational development of NK-based immunotherapies with the investigation
of NK-cell regulation in viral settings, this thesis provides a cohesive view of NK-cell
functional plasticity across disease contexts. The findings inform the rational optimization of
next-generation NK-based cellular therapies in oncology, particularly for solid tumours such
as HCC, and suggest a role for ADAM17 as a potential regulatory node linking activation,

receptor shedding, and immune adaptation in infectious contexts.
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3. INTRODUCTION

3.1The immune system

In mammals, immune defense is classically divided into two interconnected arms: innate and
adaptive immunity. Innate immunity provides rapid, broadly reactive protection, whereas
adaptive immunity generates antigen-specific responses and long-term immunological
memory [1]. The innate system constitutes the first line of defense and includes epithelial
barriers and effector cells such as neutrophils, monocytes/macrophages, dendritic cells (DCs),
and natural killer (NK) cells. Activation occurs through pattern recognition receptors (PRRs)
that detect conserved pathogen-associated molecular patterns (PAMPs), enabling responses
within minutes to hours and limiting early pathogen spread while shaping inflammation [2]. In
contrast, adaptive immunity relies on clonally distributed antigen receptors, allowing highly
specific recognition and memory formation, but typically requires several days to develop as
naive lymphocytes undergo clonal expansion and differentiation [1,3].

Among innate effectors, NK cells are cytotoxic lymphocytes that provide early control of virus-
infected and transformed cells and influence broader immune responses. Importantly, certain
NK-cell subsets can acquire adaptive-like features, expanding after defined stimuli and
responding more efficiently upon re-exposure, a phenomenon referred to as NK-cell memory
or trained immunity [4-7].

Adaptive immunity comprises humoral and cell-mediated responses. B lymphocytes mediate
humoral immunity by differentiating into antibody-secreting plasma cells and memory B cells.
Immunoglobulins (IgM, IgG, IgA, IgE, IgD) perform functions including neutralization,
opsonization, and complement activation, often following T-cell-dependent activation within
germinal centers where affinity maturation and class switching occur [2,8,9]. T lymphocytes
mediate cellular immunity by recognizing peptide antigens presented by MHC molecules.
CD4* T cells recognize MHC class II and differentiate into specialized helper subsets, whereas
CDS8* cytotoxic T lymphocytes recognize MHC class I and directly eliminate infected or
transformed cells. After antigen clearance, memory T cells persist and enable faster secondary
responses [10,11].

Innate and adaptive immunity operate as an integrated system. PRR-driven activation of innate
cells shapes adaptive responses through antigen presentation, costimulation, and cytokine
production. DCs are central to this process, as pathogen sensing induces their maturation and

migration to lymphoid tissues where they prime T cells [1]. NK cells also participate in this

12



crosstalk by modulating DC function and influencing B- and T-cell responses during infection
and cancer [5,7]. In addition, bridge populations such as y6 T cells and NKT cells combine
rapid responses with antigen receptor—based recognition and contribute to both arms of
immunity [ 12]. Together, these principles provide the immunological framework for this thesis,

which focuses on NK cells in viral infections and NK-based immunotherapeutic strategies.

3.2 Natural Killer cells

3.2.1 Sources

NK cells can be obtained from several sources, each associated with specific biological
properties and manufacturing advantages. The NK-92 cell line provides a highly standardized
“off-the-shelf” product due to its unlimited in vitro expansion and robustness to
cryopreservation; however, because of its lymphoma origin, it requires irradiation prior to
infusion (thereby limiting in vivo persistence) and shows intrinsic receptor repertoire
limitations, including the lack of CD16 [13,14]. Peripheral blood mononuclear cells (PBMCs)
remain the most widely used source of primary NK cells, enabling donor-derived isolation
followed by cytokine-based activation/expansion under GMP-compatible conditions;
nevertheless, PBMC-derived NK products are often heterogeneous and enriched for mature
CD56%mCD16" subsets, which display strong cytotoxicity but relatively limited proliferative
capacity [15]. Umbilical cord blood (UCB) represents an attractive allogeneic source thanks to
unit banking and favourable logistics, although UCB-derived NK cells are typically less mature
and less cytotoxic, with lower expression of CD16/KIRs/perforin/granzyme B and higher
inhibitory features (e.g., NKG2A), moreover starting cell numbers are constrained by unit
volume [16]. Beyond direct NK isolation, NK cells can be generated ex vivo from CD34*
hematopoietic progenitor cells (HPCs) (from bone marrow, mobilized peripheral blood, or
UCB) and differentiated into CD56"CD3- NK cells using cytokine-driven protocols, offering
scalability but requiring complex and time-consuming differentiation workflows [17]. Finally,
induced pluripotent stem cells (iPSCs) represent a renewable platform for highly uniform “off-
the-shelf” NK products that can be engineered at the stem cell stage to enable stable CAR
integration and large-scale manufacturing; however, iPSC-derived NK cells may retain
relatively immature traits, including reduced KIR/CD16 and increased NKG2A compared with
peripheral blood NK cells [18].
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In addition to these conventional sources, hepatic liver perfusate (LP) obtained from deceased
brain donors has emerged as a particularly rich and biologically informative reservoir of liver-
associated immune cells. Pagano et al. specifically analysed the “ex situ back-table” LP
fraction, defined as the perfusion fluid recovered from the liver graft on the surgical bench
during pre-transplant preparation outside the donor body [19]. In this cohort, the mean
collected LP volume was approximately 1.2 L, yielding a mean of 316X10° total cells,
highlighting the high cellular recovery of LP compared with standard PBMC isolation.
Importantly, matched LP-PBMC comparisons revealed a markedly distinct leukocyte
composition. LP samples were strongly enriched in CD45" cells and, within the lymphocytic
compartment, displayed a prominent representation of NK cells, with a median frequency of
approximately 30%. Moreover, LP-derived NK cells displayed expression of key activating
receptors, including NKp30, NKp44, NKp46, and NKG2D, supporting the concept that liver-
derived NK cells exhibit a distinct activation-related phenotype compared with circulating
PBMC-derived NK populations [19]. Collectively, these observations identify liver perfusate
as a strategic alternative source of NK cells for high-yield, with translational relevance for NK-

based immunotherapeutic development.
3.2.2 Human NK cell subsets

Human NK cells are innate lymphocytes that detect infected, stressed, or transformed cells by
integrating activating and inhibitory signals and responding to “missing-self” and “induced-
self” cues [4,5]. In peripheral blood, they are classically divided by CD56 and CD16 expression
into CD56°e"CD16~ and CD56%™ CD16" subsets, which differ in frequency, distribution,
receptor repertoire, and effector function [20,21]. CD56°7€"CD16~ NK cells account for ~5—
15% of circulating NK cells but are enriched in secondary lymphoid organs due to expression
of homing receptors such as CD62L, CCR7, and CXCR3. They are highly responsive to
cytokines, including IL-2, IL-12, IL-15, and IL-18, through receptors such as the high-affinity
IL-2 receptor (CD25), producing IFN-y, TNF-a, and GM-CSF and thus exerting
immunoregulatory roles that shape adaptive immunity. In contrast, CD56%™ CD16" NK cells
represent ~85-95% of blood NK cells and constitute the main cytotoxic population,
characterized by high perforin and granzyme content, broad expression of Killer-cell
immunoglobulin-like receptors (KIR), and efficient antibody-dependent cellular cytotoxicity
(ADCC) mediated by CD16 (FcyRIII). Although they produce less IFN-y per cell than

CD56ieht NK cells, their numerical dominance makes them major contributors to overall

14



cytokine production during immune responses. The developmental relationship between these
subsets remains debated: evidence supports differentiation of CD56 2" into CD56%™ cells
under certain conditions, but single-cell analyses also reveal parallel developmental trajectories

[22-26].

Beyond this dichotomy, NK cells can acquire adaptive or memory-like features. In humans,
the best-characterized example occurs during human cytomegalovirus (HCMV) infection,
where NKG2C* NK cells expand and persist, often with reduced or absent FcRy expression
and epigenetic remodeling that enhances effector responses, particularly IFN-y production,
upon restimulation. These HCM V-associated adaptive NK cells frequently express high CD57,
display strong ADCC activity, and can persist long after primary infection, supporting the
concept of sustained NK “recall-like” immunity [17,25,27,28].

Another clinically relevant adaptive state is represented by cytokine-induced memory-like
(CIML) NK cells, generated ex vivo by short priming with IL-12, IL-15, and IL-18. These cells
retain enhanced IFN-y production and antitumor activity over time and have shown promise in
early clinical studies [6]. Conversely, chronic stimulation in persistent viral infection or within
the tumour microenvironment can induce NK dysfunction, including exhausted and senescent-
like states. Exhausted NK cells typically upregulate inhibitory or checkpoint receptors such as
PD-1, TIM-3, LAG-3, and TIGIT and show reduced degranulation, cytokine production, and
proliferative capacity. Senescent or terminally differentiated NK cells, often marked by CD57
and KLRGI, display limited proliferation despite sometimes preserved cytotoxicity and
accumulate with aging and chronic inflammation, potentially limiting sustained
immunotherapeutic responses. Notably, some features of NK exhaustion appear partially
reversible, supporting therapeutic strategies that combine NK-based approaches with

checkpoint blockade or microenvironmental modulation [15,22-24,29].

Finally, NK cells must be distinguished from NKT cells, which share some surface markers
but belong to a different lineage. NK cells are innate lymphoid cells that lack a T-cell receptor
(TCR) and recognize altered self through germline-encoded receptors. In contrast, NKT cells
are T lymphocytes expressing a TCR together with NK-associated markers (e.g., CD56,
CD161) and recognize lipid antigens presented by CD1d. They develop in the thymus and
rapidly produce cytokines upon activation, linking innate and adaptive immunity.
Experimentally, these populations are reliably distinguished by CD3 expression, which is

present on NKT cells but absent on NK cells [4,5,21].
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3.2.3 NK-Cell Activation and Cytotoxic Mechanisms

NK cells originate from hematopoietic progenitors in the bone marrow and undergo
progressive maturation that confers cytotoxic competence and a diversified receptor repertoire.
A hallmark of NK biology is the ability to detect abnormal cells without prior antigen
sensitization through germline-encoded receptors sensing loss of self (missing-self) and stress-
induced ligands. NK responsiveness is calibrated through NK cell education (licensing), in
which inhibitory receptor interactions with self-MHC class I molecules tune functional
activity. NK cells expressing inhibitory receptors recognizing self-HLA (e.g., KIRs or
CD94/NKG2A) become “educated” and respond efficiently to cells with reduced MHC-I,

whereas uneducated NK cells remain hyporesponsive, ensuring self-tolerance [20,21,30,31].

NK activation results from the integration of signals from multiple activating receptors.
NKG2D recognizes stress-induced ligands such as MICA, MICB, and ULBPs and signals via
DAPI10 to activate PI3K pathways promoting cytotoxicity and cytokine production. DNAM-1
(CD226) binds CD155 (PVR) and CDI112 (Nectin-2), enhancing adhesion and immune
synapse stability. Natural cytotoxicity receptors (NKp30, NKp44, NKp46) further mediate
tumor and antiviral recognition through ITAM-associated adaptors (CD3(, FcRy), triggering
degranulation and IFN-y release; NKp30 binds B7-H6, while NKp46 recognizes viral
hemagglutinins [20,27,28]. Additional receptors such as 2B4 (CD244) and co-stimulatory
molecules including CD137 (4-1BB) modulate NK activation, survival, and proliferation, and

are exploited in immunotherapeutic strategies including CAR-NK approaches [32].

NK responses are restrained by inhibitory receptors and immune checkpoints to prevent
autoreactivity. KIRs recognize HLA-A/B/C molecules and inhibit activation through ITIM-
mediated recruitment of SHP phosphatases, while CD94/NKG2A recognizes HLA-E and
mediates potent inhibition. Under chronic stimulation, such as persistent infection or cancer,
NK cells may upregulate checkpoint receptors including PD-1, TIM-3, LAG-3, and TIGIT,
resulting in reduced cytotoxicity and cytokine production. Importantly, TIGIT competes with
DNAM-1 for CDI155/CD112 binding, suppressing DNAM-1-mediated activation and

providing a rationale for combinatorial checkpoint blockade strategies [15,27,28,31].

NK-cell killing ultimately depends on the balance between activating and inhibitory signals at
the immune synapse (Table 1). According to the “missing-self” model, NK cells are activated

when target cells downregulate MHC-I, removing inhibitory signals from receptors such as
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KIRs or NKG2A. In the “induced-self” model, stressed or transformed cells upregulate ligands
for activating receptors such as NKG2D or DNAM-1, shifting signaling toward activation even
if MHC-I is partially retained. NK activation therefore reflects a dynamic integration of

opposing signals, often described as an “integrated signal balance model” [24,31,31].

NK cytotoxicity occurs through both granule-dependent and death-receptor pathways. The
dominant mechanism involves polarized release of cytolytic granules at the immune synapse
following cytoskeletal reorganization and Microtubule-Organizing Center (MTOC)
polarization. This leads to secretion of perforin and granzymes, particularly granzyme B, which
induce apoptosis through caspase activation and mitochondrial damage via BID cleavage and
cytochrome c release. In parallel, NK cells can trigger extrinsic apoptosis through FasL/Fas

(CD95) interactions and TRAIL engagement of death receptors DR4 and DRS, providing

complementary cytotoxic mechanisms [20,27,28,30].

Category

Receptor

Representative ligands

Dominant functional
outcome

Activating receptors

NKG2D

MICA, MICB, ULBPs

Promotes strong NK-cell
activation, inducing cytotoxic
granule polarization,
degranulation, and cytokine
production.

DNAM-1 (CD226)

CD155 (PVR), CD112
(Nectin-2)

Enhances adhesion and cooperates
with other activating receptors,
strengthening NK-cell cytotoxic
responses.

NKp30 (NCR)

B7-H6

Triggers activating signaling
through ITAM-associated
adaptors, promoting degranulation
and IFN-y release.

NKp44 (NCR)

Tumor- and virus-associated
ligands (not specified in the
text)

Activates NK-cell effector
functions through ITAM-
associated adaptors, supporting
cytotoxicity and cytokine
secretion.

NKp46 (NCR)

Viral hemagglutinins (and
other pathogen-associated
molecules)

Induces rapid activation through
ITAM-associated adaptors,
leading to degranulation and IFN-
Y secretion.
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2B4 (CD244)

CDA48

Exerts context-dependent
regulation of NK-cell activity,
providing activation in the
presence of SLAM-associated
protein (SAP) but potentially
mediating inhibition in settings
where alternative adaptors
predominate.

CD137 (4-1BB)

4-1BBL

Provides co-stimulatory signals
that support NK-cell survival,
proliferation, and enhanced
cytotoxic activity.

Inhibitory receptors
(MHC-I dependent)

KIRs (inhibitory
KIRs)

HLA-A, HLA-B, HLA-C
epitopes

Deliver inhibitory signals through
ITIM motifs, limiting NK-cell
activation and contributing to NK-
cell education and missing-self
recognition.

CD94/NKG2A

HLA-E

Provides potent inhibitory
signaling through ITIM-mediated
pathways, suppressing NK-cell
activation and effector functions.

Immune checkpoints
/ exhaustion-
associated inhibitory
receptors

PD-1

PD-L1, PD-L2

Suppresses NK-cell activity and It
is associated with functional
exhaustion, including reduced
cytotoxicity, cytokine production,
and proliferative capacity.

TIM-3

Galectin-9 (and other ligands)

Contributes to NK-cell
dysfunction in cancer and chronic
infection, being linked to
exhaustion-like inhibitory
signaling.

LAG-3

MHC class II

Promotes inhibitory signaling and
may reduce NK-cell activation in
specific immunological contexts.

TIGIT

CD155 (PVR), CD112
(Nectin-2)

Competes with DNAM-1 for
ligand binding and delivers
inhibitory signals that reduce NK-
cell activation and effector
responses.

Death receptor
pathways (NK
effector ligands)

FasL

Fas (CD95)

Induces target cell apoptosis
through activation of the extrinsic
apoptotic pathway involving
Death-inducing signalling
complex (DISC) formation and
caspase activation.

TRAIL

DR4 (TRAIL-R1), DR5
(TRAIL-R2)

Promotes apoptosis of susceptible
target cells via death receptor
engagement and activation of the
extrinsic apoptotic pathway.
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Table 1: Summary of NK cell receptors involved in target recognition and immune regulation. Receptors cited in the text are
grouped by functional category (activating receptors, inhibitory MHC class I-dependent receptors, immune checkpoint and

death receptor pathways). For each receptor, representative ligands and the dominant functional outcome are reported.

3.2.4 Tissue distribution

Although NK cells have traditionally been studied in peripheral blood, evidence shows that
distinct NK populations reside in tissues, where local microenvironments shape their
phenotype and function. Tissue-resident NK (trNK) cells have been identified in organs such
as liver, lung, uterus, lymph nodes, skin, and adipose tissue, and differ from circulating NK
(cNK) cells in surface markers, transcriptional programs, and effector functions [20,25,28].
Tissue residency is characterized by expression of retention markers such as CD69 and ITGA1
(CD49a) and reduced trafficking receptors including SIPRS and CX3CRI1, favouring long-
term tissue localization. Functionally, trNK cells often display a CD56”bright" phenotype and
are biased toward cytokine production rather than cytotoxicity, although this varies by tissue.
Their persistence relies on local proliferation and survival signals, supporting long-term

immune surveillance within tissue niches [25,27,28].

The liver is one of the most NK-enriched organs, with NK cells comprising ~30-50% of
intrahepatic lymphocytes, higher than in blood. In this environment, characterized by constant
exposure to gut-derived antigens, tolerogenic signals, and physiological hypoxia, hepatic NK
cells balance immune defense with tissue tolerance [33,34]. Liver-resident NK cells commonly
express CD69, CXCR6, and CDA49a, supporting localization within hepatic sinusoids and
interactions with hepatocytes and liver sinusoidal endothelial cells (LSECs). CXCR6" NK cells
are largely educated through NKG2A and display reduced cytokine production, highlighting
liver-imprinted regulation [34]. Hepatic NK cells also express high levels of TRAIL, enabling
killing of virus-infected hepatocytes and hepatocellular carcinoma cells. Additionally, NKp46-
dependent cytotoxicity against hepatic stellate cells can limit fibrosis, linking NK activity to

liver tissue remodeling [27,28,35].

The hepatic microenvironment tightly regulates NK-cell activity through inhibitory and
immunomodulatory signals. LSECs express checkpoint ligands such as HLA-E and PD-L1,
engaging receptors including NKG2A and PD-1 to restrain NK activation. Kupffer cells and
hepatic stellate cells produce suppressive cytokines such as IL-10 and TGF-B, promoting
resident phenotypes and reducing cytotoxicity. During inflammation or viral infection,

however, this balance can shift toward activation through cytokines such as IL-12, IL-18, and
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type I interferons and increased expression of activating ligands on stressed hepatocytes. These
dynamics highlight the need for therapeutic strategies targeting liver NK cells, such as
checkpoint blockade or adoptive transfer, to enhance antitumor activity while avoiding

excessive inflammation and tissue damage [25,28].

3.2.5 NK cytokine-based activation

Ex vivo cytokine stimulation is widely employed to enhance NK effector activity and generate
more potent cell products. Notably, IFN-a activation induces a distinct NK functional program
(IFNa-NKs) compared with conventional IL-2/IL-15 stimulation (IL2/IL15-NKs), promoting
enhanced antiviral effects in vitro against HCV-infected hepatoma targets. Importantly, [FNa-
NKSs show a characteristic secretory profile with robust release of IFN-y and galectin-9, two
mediators implicated in antiviral immune control [7]. IFN-y contributes to suppression of
infection by inducing antiviral pathways in target cells. Galectin-9, a soluble
immunomodulatory lectin that can also be conveyed through extracellular vesicles, further
contributes to antiviral effects and to shaping immune responses during chronic infection
[36,37].

These observations have important implications in the broader context of NK exhaustion and
dysfunction, phenomena described not only in chronic infections but also in cancer.
Exhaustion-like states in NK cells involve reduced effector function and increased inhibitory
signaling, often linked to checkpoints such as TIM-3 and other exhaustion-related pathways.
Notably, TIM-3 blockade has been shown to restore NK function in advanced malignancies,
supporting the concept that NK dysfunction can be therapeutically reversible [38]. Moreover,
galectin-9 expression has been associated with NK cell subsets exhibiting reduced cytotoxic
molecule expression but preserved IFN-y production, consistent with functional rewiring
typical of chronic stimulation settings [39—41]. Overall, cytokine-driven activation strategies,
particularly IFN-o stimulation, may represent a rational approach to enhance NK antiviral
potency and promote resistance to chronic infection—associated functional impairment, with

potential relevance also for NK-based immunotherapeutic approaches in cancer [7].

3.2.6 NK cells in cancer: surveillance and tumour evasion

NK cells are pivotal mediators of early anticancer immune surveillance, yet established solid
tumours frequently escape NK control through immunoediting and progressive functional

suppression of NK effector programs. Tumour cells can downregulate classical MHC class I
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molecules to avoid cytotoxic T lymphocytes; although this should increase susceptibility to
NK “missing-self” recognition, cancers often counterbalance this vulnerability by activating
strong inhibitory circuits within the tumour microenvironment (TME). A central axis is the
HLA-E/NKG2A checkpoint, widely exploited across malignancies and particularly relevant in
hepatocellular carcinoma (HCC), where increased NKG2A signalling contributes to NK

exhaustion and reduced antitumor activity [42—44].

In parallel, tumours disrupt activating pathways such as NKG2D-mediated recognition by
modulating stress ligands (e.g., MICA/B) and/or inducing chronic ligand exposure that drives
NKG2D downregulation and impaired cytotoxic responses. Immunosuppressive cytokines,
especially TGF-p, further dampen NK function by downregulating key activating receptors
(NKp30, NKp44, NKp46, NKG2D), promoting a dysfunctional phenotype that favours
immune escape. In HCC, these mechanisms converge in tumour-infiltrating NK cells (TINK),
which show reduced NK frequency, enrichment of a CD56"€*CD16~ “superbright” subset,
decreased NKG2D, and increased NKG2A expression, consistent with a shift toward a
regulatory/non-cytotoxic program. Moreover, although NKp30/NKp44 may appear
upregulated, HCC is characterized by altered NCR3 splice variants and defective NKp30-
mediated signalling, reinforcing the concept of “apparent activation” coupled to functional

paralysis [45-48].

HCC lesions also perturb liver-resident NK identity by reducing CXCR6" subsets and
enriching CD49a"Eomes”™ NK cells, a population associated with impaired cytotoxic
competence, pro-angiogenic mediator production, and poorer prognosis [49,50]. Collectively,
these data highlight how NK cells are progressively reprogrammed in cancer, and in HCC in
particular, by checkpoint engagement, ligand modulation, and TME-derived suppressive
signals, providing a strong rationale for NK-targeted immunotherapeutic strategies such as

NKG2A blockade and microenvironmental modulation.
3.3 Adoptative cell therapy in cancer

Adoptive cell therapy (ACT) represents a major advance in cancer immunotherapy, using
immune cells to target and eliminate tumours. Unlike checkpoint inhibitors, which rely on
endogenous antitumor immunity, ACT involves ex vivo manipulation of autologous or
allogeneic immune cells to enhance specificity and function before reinfusion. The clinical

success of CAR-T therapies in B-cell malignancies has accelerated the development of multiple
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cellular platforms, including TCR-engineered T cells, tumour-infiltrating lymphocytes (TILs),
dendritic cell (DC) vaccines, and emerging innate immune approaches such as CAR-NK cells,

CAR-y0 T cells, and CAR-macrophages (CAR-M).

TIL therapy expands tumour-resident T cells ex vivo and reinfuses them without genetic
modification, while DC vaccines use antigen-loaded autologous dendritic cells to stimulate
endogenous T-cell responses. NK cells have attracted strong translational interest due to their
MHC-independent cytotoxicity, low risk of graft-versus-host disease (GvHD), suitability for
allogeneic manufacturing, and relative resistance to exhaustion, making them a promising
alternative or complement to CAR-T therapies for hematologic and solid tumours [51-55].
Genetically engineered T-cell therapies within ACT include TCR-T and CAR-T cells, which
differ mainly in antigen recognition: MHC-restricted for TCR-T cells and MHC-independent
for CAR-T cells [56-58].

ACT (summarized in Table 2) is based on three core principles: (1) isolation of immune cells
from peripheral blood or tumour tissue; (2) ex vivo expansion and/or genetic engineering to
enhance antitumor specificity and function; and (3) reinfusion of the modified cells to generate
durable, patient-specific antitumor immunity. Compared with passive immunotherapies such
as checkpoint blockade, ACT provides sufficient effector cells independent of endogenous
antitumor lymphocyte repertoires in immunosuppressed patients and enables engineering
strategies, such as dual targeting, cytokine armouring, and checkpoint inhibition, to enhance

therapeutic activity [59].

i . Manuf: i
Platform Antigen | po/GyHD Risk | VAnufacturing Stage
Recognition Time
CAR-T MHC- High CRS and GVHD | 34 weeks FDA-approved (7
independent products)
TCR-T MHC-restricted | Moderate (cross- 2-3 weeks Phase 12 trials; 1 FDA
reactivity risk) approval (Tecelra)
. FDA-approved (Amtagvi,
TIL MHC-restricted | Low 4-6 weeks Feb 2024)
CAR-M MHC- Very low 34 weeks (limited Early Phase 1
independent expansion)
MHC- .
CAR-y0 T independent Very low 2-3 weeks Phase 1 trials
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Patient-derived
DC Vaccine MHC Very low 1-2 weeks Phase 1-2 trials
presentation

Table 2: Comparative overview of major adoptive cell therapy (ACT) platforms

3.3.1 CAR-Engineered Immune Cells

CARs are synthetic receptors composed of an extracellular antigen-binding domain (typically
a single-chain variable fragment, scFv, derived from a monoclonal antibody), a transmembrane
region, and an intracellular signalling module that includes CD3( as the primary activation
domain together with one or more costimulatory domains (most commonly CD28 or 4-
IBB/CD137). They mediate MHC-independent recognition of surface tumour antigens,
allowing activity against MHC-loss, tumour variants and enabling function across HLA
barriers, including in allogeneic settings. Upon antigen engagement, CAR signalling delivers
a strong engineered activation signal that is independent of endogenous TCR—CD3 signalling

and promotes robust activation and sustained proliferation [60,61].

First-generation CARs containing CD3( alone showed limited persistence and modest efficacy,
whereas second-generation CARs incorporating CD28 or 4-1BB substantially improved
expansion and survival. CD28-based constructs are often associated with faster proliferation
but may increase susceptibility to exhaustion, while 4-1BB-based CARs tend to support more
durable, central memory-like phenotypes. Building on these advances, third-generation and
next-generation CARs explore dual costimulation, inducible signalling strategies, and
additional immune-enhancing functions such as cytokine secretion or checkpoint modulation
[62]. Clinically, CD19-directed CAR-T cells induce high initial complete remission rates in B-
cell acute lymphoblastic leukemia (80-92%) and achieve meaningful responses in
relapsed/refractory diffuse large B-cell lymphoma (40—60%). In multiple myeloma, BCMA-
directed CAR-T therapies produce overall response rates of 71-73%, with a median
progression-free survival of 13.3 months compared with 4.4 months in standard-of-care
comparators [53,63]. Multiple autologous CAR-T products have obtained FDA approval
(Table 3), primarily targeting CD19 in B-cell malignancies and BCMA in multiple myeloma
[51,51,53].
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CAR-T product Target Costimulatory Approved indications

antigen domain
Kymriah (tisagenlecleucel) CD19 4-1BB B-ALL (<25 years), R/R LBCL, R/R
FL
Yescarta (axicabtagene CD19 CD28 R/R LBCL, R/R FL
ciloleucel) (refractory/relapsed within 12 months)
Tecartus (brexucabtagene CD19 CD28 R/R MCL, R/R B-ALL (adults)
autoleucel)
Abecma (idecabtagene BCMA 4-1BB R/R MM (>4 prior lines)
vicleucel)
Breyanzi (lisocabtagene CD19 4-1BB R/R LBCL variants; newly approved
maraleucel) MZL (Dec 2025)
Carvykti (ciltacabtagene BCMA 4-1BB R/R MM (>4 prior lines)
autoleucel)
Tecartus (label update) CD19 CD28 Updated label approval (June 2025),
reduced REMS burden

Table 3: Summary of commercially available autologous CAR-T products with regulatory approvals (FDA/EMA), stratified
by antigen target and key clinical efficacy benchmarks.

Among emerging CAR-engineered platforms, CAR-macrophages (CAR-M) exploit key
myeloid properties such as tissue infiltration, extracellular matrix remodeling, and phagocytic
clearance of tumour cells, together with the ability to modulate local immune responses.
Through CAR-mediated antigen recognition, these cells can induce antibody-dependent
cellular phagocytosis (ADCP) while also presenting antigens and secreting cytokines,
potentially reshaping the tumour microenvironment (TME) toward a pro-inflammatory state
[53,64,65]. Despite this promise, CAR-M approaches remain largely at preclinical or early
clinical stages, with translation limited by manufacturing challenges including poor
proliferative capacity, modest gene-engineering efficiency, and low final yields, typically using
monocyte-derived or CD34* stem cell-derived macrophages with lentiviral delivery systems

[64,65].

Another emerging strategy involves CAR-engineered yd T cells, which combine CAR
specificity with the intrinsic MHC-independent tumour recognition of yd T lymphocytes. These
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cells recognize stress signals and phosphoantigens through their YdTCR, enabling rapid
responses to transformed cells without classical HLA restriction. CAR engineering therefore
creates a dual-recognition system that integrates CAR targeting with endogenous stress sensing
[66]. From a translational perspective, CAR-yd T cells offer strong tissue-homing capacity,
reduced exhaustion, and compatibility with allogeneic use with minimal risk of graft-versus-
host disease (GvHD). Early clinical results, including CD20-directed CAR-yd T cells in B-cell
lymphoma, have shown encouraging remission rates without severe GvHD, and phase I trials

are ongoing in solid tumours [66].

In current clinical practice, CAR-T therapy remains the reference ACT modality for relapsed
or refractory CD19* B-cell malignancies and BCMA* multiple myeloma, where the most
robust clinical evidence exists. CAR-NK cells are increasingly explored as a safer alternative,
particularly in CAR-T-refractory disease or in patients at higher risk of treatment-related
toxicities. TCR-T therapies are best suited for targeting intracellular antigens but require
careful patient selection due to HLA restriction and potential off-target effects. Tumour-
infiltrating lymphocyte (TIL) therapy, such as lifileucel, represents a personalized non-
engineered ACT strategy currently used in PD-1-resistant melanoma. Meanwhile, next-
generation platforms including CAR-M and CAR-yd T cells remain experimental but hold
considerable promise for solid tumours, where CAR-T efficacy is often limited by poor

trafficking and highly immunosuppressive tumour microenvironments [53,61,62,65,66].
3.4 CAR-NK Cells

CAR-NK represent a highly attractive platform for adoptive immunotherapy because they
merge innate MHC-independent NK recognition with CAR-driven antigen specificity, creating
a dual-targeting modality in which tumour cells can be recognized both through the CAR and
through endogenous NK activating pathways.

3.4.1 CAR-NK challenges

Despite the strong biological rationale for NK-based immunotherapy, several translational
barriers still limit clinical efficacy, particularly in solid tumours. A major challenge is the
limited in vivo persistence and expansion of adoptively transferred NK cells: CAR-NK cells
typically persist only weeks to months, much shorter than CAR-T cells. This reflects the

intrinsically shorter lifespan of NK cells, their dependence on sustained IL-15 signalling for
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survival and function, and the risk of activation-induced cell death following chronic CAR
stimulation or prolonged receptor engagement. Current strategies therefore aim to enhance
persistence through CAR designs incorporating autocrine or inducible IL-15, dual activation

circuits, or differentiation protocols that generate memory-like NK cells [67].

Another key obstacle is efficient trafficking and tumour infiltration, as NK cells must reach
tumour sites and overcome dense stromal barriers within immunosuppressive TMEs. This is
particularly challenging in poorly vascularized solid tumours characterized by immune
exclusion, where checkpoint ligands such as PD-L1 and PD-L2 can further impair endothelial
adhesion and homing. Once within tumours, NK cells encounter multiple suppressive
mechanisms. Hypoxia-driven pathways, including HIF-1a activation, together with metabolic
inhibition caused by adenosine accumulation (via the CD39/CD73 axis) and lactate, impair
glycolysis, survival, and cytotoxicity. Tumour-derived TGF-f further inhibits NK-cell
maturation and reduces expression of natural cytotoxicity receptors, while M2-like tumour-
associated macrophages reinforce suppression through IL-10 and TGF-f signalling. Metabolic
stress also contributes significantly: TME-derived factors disrupt mitochondrial function,
reduce ATP production, and limit oxidative phosphorylation, while glucose depletion by highly

glycolytic tumours constrains NK-cell degranulation and cytokine production.

Some of these impairments are partially reversible. IL-15 can restore NK metabolic fitness
through mTOR signalling, and several CAR-NK platforms incorporate IL-15 support to
improve persistence. However, excessive or continuous IL-15 exposure may paradoxically
reduce NK function, an effect known as the “IL-15 dosing paradox”, highlighting the need for
careful dosing strategies. Despite these challenges, multiple CAR-NK products are currently
being evaluated in Phase I-II clinical trials across hematologic malignancies and solid tumours

[68-70].

3.4.2 Engineering Methods: How CAR-NK Cells Are Generated

Viral gene transfer

Lentiviral vectors (LVs) represent the most widely used platform for CAR-NK engineering
because they can transduce both dividing and non-dividing cells and support stable genomic
integration. However, primary NK cells are intrinsically resistant to lentiviral transduction due
to strong antiviral defenses and limited receptor availability, resulting in lower efficiencies than

in T cells [32,71]. To improve delivery, vectors are often pseudotyped with alternative
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envelopes. While conventional VSV-G vectors rely on LDLR-mediated entry, poorly
expressed on NK cells, baboon envelope-pseudotyped vectors (BaEV-LVs) enter through
ASCTI1/ASCT2 transporters and achieve substantially higher transduction efficiency with
favorable safety profiles [71-73].

Transduction efficiency also depends on NK activation status: short IL-2 stimulation or feeder-
based expansion increases metabolic activity and receptor expression, enhancing
permissiveness to gene transfer [74]. Procedural parameters such as multiplicity of infection
(MOI), timing during expansion, and enhancers like Retronectin or Vectofusin-1 can further
improve efficiency and reduce viral requirements in GMP manufacturing pipelines [75,76].
Although lentiviral integration ensures durable CAR expression, random insertion introduces
potential genotoxicity risks; therefore, clinical platforms employ self-inactivating (SIN)
vectors and strict GMP testing for replication-competent lentivirus (RCL) [77]. Gamma-
retroviral vectors have historically been used but are less suitable for NK cells due to their
requirement for cell division and higher integration bias near proliferation-related genes,

leading most manufacturing workflows to move away from them [78,78].
Non-viral gene transfer

Non-viral approaches are increasingly explored to simplify manufacturing and improve safety.
mRNA electroporation is a widely used method that enables rapid, transient CAR expression
through delivery of in vitro-transcribed mRNA using pulsed electric fields. CAR expression
appears within hours and peaks around 24 hours, then gradually declines as mRNA degrades;
chemically modified transcripts can extend functional activity for several days while

maintaining cell viability [68,70].

To achieve longer expression without viral vectors, transposon systems such as Sleeping
Beauty and PiggyBac enable genomic integration via a transposase enzyme. For example,
hyperactive Sleeping Beauty variants (e.g., SB100X) insert CAR cassettes at TA dinucleotide
sites. Although integration efficiency remains lower in NK than in T cells, these systems offer
manufacturing advantages because they avoid viral components and associated regulatory
testing [79,80]. Hybrid approaches have also emerged, such as MAJESTIC, which combines
adeno-associated virus (AAV) delivery of the transposon cassette with transient mRNA
expression of the Sleeping Beauty transposase to achieve stable CAR integration while

maintaining a non-viral framework [81].
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Genome editing with CRISPR-Cas9

CRISPR-Cas9 editing enables next-generation CAR-NK engineering by allowing targeted
knock-out of inhibitory pathways or site-specific CAR knock-in. In NK cells,
ribonucleoprotein (RNP) electroporation is commonly used because it provides high editing
efficiency with limited off-target effects due to the short intracellular half-life of Cas9 [82].
High knock-out efficiencies have been achieved for genes such as KLRC1 (NKG2A), and
combined strategies integrating checkpoint deletion with CAR knock-in demonstrate the
feasibility of multi-layer engineering in a single workflow [83,84]. Target selection often
focuses on removing inhibitory pathways that limit NK activity. For example, KLRC1 deletion
disrupts the HLA-E/NKG2A checkpoint exploited by many tumours, enhancing CAR-NK
cytotoxicity [84,85]. Similarly, ADAM17 knock-out or engineering of a non-cleavable CD16a
variant (S197P) preserves ADCC during NK activation [86,87]. Modulation of cytokine
signalling is another strategy: deletion of CISH or SOCS3 enhances IL-15 signalling,
improving persistence and metabolic fitness, while TGFBR2 knock-out protects NK cells from

TGF-B-mediated suppression within the tumour microenvironment [88—90].

CRISPR editing also enables site-specific CAR knock-in into transcriptionally permissive loci,
reducing variability in expression and potentially lowering genotoxic risk compared with
random integration. Advanced multiplex strategies combining multiple knock-outs and knock-
ins aim to simultaneously enhance tumour recognition, persistence, and resistance to
immunosuppression, although editing efficiency decreases as the number of modifications

increases [91].

Engineering Key

Integration

Profile Main Limitations

Approach
Method Strengths

Risk of insertional
mutagenesis; NK cells
relatively resistant to

Long-term CAR

.. expression; supports
Lentiviral vectors, P » Supp

Viral Gene BaEV- Stable . extende.d pe.rs.lste.nce standard LV entry;
| (genomic and serial killing; .
Transfer pseudotyped LV; | . . .. longer manufacturing
. ! integration) clinically e .
y-retroviral vectors . timeline due to viral
consolidated GMP .
production and release
workflows

testing (e.g., RCL)
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mRNA
electroporation mRNA expression is
(transient CAR), short-lived, often needs
transposons Transient Rapid and flexible repeated dosing;
Non-Viral Gene | (Sleeping Beauty, | (mRNA); manufacturing; avoids | transposon efficiency
Transfer PiggyBac), hybrid | Stable RCL testing; reduced | lower in NK cells and

systems (e.g., (transposons) genotoxicity depends on nucleofection
AAV-SB quality; DNA delivery
“MAJESTIC-like can stress cells
concepts)

Enables multi-layer Requires rigorous off-

. . target assessment and
Knock-out engineering (remove uality control.- HDR-
(KLRC1/NKG2A, | Stable if inhibition + enhance gase dinock_ir;has
Genome Editing | ADAMI17, knock-in; cytotoxicity + variable efficiency: adds
with CRISPR- | CISH/SOCSS3, permanent gene | improve persistence); manufacturin ¥
Cas9 TGFBR2); knock- | disruption for | targeted knock-in JUTIng
L . complexity and
in using HDR knock-out reduces variability .
1 regulatory testing burden

templates avoiding random LS

) - compared with simple

Integration .

transduction

Table 4: Comparative overview of the principal genetic engineering platforms used to generate CAR-NK cells, highlighting
integration stability (stable, transient, semi-stable) and the main advantages and limitations relevant to clinical translation.

HDR = Homology-Directed Repair; RCL testing = Replication-Competent Lentivirus testing.

3.4.3 Safety and Control Engineering

To improve the clinical safety of CAR-NK therapies, particularly in allogeneic, off-the-shelf
settings, modern constructs increasingly incorporate built-in control systems that allow
physicians to rapidly terminate or modulate the infused cell product in case of unexpected
toxicity. These “safety engineering” strategies are especially relevant when treatment
complications such as off-target effects, excessive inflammatory reactions, or tumour lysis
syndrome require immediate interruption of CAR activity. A leading approach is the inclusion
of suicide switches, among which inducible caspase-9 (iCasp9) represents the best
characterized translational platform. iCasp9 is based on a modified human caspase-9 that
remains inactive under basal conditions but becomes rapidly activated upon administration of
a specific dimerizing drug (AP1903/rimiducid), triggering apoptosis of the engineered cells
[92-94]. As an alternative control strategy, some engineered products incorporate EGFRt
(truncated EGFR) as a non-signalling surface marker. EGFRt allows selective depletion of the

infused cells through administration of cetuximab, which triggers immune-mediated killing

(including ADCC) of EGFRt" transduced cells. While less commonly implemented than
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iCasp9, EGFRt is attractive because it leverages an already approved monoclonal antibody

rather than requiring a dedicated small-molecule activator [95].

3.4.4 Clinical Translation and Therapeutic Advantages of CAR-NK Cell
Therapy

A major translational advantage of CAR-NK therapy is their suitability for allogeneic use:
unlike CAR-T cells, NK cells lack a TCR and therefore do not rely on peptide—-MHC
recognition, largely eliminating the risk of graft-versus-host disease (GvHD). This enables the
development of “off-the-shelf” CAR-NK products that can be manufactured at scale,
cryopreserved, and administered without HLA matching, significantly reducing vein-to-needle
time compared with autologous CAR-T therapies [96 ]. CAR-NK cells also display an
improved safety profile, as they generally produce lower levels of inflammatory cytokines and
are less associated with immune effector cell-associated neurotoxicity syndrome (ICANS)
[97]. Importantly, CAR-NK cells retain their native cytotoxic machinery in addition to CAR-
mediated targeting, providing dual mechanisms of tumour recognition that may reduce relapse

due to antigen loss [60].

Clinical translation has initially focused on hematologic malignancies, where accessible
tumour compartments and well-defined surface antigens provide favourable conditions for
evaluation. A landmark Phase I/II study at MD Anderson using cord blood—derived CD19-
CAR NK cells expressing IL-15 in relapsed or refractory B-cell malignancies (NHL, CLL,
DLBCL) reported an overall response rate of 48.6% at 100 days, with 1-year progression-free
and overall survival of 32% and 68%, respectively; notably, CAR-NK persistence was detected
for up to 12 months in responding patients, supporting the role of IL-15 in sustaining in vivo
activity [98,99]. More recently, scalable platforms have strengthened the clinical rationale for
CAR-NK therapies. In a Phase I study, the iPSC-derived product FT596, engineered to express
a CD19-CAR, a high-affinity non-cleavable CD16 to enhance ADCC, and an IL-15/IL-15Ra
module to promote persistence, produced objective responses, including complete remissions
in patients previously treated with CAR-T therapy, while maintaining a highly favourable
safety profile with no cytokine release syndrome (CRS), ICANS, or GvHD observed [100,
101]. Other cord blood—derived CAR-NK products, such as TAK-007, have also shown
encouraging activity and tolerability in Phase II studies for relapsed or refractory B-cell

lymphomas [102].
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Although development in solid tumours is still at an earlier stage, progress is increasing. For
instance, GPC3-targeted CAR-NK92MI cells have shown potent activity against GPC3*
hepatocellular carcinoma models and retain function after irradiation, an important safety
requirement for NK92-derived products [103 ]. Similarly, NKG2D-based CAR-NK therapy
has been explored in advanced colorectal cancer, where repeated infusions proved feasible and
well tolerated, and combination with anti-PD-1 therapy appeared to enhance biological activity
[104,105 ]. Reflecting the growing understanding of NK biology, current studies increasingly
explore combination strategies; for example, the CAR-NK product FT596 has been tested with
rituximab in lymphoma to exploit both CAR-mediated targeting and CD16-driven ADCC
[106]. Despite these advances, NK cells have a shorter intrinsic lifespan and limited persistence
compared with CAR-T cells. To address this limitation, many CAR-NK platforms incorporate
IL-15 or IL-15/IL-15Ra signalling modules to promote survival and expansion, although
repeated dosing is often required compared with the single-infusion paradigm typical of CAR-

T therapy [107,108].

Advantage of CAR-NK compared with Rationale
CAR-T
. High suitability for | NK cells do not express a TCR and therefore lack canonical
Allogeneic . X o L -
tibili allogeneic peptide-MHC recognition, largely eliminating the mechanistic
compatibility administration basis of alloreactivity and GvHD.
CAR-NK cells can be manufactured at scale, cryopreserved, and
Product Enables “off-the- rapidly deployed without HLA matching, resulting in a markedly
accessibility shelf” cell therapy | shortened vein-to-needle time compared with autologous CAR-T
production.
Lower toxicities NK cells typically release lower levels of inflammatory cytokines
Safety profile than CAR-T cells and are not associated with cytokine programs
(CRS/ICANS) o .
strongly implicated in ICANS.
M. . Dual killing modality | CAR-NK cells preserve native NK effector pathways in addition
echanism . . . g e
f acti (CAR-mediated + to CAR-driven antigen specificity, providing complementary
ol action innate cytotoxicity) | cytotoxic mechanisms.
Resistance to antigen Gr_e_ater functlo_nal In_ngte NK recognition proyldes b1_111t-1n redundancy_, partially
resilience to antigen | mitigating relapse mechanisms driven by single-antigen escape
escape loss after single-target CAR-T therapy.
Improved logistical Centralized production and immediate post-thaw availability can
Manufacturing p 08!S facilitate broader implementation compared with individualized
readiness .
CAR-T manufacturing workflows.

Table 5. Comparative overview of the main translational advantages of CAR-NK cells over CAR-T cell therapy. The table
summarizes key comparison dimensions relevant to clinical translation highlighting the distinctive features that position

CAR-NK as a next-generation adoptive cell therapy platform.
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3.4.5 Combination Strategies with CAR-NK Therapy

Because NK cells show limited persistence and operate within highly immunosuppressive
tumour microenvironments, CAR-NK therapy is increasingly developed within rational
combination strategies designed to improve expansion, trafficking, and antitumor activity. One
widely adopted approach is lymphodepleting chemotherapy prior to infusion, which reduces
competition for homeostatic cytokines such as IL-15, promotes inflammatory priming, and
limits suppressive immune subsets. Clinically, lymphodepletion has been associated with
improved CAR-NK expansion and response durability, as observed in the cord blood CD19-
CAR-NK study [109].

Radiotherapy also represents a promising partner, as it can reduce tumour burden, promote
immunogenic cell death, and increase expression of stress ligands such as MICA/MICB,
thereby enhancing NK susceptibility. In addition, irradiation may partially relieve hypoxia-
driven immunosuppression within the tumour niche, creating a more permissive environment
for NK-cell activity; early clinical programs are currently evaluating CAR-NK combined with

radiotherapy [110].

Checkpoint blockade constitutes another key axis of combination. Anti-PD-1/PD-L1 therapies
can enhance CAR-NK activity both directly, since PD-1 may be expressed on tumour-
infiltrating NK cells, and indirectly by amplifying endogenous T-cell responses triggered by
tumour lysis. In colorectal cancer, combining NKG2D CAR-NK cells with serplulimab (anti—
PD-1) correlated with improved clinical benefit and increased CAR transgene expansion in
vivo [111]. Targeting the HLA-E/NKG2A inhibitory axis is also under investigation:
monalizumab (anti-NKG2A) has shown activity with durvalumab (anti-PD-L1), supporting
the rationale for restoring NK cytotoxicity against HLA-E—expressing tumours [112,113].

CAR-NK therapy may further synergize with monoclonal antibodies by exploiting NK-
mediated ADCC through CD16 engagement. Fc-engineered antibodies, such as the FGFR2b-
targeting antibody bemarituzumab, are designed to enhance NK recruitment and tumour killing
[114]. This concept is reinforced by CAR-NK engineering strategies that preserve CD16
signalling, including high-affinity non-cleavable CD16 variants or ADAMI17 disruption.
Clinically, combining the CAR-NK product FT596 with rituximab improved responses in
CD19-negative/CD20-positive escape variants, illustrating the complementary action of CAR

targeting and antibody-mediated ADCC [104,115,116].
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Additional strategies aim to integrate cytokine support directly within NK-cell platforms. For
example, PD-L1.t-haNK cells are engineered to target PD-L1-expressing tumours while
incorporating cytokine signalling to sustain cytotoxicity and ADCC [117], while memory
cytokine-enriched NK cells (m-ceNK) generated through cytokine priming show enhanced
persistence and IFN-y production [118]. Cytokine-based immunotherapies are also being
optimized to support NK function in vivo, including DF6002, an extended half-life IL-12 Fc
fusion protein designed to enhance inflammatory signalling in the tumour microenvironment
[119], and ANKTIVA, a recombinant IL-15 receptor agonist complex recently approved by
the FDA that highlights IL-15 signalling as a strategy to restore immune effector activity [120].

Finally, sequential strategies are being explored to combine the rapid cytoreductive capacity of
NK cells with the long-term persistence of CAR-T cells. Sequential CAR-NK followed by
CAR-T administration may integrate early tumour debulking with durable immune
surveillance, with preliminary evidence suggesting improved disease-free survival in high-risk
B-ALL. In parallel, the expanding landscape of NK-centred therapies includes engineered
innate-like platforms such as KUR-501 (CAR-NKT), which combines GD2 targeting with

cytokine support to enhance persistence and activity in solid tumours [60,121].
3.4.6 Emerging Frontiers Beyond CAR-NK

While CAR-NK therapy is rapidly advancing, parallel strategies aim to redirect endogenous
NK cells using antibody-based platforms that avoid ex vivo genetic modification. These
approaches offer key translational advantages, including simplified manufacturing, off-the-
shelf availability, and scalability, making them attractive alternatives or complements to CAR-

NK therapies.

Bispecific killer cell engagers (BiKEs) are engineered proteins composed of two single-chain
variable fragments (scFvs): one binds an activating NK receptor (commonly CD16 or NKp46),
while the other targets a tumour-associated antigen (TAA). The 1633 BiKE, for example,
redirects NK cells toward CD33* acute myeloid leukemia (AML) by simultaneously engaging
CD16 and CD33, forming an artificial immune synapse that triggers NK degranulation and
cytokine release (e.g., IFN-y, TNF-a). Because BiKEs are protein biologics, they can be
manufactured rapidly and avoid the logistical complexity of cell therapy; however, they do not

provide signals supporting NK persistence or expansion, limiting durability [122—-124].
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To address this limitation, trispecific killer cell engagers (TriKEs) incorporate cytokine
support. The prototypical 161533 TriKE combines CD16 and CD33 targeting with a modified
IL-15 linker, enabling simultaneous NK activation and cytokine-driven proliferation.
Compared with BiKEs, TriKEs show enhanced cytotoxicity, NK expansion, and cytokine
production, as well as improved tumour control and NK persistence in AML models. Early
clinical data with GTB-3550 further support safety, NK expansion, and reductions in leukemic
burden in AML patients [97,125,126].

More broadly, NK cell engagers (NKCEs) represent a diverse class of multi-specific antibody
constructs designed to amplify NK activation. Many platforms simultaneously engage two
activating receptors, such as NKp46 with CD16 or NKG2D, together with a tumour antigen,
producing synergistic signalling. Examples include DF1001, which targets HER2 while
engaging CD16 and NKG2D and is currently in Phase 1/2 studies in advanced solid tumours,
and the ANKET platform, which generates multifunctional constructs engaging NKp46 and
CD16 while targeting tumour antigens. Some variants, such as ANKET4, also integrate
cytokine modules to enhance NK expansion and activity [127,128]. Fc-engineered formats like
AbsoluteFc further exploit CD16 recruitment while directing antibody arms to tumour targets

such as EGFR and cMET [129].

In parallel, monoclonal antibodies targeting inhibitory NK checkpoints represent another
strategy to enhance endogenous NK responses. Monalizumab, an antibody against the
inhibitory receptor NKG2A, blocks the HLA-E/NKG2A axis used by tumours to suppress NK
surveillance, restoring NK cytotoxicity without depleting effector cells [130]. Clinically,
combining monalizumab with the anti—-PD-L1 antibody durvalumab has shown increased
antitumor activity in solid tumours, reflecting complementary restoration of NK and T-cell
effector function. In the NeoCOAST-2 neoadjuvant NSCLC trial, triple therapy with
monalizumab, durvalumab, and chemotherapy produced high pathological response rates while
remaining compatible with surgery, highlighting the clinical feasibility of NK-directed
checkpoint blockade [131,132].

3.5 Artificial Intelligence in Cellular Immunotherapy Design

Artificial intelligence (Al) and machine learning (ML) are increasingly used as decision-
support tools in the development of cellular immunotherapies, guiding hypothesis generation,

experimental planning, and translational prioritization [133,134]. In oncology, their major
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contribution lies in integrating heterogeneous, high-dimensional data and modelling complex
biological systems in which cellular responses arise from nonlinear signalling, feedback loops,
and context-dependent interactions [135,136]. This systems-level perspective is particularly
relevant for cellular therapies, whose efficacy depends on dynamic interactions between

engineered immune cells, tumour targets, and the tumour microenvironment.

Unlike traditional precision oncology approaches based on limited biomarkers, tumour—
immune interactions involve multiscale processes spanning genomic, transcriptomic,
epigenomic, proteomic, metabolic, and spatial determinants. Al frameworks can integrate these
multimodal datasets to identify composite biomarkers of response, resistance, and toxicity,
improving predictive accuracy beyond single parameters [137,138]. In immuno-oncology,
such approaches have already improved patient selection for immune checkpoint blockade,
supported outcome prediction through radiomics, and enabled digital pathology analyses that
capture spatial features of the immune contexture associated with therapeutic response

[135,139].

A key advantage of Al is its ability to inform experimental design before laboratory
implementation. Rather than testing large combinatorial spaces empirically, AI models
integrate prior knowledge and early experimental data to identify informative experimental
conditions [140,141]. This is particularly valuable in cellular immunotherapy, where biological
material is limited and donor variability increases complexity. Parameters such as cytokine
exposure, activation protocols, culture conditions, and CAR construct design interact in
complex ways that traditional design-of-experiments frameworks cannot fully capture. Al
models can instead predict how combinations of variables influence cellular phenotypes and

functional outcomes.

Bayesian optimization and active learning further operationalize this strategy by iteratively
proposing experimental conditions that balance exploration and exploitation, thereby
accelerating convergence toward optimal solutions while reducing experimental burden.
Bayesian optimization sequentially tests conditions predicted to maximize improvement in a
predefined objective, whereas active learning selects experiments that most effectively reduce
model uncertainty. Here, exploration involves the systematic testing of underexplored regions
of the experimental parameter space to avoid overlooking potentially superior solutions, while
exploitation refines combinations that have already demonstrated promising performance

[142,143].
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In CAR-NK development, these strategies may help co-optimize expansion, memory-like
differentiation, metabolic fitness, and effector activity while limiting exhaustion or excessive

cytokine release.

Al also enables in silico simulation of cellular behaviour through hybrid mechanistic-ML
models that combine known signalling pathways with data-driven learning. Such models can
simulate how variables such as antigen density, co-stimulation, cytokine exposure, or CAR

architecture influence activation thresholds, persistence, and functional exhaustion [144,145].

The rapid expansion of single-cell and spatial multi-omics technologies has further
strengthened the role of Al in immunotherapy research. Deep-learning approaches can
integrate transcriptomic, epigenomic, proteomic, and spatial data to identify immune cell states
and interaction networks associated with therapeutic response or resistance—insights that are
particularly relevant for understanding NK-cell heterogeneity and tumour microenvironment

dynamics in CAR-NK development [138,139,146].

From a translational perspective, Al may help shorten the bench-to-bedside trajectory of
cellular therapies. By linking in vitro phenotypes to predicted in vivo performance, AI models
can prioritize constructs with the highest therapeutic potential while filtering out candidates
with limited efficacy or unacceptable toxicity before advancing to animal studies or early
clinical trials [147]. Ultimately, integrating preclinical, clinical, and real-world datasets into
unified Al frameworks could enable iterative learning systems in which patient-derived data

continuously inform experimental design and product optimization.

Overall, Al functions as a decision-support framework that enhances data interpretation and
hypothesis generation, while experimental validation remains essential for biological inference
[148]. In CAR-NK development, integrating multi-omics profiling, predictive modelling, and
Al-guided experimental design provides a powerful framework to improve efficiency,

reproducibility, and translational precision [133,134,145].
3.5 NK role in viral infection: ADAMI17 regulation

During acute viral infections, NK cells mount rapid effector responses characterized by
enhanced activation signalling and cytotoxic granule release. In contrast, chronic infections
often drive a progressive state of NK-cell dysfunction or “exhaustion,” marked by reduced

cytokine production, impaired degranulation, and altered receptor expression. This transition
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reflects the balance between antiviral immune pressure and viral evasion strategies, ultimately

shaping viral persistence and disease outcome [149,150].

Within this regulatory landscape, A Disintegrin and Metalloprotease 17 (ADAM17), also
known as TNF-a—converting enzyme (TACE), has emerged as an important modulator of NK-
cell function during viral infection [151]. ADAM17 regulates the surface availability of several
immune receptors through ectodomain shedding. For example, cleavage of CD16 limits
ADCC, while shedding of TIM-3 may influence exhaustion-like phenotypes. ADAM17 also
processes IL-6R, enabling IL-6 trans-signalling and amplifying inflammatory responses.
Importantly, ADAMI17-mediated shedding signatures have been associated with immune
dysregulation and disease severity in viral infections including SARS-CoV-2, cytomegalovirus
(CMV), and Epstein—Barr virus (EBV) [152—-155]. Mechanistically, ADAMI17 activity is
rapidly induced following cellular stimulation. Viral sensing pathways converge on MAPK
signalling, where ERK1/2, p38, and JNK phosphorylate the ADAM17 cytoplasmic tail to
enhance protease activity, while pattern-recognition receptor signalling (e.g., TLR activation

by viral PAMPs) further promotes ADAM17 activation [156].

Structurally, ADAM17 is a type I transmembrane protease (~70 kDa, 824 amino acids)
synthesized as an inactive zymogen whose N-terminal pro-domain blocks catalytic activity
through a cysteine-switch mechanism. Its maturation requires trafficking from the endoplasmic
reticulum to the Golgi via the rhomboid-family protein iRhom2, followed by furin-mediated
cleavage that removes the pro-domain and generates the active enzyme [157,158]. Subsequent
phosphorylation-dependent conformational changes within the ADAM17-iRhom2 complex
expose the catalytic site, allowing rapid shedding of specific substrates such as EGFR ligands
(e.g., HB-EGF) [159,160].

Substrate recognition is highly dependent on structural features. For instance, a triple-serine
motif (Ser359-Ser361) near the IL-6R cleavage site selectively promotes ADAM17, but not
ADAMI10, activity, while defined residues within the TIM-3 stalk region (Glul81-Asp190)
are required for efficient cleavage. Changes in substrate orientation or stalk length relative to
the plasma membrane can abolish shedding through steric constraints. These observations
indicate that ADAM17 activity depends not only on expression levels but also on precise

structural regulation of enzyme activation and substrate geometry [159,161]
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3.5.1 ADAM17 Across NK and Other Immune Populations

Among hematopoietic populations, monocytes and macrophages show particularly high
ADAM17 expression, consistent with their central role in inflammatory signalling: in these
cells, ADAM17 controls the shedding of key mediators such as TNF-a, TNFR1, TNFR2, and
IL-6R following TLR engagement or cytokine stimulation. Granulocytes and neutrophils
likewise express abundant ADAM17 and rapidly cleave L-selectin (CD62L) upon activation,
a process essential for leukocyte trafficking and emigration toward inflamed tissues. T
lymphocytes also express functional ADAM17; both CD8" and CD4* T cells increase
ADAM17 activity upon TCR activation, enabling the shedding of multiple immune-regulatory

ligands that shape downstream immune responses [162—-164].

Peripheral blood NK cells maintain modest ADAM17 protein abundance at steady state, but
ADAM17 can be rapidly activated upon engagement with antibody-opsonized targets or
cytokine-driven stimulation (particularly under IL-15 stimulation), supporting a dynamic “on-
demand” model of receptor regulation. Notably, IL-15, the key cytokine controlling NK cell
survival and proliferation, exerts a paradoxical effect: it induces ADAM17 expression while,
at the same time, suppressing NK-cell proliferation through ADAM17-dependent mechanisms,
suggesting that ADAM17 participates in fine-tuning NK-cell homeostasis rather than serving
only as an activation marker[165]. Evidence for a direct functional role also comes from human
ADAM17 deficiency: NK cells from a patient with complete ADAM17 loss exhibit normal
baseline expression of activating receptors, yet fail to downregulate CD16 after antibody-
mediated stimulation, indicating that ADAM17 primarily governs activation-induced receptor

shedding rather than steady-state receptor expression [154,166].

Beyond NK cells, ADAM17 contributes to immune regulation in additional compartments.
Dendritic cells express ADAM17 and shed molecules such as TNF-a, IL-6R, and ICAM-1,
thereby influencing DC maturation and their capacity to prime T-cell responses. B cells and
plasma cells generally display lower ADAM17 levels than myeloid lineages; nevertheless,
ADAM17 still modulates the cleavage of adhesion molecules including L-selectin, with
potential implications for B-cell trafficking dynamics. Overall, this hierarchical distribution
supports the concept that ectodomain shedding is differentially prioritized across immune
subsets: it represents a core regulatory axis in monocytes and neutrophils, whereas NK cells
appear to rely on ADAM17 more selectively, primarily as a mechanism to rapidly remodel

receptor landscapes during target engagement [167—170].
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3.5.2 ADAM17 Shedding of NK Regulatory Molecules

In viral infection, ADAMI17-mediated shedding can be viewed as a dynamic “tuning”
mechanism that regulates receptor availability and ligand release at the immune synapse,
thereby shaping the magnitude and duration of NK-cell responses and influencing antiviral

immunity and immunopathology.

A key example is CD16 (FcyRlIlla), the main Fc receptor mediating ADCC. Engagement of
CD16 by IgG-opsonized targets triggers NK-cell activation, degranulation, and cytokine
release, but activation is rapidly followed by ADAMI17-dependent ectodomain shedding that
reduces CD16 surface expression. Pharmacologic inhibition of ADAMI17 prevents this
cleavage. Functionally, CD16 shedding appears to facilitate immune-synapse disengagement
and enable efficient serial killing, allowing NK cells to detach from one target and attack others.
However, the relationship between CD16 retention and cytotoxicity is context dependent:
ADAM17 blockade can increase CD16 levels and IFN-y production without consistently
enhancing overall cytolysis, suggesting that only a threshold level of CD16 is required for
maximal ADCC. Conversely, chronic inflammatory conditions may drive excessive ADAM17
activity and pathological CD16 loss, limiting effective antibody-mediated immunity

[166,171,172].

ADAM17 also regulates the checkpoint receptor TIM-3, which is associated with NK-cell
dysfunction during persistent antigen exposure. TIM-3 expression increases during acute
activation but becomes particularly elevated in chronic infections such as HBV, HCV, and
HIV, where it correlates with reduced IFN-y and TNF-a production and an exhausted NK
phenotype [40,173—175]. TIM-3 can undergo ectodomain shedding mediated by ADAM17 and
ADAMI10. Although the functional consequences in NK cells remain incompletely defined,
soluble TIM-3 may act as a decoy receptor that binds ligands such as galectin-9, thereby
limiting inhibitory signalling. Reduced ADAMI17-mediated cleavage during chronic
inflammation could instead stabilize TIM-3 at the cell surface and reinforce exhaustion
programs. Emerging evidence also links ADAM17 activity to broader inflammatory circuits,
including the ADAMI17/AREG/EGFR/ERK1/2 axis, suggesting that dysregulation of this
pathway may couple NK dysfunction with maladaptive inflammation in chronic infection

[166,176,177].
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Another important substrate is the IL-6 receptor (IL-6R), which exists as both a membrane-
bound receptor (mIL-6R) and a soluble form (sIL-6R) generated primarily by ADAM17-
mediated shedding. While classical IL-6 signalling through mIL-6R generally promotes
regenerative or anti-inflammatory effects, the IL-6/sIL-6R complex can activate gp130 on IL-
6R—negative cells, driving pro-inflammatory transcriptional programs via NF-xB and STATS3.
ADAM17-mediated cleavage depends on a triple-serine motif within the IL-6R stalk region.
During viral infections, particularly severe COVID-19, circulating IL-6 and sIL-6R increase
markedly and correlate with disease severity. Although NK cells express relatively low mIL-
6R levels, they produce IL-6 after viral stimulation, and sIL-6R released from other immune

cells can amplify inflammatory signalling through feed-forward IL-6/sIL-6R loops [178—183].

Finally, TNF-a represents one of the earliest and most biologically significant ADAMI17
substrates. Activated NK cells produce TNF-a during viral infection, and ADAM17 cleaves
membrane-bound pro-TNF-a to release soluble TNF-a that signals through TNFRI1 and
TNFR2 [184-186]. ADAM17 simultaneously sheds TNF receptors themselves, generating
soluble TNFR1 and TNFR2 that can buffer TNF-a signalling. This coordinated release of
cytokine and receptor produces complex inflammatory dynamics in which the balance between
membrane-bound and soluble forms influences immune outcomes. In severe COVID-19,
excessive ADAMI17 activity contributes to pathological TNF-a and sIL-6R release and the
cytokine storm associated with organ damage and mortality. In NK biology, ADAM17-
dependent TNF-a shedding supports systemic cytokine availability and facilitates NK—

dendritic cell crosstalk, reinforcing antiviral immune activation [153,188,191,192].
3.5.3 ADAMI17 in Viral Infection

ADAM17 has increasingly been recognized as a marker of immune activation in viral diseases.
Dysregulated sheddase activity can generate measurable soluble mediators that reflect systemic

inflammation and immune dysfunction.
SARS-CoV-2

Several studies indicate that ADAM17-dependent shedding pathways are amplified in severe
COVID-19 and contribute to hyperinflammation and adverse outcomes [178,193,194]. Viral
binding and ACE2 internalization increase circulating angiotensin II, which activates AT1R

signalling and downstream ROS, PKC, and MAPK pathways that converge on ADAMI17
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activation. Activated ADAM17 promotes shedding of inflammatory mediators such as TNF-
a, sIL-6R, and EGFR ligands, sustaining the IL-6—amplifier loop associated with severe
disease; accordingly, elevated angiotensin II and sIL-6Ra levels have been proposed as
biomarkers of systemic inflammation and intensive care need [193,195-198]. Severe COVID-
19 is also characterized by increased circulating sCD14 and sCD163, markers of
monocyte/macrophage activation generated through shedding programs that correlate with IL-
6 levels and poor prognosis, suggesting a broader ADAM17-driven soluble inflammatory
signature [ 199-201]. In lung tissue, ADAM17 expression markedly exceeds ACE2 (~31-fold)
and correlates with immune infiltration (CD4* T cells, CD8* T cells, NK cells), implying a role
in regulating immune recruitment and activation. Elevated ADAMI17 expression in cancer
patients with COVID-19 has further been linked to worse outcomes, potentially reflecting
interactions between inflammatory circuits and tumour-associated immune suppression

[197,202-205].
Human cytomegalovirus (HCMYV)

HCMYV establishes lifelong persistence and strongly reshapes NK-cell biology, notably through
the expansion of adaptive NK-cell subsets expressing NKG2C, CD57, and KIRs that respond
robustly to CMV-infected cells. ADAM17 has been proposed as a potential regulator within
this context, although clinical evidence remains limited. Hypothetically, CMV-associated
changes in ADAM17 expression could stabilize NK receptors and alter activation thresholds,
while reduced shedding of TNF-a or TNFR2 might modify NK-dendritic cell crosstalk.
Similarly, altered CD16 shedding could influence serial killing and ADCC responses mediated
by CMV-specific antibodies. Comparative analyses of ADAM17 activity and shedding profiles
across different CMV viral loads may help identify soluble markers predictive of reactivation

risk or progression to CMV disease [206-210].
Epstein—Barr virus (EBV)

EBYV persists lifelong in memory B cells and periodically reactivates. NK cells contribute to
viral control by recognizing stress-induced ligands via receptors such as NKG2D and DNAM-
1 and through CD16-mediated ADCC against infected B cells [211-215]. EBV evades immune
surveillance through multiple mechanisms: during the lytic phase, proteins such as BZLF1 and
BHRF1 promote viral reactivation and protect infected cells from NK killing, while in latency

EBNA1 downregulates NKG2D ligands (ULBP1-3), reducing NK activation. Although direct
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modulation of ADAM17 by EBV has not been demonstrated, NK phenotypes observed in
chronic EBV infection, including increased TIM-3 and reduced NKp30/NKp46, suggest
altered receptor regulation that could involve dysregulated ADAMI17-mediated shedding,
potentially linking persistent infection with checkpoint upregulation and NK dysfunction
[211,216-218].

Kaposi’s sarcoma-associated herpesvirus (HHV-8)

KSHV/HHV-8 drives Kaposi’s sarcoma, particularly in immunosuppressed individuals. NK
cells normally contribute to immune surveillance, but KSHV interferes with NK recognition
by modulating both target-cell ligands and NK receptor expression. Patients often display
reduced activating receptors such as NKp30, NKp46, CD161, and in some cases NKG2D. Viral
protein K5 downregulates NKG2D ligands (MICA/MICB) and ICAM-1 on infected cells,
while Kaposi’s sarcoma lesions produce high levels of prostaglandin E2 (PGE2), suppressing
NKG2D expression and IL-15-mediated NK activation [219-222]. In transplant recipients,
HHV-8 infection can progress from asymptomatic DNAemia to Kaposi’s sarcoma
inflammatory cytokine syndrome (KICS), characterized by a cytokine-release—like
inflammatory profile with elevated IL-6, IL-10, IFN-a, TNF-a, IL-1f, and IL-17A. Increased
soluble markers such as sCD14 and sCD163 accompany this inflammatory state, consistent
with macrophage-driven remodelling of the tumour microenvironment [223]. Although not
uniquely specific to ADAM17, these soluble markers align with the concept that dysregulated
ectodomain shedding and inflammatory amplification loops contribute to severe viral disease.
Whether ADAM17 directly participates in HHV-8-associated NK dysfunction, for example
through modulation of CD16 shedding, TNF-a and IL-6 signalling, or PGE2-driven inhibitory
pathways, remains unclear, but altered CD16 expression patterns and CRS-like inflammation
in KICS support the hypothesis that ADAMI17-dependent shedding may represent an
underexplored mechanism linking HHV-8 infection with NK dysregulation and disease

progression.
3.5.3 ADAM17 as an Immune Evasion Target: examples from Herpesviruses

Accumulating evidence indicates that several viruses have evolved strategies to manipulate
ADAM17, exploiting its central role in immune regulation. HCMYV represents a paradigmatic
example. In particular, HCMV encodes two proteins (UL148 and UL148D) that downregulate
ADAM17 by interfering with its maturation and surface trafficking. As a result, ADAM17
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surface expression is reduced and the shedding of multiple immunoregulatory substrates,
including TNFR2, is significantly impaired. Functionally, HCMV-mediated ADAMI17
downregulation impacts several immune pathways simultaneously. Stabilization of TNFR2 on
infected cells may favour pro-survival NF-kB signalling and limit TNF-driven apoptosis, while
reduced shedding of ADAM17 substrates can reshape NK-cell regulation and Treg-associated
immune control. Mechanistically, UL148/UL148D are thought to disrupt iRhom2-dependent
ER-to-Golgi trafficking, leading to intracellular accumulation of immature pro-ADAM17 and
limiting the availability of mature catalytically active ADAM17 at the plasma membrane [224—
227]. By contrast, ADAM17-targeting mechanisms in EBV and HHV-8 remain less clearly
defined. In chronic HBV and HCV infections, reduced CD16 expression and increased TIM-3
expression on NK cells correlate with progressive disease—phenotypes consistent with
dysregulated ADAM17-mediated receptor shedding. Whether these patterns reflect direct viral
targeting of ADAMI17 or represent an indirect consequence of chronic antigen exposure and

sustained inflammatory cytokine signalling remains an open question [228-230].
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4. AIMS

Overall Objective

The overall objective of this PhD project was to investigate the biology and therapeutic
potential of NK cells in two major clinical contexts: cancer immunotherapy and viral
infections. Through a translational approach combining cellular characterization, genetic
engineering, and functional validation in preclinical and clinical settings, the project aimed to

define innovative NK cell-based strategies and identify biomarkers of immune activation.
AIM 1: NK Cells in Immunotherapy

This aim focused on the development and preclinical validation of innovative NK cell-based
immunotherapeutic strategies for solid tumors, with particular emphasis on hepatocellular

carcinoma (HCC). The project was structured into three interconnected specific aims:

e Specific Aim 1.1. Isolation, Expansion, and Phenotypic Characterization of Primary
NK Cells. To establish and optimize a robust platform for the isolation and ex vivo
expansion of primary human NK cells derived from liver perfusates of deceased brain-
dead donors (DBDs), and to longitudinally characterize their phenotype during in vitro
culture. This objective included optimizing NK cell isolation and expansion protocols
and flow cytometric monitoring of activation, inhibitory, and maturation markers at
defined time points, and assessment of phenotypic stability and activation status over

time.

e Specific Aim 1.2. In Vivo Proof-of-Concept of Cytokine-Activated NK Cells in an
Orthotopic HCC Model. To evaluate the anti-tumor efficacy and safety profile of ex
vivo cytokine-activated NK cells in a clinically relevant orthotopic xenograft model of
HCC. This objective was achieved by orthotopically implanting luciferase-expressing
HepG2 cells into immunodeficient NOG mice, the longitudinal monitoring of tumor
progression by in vivo bioluminescence imaging (IVIS) and serum alpha-fetoprotein
(AFP) quantification, the assessment of therapeutic response following adoptive
transfer of activated NK cells. This study was conducted by Dr. Ester Badami
(Fondazione Ri.Med) in collaboration with IRCCS ISMETT and IZS Sicilia.
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Specific Aim 1.3. Development and Functional Characterization of GPC3-Targeted
CAR-NK Cells. To develop and functionally characterize genetically engineered NK
cells expressing a fourth-generation anti-GPC3 chimeric antigen receptor (CAR) as an
advanced immunotherapeutic strategy for HCC. This included: the genetic
modification of primary NK cells using self-inactivating lentiviral vectors encoding
anti-GPC3 CAR constructs, the evaluation of CAR variants incorporating cytokine
expression modules to enhance cellular persistence and cytotoxic potential, the
characterization of transduction efficiency, immunophenotype, and cytokine secretion

profile of CAR-NK cell products.

AIM 2: NK Cells in Viral Infections

This aim sought to investigate the regulation of NK cells during viral infections, with particular

focus on ADAM17 as a potential biomarker of NK cell activation and immune modulation.

Specifically, the study included:

Specific Aim 2.1. Ex vivo evaluation of ADAM17 expression in whole blood samples

from HHV-8—positive transplant recipients.

Specific Aim 2.2. Development of an in vitro viral stimulation model using PBMCs
isolated from healthy donors and stimulated with viral peptide pools derived from

SARS-CoV-2, HHV-§, CMV, and EBV.

Specific Aim 2.3. Longitudinal quantification of cytokine release in culture

supernatants to assess NK cell functional responses following viral stimulation.
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5.MATERIALS AND METHODS

5.1 Cells and Culture Conditions

Leukocytes were obtained from the perfusion fluid of liver explants, according to a protocol
patented by IRCCS-ISMETT and RiMED Foundation [231].Primary CD3"CD56* NK cells
were purified from liver perfusate-derived buffy coats by magnetic separation using the human
NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany, Europe). NK cells were
cultured in MACS NK medium (Miltenyi Biotec, Bergisch Gladbach, Germany),
supplemented with IL-2 (500 IU/mL; Proleukin, Chiron, Emeryville, CA, USA) and IL-15 (20
ng/mL; Miltenyi Biotec, Bergisch Gladbach, Germany) and were expanded in the presence of
NK activation/expansion beads for five days (Miltenyi Biotec, Bergisch Gladbach, Germany).
IL-2 and IL-15 concentrations were selected on the basis of previous titration experiments (IL-
2:250-1000 IU/mL; IL-15: 10-30 ng/mL), as reported in earlier studies [36]. When indicated,
NK cells were further activated overnight using either the standard IL-2/IL-15 stimulation,
IFN-a (1 pg/mL; Origene, Herford, Germany, Europe), or a combination of IL-12 (10 ng/mL;
Miltenyi Biotec, Bergisch Gladbach, Germany) and IL-18 (100 ng/mL; D.B.A., Segrate, Italy).
Prior to functional assays or subsequent experimental procedures, NK cells were extensively

washed to remove residual cytokines.

5. 2 Flow cytometry

Flow cytometry was performed to confirm liver perfusate-derived NK cell identity and to
evaluate ADAMI17 expression across immune cell subsets from PBMCs. Briefly, aliquots of
0.5 x 1076 NK cells were stained for surface markers using a panel of prediluted fluorochrome-
conjugated anti-human monoclonal antibodies including FITC-CD3, PerCP-Cy5-NKG2D,
APC-A-NKp30, PE-A-NKp44, PE-Cy7-A-NKp46, PE-Cy7-A-NKG2A, FITC-PD-1, APC-A-
CD137, APC-R700-A-TIM-3, FITC-CD57, and PE-A-TRAIL (BD Biosciences, Milan, Italy),
together with PE-CD45 and APC-CD56 (eBioscience, San Diego, CA, USA), anti-Glypican-
3 antibodies including FITC-Glypican-3 (D.B.A., Segrate, Italy) Moreover, flow cytometry
was used to assess ADAMI17 expression across immune cell subsets in PBMCs using the
following fluorochrome-conjugated antibodies: PE-ADAM17, BV786-CD4, BV711-CD3,
BV421-CD56, PE-CF594-CD16, BV650-CD14, APC-Cy7-CD8, FITC-CD57, APC-CD19,
and BV480-CD45 (BD Biosciences, Milan, Italy). Samples were acquired on a 16-color FACS
Celesta SORP flow cytometer (Becton Dickinson, San Jose, CA, USA) and analyzed using
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FlowJo software (version 10). Immune populations were gated based on lineage markers to
identify NK cells (CD3"CD56%), NKT cells (CD3"CD56%), CD57" exhausted NK cells, as well
as T cells (CD3*, CD3*CD4", CD3*CD8"), B cells (CD19%), and monocytes (CD14%);
ADAM17 expression was assessed on immune subsets as surface expression (reported as MFI

and percentage of positive cells).
5.3 Analysis of AFP Levels

Alpha-fetoprotein (AFP) was quantified in conditioned media collected from cultured
hepatoma cell lines using the Siemens Dimension™ Vista 1500 Analyzer (Siemens Healthcare
Diagnostics S.r.l., Milan, Italy), according to the manufacturer’s recommendations. Before
analysis, supernatants were centrifuged to eliminate residual cells and debris. For in vivo
experiments, human AFP was measured in serum samples obtained from mice bearing

orthotopic HepG2-Luc tumors; blood was collected weekly via retro-orbital sampling.

5.4 Plasmid and Viral Production

Two 4th-generation lentiviral CAR constructs targeting Glypican-3 (GPC3) were generated for
expression in primary human NK cells. Vector designs were: (1) Lenti-anti-GPC3-h(28BBJ()-
3rd-CAR-EGFRt-IL15 (EF-lalpha promoter—Signal peptide—scFv—CD8 hinge-CD28 TM
intracellular—4-1BB—CD3zeta—T2AEGFRt—KpnI-IL15-Xbal), referred to as CAR-GPC3-
IL15; (2) Lenti-anti-GPC3-h(28BB()-3rd-CAR-IFNo-EGFRt-IL15 (EF-lalpha promoter—
Signal peptide—scFv—CDS8 hinge—CD28 TM intracellular—4-1BB—CD3zeta—T2 AIFNa—T2A—
EGFRt-Kpnl-IL15—Xbal), referred to as CAR-GPC3-IL15-IFNa (Fig. 2). Both vectors
encode the suicide gene EGFRYt, a truncated and inactive form of the Epidermal Growth Factor
Receptor. EGFRt can bind cetuximab in vivo, triggering complement-mediated target cell
death, and serves as a safety mechanism to prevent unexpected adverse effects. Both plasmids

were commissioned from Creative Biolabs (Shirley, NY, USA).

Lentiviral particles were produced by transient transfection of HEK 293T cells (CRL-3216™,
ATCC; LGC Standards S.r.l., Sesto San Giovanni, Italy). A GFP plasmid control (TWEEN)
was used to verify transfection efficiency. Virus production was carried out using the
LentiArt™ Virus Packaging Kit (Creative Biolabs, Shirley, NY, USA) and Lipofectamine3000
(Life Technologies, Monza, Italy). Plasmid DNA was purified using the EndoFree Plasmid
Maxi Kit (QIAGEN, M-MICROMED S.r.l.s., Catania, Italy).

47



Kpal (6025)
(4139) SgrAl Hincll - Hpal (6179)
(222) Biot Msct® (6378)
(3306) EcoRI BsaBl (6458)
(3304) BstBI Xbal (6516)
(3089) PaeR71 - THI - Xhol Plol (ss08)
(1963) BspDI - Clal  (202¢) Fsel Primer 1 (7109 .. 7147 Asel (8878)
(931) Eagl - Notl (6021) Acc6SI Sfit (7751) Fspl (9928)
(498) BssHII | (5733) Aarl Drdl (7921) Scal (9186)
PCAR-AT-Free R | To00T 4000! 6000! . "So00T 1°°°
pris oo = [Fle=r e R 2 TR s O [ T R —
RSV promoter HIV-1¥  RRE cPPT/CTS W EGFR D II~D IV AmpR. AmpR promoter
5’ UTR (truncated) CD28 Transmembrane intraceliular  CD3 Zeta FUR(8U3) SV40 on
- ot
A e
——
= C
(=]
(€08 Wansmambrane)
Hindlll (s480)
(4139) SgrAl BamHl (5795)
(3917) BamHI Apal (6186)
(3306) EcoRl Aarl (6351)
(3304) BstBI Apal (6593)
(3089) PaeR71 - ThI - Xhol Jonl (6643)
(2828) Fsel HincIl - Hpal (6797)
(2741) Apal Mscl* (6996)
(1963) BspDI - Clal lsllll ((771}:)(;))
(1458) HindIll Plol (7426)
(531) Eagl - Notl Primer 1 (7727 .. 7765
(874) Hndlll b
(45) BssHII ""‘""s::‘"
(8369)
(318) HndIll ECORV (8420)
(8) EcoRV \ Drdl (8539)  Asel (9496)
b I 2500! '5000! 75001 - 10,000} b
oo = ) ) )P0 HE) EEm)- ) N e (W) < on ) < 114}
RSV promoter | HIV-1W RRE cPPT/CTS EF-lalpha promoter w W EGFRD 1lI~D IV AmpR AmpR promoter
5" LUTR (truncated) CD28 Transmembrane intracellular  CD3 Zeta T2A FUR(8U3) SV40 on

Figure 1: Schematic representation of GPC3-specific CAR construct and the lentiviral vector. (4) GPC3-CAR expression
plasmid for lentiviral preparation. (B,C) The construct sequence consisted of a signal peptide, hinge region, transmembrane
domain, and intracellular region as follows: Lenti-anti-GPC3-h(28BB{)-3rd-CAR-EGFRt-IL15 (EF-1alpha promoter-Signal
peptide-scFv-CD8 hinge-CD28 transmembrane intracellular-4-1BB-CD3zetaT2AEGFRt-Kpnl-IL15-Xbal) (B) and Lenti-
anti-GPC3-h(28BB{)-3rd-CAR-IFNa-EGFRt-IL15  (EF-lalpha  promoter-Signal  peptide-scFv-CD8  hinge-CD28
transmembrane intracellular-4-1BBCD3zeta-T2AIFNa-T2A-EGFRt-Kpnl-IL15-Xbal) (C) [233].

5.5 Viral Transduction

For lentivirus production, 4 x 10° HEK 293T cells were seeded in 10 cm dishes 24 h before
transfection in DMEM supplemented with 10% FBS and 1% L-glutamine. On the day of
transfection, cells were washed twice with PBS and incubated in Optimem (Life Technologies,
Monza, Italy) containing Lipofectamine3000 (Thermo Fisher Scientific, Rodano, Italy),
LentiArt™ Virus Packaging Kit (Creative Biolabs, Shirley, NY, USA), and the plasmid of
interest (TWEEN, CAR-GPC3-IL15, or CAR-GPC3-IL15-IFNa), following the
manufacturer’s protocol. Medium was replaced after 612 h. Viral supernatants were harvested
72 h post-transfection, filtered through a 0.45 pm filter, concentrated using a lentivirus
concentration solution (Origene, TEMA Ricerca, Castenaso, Italy), aliquoted, and stored at

—80°C.

Primary NK cells were transduced using lentiviral supernatants in the presence of Vectofusin
(10 pg/mL; Miltenyi Biotec, Bergisch Gladbach, Germany). Transductions were carried out in
untreated 24-well plates (CLEARLine®, Biosigma, Cona, VE, Italy) previously coated with
RetroNectin® (7.5 pg/mL; Takara, Diatech Lab Line Srl, Jesi, AN, Italy). After addition of
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viral supernatants, 1 x 10° NK cells/well were seeded and subjected to spinoculation (1800
rpm, 1 h, 32°C). Cells were then incubated with the lentiviral vector for 24 h, after which
culture medium was replaced with fresh complete medium. Mock-transduced NK cells (empty
vector) served as controls. Transduction efficiency was assessed by flow cytometry on days 5

and 10 post-transduction.

5.6 Cytokine detection in CAR-NK conditioned media

Multiplex Analysis of Cytokines Human cytokines IL-2, IL-15, IFN-a, and IFN-y in CAR-NK
cell conditioned media were assessed by ProcartaPlex MixMatch Magnetic bead kit
(Affymetrix, Prodotti Gianni, Milan, Italy) following the manufacturer’s instructions. Results
were obtained with LuminexTM 200 Systems (Luminex Corporation, Austin, TX, USA).

Fluorescence intensity (FI) data from the assays were used for further analysis.

5.7 WBC isolated from HHV §-patients

This analysis was conducted at IRCCS-ISMETT using whole blood samples from 10
transplant recipients who developed post-transplant HHV-8 infection. Whole blood aliquots
(50 uL/sample) were stained using a panel of fluorochrome-conjugated monoclonal antibodies
targeting CD45, CD4, CDS, CD3, CD56, CD16, CD57, CD19, CD14, CD15, and ADAM17.
Following surface staining, red blood cell lysis was performed using a lysis buffer. Samples
were incubated for 10 min at 37°C, centrifuged at 1800xg for 5 min, washed in PBS, and

acquired by flow cytometry. ADAMI17 expression was quantified as previously described.

5.8 PBMC isolation from healthy donors

PBMCs were isolated from peripheral blood collected from 15 healthy donors. Whole blood
was processed by Ficoll density gradient centrifugation. Briefly, starting from 4 mL of whole
blood, samples were diluted 1:2 with PBS-EDTA buffer (2 mM EDTA), and carefully layered
onto 3 mL Ficoll. Samples were centrifuged at 800xg for 20 min at 20°C. The opaque
interphase containing PBMCs was collected, washed and resuspended in complete RPMI (10%
FBS, 1% L-glutamine, 1% penicillin/streptomycin,1% sodium pyruvate) prior to seeding for

stimulation assays.

5.9 In vitro PBMC stimulation with viral peptides

To model viral immune stimulation in vitro, freshly isolated PBMCs were cultured and
stimulated with viral peptide pools derived from EBV, CMV, SARS-CoV-2, and HHVS. After
PBMC isolation, cells were pelleted (1200 rpm for 10 min), and peptides were added to the
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cell pellet. Cells were incubated with peptides for 1 h at 37°C and subsequently plated in 96-
well U-bottom untreated plates at a density of 2.5x10° cells/well. PBMCs were cultured in
RPMI supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. Viral
peptides were used at a final concentration of 1 pg/mL. Unstimulated cells cultured in complete
medium were included as controls. PBMC stimulation experiments were performed with three
sampling time points: Day 1, Day 3, and Day 7. At each time point, PBMCs were collected for
flow cytometry analysis of ADAM17 modulation, while culture supernatants were collected

and stored for cytokine quantification.
The following peptide pools and viral antigens were used:

e MACS GMP PepTivator EBV Select (Miltenyi Biotec, Bergisch Gladbach, Germany),
a pool of 43 lyophilized MHC class I- and class II-restricted peptides derived from 15
EBV proteins, including LMP2a, BRLF1, BMLF1, BNLF1, BERF1/2/3, BALF2,
BMRF1, BZLF1, BNRF1, EBNA1/2, and BLLF1.

e PepTivator® CMV pp65 — premium grade and PepTivator® CMV IE-1 — premium
grade (Miltenyi Biotec, Bergisch Gladbach, Germany), spanning the complete pp65
sequence (UL83) and the IE-1 immediate-early antigen (UL123), respectively.

e Recombinant SARS-CoV-2 B.1.630 Spike (R&D Systems, Inc., a Bio-Techne brand,
Minneapolis, MN, USA). This antigen corresponds to the viral Spike glycoprotein
involved in host receptor attachment and membrane fusion, including the S1 and S2

subunits.

e HHVS peptide pools included latent proteins LANA-1 and K12, and lytic proteins gB
(glycoprotein B) and K8.1. HHVS peptides were kindly provided by Prof. Charles R.
Rinaldo (Graduate School of Public Health and School of Medicine, University of
Pittsburgh, Pennsylvania, USA).

5.10 Cytokines detection in PBMC activated with viral peptide

Cytokines secreted in response to viral peptide stimulation were quantified in culture
supernatants using Luminex™ magnetic bead technology. Supernatants collected at Day 1,
Day 3, and Day 7 were analyzed using the Human ProcartaPlex Mix & Match 8-plex kit
(Thermo Fisher Scientific, Rodano, Italy), according to the manufacturer’s instructions. The

panel included 8 analytes: IFNy, IL-1f, IL-1a, IL-2, IL-6, IL-10, IL-17A, and TNF-a. Samples
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were acquired using Luminex-200 instrument (Luminex Corp., Austin, TX, United States).

Data was expressed as mean fluorescence intensity (MFI).

5.11 Statistical analysis

Microsoft Office Excel (version 2305) was used for data collection. Statistical analyses were
performed using GraphPad Prism (version 8.0.2). Depending on the experimental design and
type of comparison, the unpaired t-test, ordinary one-way ANOVA with Tukey’s multiple
comparisons test, and two-way ANOVA with Sidak’s multiple comparisons test were applied.
Correlation analyses were performed using Pearson’s correlation coefficient. Statistical
significance was set at p < 0.05. Significance levels were defined as *p < 0.05, **p < 0.01,

*H%p < 0.001, and ****p < 0.0001.
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6. RESULTS

6.1 NK cells in immunotherapy

6.1.1 NK isolation & characterization

In the context of developing and optimizing NK cell-based immunotherapeutic strategies for
solid tumours, with a specific focus on HCC, the first experimental phase aimed to establish a
robust workflow for the isolation, quality-controlled expansion, and early characterization of
primary NK cells. NK cells were purified from liver perfusate-derived buffy coats obtained
from DBDs using immunomagnetic separation. The overall isolation and culture workflow is
summarized in Fig. 2 A—B. Under the selected expansion conditions (MACS NK medium
supplemented with IL-2 and IL-15, with short-term stimulation using activation/expansion
beads), liver perfusate-derived NK cells displayed efficient ex vivo growth, reaching ~1.4x101°
NK cells after 4 weeks of culture, corresponding to an approximately 280-fold expansion in a
representative perfusate-derived NK-cell culture (Fig. 2C). These yields enabled subsequent

longitudinal phenotypic monitoring and downstream functional applications.
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Figure 2: Isolation and expansion workflow of primary NK cells from liver perfusate-derived buffy coats. (4) Graphical
representation of the NK-cell isolation procedure from liver perfusate, including magnetic purification of CD3 CD56* NK
cells (B) Schematic overview of the experimental pipeline, from perfusate processing to NK-cell culture and subsequent
applications, adapted from Ohira et al., 2009. (C) Representative NK-cell expansion curve in culture upon stimulation with
IL-2 (500 IU/mL) and IL-15 (20 ng/mL) in MACS NK medium and incubation with NK activation/expansion beads, showing

efficient in vitro growth and progressive increase in NK-cell yield over time.
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The efficiency of NK-cell isolation from liver perfusate-derived mononuclear cells was
assessed across all processed perfusate samples by comparing the expected NK-cell frequency
in the starting material with the percentage of NK cells recovered after isolation. Specifically,
the expected NK-cell percentage (CD56"CD3") was quantified by flow cytometry on perfusate-
derived PBMCs prior to isolation and used to estimate the total number of NK cells in the
starting population. As shown in Table 6, the expected NK-cell frequency closely matched the
NK-cell percentage measured in the final isolated fraction, indicating high concordance
between pre-isolation estimates and post-isolation enrichment. Overall, the isolation procedure
yielded a high recovery efficiency, with a median NK yield of 52.1% (Fig. 3), supporting the

robustness of the perfusate-based NK isolation protocol. NK yield (%) was calculated as:

NK yield (%) = [real number of NK recovered / (perfusate-derived mononuclear cells X

% expected NK)]| x 100.

o Perfusate derived Expected NK Real number of NK recovered  NK yield
Perfusate N

mononuclear cells (%) NK recovery (%) (%)
1 250000000 28% 50000000 20% 71.40%
2 300000000 20% 50000000 17% 83.30%
3 400000000 22% 50000000 13% 56.80%
4 250000000 30% 61000000 24% 81.30%
5 910000000 10% 29000000 3% 31.90%
6 74400000 49% 24000000 32% 65.90%
7 306000000 62% 65400000 21% 34.50%
8 303000000 36% 81260000 27% 74.50%
9 335000000 31% 50000000 15% 48.20%
10 202500000 18% 19000000 9% 52.10%
11 700000000 14% 62000000 9% 63.30%
12 500000000 38% 96000000 19% 50.50%
13 129400000 24% 10000000 8% 32.20%
14 188000000 19% 35000000 19% 97.90%
15 275200000 27% 70400000 26% 94.70%
16 600000000 34% 94000000 16% 46.10%
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17 352500000 34% 55000000 16% 45.90%

18 200000000 26% 26400000 13% 50.80%
19 288000000 28% 14600000 5% 18.10%
Table 6. NK cell isolation efficiency from liver perfusates. The table reports the total number of perfusate-

derived mononuclear cells,  the expected percentage of NK cells in  the starting material (defined as CD56* CD3),
the absolute number of NK cells recovered after isolation, and the percentage of NK cells in the final isolated fraction. NK

yield (%) was calculated as the ratio between the number of recovered NK cells and the estimated number of NK cells in

the starting perfusate, multiplied by 100.
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Figure 3: NK cell isolation yield from liver perfusates. Box plot showing the median (horizontal line) and interquartile range
(25th-75th percentile) of NK yield (%). Only data points falling outside the interquartile range are displayed as individual
dots.

The identity and purity of perfusate-derived NK cells were confirmed by flow cytometry (Fig.
4) using lineage markers to discriminate NK cells (CD3-CD56"), NKT cells (CD3*CD56"), and
T cells (CD3%). In perfusate-derived buffy coat cells , the lymphocyte gate contained a
heterogeneous distribution of lymphoid subsets, including a detectable fraction of NK, NKT,
and T cells. Following immunomagnetic isolation, the final cell product consisted of an almost
exclusively NK-cell population, with NK cells accounting for 99.3% of gated events, while
contaminating NKT (0.59%) and T cells (0%) were negligible. Consistently, histogram
analysis confirmed high expression of the NK lineage marker CD56 (98.2%), supporting the
high purity of the isolated NK-cell fraction and the effective removal of non-NK lymphocyte

subsets.
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Figure 4: Flow cytometry gating strategy confirming perfusate-derived NK-cell identity and purity after isolation.
Representative flow cytometry plots showing lineage-based gating to identify NK cells (CD3 CD56"), NKT cells (CD3'CD56%),
and T cells (CD3*). Upper panels: perfusate-derived PBMCs within the lymphocyte gate (FSC/SSC) display the coexistence
of multiple lymphocyte subsets, including NK, NKT, and T cells. Lower panels: post-isolation analysis demonstrates
enrichment of the NK-cell compartment, with a highly pure NK fraction. Histogram plot shows CD56 positivity in the isolated
fraction (CD56" 98.2%).

To monitor the phenotypic profile of perfusate-derived NK cells during ex vivo culture, the
expression of selected receptors and differentiation markers was assessed longitudinally at
three defined timepoints (T1, T2 and T3, corresponding to weeks 1,2 and 3). The panel included
activation/co-stimulatory markers (CD137/4-1BB), inhibitory/checkpoint receptors (TIM-3),
natural cytotoxicity receptors (NKp44), inhibitory education-related receptors (NKG2A), and
maturation/senescence-associated markers (CD57), together with the ADAM17 sheddase and
the Fc receptor CD16 involved in ADCC. Marker expression was reported both as percentage
of positive cells (reflecting the frequency of NK cells expressing the marker) and as mean
fluorescence intensity (MFI) (reflecting the average signal intensity and thus the relative
expression level per cell), moreover histogram plots were reported from a single culture to
highlight the positivity for each marker (Fig. SA—C). Across the examined time points, no
statistically significant differences were detected for any of the analysed markers.
Nevertheless, the assessment of maturation- and activation-associated markers revealed mild

yet appreciable phenotypic oscillations over the culture period.
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Expression of the senescence-associated marker CD57 progressively declined over time, with
the percentage of positive cells decreasing from 36.32 +£ 21.36% at T1 to 17.67 + 8.30% at T2,
remaining low at T3 (19.52 + 12.58%). In parallel, CD57 MFI showed a marked reduction at
T2 (14912.8 + 12645.7 to 8705.4 = 6040.7), followed by a partial recovery at T3 (12199.0 +

12267.2), indicating modulation of expression intensity during culture.

A similar temporal trend was observed for the activation/co-stimulatory marker CD137, which
was highly expressed at the early timepoint (48.50 + 21.49% at T1) and declined at T2 (34.90
+ 19.63%), remaining at comparable levels at T3 (37.78 = 19.10%). This reduction was
accompanied by a progressive decrease in CD137 MFI (4943.0 + 5231.7 to 4535.0 + 4506.2
and 1547.4 + 618.0), suggesting a downmodulation of receptor density over time. In contrast,
the inhibitory/checkpoint receptor TIM-3 displayed a transient increase in expression, with the
frequency of positive cells rising from 35.08 +£21.09% at T1 to a peak at T2 (43.80 + 22.94%),
followed by a pronounced decline at T3 (22.34 + 8.06%). TIM-3 MFI followed a similar
pattern, increasing at T2 (4356.4 + 3927.3) before decreasing at T3 (2421.8 + 1543.1),
indicating a temporary enhancement of inhibitory signaling during intermediate culture. The
activating natural cytotoxicity receptor NKp44 remained consistently and highly expressed
throughout the culture period. Its frequency increased steadily from 83.16 + 23.10% at T1 to
95.78 + 3.14% at T2, reaching 97.00 = 2.61% at T3. NKp44 MFI also increased at T2 (12941.2
+ 13213.6 to 16268.6 + 12277.1) and slightly decreased at T3 (13437.0 £ 9171.6), reflecting
sustained receptor expression over time. Regarding ADAMI17, a gradual increase in the
proportion of positive cells was observed from 18.58 £ 11.36% at T1 t0 29.18 + 19.83% at T2,
with levels remaining stable at T3 (29.16 + 17.55%). ADAM17 MFI showed a moderate rise
at T2 (1031.0 £402.7 to 1429.8 + 457.2) followed by a slight reduction at T3 (1262.8 + 429.4),
indicating regulated expression during expansion. Expression of the inhibitory receptor
NKG2A remained relatively stable in terms of frequency across all timepoints (27.02 +
23.74%, 26.20 + 15.61%, and 25.79 + 18.52% at T1, T2, and T3, respectively). In contrast,
NKG2A MFI increased at T2 (7514.2 + 4348.6 to 12493.8 = 6088.5) and returned to baseline
values at T3 (7555.4 + 2288.6), suggesting transient modulation of receptor density. Finally,
CD16 expression remained high throughout the culture period, with a shift in the distribution
of CD16 subsets. The proportion of CD16”bright cells decreased at T2 (49.86 + 21.50% to
39.28 + 25.82%) and partially recovered at T3 (42.96 + 27.48%), whereas CD16"dim cells
showed the opposite trend, increasing at T2 (45.62 +£21.04% to 56.72 + 24.37%) and remaining
elevated at T3 (53.92 +26.89%). CD16 MFI increased at T2 (34700.4 + 16987.8 to 45467.6 +
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44249.1) and remained high at T3 (45342.6 + 36407.3). Overall, these data document a largely
preserved phenotypic signature of perfusate-derived NK cells during the first three weeks of
ex vivo culture, providing a reference framework to evaluate potential time-dependent shifts

relevant for downstream NK-cell manufacturing steps, including CAR-NK engineering.
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Figure 5: phenotypic profiling of perfusate-derived NK cells during ex vivo culture. Perfusate-derived NK cells expanded in
vitro were analyzed by flow cytometry at three culture timepoints (T1, T2, T3; weeks 1, 2, 3) for the expression of key NK-cell
markers, including CD137 (activation/co-stimulation), TIM-3 (inhibitory/checkpoint receptor), NKp44 (natural cytotoxicity
receptor), NKG24 (inhibitory receptor), CD57 (maturation/senescence-associated marker), ADAMI17 (sheddase), and CD16
(Fc receptor mediating ADCC). (A) Marker expression reported as percentage of positive NK cells. (B) Marker expression
reported as MFI. (C) Histogram plots from a single culture reporting the positiveness for each marker. Data shown are
representative of five NK cell cultures isolated from different perfusate. Statistical comparisons across timepoints were

performed using one-way ANOVA with Tukey’s multiple comparisons test, statistical significance was set at p<0.05, ns non-

significant.

6.1.2 Ex Vivo Cytokine Activation of Perfusate-Derived NK Cells

Perfusate-derived NK cells were activated overnight with either IFN-a or IL-12/IL-18, and
compared with IL-2/IL-15—activated NK cells used as control. IFN-a was selected to enhance
NK-cell cytotoxicity through STATI-dependent pathways and upregulation of activating
receptors. In contrast, IL-12/IL-18 stimulation was employed to induce a potent IFN-y—
producing phenotype and promote cytokine-driven functional reprogramming toward a highly

inflammatory, memory-like NK-cell profile. IL-2/IL-15 activation was used as a reference
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condition, as these cytokines represent the standard platform for NK-cell expansion and

survival in adoptive immunotherapy protocols.

To characterize the immunophenotypic impact of ex vivo cytokine activation, perfusate-derived
NK cells were analysed by flow cytometry following overnight stimulation with either IFN-a
or IL-12/IL-18 (Fig. 6 ). The expression of receptors associated with activation and tumour
recognition (NKG2D, NKp30, NKp44, NKp46), inhibitory/suppressive pathways (NKG2A,
PD-1, TIM-3), modulation/activation state (CD137), and cytotoxicity-related markers (CD57,
TRAIL) was assessed. Overall, the expression levels of most markers were comparable
between IFNa-NK and IL-12/IL-18-activated NK cells, indicating broadly similar activation
profiles under the two cytokine conditions. Notably, TRAIL expression was increased in NK
cells activated with IFN-a compared to IL-12/IL-18-activated NK cells, suggesting enhanced

acquisition of a death ligand—associated cytotoxic phenotype in the IFN-a condition.
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Figure 6: Flow cytometry analysis of IFNa-NK (purple) vs IL12/IL18 NK (green) cells. Comparison of differential expression
of NKG2D, NKp30, NKp44, and NKp46 (activating receptors); CD137 (activation-induced co-stimulatory receptor); TRAIL
(TNF-related apoptosis-inducing ligand); NKG2A and PD-1 (inhibitory receptors); CD57 (maturation marker); and TIM-3

and PD-1 (exhaustion-associated markers).

6.1.3 In Vivo Proof-of-Concept of Ex Vivo Activated NK Cell Therapy

This work was conducted at IRCCS ISMETT, a highly specialized transplant and research
center and was developed within a research program led by Dr. Badami, Principal Investigator
of the project, in which I actively participated during my PhD training. This experimental phase
was designed to provide a translational proof-of-concept of cytokine-activated NK-cell therapy
in hepatocellular carcinoma, bridging ex vivo functional characterization with in vivo

therapeutic validation in a clinically relevant orthotopic model.

To evaluate the anti-tumour activity and safety of ex vivo cytokine-activated NK-cell therapy

in a preclinical setting, an orthotopic HCC xenograft model was established in
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immunodeficient NOG mice by implanting luciferase-expressing HepG2-Luc cells. This
model was selected to enable longitudinal quantification of tumour burden through in vivo
bioluminescence imaging (IVIS) following D-luciferin administration, thereby providing a
sensitive readout to compare different NK activation regimens. Within this experimental
framework (workflow summarized in Fig. 7), NK cells were activated overnight with either
IFN-o or IL-12/IL-18 and administered intravenously according to the scheduled infusion
protocol. Before initiating in vivo treatment, NK-cell functional potency was confirmed in vitro
against the same target cell line used for tumour engraftment. Both IFNa-NK and IL-12/IL-18-
NK displayed significantly higher specific lysis compared to control conditions, confirming

effective anti-tumour cytotoxic potential against HepG2-Luc targets
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Figure 7 : Experimental design and workflow of the in vivo proof-of-concept study in an orthotopic HepG2-Luc HCC xenograft
model. Immunodeficient NOG mice were orthotopically implanted with luciferase-expressing HepG2-Luc cells. Mice received
four intravenous NK-cell infusions after overnight activation with either IFN-a or IL-12/IL-18, administered on days 15, 19,
36, and 40 post-implantation. Tumor growth was monitored longitudinally by in vivo bioluminescence imaging (BLI) using
the IVIS Spectrum instrument with weekly acquisitions. Serum AFP levels were quantified as an additional readout of tumor

burden.

Following the in vitro confirmation of cytotoxic potency of cytokine-activated NK cells against
HepG2-Luc targets, the anti-tumour efficacy of these NK products was evaluated in vivo in an
orthotopic HCC xenograft model. NOG mice engrafted with HepG2-Luc cells were treated
with intravenously infused NK cells activated ex vivo with either IFN-a or IL-12/IL-18, and
tumour burden was monitored longitudinally by in vivo BLI. Representative IVIS images

revealed a clear reduction of tumour-associated bioluminescent signal in NK-treated animals
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compared to untreated controls. In particular, tumour growth appeared most reduced in mice
treated with [FNa-activated NK cells, and also reduced, although to a slightly lesser extent, in
mice receiving IL-12/IL-18-activated NK cells, whereas the untreated control group displayed

the highest bioluminescent signal over time, consistent with uncontrolled tumour progression.

Individual longitudinal trajectories of bioluminescent signal (tracked at days 7, 14, 21, 28, 35,
and 42 after tumour cell implantation), showed that tumours in the control group exhibited the
steepest signal increase over time, whereas tumour growth dynamics were markedly attenuated
in NK-treated groups. In particular, NK cells activated ex vivo with IFN-a were associated with
the strongest control of tumour progression, with IVIS signals overall approximately 2 log10
lower than controls; NK cells activated with IL-12/IL-18 also slowed tumour progression, with
IVIS signals approximately 1 log10 lower than controls. In parallel, serum AFP kinetics (Fig.
8) supported these results. AFP levels of individual animals showed lower AFP levels over
time in NK-treated mice compared to controls, consistent with an overall slower tumour growth
rate following therapy. Collectively, AFP readouts indicates that ex vivo cytokine-
activatedNK-cell therapy effectively slowed tumour progression, with the IFNa-NK condition
showing stronger anti-tumour activity than IL-12/IL-18-NK cells.
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Figure 8: Tumor growth follow-up by serum AFP levels. Time evolution of serum AFP levels quantified by chemiluminescent
assay. Individual AFP level visualized as dot for each acquisition day (one dot per animal/tumor) across timepoints, Data are
reported as mean. statistical analysis was done with one-way ANOVA with Tukey’s multiple comparisons test. * p < (.05, **

p <0.01, ***%p < 0.001, **** p < 0.0001; ns, non-significant. (n=10).
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6.1.4 Engineering of CAR-NK Cells

To develop CAR-NK cells as an alternative immunotherapeutic strategy for hepatocellular
carcinoma, fourth-generation self-inactivating lentiviral vectors encoding an anti-GPC3 CAR
were produced and used for NK-cell transduction. Successful lentiviral vector production was
supported by the high transfection efficiency achieved in HEK293T packaging cells, as
documented by GFP reporter expression. At 72 h post-transfection, a robust GFP signal was
observed in HEK293T cells, indicating efficient plasmid delivery and expression and
confirming the feasibility of generating lentiviral supernatants for downstream NK-cell

transduction (Fig. 9).
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Figure 9: Lentiviral vector production and transduction workflow. (A) HEK293T packaging cells were transiently transfected
with the plasmid of interest (TWEEN, CAR-GPC3-IL15, or CAR-GPC3-IL15-IFNa) together with packaging/envelope
plasmids to generate CAR-encoding lentiviral particles. Viral supernatants were harvested and used to transduce primary NK
cells, in the presence of Vectofusin on RetroNectin-coated plates, resulting in stable transgene expression. (B) GFP expression
in HEK293T packaging cells 72 h post-transfection. Representative phase-contrast (background), GFP fluorescence, and
merged images showing transfection efficiency in HEK293T cells.

Following lentiviral vector production and delivery, successful transduction of perfusate-

derived NK cells was confirmed by detection of GFP reporter expression in the NK-cell
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culture. Representative fluorescence imaging (Fig. 10) showed a clear GFP-positive signal in
transduced NK cells, indicating effective gene transfer and stable expression of the lentiviral-
encoded transgene. The presence of a detectable GFP-positive fraction after transduction
supports the overall efficiency of the adopted transduction conditions and confirms the
feasibility of genetically engineering primary NK cells within the CAR-NK manufacturing

workflow.
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Figurel0 : (A—C). CAR-NK design and confirmation of successful lentiviral transduction by GFP reporter expression.
(4) Schematic representation of anti-GPC3 CAR-NK cells, showing engineered NK cells expressing a chimeric antigen
receptor conferring antigen-specific recognition of glypican-3 (GPC3) on hepatocellular carcinoma cells. (B) Schematic
overview of natural NK-cell tumor recognition mechanisms, highlighting innate cytotoxic pathways of target cell killing
independently of CAR expression. (C) Representative GFP fluorescence signal in NK cells following lentiviral transduction,

confirming transgene acquisition and serving as a qualitative indicator of transduction efficiency.

6.1.5 Quantification of CAR Expression in Engineered NK Cells

Surface expression of fourth-generation GPC3-specific CAR constructs was assessed by flow
cytometry in primary NK cells following lentiviral transduction. NK cells were gated on live
events based on FSC/SSC morphology and analysed across experimental conditions including
non-transduced NK cells (control), GFP-transduced NK cells, and NK cells transduced with
CAR-GPC3-IL15 or CAR-GPC3-IL15-IFNa lentiviral vectors. Flow cytometric profiling in
Fig. 11 revealed that both GPC3-specific CARs were successfully integrated into the

membrane of NK primary cells.
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Figure 11: Flow cytometric assessment of surface CAR expression in primary NK cells following lentiviral transduction.
Representative flow cytometry plots showing CAR expression in pure primary NK cells under different conditions: non-
transduced NK cells (control), GFP-transduced NK cells, and NK cells transduced with CAR-GPC3-IL15 or CAR-GPC3-
IL15-IFNo. fourth-generation lentiviral vectors. NK cells were gated on live cells based on FSC/SSC morphology.

Cumulative flow cytometric analysis was performed to quantify both the proportion of CAR-
expressing NK cells (% transduction) and the level of CAR expression per cell (MFI) at day 5
and day 10 post-transduction, in order to assess early transduction efficiency and persistence

over time (Fig. 12).

Among CAR-engineered conditions, at day 5 the percentage of CAR* NK cells was comparable
between constructs, with CAR-GPC3-1L15 NK cells at 8.2+3.2% and CAR-GPC3-IL15-IFNa
NK cells at 10.6+5.3%. Notably, the maximum transduction levels observed at this early
timepoint reached 15.1% in the CAR-GPC3-IL15 condition and 25.0% in the CAR-GPC3-
IL15-IFNa condition, indicating that high-efficiency events were achievable in individual
cultures. At day 10, a reduction in the proportion of CAR™ cells was observed for both CAR-
NK products, with values decreasing to 4.5+2.3% for CAR-GPC3-IL15 and to 2.9+1.4% for
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CAR-GPC3-IL15-IFNa; correspondingly, the highest values detected at day 10 were 8.5% and
5.6%, respectively. As expected, non-transduced control NK cells (CTRL) showed only
background signal, remaining consistently low at both timepoints (0.3£0.2% at day 5 and
0.2+0.3% at day 10). In the GFP-transduced control, the percentage of GFP* cells decreased
from 10.2+5.7% (day 5) to 5.6+2.5% (day 10), with a parallel reduction in GFP signal intensity
(MFI 3048.0+2649.8 at day 5 vs 1399.04+2275.9 at day 10).

CAR expression intensity, quantified as MFI, showed distinct kinetics across conditions. At
day 5, CAR-GPC3-IL15 and CAR-GPC3-IL15-IFNa NK cells displayed comparable signal
intensities (MFI 4005.0+2621.6 and 4097.0+3078.6, respectively). At day 10, mean MFI
values were 3415.0+2071.1 for CAR-GPC3-IL15 NK cells and 2743.0+1956.0 for CAR-
GPC3-IL15-IFNa NK cells, indicating maintenance of measurable CAR expression intensity
over time despite a lower CAR-positive fraction. Overall, these data demonstrate successful
CAR transduction of primary NK cells with detectable surface expression at early timepoints
and partial reduction in the CAR-positive fraction at day 10, while preserving CAR expression

levels among transduced cells.
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Figure 12: Longitudinal assessment of CAR transduction efficiency and expression intensity in engineered primary NK cells.
Primary human NK cells were transduced with fourth-generation GPC3-specific CAR lentiviral vectors (CAR-GPC3-IL15
and CAR-GPC3-IL15-IFNa) and analysed by flow cytometry at day 5 and day 10 post-transduction to quantify both
transduction efficiency and expression intensity. (4) Percentage of CAR-positive cells (% transduction) at day 5 in non-
transduced controls (CTRL), GFP-transduced controls, CAR-GPC3-IL15, and CAR-GPC3-IL15-IFNo. NK cells; (B)
Percentage of CAR-positive cells (% transduction) at day 10 for the same experimental conditions; (C) Mean fluorescence
intensity (MFI) of CAR signal at day 5 in GFP, CAR-GPC3-IL15, and CAR-GPC3-IL15-IFNo. conditions; (D) MFI at day 10
for the same experimental conditions. Data are reported as mean + SD. statistical analysis was done with one-way ANOVA
with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (CTRL
n=12, CAR-GPC3-IL15 n=13, CAR-GPC3-IL15-IFNo. n=13, GFP n=15).

6.1.6 Cytokine release profiling

CAR-NK cells were tested for the release of cytokines, addressing, in particular, IL-15 and
IFN-0, the two soluble factors subcloned in the vector. Addition ally, IL-2 and IFN-y were also
quantified, being involved in the NK-mediated anti-tumor response. As shown in Figure 13,
both CAR-NK cells released enhanced levels of IL-15 and IL-2 compared to control and mock
NK cells. Interestingly, only CAR-GPC3 IL15-IFNa NK cells produced significantly higher
amounts of the cytokine IFN-a, as one would expect. No differences were observed in IFN-y

production.

Collectively, these data confirm enhanced IL-15 secretion by both CAR-NK products versus
controls and demonstrate that IFN-a production is restricted to the CAR-IL15-IFNa NK cells,

consistent with vector design.
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Figure 13: Characterization of CAR-GPC3-IL15-NK and GPC3-CAR-IL15-IFNo-NK cells. IL-15, [FN-o0, IFN-y and IL-2
production by control, (white), mock control: NK cells transduced with an empty vector (gray), CAR-GPC3-IL15 (orange),
and GPC3-CAR-IL15-IFNa. NK cells (blue) after 4 h of culture with Huh7 target cells, (n = 5). Mean values + SEM areshown.
Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05, **p < 0.01,
R p < 0.001, **** p < 0.0001; ns, non-significant [233].
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6.2 NK Cells in Viral Infection

6.2.1 ADAM17 expression in HHV-8—positive court

As a second objective of the study, the regulation of NK cells during viral infection was
investigated, with a specific focus on ADAMI17 as a potential immunological biomarker of
NK-cell activation and immune modulation. ADAMI17 expression was analysed ex vivo in
whole blood samples from HHV-8—positive transplant recipients and compared with healthy
controls. Flow cytometric analyses were performed to assess ADAMI17 expression across
distinct lymphocyte subsets, with particular attention to NK cells, given their central role in
antiviral immunity. ADAM17 levels were evaluated both as percentage of positive cells and as
MFI, allowing comparative analysis among NK, NKT, exhausted NK (CD57%), and non-
exhausted NK (CD57") populations.

A standardized flow-cytometry gating strategy (Fig.14) was applied to whole-blood samples
to identify major leukocyte populations and define NK-cell subsets for subsequent ADAM17
quantification. Doublets were first excluded based on morphological discrimination (SSC-H
vs SSC-A), followed by gating on live cells. CD45" cells were gated to identify lymphocytes,
monocytes, and neutrophils. Within the lymphocyte gate, lineage markers were used to define
specific subsets: B cells (CD197CD3"), NK cells (CD56*CD3"), NKT cells (CD56"CD3*), and
T cells (CD3"CD567). The T-cell compartment was further stratified into T helper cells
(CD3*CD4") and cytotoxic T cells (CD3*CD8"). Finally, within the NK gate, expression of
CD57 was used to distinguish exhausted/senescent-like NK cells (CD57*) from non-exhausted
NK cells (CD57), enabling downstream comparison of ADAM17 expression across NK and

related lymphocyte subsets in HHV-8—positive patients versus controls.
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Figure 14: Flow cytometry gating strategy for the identification of NK-cell subsets in HHV-8—positive patients.
Representative gating strategy applied to whole-blood samples.

The percentage of ADAM17-expressing cells was evaluated by flow cytometry in whole-blood
samples from HHV-8—positive patients and healthy controls, focusing on NK cells and related
lymphocyte subsets (Fig. 15). In NK cells, the proportion of ADAM17* cells was comparable
between HHV-8—positive patients and healthy donors, with no statistically significant
differences detected between the two groups. Similarly, within the NKT cell compartment, the
percentage of ADAM17-positive cells did not differ significantly between HHV-8—positive
subjects and controls (Fig. 15A). Further stratification of NK cells based on CD57 expression
revealed distinct distribution patterns of ADAM17 among maturation/exhaustion subsets. In
exhausted NK cells, a higher proportion of ADAM17" cells was observed in HHV-8—positive
patients compared with healthy controls; however, this difference did not reach statistical
significance. In HHV-8—positive patients, CD57- NK cells displayed lower ADAMI17
expression than CD57* NK cells, suggesting that ADAM17 levels increase with NK-cell

maturation.

Following the analysis of ADAMI17-positive cell frequency, ADAMI17 expression was
assessed as MFI. Across all analysed populations, ADAM17 MFI was significantly higher in
healthy controls compared with HHV-8—positive patients. This difference was observed in total

NK cells, NKT cells, and in both exhausted and non-exhausted NK-cell subsets (Fig. 15C).
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Overall, HHV-8 infection was associated with a reduced intensity of ADAM]17 expression on

NK cells, despite comparable frequencies of ADAM]17-positive cells between groups.
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Figure 15: ADAM17 expression in NK subsets from HHV-8—positive patients and healthy controls. (A) Flow-cytometric
quantification of the percentage of ADAM17* (4); MFI (C) in NK cells (CD56*CD3"), NKT cells (CD56*CD3"), exhausted NK
cells (CD57") and non-exhausted NK cells (CD57") from HHV-8—positive patients and healthy donors. (B) Representative
flow-cytometry dot plots from a single HHV-8—positive patient, showing ADAM17 percentage in the same NK subset. (D)
Representative histograms of ADAM17 MFI in NK-cell subset from a single HHV-8—positive patient. Statistical analysis was
done with one-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

ns, non-significant (n=10).
The analysis of the percentage of ADAM17-expressing cells and ADAM17 MFI were extended
to additional immune cell populations including T cells, CD4* T helper cells, CD8* cytotoxic

T cells, B cells, monocytes, and neutrophils (Fig. 16). Within the T helper the percentage of
ADAMI17* cells was lower in HHV-8—positive patients compared with healthy controls,
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whereas no statistically significant differences were detected in total T cells, CD8" cytotoxic T
cells, or B cells between the two groups. Monocytes and neutrophils displayed a high
proportion of ADAM]17-positive cells in both cohorts, with values consistently around ~80%
in monocytes and ~90% in neutrophils. No statistically significant differences in ADAM17
MFI were observed between HHV-8—positive patients and healthy controls in any of the
analysed populations. Among all subsets, neutrophils exhibited the highest ADAM17 MFI

values, consistent with their elevated surface expression of the protease.
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Figure 16: ADAM17 expression in immune cell subsets from HHV-8—positive patients and healthy controls. Flow-cytometric
quantification of the percentage of ADAMI17* (4); MFI (C) in T cells (CD3*), CD4* T helper cells (CD3*CD4*), cytotoxic T
cells (CD3* CD8"), B cells (CD19*), monocytes (CD14") and neutrophils (CD15"), from HHV-8-positive patients and healthy
donors. (B) Representative flow-cytometry dot plots from a single HHV-8—positive patient, showing ADAMI7 percentage in
the same subsets. (D) Representative histograms of ADAM17 MFI in the same subsets from a single HHV-8—positive patient.
statistical analysis was done with one-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05, **p < 0.01, ***p <

0.001, **** p < 0.0001; ns, non-significant (n=10).
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The relative distribution of major immune cell subsets was compared between HHV-8—positive
patients and healthy controls (Fig. 17). Within the NK-cell compartment, a higher proportion
of total NK cells, NKT cells, and non-exhausted NK cells was observed in HHV-8—positive
patients compared with healthy donors. A similar increase was detected for B cells and
monocytes in the HHV-8 cohort. In contrast, the relative frequency of total T cells, including
both CD4" T helper and CD8* cytotoxic T-cell subsets, was lower in HHV-8—positive patients
than in controls. The distribution of neutrophils was comparable between the two groups.
Overall, HHV-8 infection was associated with a shift in immune-cell composition
characterized by enrichment of NK-related and innate immune populations and a relative
reduction of T-cell subsets.
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Figure 17: Distribution of immune cell subsets in HHV-8—positive patients and healthy controls.
Flow-cytometric analysis showing the relative frequency (%) of major immune cell populations, including NK cells
(CD56'CD3"), NKT cells (CD56°CD3"), exhausted NK cells (CD56'CD57"), non-exhausted NK cells (CD56"CD57"), T cells
(CD3Y), T helper cells (CD3'CD4"), cytotoxic T cells (CD3*CD8’), B cells (CD19°), monocytes (CDI14"), and neutrophils
(CD15*) in whole-blood samples from HHV-8—positive patients and healthy donors. Data are presented as individual values
with group comparison between the two cohorts. Statistical analysis was done with one-way ANOVA with Tukey’s multiple

comparisons test. * p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=10).
6.2.2 ADAM17 expression in NK subsets following In Vitro Viral Peptide
Stimulation

To further investigate the role of ADAM17 in NK-cell regulation during viral infections, its
expression was analysed in an in vitro viral stimulation model. PBMCs isolated from healthy

donors were stimulated with viral peptide pools derived from SARS-CoV-2, HHV-§, CMV,
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and EBV, allowing direct comparison of ADAM17 modulation in response to distinct viral
antigens under controlled experimental conditions. A flow-cytometry gating strategy
analogous to that applied to HHV-8 patient samples was used for PBMCs subjected to in vitro
viral stimulation (Fig. 18). Doublets were excluded based on scatter properties, followed by
gating on live CD45" cells. Lymphocyte populations were identified and further resolved into
NK cells (CD56"CD3"), NKT cells (CD56"CD3%), T cells (CD3*CD567), subdivided into CD4*
T helper and CDS8" cytotoxic T cells, and B cells (CD197CD3"). Within the NK compartment,
CD57 expression was used to distinguish exhausted (CD57%) from non-exhausted (CD577) NK
cells. Unlike the ex vivo HHV-8 analysis, neutrophils were not included, as samples underwent

Ficoll-based whole-blood processing (rather than red blood cell lysis) prior to acquisition.
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Figure 18: Flow cytometry gating strategy for in vitro viral stimulation assays. Representative gating strategy applied to

PBMCs from healthy donors following in vitro stimulation with viral peptide pools.

6.2.3 SARS-CoV-2 Stimulation

ADAM17 expression was analysed as MFI and as percentage of expression in PBMCs from
healthy donors following in vitro stimulation with SARS-CoV-2 peptide pools, focusing on
NK-cell subsets (Fig. 19). Evaluation of total NK cells, NKT cells, exhausted NK cells, and
non-exhausted NK cells did not reveal statistically significant differences in ADAM17 MFI
between unstimulated control PBMCs and SARS-CoV-2—stimulated samples. Likewise, no
significant differences were observed across the analysed time points (day 1, day 3, and day 7
post-stimulation). Despite the lack of statistically significant changes, a progressive decrease
in ADAM17 MFI over time was observed across NK-cell subsets, not related to SARS-CoV-

2 stimulation, with a more pronounced reduction in exhausted NK cells. In parallel, analysis of
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ADAMI17 expression as percentage of positive cells did not show statistically significant
differences between unstimulated controls and SARS-CoV-2—stimulated samples. Across
conditions, exhausted NK cells consistently displayed the highest proportion of ADAMI17-
expressing cells, moreover ADAM17 positivity within this subset, as well as in NKT cells,

remained largely stable over time.
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Figure 19: ADAM17 expression in NK-cell subsets following in vitro stimulation with SARS-CoV-2 peptides. PBMCs from
healthy donors were stimulated in vitro with SARS-CoV-2 peptide pools and analysed at day 1, day 3, and day 7 post-
stimulation. ADAM17 expression measured as MFI (4) and % of expression (C) in NK cells (CD56'CD3"), NKT cells
(CD56'CD3"), exhausted NK cells (CD57"), and non-exhausted NK cells (CD57°) compared with unstimulated controls.
Representative histograms of ADAM17 MFI (B) and representative flow-cytometry dot plots (D) in NK-cell subset from a
single sample of PBMC in vitro stimulated with SARS-CoV-2 at day 1. Statistical analyses were performed using a two-way
ANOVA with Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001, ns, non-significant
n=14).
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6.2.4 HHV-8 stimulation

ADAM17 expression was evaluated in PBMCs from healthy donors following in vitro
stimulation with HHV-8 peptide pools, focusing on NK-cell subsets and analysing both MFI
and percentage of positive cells (Fig.20). Assessment of total NK cells, NKT cells, exhausted
NK cells, and non-exhausted NK cells showed no statistically significant differences in
ADAM17 MFI between HHV-8—stimulated samples and unstimulated controls at any of the
three time points analysed (day 1, day 3, and day 7 post-stimulation). Although not statistically
significant, ADAM17 MFI exhibited a progressive decline over time across all NK-cell
subsets, indicating a time-dependent modulation of expression, independently of HHV-8
stimulation. Consistently, analysis of ADAM17 expression as percentage of positive cells did
not reveal significant differences between stimulated and control conditions. Across all time
points, exhausted NK cells displayed a higher proportion of ADAM17-positive cells compared
with non-exhausted NK cells. In both exhausted NK cells and NKT cells, the percentage of
ADAM17-expressing cells remained largely stable over time, suggesting maintenance of

ADAM17 positivity within these subsets independently of viral peptide stimulation.
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Figure 20: ADAM17 expression in NK-cell subsets following in vitro stimulation with HHVS peptides. PBMCs from healthy
donors were stimulated in vitro with HHVS peptide pools and analysed at day 1, day 3, and day 7 post-stimulation. ADAM17
expression measured as MFI (A) and % of expression (C) in NK cells (CD56'CD3"), NKT cells (CD56"CD3"), exhausted NK
cells (CD57"), and non-exhausted NK cells (CD57°) compared with unstimulated controls. Representative histograms of
ADAM17 MFI (B) and representative flow-cytometry dot plots (D) in NK-cell subset from a single sample of PBMC in vitro
stimulated with HHVS at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple
comparisons test. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=14).

6.2.5 CMV stimulation

A temporal modulation of ADAMI17 expression was observed in CMV-stimulated samples,
particularly within the NK subset, both in exhausted and non-exhausted NK cell compartments
(Fig. 21A). In these subsets, ADAM17 MFI values tended to be slightly lower than in
unstimulated controls at all analysed time points (day 1, day 3, and day 7 post-stimulation).
Although these differences did not reach statistical significance, a subtle downward trend in

ADAM17 expression was observed in CMV-stimulated PBMCs compared with controls.

In addition, analysis of ADAM17 MFI revealed a mild and progressive reduction over time
across all NK-related populations, including total NK cells as well as exhausted and non-
exhausted subsets (Fig. 21C). Notably, this temporal decline was observed both in CMV
peptide—stimulated samples and in unstimulated controls, indicating that the downward trend

was independent of viral stimulation.

Consistent with the MFT analysis, evaluation of ADAM17 expression as percentage of positive
cells did not reveal statistically significant differences between CMV-stimulated PBMCs and
controls. In NKT cells, ADAM17 expression was slightly higher in CMV-stimulated PBMCs
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compared with controls. Similarly, in total NK cells, as well as in both exhausted and non-
exhausted NK subsets, a mild increase in ADAM17 expression could be observed at day 3,

although this difference did not reach statistical significance.
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Figure 21: ADAM17 expression in NK-cell subsets following in vitro stimulation with CMV peptides. PBMCs from healthy
donors were stimulated in vitro with CMV peptide pools and analyzed at day 1, day 3, and day 7 post-stimulation. ADAM17
expression measured as MFI (4) and % of expression (C) in NK cells (CD56'CD3"), NKT cells (CD56*CD3"), exhausted NK
cells (CD57*), and non-exhausted NK cells (CD57°) compared with unstimulated controls. Representative histograms of
ADAM17 MFI (B) and representative flow-cytometry dot plots (D) in NK-cell subset from a single sample of PBMC in vitro
stimulated with CMV at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple
comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns, non-significant (n=14).
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6.2.6 EBV stimulation
Across all three analysed time points (day 1, day 3, and day 7 post-stimulation), ADAM17 MFI

values in NK cells, including exhausted and non-exhausted subsets, were consistently lower
than those observed in unstimulated controls; however, no statistically significant differences
were detected between EBV-stimulated and control conditions. Conversely, within the NKT
cell compartment, ADAM17 MFI remained comparable between EBV-stimulated samples and
controls and did not display relevant temporal variation. A time-dependent trend was observed
in ADAM17 expression during in vitro culture. ADAM17 MFI showed a progressive decline
over time in total NK cells, as well as in exhausted and non-exhausted subsets, regardless of
EBV peptide stimulation. A comparable reduction was observed in both stimulated and
unstimulated control conditions (Fig. 22A). In contrast, NKT cells maintained relatively stable
ADAM17 MFI levels throughout the observation period. Evaluation of ADAM17 expression
as percentage of positive cells revealed a distinct behaviour across NK-cell subsets (Fig. 22B).
In NKT cells, ADAM17 positivity showed a time-dependent increase in EBV-stimulated
samples compared with controls, culminating in a higher proportion of ADAM17-expressing

cells at day 7.

In contrast, within NK cells and exhausted NK cells, the percentage of ADAM]17-positive
cells remained largely stable over time, with no statistically significant differences between
EBV-stimulated and control samples. In non-exhausted NK cells, a reduction in ADAM17-
positive cells over time was observed in both EBV-stimulated PBMCs and unstimulated

controls, indicating that this trend was not driven by viral stimulation.
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Figure 22: ADAM17 expression in NK-cell subsets following in vitro stimulation with EBV peptides. PBMCs from healthy
donors were stimulated in vitro with EBV peptide pools and analyzed at day 1, day 3, and day 7 post-stimulation. ADAM17
expression measured as MFI (4) and % of expression (C) in NK cells (CD56'CD3"), NKT cells (CD56"CD3"), exhausted NK
cells (CD57"), and non-exhausted NK cells (CD57°) compared with unstimulated controls. Representative histograms of
ADAM17 MFI (B) and representative flow-cytometry dot plots (D) in NK-cell subset from a single sample of PBMC in vitro
stimulated with EBV at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparisons
test. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=14).

6.2.7 Frequency of NK-Cell Subsets
The relative frequency of NK cells, NKT cells, exhausted NK cells, and non-exhausted NK

cells was evaluated in PBMCs stimulated in vitro with viral peptide pools derived from SARS-
CoV-2 (Fig. 23A), HHV-8 (Fig. 23B), CMV (Fig. 23C), and EBV (Fig. 23D). For all

conditions, subset frequencies were calculated as a percentage of total lymphocytes.

Across the four stimulation models, differences in subset distribution emerged over time. In
particular, NKT cells displayed marked modulation depending on the viral stimulus. A
reduction in the proportion of NKT cells over time was observed in PBMCs stimulated with
HHV-8, CMV, and EBV peptides, whereas this decrease was less evident following SARS-
CoV-2 stimulation. Notably, among all conditions, the highest proportion of NKT cells was
consistently detected in SARS-CoV-2—stimulated PBMCs. Analysis of total NK cells revealed
a progressive decrease of frequencies over time in PBMCs stimulated with CMV and EBV
peptides; in contrast, under SARS-CoV-2 and HHV-8 stimulation, NK-cell frequencies
remained largely stable over time. This pattern was observed in both exhausted and non-

exhausted NK cells within CMV- and EBV-stimulated PBMC:s.
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Figure 23: Distribution of NK-cell subsets in PBMCs following in vitro viral peptide stimulation. PBMCs from healthy donors
were stimulated in vitro with viral peptide pools derived from SARS-CoV-2 (4), HHV-8 (B), CMV (C), and EBV (D). The
relative frequency (%) of NK cells (CD56*'CD3"), NKT cells (CD56'CD3"), exhausted NK cells (CD56"CD57%), and non-
exhausted NK cells (CD56°CD57°) was calculated as a percentage of total lymphocytes at the indicated time points. Data are
shown as individual values over time and illustrate virus-dependent modulation of NK-cell subset distribution following in
vitro stimulation. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparisons test. * p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001; ns, non-significant (n=14).
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6.2.8 ADAM17 Expression in T Cells, B Cells, and Monocytes

ADAM17 expression was additionally evaluated as percentage of positive cells and MFI in
immune cell populations other than NK cells, including total T lymphocytes (CD3*), T helper
cells (CD3*CD4"), cytotoxic T cells (CD3*CD8"), monocytes (CD14%), and B cells (CD19"),
in PBMCs stimulated in vitro with viral peptide pools derived from SARS-CoV-2 (Fig. 24),
HHV-8 (Fig. 25), CMV (Fig. 26), and EBV (Fig. 27). Analyses were performed at day 1, day
3, and day 7 post-stimulation. Across all four viral conditions, no statistically significant
differences were detected between peptide-stimulated PBMCs and unstimulated controls in

terms of either ADAM17 MFI or % of ADAM17-expressing cells at any time point.

In all stimulation models, monocytes consistently exhibited the highest proportion of
ADAMI17-positive cells, with values around ~80%, and maintained stable ADAMI17
expression over time. In contrast, T and B lymphocytes showed comparable and lower
percentages of ADAMI17 expression, averaging around ~20%, irrespective of the viral

stimulus.

Regarding expression intensity, in CMV- and EBV-stimulated PBMCs, a mild time-dependent
reduction in ADAM17 MFI was observed in monocytes, although this trend did not reach
statistical significance. Moreover, ADAMI17 MFI progressively decreased over time in T
lymphocytes, while remaining largely stable in B cells. This temporal trend was observed in
both peptide-stimulated and unstimulated PBMCs, indicating that it was not attributable to viral

stimulation.
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Figure 24: ADAM17 expression in immune cell subsets following in vitro stimulation with SARS-CoV-2 peptides. PBMCs from
healthy donors were stimulated in vitro with SARS-CoV-2 peptide pools and analyzed at day 1, day 3, and day 7 post-
stimulation. ADAM17 expression measured as MFI (4) and % of expression (C) in T cells (CD3"), T helper cells (CD3*CD4"),
cytotoxic T cells (CD3'CDS"), B cells (CD19"), monocytes (CD14"), compared with unstimulated controls. Representative
histograms of ADAM17 MFI (B) and representative flow-cytometry dot plots (D)in the same immune cell subset from a single
sample of PBMC in vitro stimulation with SARS-CoV-2 at day 1. Statistical analyses were performed using a two-way ANOVA
with Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns, non-significant (n=14).
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Figure 25: ADAMI17 expression in immune cell subsets following in vitro stimulation with HHVS peptides. PBMCs from
healthy donors were stimulated in vitro with HHVS peptide pools and analyzed at day 1, day 3, and day 7 post-stimulation.
ADAM17 expression measured as MFI (A) and % of expression (C) in T cells (CD3*), T helper cells (CD3*CD4"), cytotoxic T
cells (CD3*CD8%), B cells (CD19"), monocytes (CD14"), compared with unstimulated controls. Representative histograms of
ADAM17 MFTI (B) and representative flow-cytometry dot plots (D)in the same immune cell subset from a single sample of
PBMC in vitro stimulation with HHVS at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s
multiple comparisons test. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=14).

81



T Cells

ADAMIT (MF1)

ADAM1T (MF1)

L
& £ &8

Monocyte

i

ADAMAT (MF1)
ADAM1IT (WF1)

% ADAM17

T Helper Cells

ns ns

& &8 &

B Cells

ns ns

& & &

2000 "%

ADAM1T (MF1)

T Helper Cells

ns. ns

.

0
(,@Vo‘é 6@’0’4 & &

B Cells

ns

.
% ADAM17

P P

T Cytotoxic Cells

ns ns

"oF o

= Day1
= Day3
= Day7

T Cytotoxic Cells

ns

100 ns

°

& £& &

= Day1
O Day3
. Day7

ns

4 T Cells T Helper Cells T Cytotoxic Cells
Monocyte B Cells

B - ICO19 A0AMI T

o CO18 ADAMIT “7
-
c 1
3 "]
o, /\ -« -
() s v <’

ADAM17 (PE-A) >

D
T Cells T Helper Cells T Cytotoxic Cells

3¢ il T

<3 Aow? ﬂ 08 AOMITe
M e

1 l "‘l

1 ] -«’]

'| 1 ']

.‘ 1

P ERTIE I rian r e re -, i e

Y r—————
W " N P

Monocyte B Cells
] 1
COM ADAM! 1+ 1
" 019 ADAMY T e
! J
O, o
[7) e ;--—-‘; --—-“w--_----‘» 1;’--—-: ----; »ﬂ-_-»--‘- -—.‘-
(7]
ADAM17-PE

Figure 26: ADAM17 expression in immune cell subsets following in vitro stimulation with CMV peptides. PBMCs from healthy

donors were stimulated in vitro with CMV peptide pools and analyzed at day 1, day 3, and day 7 post-stimulation. ADAM17
expression measured as MFI (4) and % of expression (C) in T cells (CD3"), T helper cells (CD3*CD4"), cytotoxic T cells

(CD3'CD8"), B cells (CD19"), monocytes (CDI14°), compared with unstimulated controls.

Representative histograms of

ADAM17 MFTI (B) and representative flow-cytometry dot plots (D)in the same immune cell subset from a single sample of

PBMC in vitro stimulation with CMV at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s

multiple comparisons test. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=14).
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Figure 27: ADAM17 expression in immune cell subsets following in vitro stimulation with EBV peptides. PBMCs from healthy
donors were stimulated in vitro with EBV peptide pools and analyzed at day 1, day 3, and day 7 post-stimulation. ADAM17
expression measured as MFI (4) and % of expression (C) in T cells (CD3"), T helper cells (CD3*CD4"), cytotoxic T cells
(CD3*CD8%), B cells (CD19"), monocytes (CD14"), compared with unstimulated controls. Representative histograms of
ADAM17 MFTI (B) and representative flow-cytometry dot plots (D)in the same immune cell subset from a single sample of
PBMC in vitro stimulation with EBV at day 1. Statistical analyses were performed using a two-way ANOVA with Tukey’s
multiple comparisons test. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001; ns, non-significant (n=14).

6.2.9 Distribution of T Cells, B Cells, and Monocytes Populations

The relative frequency of T lymphocytes (CD3"), T helper cells (CD3*CD4"), cytotoxic T cells
(CD3*CD8"), monocytes (CD14%), and B cells (CD19%) was assessed in PBMCs activated ex
vivo with viral peptide pools derived from SARS-CoV-2, HHV-8, CMV, and EBV (Fig. 30).
The proportion of T and B lymphocytes was calculated relative to the total lymphocyte
population, whereas monocyte frequency was expressed as a percentage of total CD45" cells.

In PBMCs stimulated with SARS-CoV-2 peptides, no statistically significant differences were
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observed in the distribution of these populations compared with unstimulated controls at any

time point.

PBMCs stimulated with HHV-8, CMV, and EBYV peptides displayed a mild reduced proportion
of monocytes at day 1 compared with controls. In EBV-stimulated PBMCs (Fig.28D), an
increase in total T lymphocytes was observed relative to controls, reaching statistical
significance at day 3 and being detectable also at day 1 and day 7; this increase was more
evident within the T helper subset (although it did not reach statistical significance). Across
CMYV and EBV stimulated PBMCs, a slightly lower proportion of B cells, without reaching
statistical significance, was detected compared with unstimulated controls, and this reduction

was maintained throughout the observation period.
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Figure 28: Distribution of immune cell subsets following in vitro viral peptide stimulation. PBMCs from healthy donors were
stimulated in vitro with viral peptide pools derived from SARS-CoV-2 (4), HHV-8 (B), CMV (C), and EBV (D), and analyzed
atday 1, day 3, and day 7. The relative frequency (%) of T cells (CD3", CD3*CD4*, CD3*CD8") and B cells (CD19*) are shown
as a percentage of total lymphocytes, while monocytes (CD14°) are expressed as a percentage of CD45" cells. Data are shown
as individual values over time and illustrate virus-dependent modulation of immune cell subsets distribution following in vitro
stimulation. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparisons test. * p < 0.05,

**p < 0.01, ***p <0.001, ****p < 0.0001, ns, non-significant (n=14).
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6.2.10 In Vitro Cytokine Response of PBMCs to Viral Peptide Stimulation

To complement the cellular phenotypic analyses, cytokine secretion was evaluated in culture
supernatants to assess the inflammatory and immunomodulatory response induced by viral
peptide stimulation (SARS-CoV-2, HHV-8, CMV, and EBV). Culture supernatants from in
vitro-stimulated PBMC were collected at defined time points (day 1, day 3, and day 7 post-
stimulation) to assess a comprehensive evaluation of the inflammatory and immunomodulatory
milieu induced by different viral peptide stimulations (Fig. 31). The analysis focused on a panel
of eight soluble mediators representative of pro-inflammatory (TNF-a, IL-1pB, IL-1a, IL-6),
immunoregulatory (IFN-y, IL-2), anti-inflammatory (IL-10), and Th17-associated (IL-17A)

cytokines.

TNF-a production displayed a time-dependent increase in PBMCs stimulated with SARS-
CoV-2, HHV-8, and CMV peptides. In SARS-CoV-2—stimulated samples, TNF-a levels rose
markedly from day 1 (18.7 = 7.2 MFI) to day 3 (295.9 + 369.9 MFI) and remained elevated at
day 7 (325.5 + 442.8 MFI). A similar kinetic was observed in CMV-stimulated PBMCs, with
TNF-a increasing from 26.5 = 29.5 MFI at day 1 to 57.9 + 75.2 MFI at day 3 and reaching
313.2 £ 326.4 MFI at day 7. In HHV-8 stimulation, TNF-a levels were low at day 1 (19.8 £+
30.3 MFI), showed minimal variation at day 3 (16.8 + 14.1 MFI), and increased at day 7 (123.5
+ 119.0 MFI). EBV-stimulated PBMCs also showed an upward trend (from 17.1 + 10.7 MFI
at day 1 to 177.2 + 134.8 MFI at day 7), although this increase did not reach statistical

significance.

Analysis of IFN-y revealed virus-specific kinetics. In SARS-CoV-2—stimulated PBMCs, IFN-
y progressively increased over time, peaking at day 3 (91.8 + 82.0 MFI) and remaining elevated
at day 7 (186.1 £ 150.3 MFI) compared with day 1 (37.5 £ 25.9 MFI). A similar trend was
observed in EBV stimulation, with IFN-y reaching its highest levels at day 3 (196.3 + 459.9
MFI), followed by sustained expression at day 7 (162.8 = 195.1 MFI). In contrast, HHV-8
stimulation did not induce a comparable IFN-y response, with values remaining low and
relatively stable across time points (6.5 = 1.2 MFT atday 1; 5.9+ 1.5 MFI at day 3; 11.4 £6.5
MEFT at day 7). CMV stimulation induced only a modest increase at day 3 (37.7 + 51.2 MFI)
compared with day 1 (17.8 = 13.1 MFI), followed by a slight reduction at day 7 (23.9 + 25.8
MFI).

Distinct profiles were also observed for IL-6. In CMV-stimulated PBMCs, IL-6 levels were
already elevated at day 1 (102.6 = 191.6 MFI) compared with the other viral conditions and
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remained relatively stable over time (94.5 £ 127.5 MFI at day 3; 270.6 + 241.3 MFI at day 7).
In contrast, SARS-CoV-2, EBV, and HHV-8 stimulations showed a progressive increase in IL-
6 over time. SARS-CoV-2—stimulated samples increased from 41.2 + 49.1 MFI at day 1 to
158.2 + 159.0 MFI at day 7, while EBV stimulation led to a marked rise from 38.2 +43.8 MFI
at day 1 to 295.6 + 242.4 MFI at day 7. In HHV-8—stimulated PBMCs, IL-6 levels increased
more moderately, reaching 73.3 + 42.8 MFI at day 7, remaining lower than those observed in

the other viral conditions.

Levels of IL-1P and IL-1a remained low and largely unchanged over time in SARS-CoV-2,
HHV-8, and CMV stimulations, indicating limited induction of these cytokines under these
conditions. In contrast, EBV stimulation was associated with a transient increase of both IL-1f3
and IL-la at day 3, suggesting a short-lived pro-inflammatory response specific to EBV
exposure.

IL-2 and IL-17A concentrations were consistently low across all viral stimulations and time
points analysed, with no appreciable trends or significant differences compared with control
conditions.

Finally, IL-10 displayed distinct kinetics depending on the viral stimulus. In CMV-stimulated
PBMCs, IL-10 levels were already elevated at day 1 (54.5 £ 70.4 MFI) and increased further
over time, reaching 136.3 + 133.7 MFI at day 7. In SARS-CoV-2 and EBV conditions, IL-10
induction was delayed, with relatively low levels at day 1 (68.8 £ 66.1 MFI and 21.0 + 16.8
MFI, respectively), followed by a marked increase at day 3 (180.0 + 153.2 MFI for SARS-
CoV-2; 69.2 £ 85.5 MFI for EBV) that was maintained at day 7. In contrast, HHV-8 stimulation
did not induce a substantial IL-10 response, with values remaining low and stable across all

time points (31.6 + 54.1 MFI at day 1; 40.6 + 36.1 MFI at day 7).
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Figure 29: Cytokine release profiles in PBMCs following in vitro viral peptide stimulation. Cytokine levels were quantified in
culture supernatants from PBMCs stimulated with viral peptide pools. Supernatants were collected at day 1, day 3, and day 7
post-stimulation and analyzed by multiplex bead-based assay. Panels report cytokine secretion following stimulation with
SARS-CoV-2 (4), HHV-8 (B), CMV (C), and EBV (D) peptide pools. Data are shown for pro-inflammatory and regulatory
cytokines, including TNF-a, IFN-y, IL-6, IL-1p, IL-1a, IL-2, IL-10, and IL-17A, highlighting virus-specific and time-dependent
cytokine secretion patterns. Statistical analyses were performed using a two-way ANOVA with Tukey’s multiple comparisons

test. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001,; ns, non-significant (n=7).
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7. DISCUSSION

7.1 NK cells in immunotherapy

7.1.1 NK isolation & characterization

The development of effective NK cell-based immunotherapies require access to scalable and
biologically relevant sources of primary human NK cells. In this study, liver perfusate from
deceased brain-dead donors emerged as a highly efficient starting material, enabling robust
isolation and expansion of primary NK cells through a standardized and reproducible
workflow. Using an immunomagnetic separation strategy developed and patented by ISMETT
and RiMED Foundation (WO 2018/099988), NK cells were consistently isolated with very
high purity (>99% CD3-CD56") and negligible contamination by T or NKT cells (Fig.2)[231].

The strong concordance between expected and recovered NK-cell frequencies, together with
isolation yields reaching values above 70% in individual perfusate samples (Fig.3), highlights
the robustness and predictability of the procedure. Compared with peripheral blood—derived
PBMCs, liver perfusate provides a clear quantitative advantage, as it is intrinsically enriched
in NK cells, allowing recovery of large absolute NK-cell numbers from a single donor. This
feature has been previously documented, as reported by Pagano et al., who demonstrated
substantially higher NK-cell yields from liver perfusate compared with matched peripheral
blood samples[232].

Importantly, the high isolation efficiency combined with IL-2/IL-15-based expansion enabled
robust NK-cell amplification (~280-fold, up to ~1.4x10' cells), (Fig. 2C), supporting the
suitability of perfusate-derived NK cells for downstream functional characterization and
genetic engineering. Collectively, these findings establish liver perfusate as a uniquely

advantageous and clinically relevant source for NK-cell-based immunotherapy development.

Perfusate-derived NK cells expanded ex vivo with IL-2 and IL-15 maintained a largely stable
phenotypic profile over the first three weeks of culture (Fig.5). This stability is consistent with
cytokine-driven expansion of highly proliferative, activation-competent NK cells rather than
with progressive terminal maturation or acquisition of dysfunctional features. I1L-2/IL-15—
based protocols are known to preferentially sustain immature or early differentiated NK-cell

subsets with preserved responsiveness to activating signals[234].
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Accordingly, the absence of statistically significant changes across timepoints reflects an
equilibrium between activation, proliferation, and receptor turnover under sustained y-chain
cytokine signaling, rather than phenotypic inertia. Among the analysed receptors, NKp44
showed the highest and most consistent expression. This dominant expression underscores the
strong activation imprint induced by IL-2/IL-15 and supports preservation of natural

cytotoxicity receptor—-mediated tumour recognition[234,235].

In contrast, NKG2A, while stable over time, was expressed in a substantially smaller fraction
of cells than NKp44 (Fig.5A), indicating that inhibitory signalling is retained but does not
prevail over activating inputs in the expanded NK-cell compartment. CD16 remained highly
expressed throughout culture and displayed the highest MFI among all markers, despite modest
redistribution between CD16dim and CD16bright subsets. This pattern suggests activation-
associated tuning rather than sustained shedding, supporting preservation of ADCC

competence during prolonged expansion [86,152,166,236-238].

The proportion of CD57" NK cells progressively decreased over time, while CD57 MFI
remained relatively stable. This finding is consistent with selective expansion dynamics rather
than active downregulation of this maturation marker. CD57 identifies terminally differentiated
NK cells characterized by limited proliferative capacity and high cytotoxic potential [2,24].
Under IL-2/IL-15 stimulation, less differentiated CD57- NK cells preferentially expand,
leading to a relative dilution of the CD57* subset over time. In addition, the higher CD57*
frequency observed at early timepoints may partly reflect transient stress associated with the
isolation procedure, with subsequent recovery and re-equilibration under optimized culture

conditions [239,240].

CD137 and TIM-3 showed only mild, transient oscillations in both frequency and MFI, and
their surface density remained markedly lower than that of NKp44, CD16, and NKG2A.
CD137 (4-1BB) is a co-stimulatory receptor transiently induced upon NK-cell activation and
involved in amplifying cytotoxic and cytokine responses, whereas TIM-3 functions as an
activation-associated checkpoint receptor that modulates NK-cell responsiveness during
sustained stimulation. The observed fluctuations in CD137 and TIM-3 expression reflect fine-
tuning of NK-cell activation in response to sustained cytokine stimulation. In the absence of
persistent inhibitory receptor upregulation or loss of activating signals, these changes do not

support an exhaustion phenotype [241-246].
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ADAM17 expression showed low surface MFI throughout culture. This dissociation highlights
the critical distinction between ADAMI17 expression and enzymatic activity. Although
ADAM17 can be transiently activated during early NK-cell stimulation to mediate shedding of
selected substrates, sustained high surface expression or persistent proteolytic activity was not
observed. The maintenance of low ADAM17 MFI, together with preserved CD16 expression,
suggests that ADAM17-mediated feedback is tightly regulated and does not impose a limiting

constraint on NK-cell expansion or receptor integrity under these conditions[86,166,236].

Overall, the observed marker dynamics, dominant and sustained NKp44 expression, preserved
CD16, stable NKG2A, gradual reduction of CD57* cells, transient modulation of CD137 and
TIM-3, and restrained ADAM17 expression, define a stable, activation-oriented NK-cell
phenotype. These features reflect physiological adaptation to cytokine-driven expansion rather
than maturation-associated decline or exhaustion, supporting the suitability of perfusate-

derived NK cells for downstream applications, including CAR-NK manufacturing.

7.1.2 Ex vivo cytokine activation of perfusate-derived NK cells

Short-term ex vivo activation of perfusate-derived NK cells revealed comparable surface
immunophenotypes. Indeed, expression of major activating and inhibitory receptors (NKG2D,
NKp30, NKp44, NKp46, NKG2A, PD-1, TIM-3) and of the activation marker CD137 was
largely comparable between IFN-o— and IL-12/IL-18-activated NK cells (Fig.6). IFN-o—
activated NK cells are consistently reported in the literature to exhibit potent antitumour
activity against hepatoma cell lines, maintaining robust effector function even at low effector-
to-target ratios. This enhanced functional profile is mechanistically supported by the rapid
engagement of IFN-I signaling pathways, which directly activate STAT1 and promote early
transcriptional programs associated with cytolytic competence within a 24-hour timeframe
[247-251]. By contrast, IL-12/IL-18—driven activation is primarily mediated through STAT4-
centered signaling cascades, which generally require more prolonged stimulation to reach peak
functional output and are more closely associated with sustained cytokine production rather
than immediate cytolytic readiness [252—-254]. Moreover, IFN-I signalling has been shown to
increase intracellular stores of perforin and granzyme B and to promote a “serial killer”
phenotype, enabling individual NK cells to efficiently engage and lyse multiple target cells
sequentially [248,255,256].

A central mechanistic distinction between the two activation conditions was the selective

upregulation of TRAIL in IFN-a—activated NK cells (Fig.6). TRAIL is a key death ligand in
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liver-associated NK-cell immunity and plays a prominent role in the elimination of virus-
infected hepatocytes and transformed cells [257-260]. IFN-a directly induces TRAIL
transcription through STAT1- and ISGF3-dependent mechanisms, as well as via induction of
IRF-1, allowing rapid accumulation of TRAIL at the NK-cell surface[247]. In contrast, IL-
12/IL-18-mediated TRAIL induction is indirect and largely dependent on secondary IFN-y
signaling, a multistep process that is kinetically disadvantaged during short-term stimulation

[260-262].

7.1.3 In vivo proof-of-concept of ex vivo—activated NK-cell therapy

The anti-tumor activity and safety of ex vivo cytokine-activated NK cells were evaluated in a
preclinical orthotopic HCC xenograft model (workflow summarized in Fig. 7). The study was
conducted at IRCCS ISMETT within a research project led by Dr. Badami, in which I actively
participated during my PhD training.

Luciferase-expressing HepG2 cells were orthotopically implanted into immunodeficient NOG
mice, and tumor progression was longitudinally monitored through in vivo bioluminescence
imaging (IVIS) together with serial quantification of serum AFP [263,264], enabling dynamic

and complementary assessment of tumor burden.

Following isolation of NK cells from liver perfusate and detailed phenotypic characterization,
the experimental strategy moved toward functional optimization. Based on their baseline
profile, NK cells were subjected to short-term ex vivo activation using two distinct cytokine
regimens, [FN-a or IL-12/IL-18, with the aim of enhancing their effector competence prior to
systemic administration. Consistent with the established capacity of IFN-a and IL-12/IL-18
combinations to potentiate NK-cell activation, promote granule polarization, and amplify
effector molecule release, cytokine priming generated functionally competent cytotoxic

effectors capable of recognizing HepG2-Luc targets.

In the orthotopic xenograft setting, ex vivo cytokine—activated human NK cells exerted
measurable antitumor effects, demonstrating that primed innate effectors can significantly limit
tumor progression in vivo. Because NOG mice lack endogenous T, B, and NK cells, the
reduction in tumor burden observed following NK-cell infusion can be directly attributed to
the activity of the administered human NK cells, thereby confirming their intrinsic capacity to

recognize and control hepatoma growth independently of adaptive immunity [265-268].
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Among the two activation strategies, [IFN-o—activated NK cells consistently achieved superior
tumor control compared with IL-12/IL-18-activated cells, as reflected by an approximate ~2
logio reduction in bioluminescent signal versus an intermediate ~1 logio reduction, respectively.
This in vivo hierarchy aligns with the well-characterized biology of IFN-I-driven activation
programs. IFN-a rapidly induces STATI1-dependent transcriptional pathways that enhance
intracellular cytotoxic readiness and TRAIL-mediated effector mechanisms, which are
particularly relevant in HCC [172,251,261,269,270]. In contrast, IL-12/IL-18 predominantly
engage STAT4-dependent signaling, favoring IFN-y production and inflammatory
amplification but typically requiring more sustained stimulation to reach maximal cytotoxic

output [269,270].

The combined use of bioluminescence imaging and serum AFP quantification strengthened the
interpretation of tumor control dynamics. BLI provided a quantitative readout of viable tumor
burden, whereas AFP reflected both tumor mass and functional tumor cell activity. The
concordant suppression of BLI signal and AFP levels (Fig. 8), most pronounced in the IFN-o—
treated group, supports effective NK-cell engagement with the tumor in vivo and provides
robust evidence of biologically meaningful antitumor activity [264,271-274]. Importantly,
tumor control in this model manifested primarily as tumor growth delay rather than complete
regression. In the context of NK-cell-based immunotherapy for solid tumors, growth delay
represents a biologically meaningful endpoint, reflecting sustained immunological pressure
that counterbalances tumor proliferation without achieving total eradication. Such outcomes
are consistent with the known constraints imposed by solid tumor microenvironments,
including limited NK-cell trafficking, progressive hypoxia, and metabolic stress that restrict
NK persistence and function over time [172,269,270,275]. Although the liver constitutes a
relatively permissive immunological niche, characterized by high physiological NK-cell
density, constitutive IL-15 and IL-2 availability, and reliance on death receptor-mediated
cytotoxic pathways, hypoxia-driven dysfunction and tumor-intrinsic resistance mechanisms

remain critical barriers to durable tumor control in established HCC [276].

7.1.4 Engineering and in vitro validation of anti-GPC3 CAR-NK cells

Given the limited persistence and lack of intrinsic antigen specificity that constrain unmodified
NK-cell therapies in solid tumours, genetic engineering approaches have been developed to

enhance tumour-directed activity while preserving native cytotoxic pathways. In this study, we
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established a CAR-NK platform targeting glypican-3 (GPC3), a clinically relevant antigen in

HCC, through the generation of fourth-generation self-inactivating lentiviral vectors.

Efficient lentiviral production was first confirmed in HEK293T packaging cells, where robust
GFP expression at 72 h post-transfection demonstrated effective plasmid delivery and vector
generation (Fig. 9). Subsequent transduction of perfusate-derived primary NK cells resulted in
detectable GFP-positive populations (Fig. 10C), confirming successful gene transfer within the
adopted manufacturing workflow. The CAR construct design (Fig. 10A), integrated with
cytokine armouring modules, enabled stable transgene expression while preserving

endogenous NK-cell recognition mechanisms (Fig. 10B).

Surface CAR expression was subsequently confirmed by flow cytometry, demonstrating
successful membrane localization of both GPC3-specific constructs in primary NK cells (Fig.
11). The detection of CAR-positive populations in the CAR-GPC3-IL15 and CAR-GPC3-
IL15-IFNa conditions, in contrast to non-transduced controls, confirms effective genomic
integration and stable surface expression of the engineered receptor. Importantly, verification
of surface expression is a critical step in CAR-NK manufacturing, as functional activity
depends not only on transgene delivery but also on proper receptor trafficking and membrane
presentation. The flow cytometric profiling shown in Figure 11 therefore supports the structural
integrity of the fourth-generation constructs and indicates that cytokine-armored designs did

not impair receptor expression at the cell surface.

Quantitative flow cytometric analysis further characterized the kinetics of CAR expression
over time (Fig. 12). At day 5 post-transduction, both fourth-generation constructs achieved
comparable transduction efficiencies, confirming effective lentiviral gene delivery in primary
liver-derived NK cells. CAR surface expression was clearly detectable at early time points,
followed by a reduction in the proportion of CAR* cells by day 10. However, measurable CAR
MFI was preserved within the transduced fraction. This pattern is consistent with the
proliferative behaviour of primary NK cultures, in which rapidly expanding non-transduced
cells progressively dilute the relative frequency of CAR* cells, while transgene expression
remains stable in successfully engineered NK cells. Overall, these findings indicate that
although the CAR-positive fraction decreases in bulk culture, receptor expression remains
stable at the single-cell level within engineered NK cells, supporting the structural integrity

and persistence of the transgene in transduced populations.
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IL-15 armoring emerged as a central feature of the CAR-NK platform. Sustained IL-15
secretion by both CAR constructs (Fig.13A) aligns with the established role of IL-15 as the
dominant homeostatic cytokine for NK-cell survival, metabolic fitness, and proliferative
capacity, acting through STAT5-dependent pathways that sustain cytotoxic competence during
ex vivo expansion [277-280]. From a translational perspective, endogenous IL-15 production
reduces dependence on exogenous cytokine supplementation and enhances manufacturing
robustness, while providing a mechanistic basis for improved in vivo persistence, a known
limitation of unarmed CAR-NK cells [281]. The addition of IFN-a co-expression represents a
rational, but more complex, armoring strategy. IFN-I signaling activates STATI-driven
interferon-stimulated gene programs that enhance cytolytic readiness, including perforin,

granzyme B, and TRAIL expression [248,261,282-284].

In this study, IFN-a production was restricted to the CAR-GPC3-IL15-IFNa construct and
declined over time (Fig.13B), a kinetic that may be advantageous by providing early activation
without prolonged exposure that could promote compensatory immunoregulatory pathways.
Nevertheless, IFN-o armoring introduces potential trade-offs, including induction of PD-L1 or
feedback inhibition under sustained signaling, underscoring the importance of temporal control

in cytokine-armored designs [284,285].

Overall, these findings support the feasibility of anti-GPC3 CAR-NK engineering from
perfusate-derived NK cells and position IL-15—-armored CAR-NK cells, with optional IFN-a

co-expression, as a flexible and biologically sound platform for HCC immunotherapy[233].

7.2 NK Cells in Viral Infection

7.2.1 ADAM17 modulation and NK-cell immune tuning in HHV-8 infection

Ex vivo analysis of whole-blood samples from HHV-8—positive transplant recipients reveals a
selective remodeling of the NK-cell compartment characterized by preserved ADAMI17
expression frequency but reduced surface expression intensity. ADAM17 frequency represents
the proportion of cells within a subset expressing detectable ADAM17 on the surface, whereas
ADAMI17 mean fluorescence intensity (MFI) reflects the average density of ADAMI17
molecules per cell. Importantly, frequency and MFI are independent parameters: two
populations may display similar frequencies of ADAM17* cells but differ markedly in MFI,

indicating comparable proportions of expressing cells but different expression levels per cell.
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As shown in Figure 15, the frequency of ADAMI17 within total NK and NKT populations is
comparable between HHV-8—positive patients and healthy controls, whereas ADAM17 MFI is
consistently reduced in HHV-8—positive patients across all NK-cell subsets. This pattern
suggests that HHV-8 infection maintains the proportion of ADAM17-expressing cells while
reducing its surface abundance at the single-cell level, consistent with a functional

downregulation of ADAM17 rather than loss of expression [169,286-288].

Importantly, ADAM17 MFI can be considered an indirect indicator of surface abundance of
ADAM17, which influence (but does not directly measure) the NK cell’s shedding potential,
as it mediates the cleavage of multiple critical surface receptors and ligands, including CD16,
L-selectin, TNFa, TNFR1, and TNFR2 [287,289,290]. A reduction in ADAM17 MFI reflects
diminished per-cell sheddase activity, which would be expected to favour the preservation of

activation receptors such as CD16 on the cell surface [286,291].

The reduced ADAM17 MFI observed in NK cells, NKT cells, and exhausted-phenotype NK
cells from HHV-8—positive patients suggests regulated modulation rather than simple loss of

expression. Several non—mutually exclusive mechanisms may explain this pattern.

First, the IL-18/ADAM17 axis has been described as a key pathway in NK-cell immune tuning
during chronic viral infections [169,292,293]. In HIV-1 infection, sustained IL-18 signalling
through the MyD88-IRAK—-TRAF6 pathway activates NF-xB and MAPK cascades, promoting
ADAM17-dependent shedding of receptors such as CD16 and substrates including L-selectin,
TNFa, TNFRI1, and TNFR2, thereby modulating NK cytotoxicity, trafficking, and
inflammatory responses [171,294]. This mechanism balances antiviral activity with prevention
of immunopathology [293,295]. In HHV-8 infection, however, the reduced ADAM17 MFI
suggests that IL-18—driven ADAMI17 regulation may be attenuated or temporally uncoupled.
Possible explanations include transient IL-18 responses not captured by cross-sectional
sampling, viral interference with IL-18 signalling, or immunosuppressive therapy in transplant
recipients reducing IL-18 production [223,296]. In this context, it should also be considered
that HHV-8—positive samples were analysed after virological confirmation of infection, at a
stage at which the effects of IL-18—driven signalling may may have already subsided or may

no longer be readily detectable

Second, reduced ADAMI17 expression may represent a counter-regulatory adaptation to

chronic immune activation, limiting excessive receptor shedding and preserving activation
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receptors such as CD16 on NK cells, thereby maintaining antiviral responsiveness while

preventing excessive inflammation [293,297].

Finally, ADAM17 surface levels depend on protein maturation and trafficking, involving
chaperones (iIRhom1, iRhom2, FRMDS8) and furin-dependent processing [158,160,298]. HHV -
8 immunomodulatory proteins (K3, K5, K6, RTA) can broadly alter immune receptor
trafficking and degradation pathways [299-302], and may therefore indirectly reduce
ADAM17 delivery to the plasma membrane, lowering surface MFI without necessarily

changing ADAM17 transcription or total protein levels.

Stratification of NK cells by CD57 expression in HHV-8—positive patients revealed reduced
ADAM17 MFI in both CD57* and CD57- NK cells (Fig. 17C), although the difference was not
statistically significant. The parallel reduction across maturation states argues against a
mechanism specifically linked to CD57-associated terminal differentiation or exhaustion.
Indeed, CD57* NK cells are better interpreted as differentiated or “adaptive-like” cells with
enhanced antiviral responsiveness rather than classical exhausted cells defined by impaired
function and checkpoint upregulation [239,303,304]. The absence of subset-specific
differences therefore suggests that ADAM17 downmodulation reflects a global regulatory

process affecting the NK compartment.

Mechanistically, ADAMI17 surface abundance depends on iRhom2-mediated maturation and
dynamic membrane trafficking [305]. Chronic inflammation and herpesvirus-driven
remodelling of trafficking pathways may therefore reduce steady-state delivery or retention of
ADAMI17 at the plasma membrane across NK subsets [306]. Accordingly, the uniform
reduction of ADAM17 MFI in CD57* and CD57- NK cells is more consistent with systemic
modulation of protease trafficking or stability than with CD57-defined exhaustion.

ADAM17 expression was subsequently analysed in circulating lymphoid (CD3*, CD4*, CD8*
T cells and CD19" B cells) and myeloid (CD14"* monocytes and CD15" neutrophils)
populations (Figure 16). HHV-8—positive individuals showed a reduced frequency of
ADAM17* CD4" T cells, while MFI remained unchanged. Given that chronic HHV-8 infection
is known to remodel CD4* T-cell composition and activation states through persistent antigenic
stimulation and viral immune evasion strategies [288,291], the reduced proportion of
ADAMI17+ CD4" T cells is most plausibly interpreted as a redistribution in the proportion of
CD4* T cells expressing detectable surface ADAM17 rather than intrinsic suppression at the
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single-cell level. Indeed, preserved MFI indicates that, among ADAM 1 7-positive cells, surface

protease density is maintained.

In contrast, monocytes and neutrophils displayed high ADAMI17 frequency and MFI,
consistent with their established role as major sources of this sheddase in inflammatory
regulation [286,287,289]. Experimental models confirm that ADAM17 deficiency in myeloid
cells disrupts TNF and adhesion molecule shedding without affecting cell viability [169,287].
Importantly, no differences were observed between HHV-8—positive patients and controls,
indicating that chronic HHV-8 infection does not significantly alter baseline ADAMI17

expression in circulating myeloid subsets.

Across all analysed populations, ADAM17 MFI remained comparable between HHV-8—
positive patients and controls, indicating preserved per-cell surface abundance of the protease

despite viral infection.

As shown in Figure 17, HHV-8—positive transplant recipients exhibited enrichment of NK
cells, NKT cells, non-exhausted NK cells, B cells, and monocytes, together with reduced CD4*
and CD8* T-cell subsets. The most direct explanation for this pattern is the iatrogenic
immunosuppression associated with transplantation, as drugs such as calcineurin inhibitors,
corticosteroids, antimetabolites, and mTOR inhibitors preferentially suppress T-cell
proliferation and IL-2—dependent signalling pathways [306,307]. In contrast, innate immune
populations, including NK cells, monocytes, and neutrophils, are less directly affected and can
persist through alternative innate immune mechanisms [308]. Consequently, the reduction of
T-cell subsets observed in HHV-8—positive transplant recipients is consistent with the

established effects of transplant immunosuppression on adaptive immunity.

NK-cell enrichment in HHV-8—positive patients can be explained by cytokine-driven
expansion during viral infection, primarily mediated by IL-15 and IL-18. IL-15, produced by
macrophages, dendritic cells, and epithelial cells, together with IL-18 induced by viral
pathogen-associated molecular patterns and early IFN-y responses, promotes NK-cell
proliferation and survival [293,297]. While transplant immunosuppression effectively
suppresses T-cell responses, NK cells remain responsive to IL-15— and IL-18—mediated
signalling, resulting in expansion of the NK-cell compartment during chronic HHV-8 infection

[309-311].

During viral infections, including herpesvirus infections, type I interferons (IFN-I; IFN-a and

IFN-B) further shape hematopoiesis by promoting preferential expansion of myeloid and
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granulocyte lineages [312,313]. Consistent with this mechanism, the increased monocyte
frequency observed in Figure 17, together with the strong ADAMI17 surface expression
detected in monocytes and neutrophils (Fig. 16), supports a state of persistent innate immune
activation. These cells physiologically maintain high ADAM17 levels to enable rapid shedding
of inflammatory mediators and receptors, while sustained IFN-I signalling during infection
promotes emergency myelopoiesis and granulopoiesis, maintaining expansion and activation

of myeloid populations [313,314].

The enrichment of B cells in HHV-8—positive patients may reflect polyclonal B-cell activation
driven by chronic viral antigen exposure and pro-inflammatory cytokines such as IL-6, TNF-
a, and IL-1P produced by innate immune cells [306]. HHV-8—specific B-cell responses have
been described in infected individuals, and persistent antigenic stimulation may sustain virus-
specific populations. In addition, bystander activation through TLR signalling and IFN-I may
expand non-specific B cells as part of the innate response to persistent viral infection

[306,315,316].

Consistent with previous observations, chronic viral infections, particularly those caused by
persistent herpesviruses, often drive a shift from adaptive toward innate immune responses.
HHV-8 (KSHV), a lymphotropic gammaherpesvirus that establishes predominantly latent
infection, has likely co-evolved with the innate immune system as a primary immunological
barrier, especially during early phases of infection when adaptive responses are not yet fully

mobilized [306,317,318].

Collectively, these data support a model of “innate immune dominance” during chronic HHV-
8 infection in transplant recipients. In this context, adaptive T-cell immunity is strongly
suppressed by immunosuppressive therapies required for graft tolerance, whereas innate
immune pathways, driven by IFN-I signalling, IL-15, IL-18, and persistent viral stimulation,
remain relatively active and promote the expansion of NK cells, monocytes, neutrophils, and
B cells. Although HHV-8—specific CD8" T cells play a key role in controlling viral replication
and preventing Kaposi sarcoma in immunocompetent individuals, their reduced function in
transplant recipients likely shifts antiviral pressure toward the innate immune compartment
[306,319]. Consequently, the enrichment of innate immune cells observed in HHV-8—positive
patients is consistent with a compensatory response, as these populations are relatively resistant
to pharmacologic immunosuppression and remain responsive to chronic viral signals through

IFN-I pathways, IL-15/IL-18—mediated expansion, and trained immunity—like mechanisms.
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7.3 Viral Peptide—Based In Vitro Model

7.3.1 ADAM17 modulation in NK-Cell Subsets
Across the 7-day culture period, ADAM17 surface density in NK cells, measured by MFI,

showed a progressive and reproducible decline in both viral peptide—stimulated PBMC cultures
and time-matched unstimulated controls (Fig. 19-22), indicating a time-dependent rather than
stimulus-specific modulation. In contrast, ADAMI17 MFI in NKT cells remained stable,
revealing a lineage-specific difference in ADAMI17 regulation. Importantly, the overall
frequency of ADAM17+* NK cells remained largely unchanged, suggesting a dissociation

between the proportion of expressing cells and the per-cell surface abundance of the protease.

The decline in ADAM17 MFI likely reflects activation-dependent regulation of ADAMI17
trafficking and turnover. Previous studies show that cellular activation induces rapid, actin-
dependent mobilization of ADAMI17 from intracellular compartments to the plasma
membrane, followed by internalization, recycling, or shedding despite stable transcript levels
[292,298,320]. During prolonged PBMC culture, NK cells experience persistent low-level
activation from residual cytokines and cell-cell interactions, repeatedly engaging this
mobilization—turnover cycle and progressively reducing steady-state surface ADAMI17. In
addition, sustained enzymatic activity may promote auto-cleavage or membrane shedding of
ADAMI17 itself, further contributing to the observed decline in MFI [292,298,320]. These
changes occur within the broader phenotypic remodeling known to occur during in vitro PBMC
culture, where lymphocyte activation states and membrane protein expression gradually shift

over time [321,322].

In contrast, the stability of ADAM17 MFI in NKT cells suggests a distinct regulatory
mechanism. NKT cells rely on rapid, high-affinity TCR recognition of CD1d-presented lipid
antigens, generating a dominant activation signal that reduces the need for dynamic receptor
tuning typical of NK cells. Whereas NK cells integrate multiple activating and inhibitory
pathways, NKT activation is more pulsatile and TCR-driven, which may allow maintenance of
relatively stable ADAM17 surface levels while preserving sheddase activity that supports their

role as early cytokine producers rather than serial cytotoxic effectors [292,295,320].

Notably, the reduction of ADAM17 MFI in NK cells occurs uniformly across maturation states.
Both CD57* (mature) and CD57- (immature) NK-cell subsets display parallel kinetics of MFI
decline (1-3, 6). At all time points, CD57" NK cells maintain higher ADAM17 MFI than
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CDS57 cells, consistent with maturation-associated amplification of immune machinery rather
than exhaustion [239,303,304,323]. This pattern aligns with cumulative IL-18-driven
maturation during chronic antigen exposure, mediated through IL-18 receptor signalling via
the MyD88/IRAK/TRAF6 axis and downstream NF-kB/MAPK activation that upregulates
ADAM17 as part of the mature NK-cell effector program [192,292,293,297]. Functionally,
higher ADAM17 expression in mature NK cells supports rapid tuning of activation receptor
density, particularly CD16, allowing efficient antiviral responses while preventing excessive

inflammatory signalling [166,239].

Comparison between NK and NKT compartments shows that NK cells consistently exhibit a
slightly higher proportion of ADAMI17 positivity than NKT cells, independent of viral peptide
stimulation (Fig. 19-22), indicating a modest lineage-specific difference in ADAMI17
regulation. This distinction is largely preserved across conditions; however, in CMV- and
EBV-stimulated cultures, NKT cells display a late increase in ADAM17 expression at day 7,
approaching the levels detected in NK cells. In these conditions, ADAM17 expression in NKT
cells is higher than in time-matched unstimulated controls, although the difference does not
reach statistical significance. No comparable trend is detected following SARS-CoV-2 or
HHV-8 stimulation. This delayed increase is compatible with progressive CD1d upregulation
on antigen-presenting cells and incremental NKT-cell engagement, leading to enhanced
ADAM17 expression only at later time points, in line with the lower baseline levels
characteristic of this compartment [324-328]. Such a pattern may reflect virus-specific
imprinting of the NKT compartment by persistent herpesviruses, resulting in phenotypic

adaptation in response to prolonged antigenic stimulation.

A virus-specific pattern of ADAM17 modulation in NK cells may emerge following viral
peptide stimulation. A modest, time-dependent reduction in ADAM17 MFI is observed after
CMYV and EBV stimulation, whereas no comparable modulation is detected following SARS-
CoV-2 or HHV-8 stimulation; notably, ADAMI17 MFI in NKT cells remains largely
unchanged across conditions. This pattern suggests that CMV and EBV may more effectively
engage NK-cell regulatory pathways that promote progressive ADAM17 feedback modulation,
even in the absence of live viral replication. In peptide-based PBMC cultures, CMV and EBV
stimulation may sustain cytokine-mediated NK-cell activation through antigen-presenting cell

signals, favouring repeated cycles of ADAMI17 activation and surface regulation over time
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[236,325,329,330]. In contrast, SARS-CoV-2 and HHV-8 peptides appear less capable of

maintaining the cytokine signalling required to drive similar temporal modulation.

From a methodological perspective, the lack of statistical significance in ADAM17 MFI
differences after CMV or EBV stimulation warrants cautious interpretation. The modest effect
size may reflect inter-donor variability, limited sample size, baseline time-dependent
modulation inherent to PBMC cultures, or intrinsic limitations of peptide stimulation compared
with live infection. These findings should therefore be considered descriptive trends rather than
definitive evidence of discrete regulatory mechanisms, highlighting the need for validation in

complementary experimental systems.
7.3.2 Virus-Specific Immune Tuning of NK and NKT Cell Compartments

Following in vitro stimulation with viral peptide pools (SARS-CoV-2, HHV-§, CMV, EBV),
distinct virus-specific patterns of immune-cell redistribution emerge, reflecting differential

engagement of lymphocyte compartments.

A mild reduction in NKT-cell frequencies (Fig. 23) is observed after HHV-8, CMV, and EBV
stimulation, whereas SARS-CoV-2 induces minimal NKT-cell loss, highlighting differences
in viral interaction with the NKT compartment. NKT cells recognize lipid antigens presented
by CD1d, a pathway preferentially exploited by persistent herpesviruses that sustain CD1d-
mediated antigen presentation by dendritic cells and B cells. Chronic CD1d-mediated TCR
engagement may therefore drive activation-induced apoptosis of NKT cells [324,327,331,332].
Similar patterns have been described in chronic viral infections such as HCV, where prolonged
NKT activation initially contributes to inflammation but ultimately correlates with reduced
NKT-cell frequencies, likely due to exhaustion-related apoptosis [333,334]. In contrast, SARS-
CoV-2is less likely to generate strongly immunogenic CD1d-restricted lipid antigens, resulting
in weaker NKT-cell activation and limited apoptotic loss in this model [331,332]. Within the
1-7 day culture system, repeated exposure to CMV-, EBV-, or HHV-8—derived CD1d-
presented antigens in the absence of survival cytokines such as IL-15, IL-7, or IL-21 may create
a pro-apoptotic environment that progressively reduces NKT-cell numbers, highlighting virus-

specific susceptibility to stimulation-driven contraction [335,336,336].

Total NK-cell frequencies tend to decline over time after CMV and EBV stimulation, although

this trend does not reach statistical significance, whereas they remain largely stable following

102



SARS-CoV-2 and HHV-8 stimulation (Fig. 23). These patterns suggest virus-specific effects
on NK-cell dynamics. CMV is known to drive expansion of adaptive NK cells in vivo,
particularly NKG2C*CDS57" populations that accumulate during chronic infection. However,
this process requires prolonged antigenic stimulation over months or years and cannot be
reproduced within the short timeframe (3—10 days) of peptide-based in vitro stimulation. The
modest decline in NK-cell frequencies observed here likely reflects activation-induced cell
death during acute stimulation, rather than the development of stable adaptive NK-cell

expansion.

7.3.3 ADAM17 Expression in T Cells, B Cells and Monocytes

PBMC:s were stimulated in vitro with viral peptide pools derived from SARS-CoV-2 (Fig. 24),
HHV-8 (Fig.25), CMV (Fig.26), and EBV (Fig.27), with ADAMI17 expression subsequently
assessed at day 1, day 3, and day 7. Across all conditions and time points, ADAM17 expression
in T Cells, B Cells and Monocytes remained stable, with no statistically significant differences
between stimulated and unstimulated cultures, reflecting intrinsic cell-type—specific patterns

of ADAM17 regulation.

Monocytes displayed the highest proportion of ADAM17-positive cells with stable expression
across all viral conditions, consistent with their established role as producers of TNF-a, whose
release requires ADAMI17-mediated proteolytic cleavage, and supports ADAMI17 as a

constitutive feature of monocyte identity rather than a stimulus-dependent marker [290,337].

A modest, although not statistically significant, reduction in monocyte ADAMI17 MFI was
observed at later time points following CMV and EBV stimulation and may reflect partial
activation or differentiation associated with minor ADAM17 internalization or auto-cleavage

as a feedback mechanism limiting excessive TNF-a release [337,338].

Although CMV is known to target ADAMI17 through UL148 and UL148D during live
infection, the use of peptide pools precludes direct viral interference, indicating that any
observed modulation likely reflects secondary activation-driven regulation [206]. In contrast,
T and B lymphocytes displayed low baseline surface ADAMI17 expression across all
experimental conditions. In these lineages, ADAM17 is not constitutively expressed at high
levels but can be transiently mobilized upon activation to mediate regulated shedding of

selected substrates, such as CD62L or FasL in T cells and BAFFR/TACI in B cells. This pattern
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reflects tight temporal control of sheddase activity rather than sustained surface availability.
Accordingly, the primary effector functions of T and B cells rely predominantly on receptor-
mediated signalling and secretion of soluble cytokines rather than on ADAM17-dependent
shedding. The maintenance of stable, low ADAM]17 surface expression irrespective of viral
peptide stimulation supports a cell-type—specific model of ADAM17 regulation distinct from
that observed in NK cells [339,339-342].

Finally, the progressive reduction of ADAM17 MFI observed in T cells over time in both
stimulated and unstimulated PBMC indicates a culture-dependent rather than virus-specific
effect. Gradual lymphocyte activation and phenotypic evolution during in vitro culture promote
transient ADAM 17 mobilization followed by auto-cleavage and internalization, resulting in a

mild decline in surface MFI over time[ 156].
7.3.4 Distribution of T Cells, B Cells and Monocytes

Changes in immune-cell frequencies observed after in vitro viral peptide stimulation (Fig. 28)
are more plausibly explained by activation-driven remodelling of the PBMC compartment than
by overt cellular dysfunction. The early decrease in monocyte frequencies following HHV-§,
CMYV, and EBV peptide stimulation likely reflects rapid monocyte activation and engagement
in antigen sensing/processing pathways, including cytokine production, together
with phenotypic modulation that can affect how monocytes are captured by conventional flow-
cytometric gates. In particular, inflammatory cues can be associated with down-modulation of
CD14 and other surface markers and with rapid shifts toward dendritic cell-like phenotypes,
which can make “monocyte frequency” appear reduced even when viability is preserved [343—
345]. In parallel, expansion or increased activation of other immune subsets may further
influence relative proportions within the PBMC compartment. Consequently, the observed
reduction most plausibly represents a proportional and activation-associated shift rather than

impaired viability or true monocyte loss.

A slightly increase in total T lymphocytes, particularly CD4" T helper cells, is observed at early
time points, consistent with activation-induced proliferation driven by viral peptide
presentation on MHC-II molecules by monocytes and dendritic cells, together with
CD80/CD86-mediated costimulation [346,347]. This expansion represents an expected and
adaptive engagement of the antigen-specific immune response rather than an indicator of

altered T-cell function.
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A mild reduction in B-cell frequencies, although not statistically significant, can be observed
in CMV and EBV stimulation. This effect may result from multiple non-mutually exclusive
mechanisms, including preferential proliferation of activated T cells, which dilutes the relative
contribution of B cells within the PBMC population. Whereas T cells directly recognize
peptide—-MHC complexes through the TCR, B-cell activation generally requires T-cell help via
CD40—-CDA40L interactions or occurs indirectly through bystander activation mediated by pro-
inflammatory cytokines [348—350]. In addition, B cells are more prone than T cells to apoptosis

under in vitro culture conditions in the absence of optimal survival signals [351].
7.3.5 In Vitro Cytokine Response of PBMCs to Viral Peptide Stimulation

Cytokine release was longitudinally assessed at days 1, 3, and 7 in supernatants from PBMCs
activated in vitro with viral peptide pools (SARS-CoV-2, HHVSE, CMV, EBV) enabling
evaluation of immune responses (Fig.29). Analysis of a broad panel of pro-inflammatory
(TNF-a, IL-1B, IL-10, IL-6), immunoregulatory (IFN-y, IL-2), anti-inflammatory (IL-10), and
Th17-associated (IL-17A) mediators revealed a distinctly virus-specific temporal architecture

of cytokine production, rather than a convergent activation pattern across different viral stimuli.

Longitudinal analysis of cytokine revealed virus-specific kinetic patterns rather than uniform
inflammatory trajectories, indicating that the temporal architecture of immune activation

differs across pathogens.

TNF-a displayed a time-dependent increase following SARS-CoV-2, CMV, and HHV-8
stimulation, consistent with progressive activation of the monocyte compartment in PBMC
cultures and with secondary amplification driven by antigen-specific lymphocyte—monocyte
cross-talk. TNF-a is released as a soluble cytokine through ADAMI17-mediated proteolytic
cleavage [290,352-354].

The gradual increase in TNF-o over time may therefore reflect secondary autocrine and
paracrine amplification loops, potentially mediated by TNFR1 signalling on neighbouring
monocytes and downstream NF-kB and MAPK pathway activation, rather than a single early

burst of cytokine release [355,356].

IL-6 also displayed antigen-dependent kinetics and may act as a secondary amplifier of TNF-
a initiated inflammation. Notably, CMV peptide stimulation induced earlier and more

sustained IL-6 production, whereas SARS-CoV-2 and EBV peptide stimulation showed more
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delayed IL-6 increases with higher levels at later time points. In a peptide-based PBMC assay,
these differences are more plausibly attributed to (i) antigen processing requirements (e.g.,
immediate MHC loading for exogenous peptides vs. uptake/processing for recombinant
protein), (ii) inter-individual variation in functional state of antigen-specific memory T cells,
and (iii) the timing of lymphocyte--monocyte cross-talk (including IFN-y and TNF-a -driven
monocyte activation and contact-dependent signals), rather than by direct differential

engagement of innate pattern-recognition receptors by the antigens themselves [354,354,357].

Virus-dependent IL-6 and IL-10 kinetics further highlighted divergent immune regulatory
strategies. CMV stimulation induced early and sustained IL-6 and IL-10 production, generating
a persistence-permissive cytokine environment in which inflammation is balanced by IL-10-
mediated suppression of Thl adaptive immunity. This IL-6/IL-10 equilibrium favours viral
persistence through controlled immune activation rather than full adaptive clearance and has
been directly implicated in CMV persistence in vivo [358-361]. In contrast, SARS-CoV-2 and
EBYV exhibited delayed IL-6 and IL-10 induction, consistent with acute infection contexts in
which regulatory mechanisms develop later and do not prevent effective adaptive immune
engagement [357,362,363]. HHV-8 showed minimal IL-10 induction despite its persistent
nature, suggesting reliance on immune evasion strategies distinct from the IL-10—dependent

mechanisms characteristic of CMV[352].

A moderate variation was observed in IFN-y production: EBV peptide stimulation induced
robust and sustained IFN-y responses, whereas HHV8 and CMV peptide stimulation elicited
more modest induction. Because the EBV stimulus consisted of defined MHC class I/II-
restricted peptides rather than viral nucleic acids, the observed response may reflect a relatively
strong antigen-specific recall component in the studied donors. EBV peptide pools commonly
include multiple well-characterized immunodominant epitopes from both lytic and latent
proteins, which could efficiently restimulate pre-existing memory T cells in EBV-seropositive
individuals. In this context, the enhanced IFN-y production may be attributable to a higher

precursor frequency and/or greater functional competence of EBV-specific T cells [364].

IL-1B and IL-la remained largely low across all conditions, with only a transient IL-la
increase observed following EBV stimulation, indicating limited inflammasome activation in
this peptide-based in vitro system. This finding is consistent with the absence of viral

replication—associated danger signals required to fully engage the inflammasome—caspase-1
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axis, despite preserved NF-«kB activation as evidenced by TNF-a and IL-6 production
[352,353,365-367].

Finally, persistently low IL-2 and IL-17A levels across all viral stimulations argue against
robust Th1l or Th17 polarization within this experimental setting. IL-2 production requires
strong CD4* T-cell activation supported by adequate costimulation and IL-12 signalling, while
IL-17A generation depends on specific Thl7-polarizing cytokine milieus that were not

provided in this model [368-370].

Collectively, these findings indicate that viral peptide stimulation elicits pathogen-specific
cytokine programs that may recapitulate key aspects of in vivo immune modulation,
highlighting distinct strategies of immune engagement and regulation across viral infections.
This experimental system represents a short-term in vitro model (1-7 days) that is well suited
to capture early immune responses, however, it remains inherently limited in its ability to

reproduce the full complexity and chronicity of immune dynamics observed in vivo.

7.3.6 TNF-a and IL-6 Signalling in the Regulation of ADAM17 Activity in NK
Cells

TNF-a produced by monocytes upon viral stimulation engages TNFR1 on NK cells and other
immune populations, activating downstream NF-kB and MAPK signalling pathways that
critically regulate ADAM17 function [355,356]. A key mechanistic step in this process is the
TNF-o—dependent upregulation of iRhom?2, an essential regulator of ADAM17 trafficking and
maturation to the cell surface [298]. Once activated, ADAM17 rapidly mediates shedding of
key NK-cell surface receptors, including CD16 and CD62L, which are central to ADCC and
lymphoid tissue homing, respectively [171,236].

Inflammatory activation—induced receptor shedding represents a sophisticated adaptive
mechanism through which TNF-a signalling simultaneously promotes NK-cell activation
while limiting excessive receptor availability and uncontrolled trafficking to inflamed tissues.
In this context, the mild time-dependent reduction in ADAM17 MFI on NK cells after CMV
and EBV stimulation is compatible with activation-associated remodelling of the ADAM17
axis and NK-cell surface phenotype in an inflammatory milieu where TNF-a and IL-6
accumulate over time. Indeed, the progressive increase in these cytokines may result in

sustained TNFR engagement, continuous ADAM17 activation, and ongoing CD16/CD62L
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shedding over the 1-7 day culture period [155,371,372,372]. This progressive engagement of
ADAM17 allows dynamic regulation of NK-cell receptor availability in proportion to

inflammatory intensity.

However, ADAM17 MFI alone does not uniquely report enzymatic activity or receptor
shedding; thus, these findings should be interpreted as suggestive of dynamic immune tuning
rather than definitive evidence of continuous ADAM 17 activation and CD16/CD62L shedding.
IL-6 provides an additional regulatory layer by amplifying inflammatory circuits and by acting
through classical and trans-signalling pathways. In particular, ADAM17-mediated cleavage of
the membrane-bound IL-6R generates sIL-6R, enabling IL-6/sIL-6R complexes to signal
through gp130 on a broad range of cells and thereby extend IL-6 responsiveness. Prolonged
IL-6 signalling can promote sustained STAT3 activation and contribute to a more activated
transcriptional program; in parallel, inflammatory milieus in which both TNF-a and IL-6 are
elevated may favour continued engagement of shedding pathways and consequent modulation
of NK-cell surface receptors. Accordingly, earlier and sustained IL-6 production after CMV
stimulation can be discussed as a marker of a more persistent inflammatory environment and
immune cell cross-talk in that condition, whereas delayed IL-6 induction after SARS-CoV-2,
HHV-8, and EBV stimulation is compatible with temporally postponed amplification dynamics
[161,372,372,373].

7.3.7 Limitations of In Vitro model

In vitro stimulation of PBMCs with viral peptide pools is widely used because it is
standardized, cost-effective, and ethically feasible; however, it has intrinsic limitations when
modelling NK-cell regulation and ADAM17 dynamics during chronic viral infection. A key
limitation is the absence of live viral replication and immune-evasion mechanisms, which in
vivo generate persistent PAMPs that sustain PRR signalling, IFN-I production, and cytokine

release such as IL-15 and IL-18, maintaining continuous immune activation [310,374].

Peptide stimulation instead provides a finite antigenic signal, producing an artificial temporal
response. This limitation is particularly relevant for ADAMI17 regulation: the decline in
ADAM17 MFI observed after 3—7 days likely reflects feedback mechanisms such as auto-
cleavage, internalization, or negative regulation, whereas in vivo persistent viral replication
would be expected to maintain or periodically re-induce ADAM17 through cytokine-driven

signalling [206,236,375]. The discrepancy is evident in CMV infection, where viral proteins

108



such as UL148 and UL148D can directly modulate ADAMI17 activity and stabilize multiple
cell-surface molecules normally subject to ADAM17-mediated shedding [329].

Another limitation is the absence of tissue microenvironmental signals. /n vivo, NK cells are
shaped by interactions with stromal, endothelial, and dendritic cells that provide cytokines,
metabolic cues, and adhesion-mediated signals [376,377]. For example, IL-15 is commonly
delivered  through IL-15/IL-15Ra  transpresentation by  dendritic cells and
monocytes/macrophages, a mechanism not fully reproduced in PBMC cultures. Tissue
conditions such as hypoxia can also directly impair NK activation and cytotoxic function [378—
380]. In addition, cell isolation and ex vivo culture can induce stress-related activation
programs in myeloid cells, altering subset composition and cytokine production compared with

physiological conditions, with potential consequences for ADAM17 regulation [381-383].

Finally, the model presents a temporal mismatch with chronic viral infections. PBMC
stimulation captures a short activation phase (1-7 days), whereas persistent infections such as
CMYV or EBV evolve over months or years through cycles of viral reactivation, immune
modulation, and compartment remodelling [206,236,329,375]. Consequently, although peptide
stimulation is informative for early immune activation, it cannot fully reproduce the chronic,

tissue-integrated regulation of ADAMI17 characteristic of persistent viral infection.
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8.CONCLUSION

This work provides an integrated perspective on NK-cell functional plasticity across both
immunotherapy and viral infection contexts. A central aspect of this thesis is the use of liver
perfusate—derived NK cells as the primary cellular source. Compared with peripheral blood
NK cells, liver perfusate enables recovery of large numbers of viable immune cells that have
already been conditioned by the hepatic microenvironment. These NK cells therefore represent
not only circulating effectors but populations educated within a tolerogenic, metabolically
complex, and chronically antigen-exposed organ, characteristics particularly relevant to the
hepatic setting in which HCC develops. Importantly, the isolation procedure preserves viability
and cytotoxic competence, allowing efficient ex vivo expansion and activation. These findings
highlight how cell source selection represents a strategic parameter in adoptive
immunotherapy, potentially influencing persistence, adaptability, and resistance to tumour-

induced suppression.

Within this framework, short-term cytokine activation did not reveal relevant changes in
receptor expression. NK cells stimulated with IFN-a or IL-12/IL-18 showed similar activating
and inhibitory receptor profiles. These observations suggest that short-term cytokine

stimulation preserves a largely stable receptor phenotype in hepatic NK cells.

The in vivo proof-of-concept experiments provided translational validation of these findings.
Cytokine-activated NK cells significantly limited tumour progression in the orthotopic HCC
model, with concordant reductions in BLI signal and serum AFP levels. IFN-o—activated NK
cells showed the most pronounced antitumor activity. Rather than inducing tumour regression,
NK therapy primarily delayed tumour growth, a biologically meaningful effect in solid tumours
where hypoxia, metabolic stress, and microenvironmental suppression often restrict durable
immune clearance. These results support the feasibility and biological relevance of NK-based

strategies within the hepatic niche.

The generation of anti-GPC3 CAR-NK cells further strengthened the translational trajectory of
this work. Efficient lentiviral production and transduction confirmed the feasibility of
engineering perfusate-derived primary NK cells within a reproducible manufacturing
framework. Both fourth-generation constructs showed stable surface expression and
maintained functional cytotoxicity, demonstrating the structural and functional competence of

anti-GPC3 CAR-NK cells derived from liver perfusate.
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In parallel, the study of NK-cell regulation in viral contexts highlighted ADAM17 as a key
modulatory axis. Across analyses of HHV-8—positive patients and peptide-based stimulation
models, ADAM17 expression reflected immune calibration rather than simple activation or
suppression. Cytokines such as TNF-a and IL-6 may sustain ADAMI17 activity, linking
inflammatory signalling to receptor shedding events that reshape the NK-cell surface
landscape, including modulation of CD16 and other regulatory molecules. In chronic infection,
where persistent antigen exposure risks NK dysfunction, this shedding-mediated regulation
may represent an adaptive mechanism balancing antiviral defence with control of excessive

inflammation.

The complexity of the biological processes examined in this thesis also underscores the value
of Artificial Intelligence as a complementary analytical tool. By integrating flow-cytometry
datasets, cytokine measurements, gene-expression profiles, and functional assays, Al-assisted
approaches can support experimental prioritization and hypothesis generation. In the context
of immunotherapy, such models may inform CAR design and cytokine-conditioning strategies,
while in viral immunology they may help model inflammatory circuits and ADAM17-

dependent regulatory dynamics.

Overall, this work integrates translational cellular engineering with mechanistic immune
regulation, advancing both the therapeutic and biological understanding of NK cells. It
provides proof-of-concept evidence supporting liver-derived NK cells as a viable platform for
HCC immunotherapy and identifies ADAM17 as an important regulatory node controlling NK-
cell responsiveness during viral challenge. Together, these findings support a rational
framework for NK-based interventions in which cell source selection, cytokine conditioning,
genetic engineering, and regulatory modulation are combined to advance next-generation NK-

cell immunotherapy.
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