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ABSTRACT 

Background: NK cells are crucial effectors in the immune response against viral diseases and cancer. 

Specifically in HIV-1 and pancreatic ductal adenocarcinoma (PDAC), their functions are suppressed 

leading to impaired cytotoxicity towards the target. To restore their functions, Natural Killer (NK) 

cell immunotherapy, encompassing various approaches such as IL-15-based therapy and NK cell 

engagers (NKCE), has emerged as an attractive therapeutic strategy.  

Methods: We designed several immunotherapeutic constructs aimed to stimulate NK cell functions 

and specifically tailored for the disease context. Natural killer activating Multimeric 

immunotherapeutic compleX (NaMiX) is a multimer of IL-15/IL-15Rα associated with single chain 

variable fragments (scFvs) targeting NK cell receptors. We designed different formats of NaMiX 

targeted against NKG2A and KIR2DL to tackle HIV-1 infection, and against NKp46 to tackle PDAC. 

Additionally, we also developed a trispecific killer engager (TriKE) targeting NKG2D, NKp30 and CEA 

to enhance the interactions between NK cells and PDAC cells. We characterized the structure of our 

immunoconjugates and evaluated their ability to stimulate NK cell functions towards the desired 

target in vitro. We then investigated their therapeutic potential in humanized mice models.  

Results: All NaMiX formats stimulated the activation, degranulation and cytotoxic activity of NK 

cells through the pSTAT5 pathway. NaMiX tackled against HIV-1 increased the cytotoxicity of PBMCs 

from healthy donors and people living with HIV (PLHIV) against ACH-2 cells, a T cell line latently 

infected with HIV, but also against Raji cells, a NK cell-resistant cancer cell line. In humanized mice 

infected with HIV and under combination antiretroviral therapy (cART), NaMiX stimulated the 

development of functional cytotoxic NK cells, and tended to decrease total HIV-1 DNA in human 

CD45+ cells from the lung and the bone marrow. In PDAC models, NaMiX enhanced NK cell 

cytotoxicity against pancreatic cancer cells, both in 2D and in 3D spheroids, and against organoids 

derived from PDAC patients. In humanized mice bearing a subcutaneous pancreatic xenograft, TriKE 

tended to delay xenograft growth without NK cell activation while NaMiX enhanced the 

development of cytotoxic lymphocytes and the infiltration of NK cells within the xenograft. 

Conclusions: NaMiX is a promising therapeutic strategy, both against HIV-1 and hostile solid tumors 

like PDAC. In PDAC, combining NK cell activation and enhanced interactions with pancreatic cancer 

cells through NK cell engagers showed potential, although optimizations of our model and 

immunoconjugates are required to reach in vivo efficacy. Therefore, enhancing NK cell recruitment 

with allogenic NK cell administration and incorporating features in our immunoconjugates to tackle 

disease-specific challenges such as viral reservoirs or tumor microenvironment (TME) inhibitors, 

represent relevant future directions.  
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AIMS AND OBJECTIVES 

Natural Killer (NK) cells, often referred as residing at the interface between innate and adaptive 

immunity, possess the natural ability to induce target cell death independently from antigen 

presentation by MHC class I. Instead, NK cells selectively detect and kill target cells through a 

balance of germline-encoded receptors. This ability of NK cells to act without prior antigen 

encounter as well as their safe toxicity profile make them attractive candidates for immunotherapy.   

In both viral infections and cancer, immunosuppressive effectors produced by target cells and the 

environment dampen immune responses. In HIV-1 infection and pancreatic cancer for instance, a 

dysregulation of the balance towards the inhibition state is observed in NK cells, resulting in 

impaired cytotoxic functions. Restoring NK cell functions in these patients represents a promising 

therapeutic strategy, but accounting for the disease-specific mechanisms driving NK cell exhaustion 

is crucial for therapeutic success. 

Therefore, we aimed to develop innovative immunoconjugates targeting NK cells specifically 

designed for the treatment of HIV-1 infection and pancreatic ductal adenocarcinoma (PDAC).  

In the HIV project, we designed several conjugates exploiting the strong upregulation of inhibitory 

receptors on NK cells, such as NKG2A and KIR2DL. By the multimerization of IL-15/IL-15Rα 

complexes linked to single-chain variable fragments (scFvs) against these inhibitory receptors to 

block their stimulation, we aimed to enhance NK cell activation and cytotoxic functions against HIV-

1 infected cells.  

To tackle PDAC, we adapted our approach to enhance NK cell functions through the stimulation of 

activating NK cell receptors. For this, we modified our IL-15 based immunoconjugate with anti-

NKp46 moieties, one of the most specific NK cell activating receptor antigens. To increase specific 

NK cell functions against PDAC cells, we developed a second immunoconjugate designed to 

crosslink NK cells to PDAC cells through NKG2D and NKp30, two of the most expressed NK cell 

activating receptors in PDAC, and CEA, a tumor-associated antigen highly expressed by pancreatic 

cancer cells. 

Overall, the objective of this thesis was to develop disease-specific NK cell immunotherapeutic 

approaches and to evaluate their effects in HIV-1 and PDAC preclinical models, both in vitro and in 

vivo in humanized mice models. 
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StrepTrapXT ....................................................................................................... Cytiva, #29401317 

TC-treated microplates (96 wells) .................................................. Sigma Aldrich, #CLS3596-50EA 

U-bottom-96-well plates ...................................................................... ThermoScientific, #163320 

µ-Slide 8 Well ibiTreat ................................................................................................ Ibidi, #80826 

V-bottom-96-well plates ...................................................................... ThermoScientific, #277143 
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Media  

Dulbecco's Modified Eagle Medium (DMEM) ................................................... Gibco, # 11965092 

Expi293 Medium............................................................................................... Gibco, #A14351-01 

Reduced-Serum Minimal Essential Medium (OPTI-MEM) ................................. Gibco, #51985034 

Roswell Park Memorial Institute (RPMI) 1640 Medium ...................................... Gibco, #1187509 

 

Reagents 

ACK lysing buffer ................................................................................................ Gibco, #A1049201 

Fetal bovine serum (FBS), heat-inactivated ....................................................... Gibco, #10500064 

Geneticine disulfate (G418) solution................................................................. Carl Roth, #2039.2 

L-glutamine ..................................................................................................... Lifetech, #25030024  

Penicillin-Streptromycin  .................................................................................... Gibco, #15140122 

Phosphate Buffered Saline (PBS) ........................................................................ Gibco, #10010023 

Puromycin solution (10 mg/mL) ..................................................................... InvivoGen, #ant-pr-1 

Recombinant human IL-2 ...................................................................Gentaur, #04-RHUIL-2-3MIU 

Recombinant human IL-15 ............................................................ StemCell Technologies, #78031 

Trypsin-EDTA solution (0.05%) ........................................................................... Gibco, #25300054 

 

Stainings and commercial kits 

Calcein AM, cell-permeant dye ....................................................................... Invitrogen, #C34852 

CD56 Microbeads ........................................................................... Miltenyi Biotec,# 130-097-042 

CellTrace™ CFSE............................................................................................... Invitrogen, #C34554 

CellTrace™ Violet Cell Proliferation kit ..................................... Thermo Fisher Scientific, #C34571  

CellTracker Deep Red ...................................................................................... Invitrogen, #C34565 

DRAQ7 Dye ..................................................................................................... Invitrogen, #D15106 

ELISA Flex: Human Granzyme B (HRP)......................................................... MabTech, #3486-1H-6 

ELISA Flex: Human Perforin (HRP) ............................................................... MabTech, #3465-1H-6 

ELISA MAX™ Deluxe Set Human IFN-γ............................................................. Biolegend, #430104 

Hoechst 33342 ................................................................................ Miltenyi Biotec, #130-111-569 

jetPRIME transfection reagent .................................................... Polyplus Sartorius, # 101000001 

LIVE/DEAD™ Fixable Near IR Viability Staining ............................................... Invitrogen, #L34975 

Microscale Protein Labeling Kit (AlexaFluor 594) .......................................... Invitrogen, #A30008  

Propidium Iodide (PI) Staining Solution .................................................. BD Biosciences, #556463  
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Tumor Dissociation Kit .................................................................. Miltenyi Biotec, # 130-095-929 

 

Antibodies (Flow cytometry) 

Antibody Provider Catalog number 

Alexa Fluor 488 Mouse anti-Ki-67 BD Biosciences 558616 

APC anti-His Tag Antibody Biolegend 362605 

APC anti-human/mouse Granzyme B Biolegend 372204 

BUV395 Mouse Anti-Human CD4 BD Biosciences 564724 

BUV496 Mouse Anti-Human CD3 BD Biosciences 612940 

BUV737 Mouse Anti-Human CD16 BD Biosciences 612786 

BV421 anti-prpS6 phospho (Ser235/Ser263) Biolegend 608609 

BV421 Mouse Anti-Human CD107A BD Biosciences 562623 

BV421 Mouse Anti-Human CD45 BD Biosciences 563879 

BV421 Mouse Anti-Stat5 (pY694) BD Biosciences 562077 

BV510 Mouse Anti-Human HLA-DR BD Biosciences 563083 

BV605 Mouse anti-human CD11c Biolegend 301635 

BV605 Mouse Anti-Human CD25 Biolegend 567572 

BV605 Mouse Anti-Human CD337 (NKp30) BD Biosciences 563384 

BV711 Mouse anti-human CD185 (CXCR5) Biolegend 356934 

BV711 Mouse Anti-Human CD8 BD Biosciences 563677 

BV786 Mouse Anti-Human CD56 BD Biosciences 564058 

FITC Mouse Anti-Human IFN-γ BD Biosciences 552887 

FITC Rat Anti-Mouse CD45 BD Biosciences 553080 

PE anti-human CD158a/h (KIR2DL1/DS1) Miltenyi Biotech 130-099-209 

PE anti-human CD159a (NKG2A) Antibody Biolegend 375103 

PE anti-human CD19 Antibody Biolegend 302208 

PE-Cy5 CD14 Monoclonal Antibody Invitrogen 15-0149-42 

PE-Cy5 CD19 Monoclonal Antibody Invitrogen 15-0199-42 

PE-Cy7 Mouse anti-human CD11b Biolegend 301321 

PE-Cy7 anti-human CD314 (NKG2D) Antibody Biolegend 320812 

PerCP-Cy5.5 Mouse anti-human CD66b Biolegend 305107 

PerCP-Cy5.5 Mouse Anti-Human Perforin BD Biosciences 563762 
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Antibodies (Others) 

Antibody Provider Catalog number 

6-His Tag Polyclonal Antibody Bethyl Laboratories A190-114A 

AlexaFluor488 Anti-6x His Tag antibody Abcam Ab1206 

Anti-human CD314 (NKG2D) Antibody Biolegend 320802 

Anti-human CD335 (NKp46) Antibody Biolegend 331902 

Anti-human CD337 (NKp30) Antibody Biolegend 325202 

Anti-polyHistidine−Peroxidase Antibody Sigma-Aldrich A7058 

Goat Anti-Human IgG Fc (HRP) Abcam ab97225 

HIV-1 p24 core antigen KiC57 Beckman Coulter 6604667 

IL-15 Monoclonal Antibody Invitrogen 16-0157-82 

StrepMAB-Classic  Iba 2-1507-001 

 

In vitro Methods  

Cell culture ....................................................................................... Paper #2, Paper #3, Paper #4 

ELISA assays ....................................................................................................... Paper #2, Paper #4 

Establishment of stable cell lines for production of molecular constructs ....... Paper #2, Paper #4 

Flow cytometry assays ..................................................................... Paper #2, Paper #3, Paper #4 

Molecular design and characterization of constructs ....................................... Paper #2, Paper #4 

NK cells cytotoxicity assay ................................................................ Paper #2, Paper #3, Paper #4 

Organoid culture and functional assay.............................................................................. Paper #4 

Production and purification of molecular constructs ....................................... Paper #2, Paper #4 

Spheroid cell culture and cytotoxicity assays by Incucyte ................................................ Paper #4 

Viral inhibition assay ......................................................................................................... Paper #2 

 

In vivo Methods  

BxPC-3 xenograft administration ...................................................................................... Paper #4 

HIV-1 infection and cART treatment ................................................................................. Paper #2 

Humanization .................................................................................................... Paper #2, Paper #4 

In vivo treatment with molecular constructs .................................................... Paper #2, Paper #4 



SYNOPSIS 

A) Introduction  

1. Immune system and NK cells  

The immune system is a complex structure whose principal role is the detection and elimination of 

pathogens and abnormal cells.1 To defend accurately the host while limiting self-damages, the 

various actors of this system (organs, cells, proteins) have specific roles allowing them to 

discriminate between physiological and pathological conditions. As such, the immune system is 

classically divided into two categories: the innate and the adaptive immune system.  

The innate immune system is described as a system present since birth, which does not undergo 

modifications based on the encountered antigens.2, 3 It is constituted of barrier structures (physical, 

chemical and microbial), humoral components (complement system, cytokines) and cellular 

components.2 Representing the frontline of defense, the cells of the innate immune system 

including neutrophils, monocytes/macrophages, Natural Killer (NK) cells and dendritic cells are 

known to rapidly detect and attack pathogens and abnormal cells, based on the recognition of 

molecular patterns on the surface of the target.4  Traditionally, the activation of the innate immune 

system is associated with a non-specific inflammatory reaction.  

In contrast, the adaptive immune system is known for its specific reactions towards the targeted 

agent by the expression of specialized receptors that can rearrange to generate a highly specific 

repertoire.4, 5 The main actors of this system are B lymphocytes, responsible for the production of 

specific antibodies and the presentation of antigens, and T lymphocytes (or T cells). T cells can be 

classified into conventional and non-conventional T cells. Conventional T cells include αβ T cells 

comprising CD4+ T cells (or helper T cells), which produce cytokines and effectors to help recruit and 

activate immune cells, and CD8+ T cells (cytotoxic T cells) which have a crucial role in the elimination 

of intracellular pathogens and cancer cells.5, 6  Unconventional T cells include γδ T cells, a 

numerically minor subtype with a specific receptor structure allowing to recognize a higher diversity 

of non-peptide antigen in a MHC-independent manner,7, 8  Natural Killer T (NKT) cells, a CD3+CD56+ 

subpopulation responsible for the recognition of lipid-based antigens,8 and mucosal-associated 

invariant T (MAIT) cells, that recognize microbial-derived vitamin B metabolites through the protein 

MR1.9  Importantly, after exerting their functions, a small population of T and B cells develops into 

a memory population, able to quickly and specifically re-activate in case the same antigens are re-

encountered a second time.6   
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NK cells, although typically referred as part of the innate immune system, are challenging the 

classical immune system dichotomy.10  First named in 1975 by Kiessling et al., NK cells were 

described as cells possessing a natural ability to kill tumors cells without prior encounter with the 

antigen.11, 12  They represent 5-15% of circulating cells and are important defenders not only against 

cancer cells, but also against infectious, auto-immune and metabolic diseases.13  

According to the classical understanding, NK cells develop from CD34+ hematopoietic stem cells and 

differentiate in the bone marrow into common lymphoid progenitors (CLP), where they are 

“educated” to increase their sensitivity threshold to inhibitory signals exhibited by self MHC-I.14  

Under the influence of IL-15-driven transcription factors such as T-BET and EOMES, these cells 

gradually acquire the expression of specific receptors, allowing them to mature into natural killer 

precursors (NKPs).14 In secondary lymphoid organs, they undergo a differentiation leading to 

CD56brightCD16- NK cells released in the peripheral blood. NK cells can further differentiate into 

cytotoxic CD56dimCD16+ NK cells, which will then represent the majority of circulating NK cells. This 

differentiation is associated with modifications of the phenotype including the downregulation of 

CD64, NKG2A and CD62L and the upregulation of CD57 and KIR receptors.15  As such, circulating NK 

cells are classically defined based on their expression of CD56: while the CD56dim population (90% 

of peripheral NK cells) represents the cytotoxic subtype that produces high levels of perforin and 

granzyme, the CD56bright subtype represents the cytokine producers with more immunomodulatory 

and immunosuppressive functions.14  Other subtypes such as CD56dimCD16dim NK cells, whose 

expression varies depending on the disease context, have also been identified.16  

However, this simplistic view has evolved, as there is growing understanding on the complexity and 

the heterogeneity of NK cells. Recently, a new classification based on single-cell RNA sequencing 

(sRNA-Seq) and cellular indexing of transcriptomes and epitopes by sequencing (CITE-Seq) was 

introduced and revealed the existence of 3 major NK subpopulations in the peripheral blood (NK1, 

NK2 and NK3) which have somewhat modified the view of NK ontogeny.17  The new NK classification 

proposes that the CLP can generate two lineages: i) the early natural killer progenitor (ENPK) which 

will further differentiate into the CD56dim subtypes and give rise to the NK1 and NK3 

subpopulations, and ii) the innate lymphoid cell progenitors (ILCPs) which differentiate into innate 

lymphoid cells (ILCs) and the NK2 subpopulation (CD56bright).  

In the last few years, there has been increasing understanding that NK cells were not only found in 

the peripheral blood, but also existed in non-lymphoid peripheral tissues as tissue-resident NK cells, 

expressing tissue-residency markers, predominantly in the liver, lungs and uterus.18 Different 

models exist concerning the differentiation of these cells. On the one hand, it is believed that NK 
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cells develop within primary and secondary lymphoid organs, and then migrate to tissues to 

undergo tissue-specific differentiation. On the other hand, is has been proposed that NK cells 

migrate at a very early differentiation state into the tissue for further maturation, an hypothesis 

based on the presence of NK precursors in tissues.19, 20  Nonetheless, the role and significance of 

tissue-resident NK cells in specific organs remain elusive, despite being the focus of active and 

growing research interest. 

Unlike T cells, NK cells do not express CD3, neither do they express a T cell receptor (TCR), and are 

therefore not able to recognize specific antigens at the surface of target cells.14  Instead, NK cells 

exhibit a wide variety of germline-encoded activating and inhibitory receptors, whose expression 

dictate the state of activation of NK cells.13, 21   

 

Figure 1: NK cell cytotoxic mechanisms. (A) NK cells recognize target cells by their expression of 

stress ligands, absence of MHC-I expression, opsonization with antibody and expression of death 

receptors. (B) NK cells trigger target cell death through the release of cytotoxic granules, the 

activation of downstream signaling of death receptors and modulate the immune response through 

the production of pro-inflammatory mediators. Created with Biorender.com. 
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The activating receptors (e.g. NKG2D, DNAM-1, natural cytotoxicity receptors such as NKp30, 

NKp44 and NKp46) and the inhibitory receptors (e.g. NKG2A, PD-1, LAG-3, TIGIT, TIM-3, inhibitory 

KIRS such as KIR2DL1, KIRL2DL2/3) are indeed tightly balanced, in a manner that prevents 

constitutive activation of NK cells.22 In presence of cancerous or pathogen-infected cells, NK cells 

are able to sense the lack of MHC-I expression (referred as the “Missing-self hypothesis”) and/or 

the expression of stress molecules by these cells. This leads to an under-stimulation of inhibitory 

receptors (lack of MHC-I) or an overstimulation of activating receptors (presence of stress 

molecules) which triggers their activation (Figure 1A).23  NK cells are therefore particularly 

important to fight against targets that escape the adaptive immunity by downregulation of MHC-

I.24   

Once activated, NK cells are able to trigger various cytotoxic mechanisms to eliminate the target 

cells (Figure 1B). They can induce the exocytosis of granules containing perforin and granzymes 

(and granulysin in humans), which are effector molecules able to form pores in the membrane and 

trigger apoptosis of target cells.24, 25  Independently from the granules, NK cells also express various 

death ligands including FasLigand (FasL), TNF-α and TRAIL that bind to their respective receptors 

Fas, TNF-R and TRAIL-R on the surface of target cells and lead to caspase-8 depending apoptotic 

signals.24, 25 The respective contribution of these killing pathways has been controversial, but it is 

accepted that granules-dependent cytotoxic mechanisms exhibit a quicker response (within 

minutes), while death ligand-dependent mechanisms are slower (1-2h).26  Interestingly, a study 

showed that primary NK cells tend to use mainly granule-independent mechanisms and kill their 

target mostly through FasL as compared to NK cell lines like NK92-MI and LAK.27   

NK cells also express FcγRIIIa (CD16a) conferring them the ability to perform antibody-dependent 

cellular cytotoxicity (ADCC).28, 29 CD16 is considered the most powerful NK cell activating receptor, 

as it is the only one able to trigger NK cell activation by itself.14 By binding to the Fc portion of IgG-

opsonized targets, NK cell can effectively form an immunological synapse and trigger their cytotoxic 

mechanisms against this target. Additionally, it has been recently proposed that NK cells could 

perform cytotoxicity through alternative ways, including necroptosis or pyroptosis thanks to 

Gasdermin E expression in melanoma, breast and colorectal cancers.30  

Interestingly, NK cells are capable of “serial killing”, a mechanism by which each NK cell is able to 

kill several targets, possibly by switching between granules-dependent and death-ligand dependent 

cytotoxic mechanisms.25, 31  However, this capacity appears to be limited to a minor subpopulation 

of NK cells. Their characterization and isolation should provide more insights on this specific ability, 

and are currently under investigation. 
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Aside from their direct cytotoxic activities, NK cells are also potent producers of cytotoxic and 

inflammatory cytokines such as IFN-γ, TNF-α and GM-CSF that interact with many immune cell types 

(neutrophils, macrophages, T and B cells…).32  For instance, IFN-γ produced by NK cells can stimulate 

the differentiation of CD8+ T cells into cytotoxic lymphocytes, as well as the differentiation of CD4+ 

T cells into Th1 cells.33   

Although the ability of the adaptive immune system to develop a memory subpopulation was once 

considered its defining distinction from the innate immune system, there has been a growing 

understanding of the concept of “trained immunity” where innate immune cells could also generate 

memory-like features.4  This concept was first introduced in 2012, by the demonstration that 

Bacillus Calmette-Guérin (BCG) vaccination in immunodeficient mice triggered protection against 

Candida albicans, in absence of an adaptive immune system, due to an epigenetic reprogramming 

of mononuclear phagocytes, leading to an enhanced antimicrobial capacity.34  Further studies have 

clearly demonstrated that NK are also able to develop such features.35 Driven by specific antigens 

expressed by virus-infected or intracellular pathogen-infected cells, tumor cells or by cytokine 

stimulation, NK cells undergo a multifaceted process involving changes in receptor, transcriptional, 

metabolic and epigenetic modifications that drives their development into more responsive 

memory-like NK cells.35  These cells present enhanced persistence, cytotoxic functions and recall 

ability towards previously encountered antigens.35 As such, stimulation with IL-15, IL-12 and IL-18 

can promote the development of cytokine-induced memory-like (CIML) NK cells that exhibit 

enhanced IFN-γ production once re-stimulated with cytokines or K562 cells.36  Clinical evidences 

also suggest that these memory-like NK cells can have protective effect against cancer, such as 

bladder cancer.37 Moreover, tumor-induced memory-like (TIML) NK cells (i.e. NK cells primed with 

irradiated tumor cells) demonstrate enhanced anti-tumor cytotoxic functions, but present many 

phenotypical and functional differences compared to CIML, suggesting a distinct differentiation 

process.38   

NK cells therefore possess a powerful arsenal of mechanisms to eliminate target cells rapidly and 

efficiently, and to help orchestrate both the innate and the adaptive immune responses. 

2. NK cells in pathological states 

NK cells have therefore a central role in the immune system, and are very effective in the fight 

against viral-infected and cancerous cells. However, in these pathologies, NK cells are exposed to 

hostile conditions by diseases able to dysregulate their functions and impair their cytotoxic activity, 

leading to immune escape and progression of the disease. Understanding how this environment 

influences NK cell function is therefore crucial for developing effective therapies.  
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2.1 NK cells in viral infections 

Viral infections represent an important healthcare challenge, as they are responsible for a wide 

spectrum of diseases whose impact ranges from mild to fatal. They are also tightly linked with 

cancer, as it is estimated that 10% of cancer are due to viral infections.39 Patients exhibiting NK cells-

linked primary immunodeficiencies (PIDs) show increased susceptibility to viral infections 

(especially to herpes viruses), an evidence supporting the important role of NK cells against viral 

infections. 40   

The downregulation of MHC-I at the surface of virally-infected cells (such as adenovirus, human 

immunodeficiency virus (HIV-1) or Influenza A and B) as well at their expression of type I IFN and 

IL-2 allows NK cells to recognize and trigger a cytotoxic reaction against them.39  Moreover, virally-

infected cells can express stress molecules recognized by activating receptors on the surface of NK 

cells (e.g. hemagglutinin (HA) protein of Influenza virus is recognized by NKp46, Nkp44 and 

Nkp30).39  Additionally, toll-like receptors (TLR) at the surface of NK cells recognize pathogen-

associated molecular patterns (PAMPs) at the surface of viral-infected cells and trigger NK 

cytotoxicity and cytokine production.39  Upon activation, the cytotoxicity mechanisms triggered by 

NK cells towards the viral-infected cells resemble those employed against cancer cells, including 

degranulation, death ligands-dependent cell death and ADCC.15 NK cells are also potent producers 

of pro-inflammatory cytokines, including IFN-γ that possesses direct anti-viral activity.  

2.1.1 NK cells and HIV-1 

Among the array of viral infections, the Human immunodeficiency virus (HIV), comprising HIV-1 and 

HIV-2, represents one of the most studied infection in NK cell research. As per the 2025 report from 

the Joint United Nations Programme on HIV/AIDS (UNAIDS), the HIV epidemic (driven by the HIV-1 

subtype) is responsible for approximatively 40.8 million infections worldwide, with 1.3 million of 

newly acquired infections this year. So far, there are still no curative treatment, rendering this 

epidemic a major healthcare challenge.41   

HIV is transmitted by sexual, parenteral and perinatal route via bodily fluids (e.g. blood, semen).42  

Once transmitted, HIV inserts into the host cells, most often being CD4+ T cells. HIV-1 entry is 

mediated by HIV-1 envelope glycoproteins (gp) gp120 and gp41 that allow binding to the CD4 

receptor and the chemokine co-receptors CCR5 or CXCR4.42  The virus then releases its RNA into the 

cytoplasm of the target cell, which is reverse-transcribed into DNA able to integrate the host DNA. 

Finally, this HIV DNA commands the formation of new viruses that burst out and infect other cells, 

ultimately leading to the gradual depletion of CD4+ cells.42  In absence of treatment, the infected 

host becomes progressively immunocompromised, resulting in the development of the acquired 
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immunodeficiency syndrome (AIDS) and ultimately to death due to the acute susceptibility to 

opportunistic infections and cancer.42, 43  

Antiretroviral therapy (ART) has revolutionized the medical care of people living with HIV (PLHIV) 

as more than 50% of AIDS-related deaths were avoided between 2010 and 2024 thanks to this 

treatment.41 By suppressing viral replication and restoring CD4+ T cell count, ART has therefore 

drastically improved the life expectancy of PLHIV that can live with undetectable and 

untransmittable virus loads as long as they are under treatment.42  Unfortunately, like other 

retroviruses, HIV establishes latent reservoirs notably in CD4+ memory T cells, which can then 

resume the infective cycle when ART is interrupted.42, 44  ART is therefore a life-long treatment that 

places substantial burdens to PLHIV and imposes high costs to the health-care system.45  Moreover, 

ART is associated with the development of resistance depending on the drug regimen and in case 

of suboptimal compliance to the treatment.41, 46  

Many immune cells (such as CD8+ T cells, myeloid cells, innate lymphoid cells…) are involved in anti-

HIV response, both in the acute and chronic phases of the infection.47 Among these, NK cells play a 

central role in the immune response against HIV+ cells. In early stages of the infection, an increased 

number of CD56dim NK cells (cytotoxic subtype) and a decreased number in CD56bright (regulatory 

subtype) is observed.39 Specifically, NK cells can eliminate HIV-infected cells by the classical 

mechanisms (degranulation, death receptors, ADCC) but also by the production of IFN-γ, TNF-α and 

CCL4.15 NK cells are also potent producers of β-chemokines (such as CCL3, CCL4, CCL5) that function 

as natural ligands of CCR5, the main HIV co-receptor and can impact HIV infectivity.15  Moreover, in 

order to avoid CD8+ T cells responses, HIV-infected cells often downregulate their expression of 

MHC-I, rendering them more vulnerable to NK cell action.48   

Unfortunately, as HIV infection progresses, the hostile environment dysregulates the functional 

activities of NK cells. As such, a modification of the NK cell number and repertoire is observed: the 

CD56dim subpopulation that was initially upregulated progressively disappears, and the few 

remaining CD56dim cells exhibit decreased degranulation capacities.15, 43 In chronic infection, HIV-1 

induces the expansion of the anergic NK cell subpopulation (CD56-CD16+ NK cells) unable to perform 

their functional activities.39, 43 The production of accessory proteins (e.g. vif, vpr, vpu, nef), the 

downregulation of activating receptor NKG2D ligands such as MICA, ULBP1, ULBP2 by HIV-1+ cells 

as well as the high plasma level of TGF-β and IL-10 further impair NK cell functions and recognition 

of target cells.15, 49, 50  

NK cells from PLHIV also exhibit an alteration in the balance between activating and inhibitory 

receptors, leading to decreased cytotoxic functions. The expression of activating receptors such as 
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NKp30, NKp44, NKp46 and NKG2D is downregulated on NK cells and a reduced expression of CD69, 

CD18, and CD11b is also observed, indicative of an exhausted phenotype.43, 49 Concerning inhibitory 

receptors, the expression of NKG2A is decreased on CD56- but increased on CD56dim NK cells and 

the expression of other inhibitory receptors such as TIGIT, PD-1 and CD300a is also upregulated and 

associated with NK cell exhaustion.49  Functionally, this phenotype is associated with a reduced 

CD107a expression and cytokine secretion as well as reduced ADCC. 51   

Some studies have evidenced that ART could partially restore NK cell subset distribution and 

functions, although discrepant results have been reported.51, 52 In any case, while ART could have a 

positive impact on the immune response, innate immunity is not fully restored, emphasizing the 

urgent need for an HIV cure. Broadly, the concept of HIV cure encompasses two categories: the 

“sterilizing cure”, which aims to the complete elimination of HIV infected cells and the “functional 

cure”, which refers to the lifelong control of HIV in absence of ART.53  Achieving the latter may be 

feasible through various strategies such as neutralizing antibodies, next-generation latency reversal 

agents (LRA) and toll-like receptors (TLR) agonists.44 Moreover, immunotherapies aimed at 

enhancing immune cell functions, particularly those of NK cells, represent a promising strategy. 

2.2 NK cells in cancer 

NK cells are crucial for cancer immune surveillance, a concept introduced in the early 1900’s by Paul 

Ehrlich and Thomas Burnet stating that the host immune system can recognize and eliminate 

neoplastic cells in the body.54-56 As such, NK cells are constantly patrolling the human body in search 

of cancer cells, in order to eliminate them quickly and to prevent further tumor progression.13  The 

presence of NK cells at the tumor site is therefore beneficial, and a positive correlation between NK 

cell tumor infiltration and favorable prognosis was demonstrated in a range of solid tumors.57, 58  

Unfortunately, malignant cells have also developed mechanisms to evade immune surveillance and 

notably the action of NK cells. In solid tumors particularly, tumors cells tend to develop a tumor 

microenvironment (TME), constituted of various cell types (endothelial cells, fibroblasts, immune 

cells) that can act both as a physical and biological barrier. By secreting various immunosuppressive 

cytokines (e.g. TGF-β, IL-10) and other small molecules (e.g. extracellular adenosine and 

prostaglandins), but also by recruiting immunosuppressive cells to the tumor site (e.g. regulatory T 

cells (Tregs), myeloid-derived suppressor cells (MDSCs)), the TME is able to modify NK cell 

phenotype, to render them dysfunctional, to impair their cytotoxic functions and/or to inhibit their 

recruitment to the tumor site. 15,59, 60  

Specifically, these immunosuppressive molecules tend to downregulate the expression of NK cells 

activating receptors and therefore disturb the receptor balance towards the inhibition state. For 
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example, expression of TGF-β in the TME has been shown to downregulate NKp30 and NKG2D,61  to 

impede IFN-γ production,62 but also to induce multiple metabolic deficits such as reduced glycolysis 

and oxidative phosphorylation.63  Biochemical parameters of the TME including low pH, low nutrient 

availability and hypoxia also impair the function and survival of NK cells, particularly in solid 

tumors.64  Further, NK cell dysregulation in the TME can be associated with the upregulation of 

inhibitory receptors. In hepatocellular carcinoma (HCC), tumor cells secrete exosomes that inhibit 

NK cells expression of IFN-γ and TNF-α, through the upregulation of the inhibitory receptor TIM-

3,65  while NK cells from patient with colon cancer and soft tissue sarcoma exhibit higher expression 

of the co-inhibitory receptor TIGIT, which is associated with impaired expression of CD107a, IFN-γ 

and TNF-α.64   

Although some mechanisms are common among cancers, immunosuppressive processes 

established by the TME can differ across tumor types, making it challenging to implement a one-

size-fits-all treatment approach. In this project, we aimed to tackle a cancer type with massive 

unmet medical needs: pancreatic ductal adenocarcinoma.  

2.2.1 NK cells and Pancreatic Ductal AdenoCarcinoma (PDAC) 

Pancreatic cancer is the third leading cause of cancer-associated death in the United States and the 

seventh worldwide. Dramatically, its 5-year survival rate of only 13.3 % represents the lowest rate 

across all cancer types, making pancreatic cancer one of the deadliest cancer.66  

Pancreatic ductal adenocarcinoma (PDAC) represents 90% of cases of pancreatic cancers and arises 

most often from modifications of the exocrine (acinar) cells.67  This process, referred as “acinar-to-

ductal metaplasia” (ADM) is the first pre-cancerous step and is followed by a sequential progression 

into pancreatic intraepithelial neoplasia (PanIN) and finally PDAC.68  The transition from ADM to 

PanIN is associated with genetic mutations, often in the pro-oncogene KRAS that dysregulates 

GTPase activity (and other signaling pathways) and ultimately initiates the malignant progression. 

As the disease progresses, additional mutations in genes such as the tumor suppressors genes TP53, 

CDKN2A and SMAD4 accumulate and drive PDAC tumorigenesis and metastasis.66, 68, 69 PDAC is also 

associated with epigenetic alterations affecting DNA methylation and histone modification 

enzymes (e.g. MLL2, MLL3) that ultimately impair cell cycle progression and proliferation, although 

the epigenetic profile is highly variable between PDAC subtypes.70 Different risks factors are 

associated with the development of PDAC including modifiable (e.g. smoking, alcohol consumption, 

diet, obesity) and non-modifiable (e.g. age, sex, diabetes, inherited mutations) factors.67  

The treatment of PDAC, as for other tumors, currently depends on surgery, chemotherapy and 

radiotherapy.71  Surgery is the only curative option, but is only possible for patients with localized 
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PDAC (representing 10-20% of patients). Moreover, the clinical symptoms exhibited by PDAC 

patients are non-specific (e.g. fatigue, weight loss, anorexia, abdominal and back pain) and appear 

in late stages of the disease.67  This leads to a delayed diagnosis where PDAC is most often already 

in metastatic stages and surgery is no longer possible. The identification of accurate biomarkers for 

early detection of PDAC is therefore urgently needed to improve the prognosis of these patients, 

but the heterogeneity of this tumor as well as the complex interactions between cancerous and 

non-cancerous cells present a significant challenge to achieve this goal.  

For non-resectable tumors, the standard of care consists in systemic chemotherapy. Several first-

line chemotherapy agents are currently used either as a monotherapy or in combination such as 

Folfirinox (combination of 5-fluorouracil (5-FU), leucovorin, irinotecan and oxiplatin) or 

nanoparticle conjugates of paclitaxel combined to gemcitabine.68, 69  Neoadjuvant therapy is also 

used to decrease tumor size of borderline non-operable tumors in order to improve resectability 

and overall survival, as demonstrated by multiple clinical trials.72, 73  However, after treatment, 

patients often exhibit recurrence leading to a moderate improvement of overall survival (only a few 

months) despite new developments and refinements of standards of care.69, 74  

 One of the reasons for PDAC treatment failure is the highly complex tumor microenvironment 

(TME) exhibited by the tumor, composed of cellular and acellular components exerting a 

mechanical and biological barrier to immune infiltration and functions (Figure 2).75  
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Figure 2: Schematic representation of PDAC tumor microenvironment. PDAC tumor is composed 

of pancreatic cancer cells and of immunosuppressive components, such as cancer-associated 

fibroblasts (CAFs) that produce high levels of extracellular matrix. Other immune cells such as 

myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), tumor-associated neutrophils 

(TANs) and tumor-associated macrophages (TAMs) contribute to create an immunosuppressive 

environment taming the functions of anti-tumor immune cells such as NK cells, T cells and dendritic 

cells. Created with Biorender.com. 

Cancer-associated fibroblasts (CAFs), a population originating from pancreatic stellate cells (PSCs), 

represent key actors in TME formation as they are largely responsible for the excessive production 

of extracellular matrix (ECM) leading to a massive desmoplastic stroma. These cells are commonly 

divided into myofibroblast-like (myCAF), inflammatory (iCAF) and antigen-presenting (ap-CAF) and 

represent a promising therapeutic target.76  However, current strategies targeting CAFs have failed 

to provide an efficient anti-tumor response, largely due to the high heterogeneity of this population 

and more complex interactions with the other elements of the TME.77 Indeed, many other immune 

cells are involved in PDAC TME such as tumor-associated macrophages (TAMs), tumor-associated 

neutrophils (TANs), myeloid-derived suppressor cells (MDSCs), regulatory T cell (Tregs) and mast 

cells.75 Altogether, they are responsible for the production of various cytokines, chemokines and 

growth factors (TGF-β, IL-10, IL-6, VEGF, MMP, CXCL1/8…) that orchestrate the immunosuppression 

of both tumor-infiltrating and peripheral immune cells while allowing tumor growth and survival.75   

Like other cell types such as CD8+ T cells and dendritic cells, NK cells exposed to this toxic TME 

exhibit dysfunctional characteristics impairing their functions (Figure 3).  
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Figure 3: Impact of PDAC tumor microenvironment on NK cells. The immunosuppressive cells of 

the PDAC TME produce a complex mixture of immunomodulatory effectors reducing NK cell 

functions by decreasing activating receptors expression, activation and cytotoxicity as well as by 

excluding NK cells from the tumor. Created with Biorender.com. 

Already in the 1980’s, a study showed that NK cells from PDAC patients exhibited lower cytotoxic 

functions and decreased IFN sensitivity and production.78 Later, several studies have examined 

phenotypic and functional modifications of NK cells from PDAC patients and showed that these cells 

exhibit a downregulation of the expression of several activating receptors (NKG2D, NKp30 and 

NKp46)79 but also low expression of IFN-γ and CD107a and reduced cytotoxic functions.80-82 Further, 

these NK cells expressed increased levels of IL-10, a cytokine that has immunosuppressive effects 

in PDAC TME.80 These studies also revealed that NK cells were largely excluded from the tumor, and 

those that were present showed a marked downregulation of CD16 (the receptor conferring them 

the ability to perform ADCC) but also of other activating receptors such as DNAM-1 and NKp30. 80 

This low frequency of NK cells in PDAC tumors has been attributed to the low expression of CXCR2, 

which could be overcome by ex vivo stimulation with recombinant human IL-2 (rhu-IL2).81  Specific 

factors secreted by the TME have been shown to contribute to NK dysfunction such as Indoleamine 

2,3-dioxygenase (IDO), matrix metallopeptidase 9 (MMP-9)83  and TGF-β1.84  Importantly, Jun et al. 

reported a correlation between disease progression, TGF-β1 plasma concentration and impaired 
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degranulation of NK cells, suggesting that NK cell cytotoxic function could be used as a potential 

biomarker.84  

Altogether, the PDAC TME is able to dysregulate NK cells phenotype and cytotoxic functions 

through complex cellular interactions and secretion of immunosuppressive factors leading to an 

inefficient immune response towards cancer cells. 

3. NK cell immunotherapy  

Since NK cells from patients with cancer and/or viral infections show dysfunctional features leading 

to immune evasion, it is of utmost importance to re-activate these cells, and to re-direct their action 

towards their target in order to achieve a curative treatment. Specifically, treatment approaches 

that target and manipulate the immune system are generalized under the term 

“immunotherapy”.85   

T cells are at the very center of immunotherapy research, both in cancer and in infectious 

diseases.85  T cell have been used in many different treatment approaches such as vaccines, immune 

checkpoint inhibitors against CTLA-4 and PD-1, or CAR-T and have resulted in hundreds of clinical 

trials in the cancer field, but also in infectious diseases (e.g. HIV, Pseudomonas aeruginosa, 

Staphylococcus aureus) and in inflammatory and auto-immune disorders.85, 86   

While immune checkpoint inhibitors and CAR-T cells have shown particularly good results in clinical 

trials against hematological tumors, available results from clinical trials have demonstrated a 

limited efficacy of CAR-T cells against PDAC.87  Further, T cell immunotherapies are associated with 

a challenging toxicity profile.23  Indeed, the administration of CAR-T cells in patients is associated 

with serious adverse events (AE) such the cytokine release syndrome (CRS) and immune effector 

cell-associated neurotoxicity syndrome (ICANS).88 In the most severe cases, these adverse events 

can lead to multi-organ failure and ultimately to the death of the patient, due to an uncontrolled 

proliferation and activation of the CAR-T cells, associated with the excessive release of pro-

inflammatory cytokines such as IL-6.88 Although research is highly focused on managing these 

associated toxicities, both biologically and clinically, these AE still impair the use of T cell 

immunotherapy in clinic.  

On the other hand, NK cell immunotherapy seems to show a more favorable safety profile. Indeed, 

the administration of allogenic NK cells is not associated with CRS and ICANS, confirmed so far in 

the clinical safety studies.23  Because NK cells action is not dependent of antigen presentation by 

MHC-I, they are also not associated with graft-versus-host disease and represent a good “ready-to-

use” approach, unlike T cells that require gene editing to remove the TCR and avoid this risk.89  
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Finally, they represent a good alternative against tumor cells that downregulate their MHC-I to 

evade T cell action.23  

Due to these reasons, many NK immunotherapeutic approaches are currently being developed, and 

can be roughly classified into cell-based therapies, cytokine-based therapies and antibody-based 

therapies (Figure 4).  

 

Figure 4: Overview of NK cell immunotherapeutic approaches. NK cells immunotherapeutic 

approaches can be divided into cell-based therapies (e.g. adoptive NK cell transfers and CAR-NK cell 

therapy), cytokine-based approaches (e.g. IL-15 agonists) and antibody-based strategy (targeting 

either inhibitory or activating receptors). Created with Biorender.com. 
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3.1 Cell-based therapy 

Re-introducing fully functional NK cells into patients is an attractive therapeutic strategy. As such, 

autologous NK cells administration has first been explored. 90  NK cells can indeed be isolated from 

the patient himself, expanded, re-activated ex vivo (with feeder cells and cytokines) and re-

administered to the same patient in order to boost NK cell function to fight against the target. 

However, such procedures have led to poor clinical efficacy due to inhibitory signals provided by 

own MHC-I expressed on cancer to KIR receptors on NK cells.91  Moreover, the expansion process 

of autologous NK cells is highly time-consuming and poses significant practical challenges.23  

On the contrary, allogenic NK cells administration represents a practical “off-the-shelf” approach. 

The MHC mismatch between the donor and the receiver leads to the disinhibition of inhibitory 

signals and renders NK cells alloreactive and therefore “primed” for activation.92  The stress ligands 

exhibited by cancer cells can then trigger a fast and full activation of NK cells leading to tumor 

regression.90  The efficacy of this approach was first demonstrated in acute myeloid leukemia (AML) 

patients, where administration of haploidentical NK cells led to in vivo persistence and anti-tumor 

effects while maintaining a safe toxicity profile.93 Since then, allogenic NK cell therapies have shown 

promising efficacy in oncology, although the clinical responses in solid tumors remains limited.90   

Different primary allogenic NK cells source exist such as peripheral blood, umbilical cord blood 

(UCB) or NK cells derived from induced pluripotent stem cells (iPSCs).89 However, the clinical use of 

primary NK cells might be impeded by limited availability, heterogeneity and cost.94, 95  Cell lines are 

also an attractive sources of allogenic NK cells, as they represent a readily available and 

homogenous population. In particular, NK-92 cells are cytotoxic towards a large spectrum of cancer 

cells and are easily expandable ex vivo.95 Therefore, NK-92 cells were the first FDA-approved NK cell 

line for clinical trials and is currently being investigated for the treatment of various cancers. Of 

note, the cancerous origin of these cells require prior irradiation before administration in patients 

to avoid safety concerns.95  

Aside from autologous/allogenic administration of NK cells, another cell-based therapeutic 

approach called chimeric antigen receptor (CAR)-NK cells is being particularly studied. The CAR 

technology, originally developed for T cells, involves the genetic modification of T cell receptor 

(TCR) to recognize specific antigens, such as tumor-associated antigens. This enables the 

reprogramming of the patient’s own T cells to specifically target and kill tumor cells.96  This approach 

has shown great efficacy and has even led several FDA/EMA approvals for the treatment of liquid 

malignancies, although this therapy presents limitations such as manufacturing challenges and toxic 

side effects.96, 97   
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To overcome some of these limitations, CAR-NK cells have been developed following a similar 

technology. Typically, CAR-NK cells are composed of an extracellular antigen-binding region (such 

as a scFv) targeting a surface antigen of the target cells, a transmembrane domain (with a spacer) 

and an intracellular activation domain.98  While the first generation of CAR-NK contained a basic 

structure with only the CD3ζ chain as transduction domain, they have progressively evolved with 

the addition of co-stimulatory domains (CD137, CD28, CD27, CD134…) and the addition of 

releasable immune modulators to promote activation, persistence and overcome TME challenges.98  

Importantly, CAR-NK cells can be manufactured using allogenic sources (primary and cell lines) 

without the risk of GVHD, making them a safer and more readily available therapeutic strategy as 

compared to CAR-T cells.99 Moreover, CAR-NK cells keep their CAR-independent cytotoxic abilities, 

allowing them to have dual anti-tumor properties that might overcome tumor resistance 

mechanisms.98 In preclinical studies, they have demonstrated efficacy against hematological 

cancers but also against various solid tumors including notably glioblastoma, lung cancer and 

colorectal cancer.99, 100   

Few CAR-NK cells have been developed for anti-HIV therapy.101, 102 In 2014, Ni et al. reported the 

development of human embryonic stem cells (hESCs) and iPSCs derived CD4ζ CAR-NK cells able to 

inhibit HIV replication in CD4+ T cells in vitro.103 Unfortunately, the administration of these CAR-NK 

cells into humanized mice bearing HIV did not trigger any significant differences as compared to 

unmodified NK cells.103 In a different approach, Lim et al. studied the efficacy of a universal CAR-NK 

cell targeted against anti-2,4-dinitrophenyl (DNP).104  Their strategy is based on a two-step 

approach: i) DNP-tagged antibodies targeted against various epitopes of gp160 bind to HIV-infected 

cells and act as adaptor molecules; ii) universal anti-DNP CAR-NK cells that recognize and specifically 

kill the DNP-tagged cells.104  This strategy could allow tackling the large heterogeneity of HIV viruses, 

although only in vitro killing results of HIV-infected cell lines were reported, and need to be 

confirmed in vivo.104  

CAR-NK cell therapy also faces multiple challenges, including low persistence requiring frequent 

administrations (and therefore increased costs), as well as difficulties concerning the genetic 

manipulation of these cells.105  Indeed, NK cells show lower transduction efficiency than T cells and 

the use of viral vectors poses safety concerns, although virus-free alternatives are actively being 

developed.106   

So far, no CAR-NK has been approved for clinical use, but more than 120 clinical trials in phases I 

and II are registered so far, both against hematologic cancers (leukemia, lymphoma, myeloma…) 

and solid tumors (pancreatic cancer, prostate cancer…).97 Although the clinical development of CAR-
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NK cells is still in its early stages, the results of these studies should provide valuable insights in the 

coming years, both into their potential as anti-cancer therapy and into how this knowledge might 

be translatable to infectious diseases.  

3.2 Cytokine-based therapy 

Many different cytokines are known to influence NK cell development and functional activity 

including IL-2, IL-12, IL-15, IL-18, IL-21, and type I IFNs.90  

Among these, IL-2 is the first discovered member of the common receptor gamma chain (γc) family 

and requires three subunits for its functional activity: the common γc receptor subunit (CD132), the 

IL-2/IL-15 receptor β (CD122) and the IL-2Rα (CD25).107 Similar to IL-2, IL-15 is part of the γc family 

and shares the same β and γ receptors subunits.108  However, the receptor α subunit differs since 

IL-15 binds to IL-15Rα, a receptor mainly expressed by activated monocytes, macrophages and 

dendritic cells. In vivo, IL-15 primarily functions as a cell-associated cytokine, and is trans-presented 

to cells expressing the IL-2/IL-15 β and γc receptors subunits, i.e. CD8+ T cells and NK cells.107  Once 

bound, the IL-15Rα/IL-15 complex triggers similar signaling pathways like IL-2 including the 

common Janus kinase (JAKs)/signal transducer and activator of transcription (STAT) pathway, the 

phosphoinositol 3-kinase (PI3K)/AKT pathway and the RAS-Raf-MAPK pathway.107  Ultimately, these 

pathways stimulate the activation, degranulation and cytotoxic functions of NK cells. 

Although the signaling pathways triggered by IL-2 and IL-15 present many similarities, the two 

cytokines have different biological activities. While IL-15 preferentially activates the maturation, 

proliferation and functional properties of NK cells and CD8+ T cells, IL-2 can induce the proliferation 

and differentiation of regulatory T cells (Tregs) and is involved in activation-induced cell death 

(AICD).107, 109  This effect of IL-2 on Tregs, coupled to other unwanted side effects such as severe 

capillary leak syndrome induced in humans by IL-2 therapy are compelling arguments for the 

preferential use of IL-15 as an efficient but safer cytokine-based approach in immunotherapy.108   

As such, a first clinical trial in 2015 evaluated the efficacy of recombinant human IL-15 (rhu-IL15) in 

patients with metastatic malignancies and demonstrated that the treatment induced NK cell 

hyperproliferation and activation.110  However, rhu-IL15 administrations were associated with dose-

limiting toxicities due to the very limited half-life of the soluble cytokine (<1 hour in mice and 2.5 

to 12 hours in humans) which therefore requires repeated administrations to maintain an efficient 

concentration.108  To overcome this issue, efforts have been deployed to generate IL-15 

superagonists, defined as molecules able to improve IL-15 potency, bioavailability and stability.108  

These molecules, constituted of the complex IL-15/IL-15Rα and fused with a linker or an Fc domain, 
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have shown promising outcomes in preclinical studies and are currently being evaluated in 

humans.108, 111  

As such, N-803 (ALT-803) is the most clinically advanced IL-15 superagonist and is being evaluated 

as a single agent or in combination with other immunotherapeutic agents in both liquid and solid 

tumors.111  Results from phase I/II studies revealed that N-803 is safe and well tolerated, and the 

treatment even exhibited efficacy in phase I trial to treat relapse of hematological malignancies 

after allogeneic stem cell transplantation (NCT01885897).112  Several phase III studies for treating 

Non-Small Cell Lung Cancer (NCT06745908, NCT03520686, NCT05096663) are ongoing and should 

provide more information about the efficacy of IL-15 superagonists against solid tumors.  

Importantly, IL-15-based therapies also represent a promising avenue for HIV cure and N-803 was 

also evaluated in PLHIV in a phase I clinical trial (NCT02191098). Results from this study reported 

that N-803 administered to ART-suppressed PLHIV was well tolerated and could also stimulate NK 

cells and CD8+ T cells proliferation and activation, as well as slightly decrease the frequency of 

PBMCs with an inducible HIV provirus.113 Although the preliminary data are promising, the 

functional efficacy of N-803 will now be tested in larger cohorts alone and in combination with 

broadly neutralizing antibodies (NCT04340596/NCT05245292) to evaluate its effect on the 

eradication of HIV reservoirs in patients.114   

It is important to note that several limitations might occur with IL-15 therapy, as it has been shown 

that NK cells continuously exposed to IL-15 become exhausted and exhibit decreased anti-tumor 

efficacy, both in vitro and in vivo.115  This is due to a modified cell cycle arrest gene expression as 

well as reduced metabolic and respiratory functions of these cells. The challenge in developing 

efficient IL-15-based immunotherapy therefore resides in finding the proper balance between 

promoting sufficient NK cell proliferation and activation, while avoiding the immune-regulation 

triggered by their excessive overstimulation. 

Other cytokines are involved in NK cell activation and could represent potential enhancers of NK 

immunotherapy. For example, membrane-bound IL-21 (mbIL-21) improves NK cell proliferation and 

cytotoxicity and modified K562 feeder cells expressing mbIL-21 are currently used to expand NK 

cells for cell therapy.90, 116  

Aside, the combination of IL-12, IL-15 and IL-18 induces the development of cytokine-induced 

memory-like (CIML) NK cells that possess enhanced functionality after re-stimulation with cytokines 

both in vitro and in vivo.36, 117  Exploiting the enhanced persistence and cytotoxic functions of 

memory-like NK cells therefore represents an exciting immunotherapeutic strategy. To stimulate 

the development of CIML, Becker-Hapak et al. reported the development of a GMP compatible 
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fusion protein containing IL-12, IL-15 and IL-18 coupled to an anti-CD16 that triggers the memory-

like differentiation in vivo and ultimately improves NK cell persistence as well as survival of NSG 

mice bearing K562 leukemia.118  CIML NK cells could also be used as cell therapy, and Phase I clinical 

studies have established that the approach is safe and showed promising efficacy results in AML 

patients.119  Recently, a Phase I study reported that the combination of CIML with IL-15 super-

agonist and the immune checkpoint inhibitor ipilimumab (anti-CTLA-4) could safely be administered 

in patients with advanced head and neck cancer and was associated with transient disease control 

but the combination decreased NK cell persistence.120  This underlines the challenges of treating 

solid tumors and the need for further investigations. Other clinical trials are currently ongoing to 

evaluate the safety and efficacy of adoptive transfer of CIML NK cells for different malignancies.121  

3.3 Antibody-based therapy 

Antibodies are proteins constituted of an antigen-binding site (Fab), which enables them to 

specifically target cancerous or infected cells, and a Fragment crystallizable (Fc) region, which 

mediates immune functions.122 Antibodies can exert their effects directly by blocking or activating 

signaling pathways downstream of the targeted antigens, or indirectly notably by facilitating ADCC 

through interactions between the Fc region of the antibody and FcγRIII (CD16) expressed on 

immune cells such as myeloid cells and NK cells.122  In HIV, broadly neutralizing antibodies (bNAbs) 

can also block virus entry into the target cells.44  Antibodies can also be engineered into multispecific 

formats, allowing simultaneous targeting of multiple antigens. This strategy can help overcome 

tumor immune escape mechanisms and enhance immune cell activation.122  In addition, antibodies 

can be manufactured easily and at low costs, making them more cost-effective therapeutic 

approaches as compared to cell therapy.123  

In the context of NK cell immunotherapy, two approaches exist to shift NK cells towards a more 

activated and cytotoxic state: i) Targeting inhibitory receptors to relieve inhibition and ii) Targeting 

activating receptors to enhance activation signals. 

3.3.1 Targeting inhibitory receptors 

NK cells inhibitory receptors such as NKG2A, lymphocyte activation gene 3 (LAG-3), T cell 

immunoglobulin and mucin domain-containing 3 (TIM-3) and T cell immunoreceptor with Ig and 

ITIM domains (TIGIT) are upregulated in context of cancer and infection, which limits the 

functionality of NK cells.90  The action of these immune checkpoints can be alleviated by monoclonal 

antibodies that bind to these sites and hinder the access therefore preventing downstream 

signaling.23  Importantly, since these receptors are also expressed on T cells subsets, antibodies 

against these targets often have a dual action to restore both NK cells and T cells functions. 
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For example, Monalizumab (humanized IgG4 anti-NKG2A antibody) was shown to promote effector 

functions of both NK cells and CD8+ T cells (in preclinical and clinical studies) although its efficacy 

as monotherapy is limited.124  Monalizumab is currently evaluated in phase III trials in combination 

with Cetuximab (anti-EGFR; NCT04590963) and Durvalumab (anti-PD-L1; NCT05221840) and the 

results of these studies will determine the efficacy of such strategy. Other antibodies targeted 

against NK immune checkpoints have entered clinical trials such as anti-TIM-3 (over 100 Phase I and 

II clinical trials as monotherapy and in combination), anti-TIGIT (16 phase III trials), anti-LAG-3 (more 

than 20 LAG-3-targeting molecules in clinical trials) or anti-KIR (multiple clinical trials evaluating the 

anti-KIR2DL1/2/3 IPH4102 and the anti-KIR3DL2 IPH4102).23, 90, 94  

Although targeting NK immune checkpoints seems to be a safe and promising approach, available 

clinical data suggest a limited efficacy when used as monotherapy. Combining these antibodies with 

broader immune checkpoint inhibitors (such as anti-PD-L1) is likely necessary to achieve sufficient 

clinical responses. Consequently, current clinical trials are focused on combination strategies.  

3.3.2 Targeting activating receptors 

Because NK cell activation is based on the balance between inhibitory and activating signals, 

another strategy to stimulate their functions is to target activating receptors to enhance their 

effects through the stimulation of their respective signaling pathways. 

CD16 has quickly appeared as the most popular target for such approach. It is considered the most 

potent NK cell activating receptor, able to stimulate NK cell cytotoxicity by itself by mediation of 

ADCC.125 Upon binding to the Fc portion of antibodies, CD16a receptors re-arrange and activate 

signaling pathways such as PCL-γ and VAV leading to full activation of NK cells.105 Therefore, many 

antibodies have been designed to specifically bind to CD16 and stimulate this activation process. 

The most clinically advanced antibody of this kind is AFM13, an anti-CD16a x anti-CD30 antibody 

designed to restore NK cell activation in Hodgkin lymphoma.126 Results from Phase I and Phase II 

clinical trials indicated a safe toxicity profile, but due to the modest response rate (16.6%), AFM13 

is currently evaluated as a combination with allogenic NK cell infusion (NCT04074746, 

NCT05883449).127, 128  Other CD16a antibody such as AFM24 (CD16a x EGFR), AFM26 (CD16a x 

BCMA) and AFM28 (CD16a x CD123) are evaluated in clinical studies for various malignancies. 

Although CD16a is the most used target in NK cell immunotherapy, this receptor also possesses 

limitations. Indeed, common polymorphisms (such as Phe158 and Val158) can decrease the binding 

affinity for the Fc portion of the antibody.23  Moreover, after NK cell activation, metalloproteases 

quickly cleave CD16, which decreases the surface expression of the receptor and can negatively 

affect the efficacy of CD16a-targeting therapies.105  Targeting of CD16a can also lead to NK cell 
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fratricide, since NK cells tagged with the anti-CD16a antibodies could potentially become target for 

other NK cells, although low levels of NK cell fratricide are observed in vitro.129  

NKG2D is a C-type lectin-like receptor expressed not only on NK cells, but also on other immune 

cells such as NKT cells (CD3+CD56+), CD8+ T cells and a subset of γδ T cells.23, 105  Targeting NKG2D is 

an interesting strategy since it leads to rapid activation of the PI3K and Grb2/VAV-1/PLC-γ signaling 

pathways, that enhance NK cell degranulation and cytotoxicity (although weaker than CD16a). 105  

Moreover, NKG2D activation on NK cells might potentiate their ability of serial killing as NK cells 

activated by CD16 signals show decreased perforin secretion, that can be recovered by NKG2D 

stimulation.130  However, the sustained stimulation of NKG2D can lead to NK cell desensitization 

due to the uncoupling of the NKG2D receptor and leading to reduced receptor functions.131  Still, 

targeting of NKG2D by therapeutic molecules has shown promises in preclinical studies in mouse 

models of multiple myeloma and in vitro models of HER-2+ tumors. 132, 133 Several NKG2D-targeting 

compounds are currently evaluated in Phase I/II clinical trials. 

Finally, the natural cytotoxicity receptors (NCR), a family of receptors including notably NKp30 and 

NKp46, are important targets for NK cell therapy. On the one hand, NKp30 is constitutively 

expressed in resting and activated NK cells, and is not quickly downregulated after stimulation.105  

This confers NKp30 better antigen persistence and possibly better outcome for NK cell 

immunotherapy. As such, constructs targeting NKp30 through its natural ligand B7-H6 or via anti-

NKp30 Fab fragments have demonstrated enhanced NK cell activation and cytotoxicity against 

cancer cells, underlining the potential of NKp30 as a target for NK cell immunotherapy.134  On the 

other hand, the expression of NKp46 is not only constitutively but also almost exclusively restricted 

to NK cells.23  While the engagement of NKp46 leads to poor NK cell activation by itself, the co-

engagement with other activating receptors (such as 2B4, NKG2D, DNAM) results in synergistic 

activation of NK cells.125  As such, NKp46 can be used as a highly specific NK-cell based approach, 

but should be combined with other activating signals to induce proper NK cell activation.  

3.3.2.1 Immune cell engagers 

Immune cell engagers represent a specific category of multispecific antibodies targeted against 

activating receptors. They are characterized by their ability to bind both to immune cells and to the 

target cells, in order to stimulate the formation of an immunological synapse between both cell 

types and ultimately enhance the cytotoxic activity of the immune cells towards its target (Figure 

5). They possess multiple advantages over classical antibodies including additional antigen 

specificity, more precise targeting as well as the ability to target different cell types. Compared to 

cell-based therapy, they allow an easier and cheaper manufacturing process. Further, the 
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combination of NK cell engagers with allogenic NK cell transfer could represent an alternative to 

avoid genetic manipulation of NK cells.105   

 

Figure 5: Structure of immune cell engagers. (A) Immune cell engagers are typically designed by 

isolating binding moieties such as single-chain variable fragments (scFvs) from antibodies targeted 

against immune cell and target cell antigens and linking them together with a flexible linker. (B) 

Immune cell engagers can then induce the crosslinking between immune cells and target cells and 

enhance cytotoxicity against the target cell. VH: variable heavy chain; VL: variable light chain. 

Created with Biorender.com, adapted from Rolin et al.135  

This topic has been extensively reviewed in our publication “Bridging the gap with multispecific 

immune cell engagers in cancer and infectious diseases”, published in 2024 in Cellular and 

Molecular Immunology (Appendix - Paper #1).135 In this paper, we explore the wide variety of 

immune cell engagers and we elaborate on the variety of immune (T cells, NK cells, myeloid cells) 

and target (cancer and HIV-infected, mainly) cells they can engage.  

Specifically in the context of NK cells, we explain how the generation of bispecific killer engagers 

(BiKEs), and more specifically BiKEs targeted against CD16a, have paved the way with promising 

results in preclinical studies against multiple cancers (e.g. lymphoma, colorectal cancer, HER2+ 

tumors) and are currently evaluated in phase I/II clinical trials. We also mentioned the early 
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development of BiKEs against HIV infections (targeting surface glycoproteins gp41 or gp120) 

although they have not made it past preclinical studies so far.136-138  

Next, we explored the evolution of BiKEs into trispecific constructs (TriKEs) that often contain IL-15, 

since this cytokine enhances NK cell proliferation and activation. As such, the TriKE GTB-3550 

(CD16a x IL15 x CD33) has demonstrated successful efficacy in Phase I/II trial for the treatment of 

AML and myelodyplastic syndrome (NCT03214666).139 Importantly, Vivier’s team reported that 

targeting simultaneously the two NK cells activating receptors CD16 and NKp46 could improve NK 

cell activation and cytotoxic functions both in vitro and in non-human primates (NHPs).140 They 

further developed an NKp46 x CD16a x CD123 engager (SAR443579) that is currently evaluated in 

a Phase I/II clinical trial for hematological malignancies (NCT05086315).141  NK cell engagers have 

even been further complexified as tetraspecific structure such as IPH6501, a construct targeted 

against NKp46, CD16a and CD20 (antigen expressed by lymphoma cells) with an additional IL-2 

moiety that contains point mutations limiting its interactions with regulatory T cells.142, 143  Since the 

publication of our review, IPH6501 has entered Phase I/II clinical trial to evaluate its safety in Non-

Hodgkin lymphoma patients (NCT06088654).  

Altogether, this review highlights the preclinical and clinical advancements of NK cell engagers, 

which could overcome the limitations observed with T cell engagers. Moreover, it underlines the 

necessity for proper NK cell activation to achieve anti-tumor cytotoxicity.  

4. Strategic NK cell receptor targeting for disease-specific models 

Taken together, all available evidence emphasize that NK cells represent future major actors of 

immunotherapy, both against viral diseases (e.g. HIV-1) and cancer (e.g. PDAC). However, although 

both conditions require to enhance NK cell functions, the cells display distinct dysfunctional 

phenotypes in each pathology, which must be considered while developing disease-specific NK cell 

based immunotherapy.  

To reach this objective, our team has conceived novel immunotherapeutic constructs that are 

based on the C4 binding protein (C4BP). C4BP is a protein complex involved in the inhibition of the 

complement system.144 It is composed of seven α chains and one β chain, each one presenting both 

complement control proteins (CCPs) and an oligomerizing domain (Figure 6A). Interestingly, the 

isolated oligomerization domains of the α and β chains can respectively form heptamers and dimers 

and can be used as a scaffold for therapeutic engineering (Figure 6B).145  Specifically, our team has 

filed two patents showing that moieties (such as receptor, scFv, immune effectors…) engrafted in 

N- and C-terminal ends of the C4BP multimerization domains maintain their functional activities 

(WO2017/202776, WO2023/81120). 
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Figure 6: Structure of C4BP and oligomerization domains. (A) The C4 Binding protein (C4BP) is 

constituted of 7 α chains and 1 β chain, and each of these chains contains complement control 

proteins (CCPs) and an oligomerization domain. (B) The oligomerization domains of the α chains 

and β chain can form heptamers and dimers, respectively. Created with Biorender.com. 

Based on this principle, we have developed two types of molecules: i) Natural killer activating 

Multimeric immunotherapeutic compleXes (NaMiX) and ii) Trispecific Killer Engagers (TriKE). NaMiX 

is a multimer of the IL-15/IL-15Rα associated with single-chain fragment variable (scFv) targeted 

against NK cell receptors aiming to stimulate specifically NK cell functions (Figure 7, left). TriKE is 

an engineered multispecific antibody binding on both NK cells and cancer cells in order to improve 

the crosslinking and activation of NK cells towards the target (Figure 7, right). 

 

Figure 7: Structure of NaMiX and Engagers. NaMiX is composed of the C4BP oligomerization 

domain (β chain in this illustration) engrafted on the N-terminal end with the sushi domain of the 

IL-15Rα coupled with IL-15, and on the C-terminal end with scFvs targeted against an NK cell 

receptor. TriKE has a similar structure but is engrafted on the N-terminal end with scFvs targeted 
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against two NK cell activating receptors and on the C-terminal end with a VHH targeted against 

cancer cells.  

In HIV models, we developed a NaMiX containing scFvs targeted against the inhibitory NK cell 

receptors NKG2A and KIR2DL to block their activation and counteract the upregulation observed in 

NK cells of HIV-infected individuals. We explored how the dimerization and heptamerization of IL-

15/IL-15Rα complexes associated with anti-NKG2A or anti-KIR2DL can stimulate NK cell functions 

against HIV-infected cells, both in vitro and in humanized NSG mice transgenic for human IL-15 (tg 

huIL-15) (Appendix - Paper #2). 

In PDAC models, we investigated an alternative approach for enhancing NK cell functions through 

the stimulation of activating NK cell receptors (Appendix - Paper #4). To specifically re-activate 

exhausted NK cells, we designed a new version of NaMiX with anti-NKp46 moieties, one of the most 

specific NK cell activating receptor. To strengthen our strategy, we also developed a TriKE targeting 

two of the most expressed activating receptors in PDAC (NKG2D and NKp30) to evaluate whether 

the engagement of these receptors could complement the action of NaMiX.  

The strategy applied to restore NK cell functions in HIV-1 and PDAC models is summarized in Figure 

8.  
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Figure 8: Representation of the disease-specific strategies to restore NK cell functions. To 

stimulate NK cell activation and cytotoxicity against target cells, we developed different NK cells-

targeted immunoconjugates depending on the disease context. (Left panel) To target HIV-infected 

cells, we developed NaMiX containing IL-15/IL-15Rα complexes with scFvs directed against 

inhibitory receptors aimed to block inhibitory signals. (Right panel) To target PDAC cells, we 

developed NaMiX containing IL-15/IL-15Rα complexes with scFvs directed against activating 

receptors to stimulate NK cell functions. We also developed TriKE that crosslinks NK cells and PDAC 

cells. Created with Biorender.com. 
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B) Results and Discussion  

This section summarizes the key findings and conclusions of Thesis Paper #2, #3 and #4. The 

complete manuscripts are provided in the appendix. 

1. Harnessing NK cells to fight against HIV-1 infection 

 

1.1 Thesis Paper #2: 

“Multimeric immunotherapeutic complexes activating natural killer cells towards HIV-1 cure” 

 

In Paper #2, we developed Natural killer activating Multimeric immunotherapeutic compleXes 

(NaMiX) composed of IL-15/IL15-Rα complexes linked through the oligomerization domain of the 

C4 Binding protein (C4BP) with single chain variable fragments (scFvs) targeting NK cell inhibitory 

receptors. Specifically, we developed and compared different forms of NaMiX based on either the 

C4BP-α (heptamer) or C4BP-β (dimer) scaffold and targeted against the inhibitory receptors NKG2A 

or KIR2DL (Figure 9). We evaluated their efficacy to trigger NK cell activation and cytotoxicity 

against HIV-1 infected cells in vitro and in a humanized mice model. 

 

 

Figure 9: Schematic representation of NaMiX targeted against HIV-1 infection. NaMiX is composed 

of the C4BP oligomerization domain (either the α heptameric subunit or the β dimeric subunit) and 

is engrafted on the N-terminal end with the sushi domain of the IL-15Rα coupled with IL-15, and on 

the C-terminal end with a scFv targeted against NKG2A or KIR2DL. Created with Biorender.com. 
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1.1.1 Main results and discussion 

HIV-1 represents the first global epidemic with more than 40 million infected people worldwide. 

Although antiretroviral therapy (ART) drastically improved the life expectancy of people living with 

HIV (PLHIV) through the inhibition of viral replication and the restoration of CD4+ T cell count, the 

persistence of HIV reservoirs impedes the development of a functional cure. NK cells are major 

actors in anti-viral immune reaction, and in early stages of HIV infection, an increased number of 

CD56dim NK cells (cytotoxic subtype) and a decreased number in CD56bright (regulatory subtype) is 

observed (detailed in paragraph 2.1.1 “NK cells and HIV-1”).39  Therapeutic strategies aiming to 

boost NK cells functions are therefore a promising approach to tackle HIV-1 infection.  

IL-15 is a well-known cytokine for its ability to stimulate NK cell function and proliferation.146  

Because of its short half-life in vivo, efforts have been focused on developing IL-15 superagonists 

that exhibit improved pharmacodynamics and pharmacokinetic properties (see paragraph 3.2 

“Cytokine-based therapy”). Here, we report an immunoconjugate NaMiX that is composed of 

IL15/IL-15Rα complexes presented as dimeric or heptameric format, using the α or β subunit of the 

C4BP multimerization domain.  

Chronic HIV-1 infection induces the upregulation of inhibitory receptors expression, which 

dysregulates the tight balance between activating and inhibitory signals sensed by NK cells and 

ultimately tames their functions.49  To restore the balance, one strategy aims to block inhibitory 

receptors and downstream signaling with antibodies targeted against these receptors (see 

paragraph 3.3.1 “Targeting inhibitory receptors”). In a similar approach, we embedded NaMiX with 

scFv targeted against NKG2A or KIR2DL, two inhibitory receptors upregulated in NK cells in HIV-

infected individuals.  

After the production and molecular characterization of the different NaMiX forms, we evaluated 

their ability to stimulate the activation and degranulation of NK cells and PBMCs towards a NK cell 

resistant B cell lymphoma cell line (Raji cells) and towards the HIV-latently infected T-cell line ACH-

2. The pre-incubation with the different forms of NaMiX increased NK cells expression of CD107a 

and IFN-γ towards the two cell lines. ELISA analysis of the cell culture supernatants revealed 

increased concentration of IFN-γ, perforin and granzyme B when PBMCs were pre-incubated with 

NaMiX. PBMCs stimulated with NaMiX also exhibited enhanced cytotoxic functions, as 

demonstrated by the increased percentage of dead Raji cells (α.NKG2A: 91.02 %, β.NKG2A: 91.80 

%, α.KIR: 80.51 %, β.KIR: 72.02 %) as compared to the control medium (17.66 %) and dead ACH-2 

cells (α.NKG2A: 48.88 %, β.NKG2A: 45.28 %, α.KIR: 37.21 %, β.KIR: 43.55 %) as compared to the 

control medium (12.84 %). Altogether, the different forms of NaMiX could stimulate the activation 



50 

and cytotoxic functions of healthy donors PBMCs towards NK-cell resistant cancer cell line Raji and 

HIV-latently infected cell line ACH-2. These results highlight the potential of NaMiX for the 

treatment of both HIV+ cells and tumors.  

The extent of IL-15 stimulation as well as its mode of presentation (soluble IL-15/IL15-Rα or trans-

presented by dendritic cells) critically influences downstream signaling, favoring either the STAT5 

pathway (associated with NK cell activation) or the mTOR pathway (associated with NK cell 

proliferation).107 Interestingly, NaMiX activated the IL-15-dependent STAT5 pathway in NK cells 

without inducing the expression of the proliferation marker Ki67.This effect might be beneficial to 

avoid NK cell exhaustion, a feature observed with sustained IL-15 exposure resulting in decreased 

NK cells viability and cytotoxic functions, and notably responsible for NK cell exhaustion 

mechanisms in acute myeloid leukemia.115, 147  

We further assessed the effect of NaMiX on NK cells from HIV-1 infected individuals either under 

combination antiretroviral therapy (cART) (viral load (VL) < 40 copies/mL (cp/mL)) or untreated with 

cART (VL > 30000c cp/mL). Aside from triggering the activation and degranulation of NK cells from 

HIV-infected individuals, NaMiX (particularly the anti-NKG2A format) increased the expression of 

CXCR5, a receptor whose expression on NK cells has been associated with HIV-1 control.148 

Interestingly, this increased CXCR5 expression was more potent on NK cells from untreated patients 

than from patients under cART, suggesting that NaMiX could help towards HIV-1 control by NK cells 

in patients with high viral loads.  

While similar in vitro efficiency was observed between the dimeric and heptameric forms of NaMiX, 

targeting different inhibitory receptors have revealed functional differences, as targeting of NKG2A 

was more efficient than targeting of KIR2DL to stimulate NK cell degranulation and cytotoxicity. This 

differential effect is likely due to the lower expression level of KIR2DL at the surface of NK cells than 

NKG2A, which therefore decreases the number of activated NK cells. This underlines the 

importance of adapting NaMiX’ targeting moiety depending on the disease context. 

Elimination of latent reservoirs is a key challenge to achieve a functional HIV cure. The “shock and 

kill” approach aims to activate these latent reservoirs by latency-reversal agents (LRA) and to kill 

the cells harboring reactivated virus by NK cells and cytotoxic lymphocytes.53 Although new 

approaches (such as histone deacetylase inhibitors and TLR agonists) are developed to achieve this 

goal while avoiding toxicities, their use as monotherapy has so far failed to provide sufficient 

reservoir decrease or viral rebound delay.149  In viral inhibition assays using NaMiX, we first 

observed an increased expression of p24 and viral RNA after 2 days of incubation, suggesting a 

potential latency reversal effect. After 5 days, a control of viral replication was observed, suggesting 
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that NK cells were primed for killing infected cells, in accordance with results obtained with the IL-

15 superagonist ALT-803.113  

Finally, a model of HIV-1 infection in humanized mice with transgenic IL-15 expression (NSG tg-IL15) 

was developed. After humanization with umbilical cord-derived CD34+ hematopoietic stem cells, 

NSG tg-IL15 mice were infected with HIV for 4 weeks, then treated with cART for 6 weeks. These 

mice were then administered with the lead NaMiX (α.NKG2A) 10 and 3 days prior to cART 

interruption. 3 days post-treatment interruption, mice treated with NaMiX showed higher 

percentage of functional CD56dim NK cells and a lower percentage of non-cytotoxic CD56neg and 

CD56bright cells in their bone marrow, suggesting that NaMiX can stimulate the differentiation of 

functional cytotoxic NK cells in vivo. Further, the total HIV-1 DNA in human CD45+ from the lung 

and the bone marrow was quantified. Although not statistically significant, a trend towards HIV-1 

DNA decrease was observed in mice treated with NaMiX, which might indicate a potential role of 

NaMiX as a latency reversal agent.  

Taken together, these data suggest that NaMiX holds therapeutic potential as an NK-based 

immunotherapy against HIV, while also demonstrating promising preliminary efficiency against 

cancer cell lines resistant to NK cell-mediated killing. Further optimization of dose schedules to 

enhance NK cells and CD8+ T cells responsiveness as well as refinement of administration routes will 

be critical to better assess the suitability of NaMiX as a candidate immunotherapy towards HIV cure.  
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2. Harnessing NK cells to fight against PDAC 

2.1 Thesis Paper #3:  

“Assessment of NK cell cytotoxicity induced by IL-15-based immunotherapy against cancer cells” 

 

The natural cytotoxicity exhibited by NK cells as well as their safe toxicity profile have made them 

promising candidates for cancer immunotherapy. To assess the efficacy of NK cells 

immunotherapeutic approaches, robust and reliable methods are required. In Paper #3, we 

describe and compare a flow cytometry-based and a calcein AM-based method for evaluating the 

cytotoxicity of NK cells towards pancreatic cancer cells BxPC-3 in presence of our IL-15 based 

immunotherapy (NaMiX) (Figure 10). 

 

Figure 10: Methodology for the evaluation and comparison of NK cell cytotoxicity assays. (1) 

PBMCs are isolated from whole blood by Ficoll-Hypopaque density gradient. (2) NK cells are isolated 

from total PBMCs using a positive selection with CD56 MicroBeads. (3) NK cells are activated for 48 

hours with IL-15 based immunotherapy or controls. (4) Pancreatic cancer BxPC-3 cells are cultured 

and isolated. (5) BxPC-3 cells are stained with (5.1) CellTrace Violet for flow cytometry or (5.2) 

calcein AM for the calcein release assay. (6) NK cell cytotoxicity is assessed with (6.1) Annexin V/PI 

staining for flow cytometry or (6.2) fluorescence reading for the  calcein release assay.  
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2.1.1 Main results and discussion  

Pancreatic ductal adenocarcinoma (PDAC) is a cancer presenting highly unmet medical needs. The 

hostile tumor microenvironment exhibited by the tumor renders current therapeutic approaches 

inefficient, resulting in a dramatic prognosis for patients (see paragraph 2.2.1 “NK cells and 

Pancreatic Ductal Adenocarcinoma”). New therapeutic strategies such as immunotherapies 

targeting NK cells represent a promising approach and developing methods to evaluate the efficacy 

of these strategies towards PDAC cells is a critical aspect to reach clinical efficacy.150  In this protocol, 

we described two standard and complementary methods that allow the reliable assessment of NK 

cells cytotoxicity against BxPC-3 pancreatic cancer cells in presence of an IL-15 based 

immunotherapy, called Natural Killer activating Multimeric immunotherapeutic compleXes 

(NaMiX).  

While both the flow cytometry and calcein acetoxymethyl ester (AM) release assays could detect 

an increased cytotoxicity of NK cells when pre-incubated with NaMiX, these methods present 

distinct advantages and limitations.  

On the one hand, the flow cytometry analysis is performed using an Annexin V and a Propidium 

iodide staining. This method provides information concerning the cell death mechanisms exhibited 

by NK cells notably by distinguishing between early apoptotic cells and later cell death mechanisms, 

an information not available with classical cytotoxicity methods such as Live/Dead staining or 

calcein release assay.  

On the other hand, the calcein release assay is based on target cells staining with fluorescent 

calcein, which is then released in the culture supernatant upon target cell death. The measurement 

of this release with a fluorimeter allows the quantification of specific target cell lysis.151  Calcein 

release assay represents a promising candidate as a high throughput method, as it can rapidly and 

sensitively assess NK cell cytotoxicity with a low number of cells and an automated reading system, 

while avoiding the practical difficulties linked to radioactive-based methods such as 51Cr release 

assay. However, due to the high inter- and intra-donors variability exhibited by NK cells and the 

higher sensitivity of the calcein release assay, enhanced experimental variabilities and decreased 

statistical power were observed as compared to the flow cytometry method.  

In conclusion, the combination of these two methods can provide detailed and sensitive 

information concerning the ability of immunotherapies to stimulate NK cells cytotoxicity, and their 

use in clinics is suitable to screen NK cell immunotherapies against PDAC. 
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2.2 Thesis Paper #4:  

“Strength in unity: a dual strategy to restore NK cell cytotoxicity against pancreatic ductal 

adenocarcinoma” 

 

In Paper #4, we developed a dual strategy to enhance NK cell functions against PDAC (Figure 11). 

First, we designed a Natural killer activating Multimeric immunotherapeutic compleXes (NaMiX) 

presenting dimers of IL-15/IL-15Rα coupled to scFvs targeting NKp46, a highly specific NK cell 

activating receptor to precisely target and activate NK cells. Second, to enhance crosslinking 

between activated NK cells and pancreatic cancer cells, we designed a trispecific killer engager 

(TriKE) targeting the NK activating receptors NKG2D and NKp30 and the tumor-associated antigen 

CEA. We evaluated the efficacy of these molecules (alone and in combination) to stimulate NK cell 

functions against PDAC cells in vitro and in a humanized mice model. 

 

 

Figure 11: Schematic representation of NaMiX and TriKE targeted against pancreatic ductal 

adenocarcinoma (PDAC). NaMiX is composed of the β subunit of the C4BP oligomerization domain 

engrafted on the N-terminal end with the sushi domain of the IL-15Rα coupled with IL-15, and on 

the C-terminal end with scFvs targeted against NKp46. TriKE has a similar structure but is engrafted 

on the N-terminal end with scFvs targeted against NKG2D and NKp30 and on the C-terminal end 

with a VHH targeted against CEA.  
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2.2.1 Main results and discussion  

NK cell-based therapeutic approaches have proven effective and well tolerated in preclinical 

models of liquid and solid tumors, and their clinical efficacy is currently being investigated in 

multiple trials (detailed in paragraph 3. “NK cell immunotherapy”). Pancreatic ductal 

adenocarcinoma (PDAC) represents the most lethal cancer, with a 5-year survival rate of only 13.3 

%. This poor prognosis underscores the necessity of developing innovative treatments. Importantly, 

the hostile tumor microenvironment of PDAC releases immunosuppressive mediators, which 

impairs NK cell function and infiltration (paragraph 2.2.1 “NK cells and Pancreatic Ductal 

AdenoCarcinoma”). Restoring NK cell functions and enhancing the interactions with PDAC cancer 

cells therefore appears as a promising therapeutic strategy. 

To re-activate NK cells against PDAC, the cytokine IL-15 is an attractive target. Indeed, it stimulates 

the development, maturation and cytotoxicity of NK cells and has been previously reported to 

enhance NK-cell mediated cytotoxicity against pancreatic cancer cells.152  Although the short in vivo 

half-life of IL-15 limits the use of the native cytokine, the coupling of IL-15 to its co-receptor IL-15Rα 

leads to improved half-life and cytokine-induced activity on NK cells (see paragraph 3.2 “Cytokine-

based therapy”).111  

We therefore developed NaMiX, an immunoconjugate containing dimers of IL-15/IL-15Rα based on 

the C4BP-β scaffold, as previously reported.153  NaMiX also harbors scFvs against NKp46, the most 

specific NK cell- activating receptor, which has already emerged as a promising target for NK cell-

based immunotherapy.140   

NaMiX significantly enhanced NK cell activation, and degranulation of PBMCs compared to control 

medium, as evidenced by increased expression of intracellular IFN-γ and the lysosomal-associated 

protein CD107a, as well as increased levels of IFN-γ and granzyme B in the supernatant. In addition, 

pre-incubation with NaMiX doubled the expression of the activating receptor NKp30 on the surface 

of NK cells. The effect of NaMiX on NK cells isolated from PBMCs was primarily mediated through 

activation of the pSTAT5 signaling pathway rather that the mTOR pathway, which correlated with 

low Ki67 expression levels indicative of limited NK cell proliferation.107 Ultimately, this activation led 

to enhanced cytotoxicity of PBMCs and purified NK cells against the pancreatic cancer cell line BxPC-

3, both in 2D and in 3D spheroids. Altogether, NaMiX appears as an adequate strategy to enhance 

NK cell cytotoxicity against pancreatic cancer cells. 

To improve the interactions and formation of an immunological synapse between NK cells and 

PDAC cells, we designed a trispecific killer engager (TriKE). NK cell engagers (NKCE) represent an 

emerging branch of NK immunotherapy, with promising preclinical results from studies prompting 
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their ongoing evaluation in clinical trials (see paragraph 3.3.2.1 “Immune cell engagers”). While 

some NKCE have been reported for different solid tumors (lung, prostate, ovarian cancer…), this 

approach has not yet been reported for the treatment of PDAC.  

In this paper, we report a TriKE targeting both NKG2D and NKp30, two activating NK cell receptors 

that maintain high expression in NK cells from PDAC patients, since NKCE targeting multiple 

activating receptors exhibit enhanced efficiency.140, 141  NKCE targeting either NKG2D,132, 133, 154, 155  

or NKp30,134, 156  have been previously reported and exhibited efficacy in liquid tumors (such as 

multiple myeloma) and against various solid tumors, which underlines the potential of these targets 

to stimulate NK cell function towards cancer cells. Our TriKE also targets CEA, a tumor-associated 

antigen highly expressed on the surface of several cancer cells such as pancreatic and colorectal 

cancers.157  We also developed bispecific killer engagers (BiKE) targeting either NKp30 (BiKe NKp30) 

or NKG2D (BiKE NKG2D), to assess the effect of the simultaneous co-engagement of these 

receptors.  

Interestingly, the combination of the activation properties of NaMiX and the crosslinking abilities 

of both NKp30 engagers (TriKE and BiKE Nkp30) potentiated remarkably to speed BxPC-3 spheroid 

cell death and further kill the core of the spheroid. This combinatorial effect was also observed 

against PDAC patients-derived organoids (PDOs) co-incubated with NK cells, highlighting the 

translational potential of our approach. While this potentiated effect was also observed with BiKE 

NKp30, the combination of NaMiX with BiKE NKG2D did not lead to enhanced BxPC-3 spheroid and 

PDO cell death. We previously showed that NaMiX increased NKp30 expression on the surface of 

NK cells, which might explain its synergy with NKp30-targeting engagers. Moreover, chronic NKG2D 

engagement has been associated with receptor downregulation and desensitization, and could 

explain the lower efficiency of BiKE NKG2D.158  

In humanized mice bearing BxPC-3 xenografts, daily NaMiX administrations over one week 

(7x/week) induced the expansion of NK cells and CD8+ T cells in the spleen and in the peripheral 

blood as compared to PBS mice, similarly to what has been observed in clinical trial with another 

IL-15 based construct.112  Importantly, NaMiX 7x/week also enhanced NK cell infiltration within the 

tumor xenograft, an important feature since studies have reported that the level of peripheral and 

tumor-infiltrating NK cells are correlated with positive clinical outcomes in PDAC.159, 160 However, 

the total number of circulating and tumor-infiltrating NK cells remained low in our model, which 

clinically reflect the PDAC clinical profile.80  While TriKE administered alone showed a slight 

tendency to delay tumor growth, NaMiX did not trigger any tumor growth inhibition or did not 

complement the action of TriKE. Interestingly, ex vivo functional analysis on splenic cells suggested 
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that NaMiX upregulated the production of perforin- and granzymes-containing cytotoxic granules, 

but did not enhance NK cell degranulation and cytotoxicity against BxPC-3 cells. Further 

investigations regarding NK cell phenotypes are required to assess whether this is due to insufficient 

activation or to exhaustion mechanisms due to the repeated administrations of NaMiX. Indeed, 

continuous IL-15 administrations has been demonstrated to exhaust NK cells functions and 

metabolism.115 Further, immunosuppressive mediators released by the tumor might have dampen 

NK-cell mediated anti-tumoral responses, and the analysis of the tumor-infiltrating NK cell profile 

as well as cytokine environment of the xenograft should provide more information on the complex 

interactions leading to tumor resistance.  

Collectively, these data suggest that while crosslinking between NK cells and PDAC cells with the 

TriKE has potential in our in vivo model, the low number of NK cells coupled to the inadequate NK 

cell activation upon NaMiX treatment did not allow to replicate the potentiated effects observed in 

our in vitro models. Complementing our approach with effectors able to increase NK cell infiltration 

(such as allogenic NK cell administration, or mediators of the CXCR2-3 axis) into the tumor and to 

tackle TME-specific immunosuppressive challenges (such as TGF-β) will be an asset to enhance the 

efficacy of our strategy.161-163  
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CONCLUSIONS AND PERSPECTIVES 

Immunotherapy has revolutionized the medical care of patients suffering from cancer and now 

holds great expectations for viral infections. The stimulation of the patient’s own immune system 

has the potential to overcome barriers observed with classical chemo-/radio-therapy and anti-viral 

therapy.85 T cells have been the center actors of immunotherapy, and research in this field has 

resulted in numerous FDA approvals for instance for immune checkpoints inhibitors, cytokine 

therapy, T cell engagers and CAR-T cells. However, the use of T-cell immunotherapies in clinic can 

be restrained due to safety concerns, limited availability of autologous T cells and limited efficacy 

against solid tumors such as pancreatic ductal adenocarcinoma (PDAC).87  

NK cells are sometimes referred as the innate counterpart of CD8+ T cells, as they possess the 

natural ability to detect and kill target cells (paragraphs 1 and 3 of the synopsis chapter). In the past 

few decades, they have emerged as an alternative target for immunotherapy thanks to their safer 

toxicity profile and because their activation is independent from antigen-presentation by MHC-I.  

In this dissertation, we have developed immunotherapeutic conjugates aimed to specifically target 

and activate NK cells against HIV-1 and PDAC, two conditions that crucially lack a functional cure.  

 Stimulating NK cell functions against HIV and PDAC in vitro 

In Paper #2, we tackled NK cell exhaustion in HIV-1 models by stimulating NK cells with IL-15/IL-

15Rα complexes while blocking inhibitory signals with moieties targeted against NKG2A or KIRD2L. 

While anti-HIV NaMiX stimulated the activation and cytotoxic activity of NK cells towards the 

latently HIV infected cell line ACH-2, it could also stimulate NK cell functions against cancer cells 

with different sensitivity for NK cell action such as Raji cells (NK resistant cell line) and K562 (NK cell 

sensitive cell line used as a gold standard). These results were encouraging towards the use of 

NaMiX in malignant diseases, and they paved the way for the development of constructs targeting 

PDAC.  

Similar outcomes were achieved between the dimeric (C4BP-β) and heptameric (C4BP-α) forms of 

NaMiX, suggesting that the dimerization of IL-15/IL15Rα is sufficient to achieve functional 

efficiency. In contrast, these two formats possess significantly different molecular weights (200-250 

kDa for the heptameric form and around 130 kDa for the dimeric form). To reach clinical efficacy 

against HIV-1 and pancreatic cancer, immunotherapeutic constructs should be able to reach remote 

and/or hindered sites such as the viral reservoirs and the tumor microenvironment; and smaller 

formats are more likely to reach these locations.135, 164 Moreover, the higher production yields of 

the dimers compared to the heptamers is another argument indicating that the dimeric NaMiX is a 
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more suitable format, and was therefore used in the PDAC study. Further reducing the size of our 

constructs by using smaller binding moiety (e.g. VHH instead of scFv), or improving their delivery 

with the use of nanoparticles could also improve their penetration into the desired sites.165  

Interestingly, the comparison between the different inhibitory receptors targeted have revealed 

that NaMiX targeting NKG2A was more efficient to stimulate NK cell degranulation and cytotoxicity 

than NaMiX targeting KIR2DL. We suggest that this is due to the lower expression level of KIR2DL 

compared to NKG2A at the surface of NK cells, which likely decreases the number of activated NK 

cells. This finding strongly influenced the design of NaMiX against pancreatic cancer, as the NK cell 

phenotype highly varies depending on the disease context.  

In PDAC, NKG2A and KIRDL are expressed at extremely low levels on the surface of NK cells, and 

using NaMiX with such target would likely result in suboptimal NK cell targeting.79  Therefore, in 

Paper #4, we adapted our strategy to the stimulation of activating receptors. For this, we used 

NKp46, a NK cell-specific receptor whose expression remains high in NK cells from PDAC patients. 

79  In vitro, NaMiX with NKp46 moieties stimulated the activation and cytotoxicity of NK cells 

towards pancreatic BxPC-3 cells, both in 2D and in 3D spheroids. To enhance NK cell functions 

against PDAC, we also developed a trispecific killer engager (TriKE) to increase the crosslinking 

between PDAC and NK cells and enhance targeted NK cell action. In vitro, TriKE enhanced NaMiX 

action by accelerating the destruction of BxPC-3 spheroids and PDAC PDOs.  

In vivo evaluation in humanized mice models 

For both Paper #2 and Paper #4, we further evaluated the efficacy of our molecules in humanized 

mice models. For this, we performed an intravenous injection of umbilical cord-derived CD34+ 

hematopoietic stem cells (HSCs) in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice.166 Around 20 weeks 

post-engraftment, we achieved a mean humanization rate of more than 50%, associated with the 

reconstitution of human CD19+ B cells (from 8 weeks post-engraftment), human CD14+ monocytes 

and human CD3+ T cells (around 12 weeks post-engraftment) and finally human NK cells (mostly 

from 16 weeks post-engraftment).  

In Paper #2 tackling HIV-1, we used the NSG tg-IL15 transgenic mice strain that expresses the 

human IL-15 gene and produces physiological serum levels of human IL-15, stimulating therefore 

the development and maturation of human NK cells.167  NSG tg-IL15 mice represent an interesting 

model for HIV, as NSG tg-IL15 mice infected with HIV develop NK cells with enhanced functional 

abilities as compared to non-infected mice.168  However, it is biologically plausible that the use of 

tg-IL15 NSG mice has affected the evaluation of our construct, as the IL-15 produced by the 

transgene might have competed with NaMiX, and increased the baseline activation of NK cells. 
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Moreover, chronic stimulation of NK cells by IL-15 is known to induce NK cell exhaustion and the 

constant presence of IL-15 in these mice might have affected NK cell functions.147  

In Paper #4 tackling PDAC, we modified our mouse model to NSG mice treated with a single 

administration of exogenous IL-15/IL-15Rα around 12 weeks post CD34+ HSCs engraftment, a model 

shown to enhance NK cell proliferation and differentiation.169  While it avoids the constant presence 

of IL-15, the unique administration of the cytokine only leads to a transient increase in IL-15 

expression and ultimately to lower NK cell counts compared to NSG tg-IL15 mice. Daily 

administrations of NaMiX for one week in this model markedly stimulated the development of 

cytotoxic lymphocytes in peripheral blood and in the spleen, and the infiltration of NK cell in the 

tumor, although these levels remained low, which likely affected the efficacy of our strategy.  

Based on this information, several perspectives of this project can be foreseen (Figure 12).  

 

Figure 12: Perspectives of the project. Perspectives include approaches to increase NK cell 

infiltration into the tumor, improvement of the in vivo models as well as optimizations of the 

immunoconjugates. SRG: SIRPAh/mRag2−/− Il2rg−/−; PDX: patient-derived xenografts; CAFs: cancer-

associated fibroblasts; sCD58: soluble CD58. 
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 Improving tumor infiltration of NK cells 

Given that tumor infiltration of NK cells is correlated with favorable outcomes in PDAC, enhancing 

NK cell recruitment to the tumor site within our model and therapeutic strategy appears 

particularly relevant.  

For this, adoptive NK cells transfer represents an interesting approach. For instance, intravenous 

administrations of expanded allogenic NK cells combined with irreversible electroporation (an 

ablation therapy consisting in the guided delivery of electrical fields at the tumor site to generate 

pores) led to significantly increased progression-free survival and overall survival in stage II/IV PDAC 

patients.163  Increasing the number of NK cell administrations also improved the prognosis of stage 

III PDAC patients. Aside, the administration of cytokine induced killer (CIK), consisting in a mixture 

of CD8+ T cells and NK cells pre-activated with anti-CD3 antibodies and cytokines, have 

demonstrated efficacy in preclinical and clinical studies, particularly in combination with 

chemotherapy.170  Therefore, an important perspective is to evaluate the efficacy of our therapy in 

combination with the allogenic administration of expanded NK cells, pre-stimulated or not with 

NaMiX, for enhanced cytotoxic effects towards the PDAC tumor.  

Moreover, the use of chemoattractant chemokines also holds promises. For instance, mice treated 

with expanded NK cells and an antibody containing furin-specific cleavable CXCL16 demonstrated 

improved NK cell infiltration inside PDAC tumors and improved overall survival as compared to mice 

who received NK cells only.171 In PDAC patients, the chemokine receptor CXCR2 appears to regulate 

NK cell trafficking, as a downregulation on circulating NK cells has been observed, whereas tumor-

infiltrating NK cells retain CXCR2 expression.172 Moreover, CAR-NK cells with CXCR2 has 

demonstrated efficacy in PDAC preclinical models.81, 173  The optimization of our construct with 

releasable CXCR2 ligands (CXCL1-8) close to the tumor site could therefore represent a promising 

strategy to enhance NK cells infiltration in these tumors and ultimately the efficacy of our strategy. 

However, CXCR2 also induces the tumor recruitment of myeloid-derived suppressor cells (MDSCs) 

and tumor-associated neutrophils (TANs), two immune cell types with pro-tumor functions.174 

Consistently, anti-CXCR2 antagonists improve the response to chemo- and immuno-therapy in 

PDAC preclinical models and multiple clinical trials are ongoing to assess their effect in patients.175  

The targeted stimulation of CXCR2 expression solely on NK cells is therefore key to promote their 

infiltration while avoiding pro-tumorous effects on other immune cell types.  

 Improving in vivo models  

Besides, the use of an alternative NSG mice strain such as the SIRPAh/mRag2−/− Il2rg−/− (SRG) mice in 

which the human SIRPA gene was knocked-in provides an interesting alternative, since CD34+ 
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humanized SRG mice lives longer without developing gvHD.176 This could allow performing longer-

term studies to evaluate the impact of our therapeutic strategies on humanized mice bearing PDAC.  

Overall, the optimization of pharmacodynamic and pharmacokinetic parameters such as timing, 

dosage, route of administration (intraperitoneal, subcutaneous, intratumoral) and targeted 

delivery should be foreseen, in order to achieve proper NK cell activation while mitigating auto-

regulatory mechanisms and toxicity concerns. For instance, a construct containing pro-IL-15 fused 

to a matrix metalloproteinase-cleavable peptide linker enabled the targeted delivery of IL-15 and 

subsequent activation of NK cells only within tumors in mouse cancer models.177  This approach 

could also constitute an interesting perspective to enhance the effects of NaMiX while managing 

the toxicity of systemic IL-15 administration.  

Finally, the implementation of an orthotopic PDAC patient-derived model could allow a more 

clinically relevant representation of the PDAC TME. An important perspective of this project is 

therefore the development of such model by the orthotopic administration of patient-derived 

xenografts (PDX) in humanized mice as well as the functional and phenotypical characterization of 

the tumor and associated immune system.  

Improving the immunoconjugates 

In this model, our constructs will require further optimizations in other to tackle TME-specific 

challenges and achieve anti-tumor efficacy. Cancer-associated fibroblasts (CAFs), a population 

originating from pancreatic stellate cells, are known to strongly impair NK cells functions.75  

Importantly, a recent report studying the geographical localization of NK cells inside the TME 

revealed that NK cells are mainly located in the epithelial regions of the tumor, and suggest that 

they strongly interact with CAFs and other epithelial cells through CD44.162  NK cell invasion was 

improved in presence of CD44-blocking antibodies in vitro. Therefore, harnessing our constructs 

with inhibitory CD44 moieties would represent an interesting strategy to prevent these interactions 

and improve NK cell infiltration inside the PDX. 

Among the variety of immunosuppressive modulators expressed by CAFs, TGF-β critically impairs 

NK cell functions and is crucially involved in PDAC pathogenesis.178  Multiple therapeutic strategies 

aiming to inhibit TGF-β signaling such as antisense oligonucleotides, neutralizing antibodies, ligand 

traps and small molecule kinase inhibitors are currently evaluated in PDAC clinical trials.179  The 

addition of such TGF-β modulators in our therapeutic constructs could also help to limit the action 

of this cytokine on NK cells and improve their activation. Recently, Zhang et al. reported that TGF-

β production by tumor-associated macrophages in PDAC results in “expressional separation” of 

CD58, leading to reduced expression of membrane-bound CD58 (mCD58) on PDAC cells and 
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increased expression of soluble CD58 (sCD58).180 As a result, sCD58 competitively blocks the 

CD58/CD2 axis on NK and CD8+ T cells and ultimately suppresses their cytotoxic activity and cytokine 

release.180  Targeting this axis through blockade of sCD58 represents a promising strategy to tackle 

PDAC immune escape, and could also represent an optimization of our immunoconjugates. 

In conclusion, the development of NaMiX against HIV has provided us with solid data concerning its 

mechanisms of action and translatable potential towards malignant diseases. In PDAC, the dual 

strategy aiming to re-activate NK cells with NaMiX and to cross-link them with cancer cells is a 

promising therapeutic avenue. To enhance our strategy, efforts should be focused on the 

evaluation of our constructs in combination with allogenic NK cells administration as well as on a 

deeper characterization of the pharmacokinetic and pharmacodynamics properties of our 

constructs. Finally, the development of patient-derived models and the incorporation of TME-

specific mediators inside our immunoconjugates appear critical to reach clinical efficacy.  
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Thesis Paper #1: Bridging the gap with multispecific immune cell engagers in cancer and 

infectious diseases (Review Article)  

Authors: Camille Rolin, Jacques Zimmer and Carole Seguin-Devaux. 

 

The development of new NK cell engagers was a core aspect of my PhD thesis. In Paper #1, we 

thoroughly reviewed the diverse structures of immune cell engagers and we highlighted their 

efficacy in pre-clinical and clinical studies, as well as their limitations. Finally, we discussed the 

future challenges of these constructs to tackle disease-specific challenges such as the tumor 

microenvironment (TME) in solid tumors and the viral escape in HIV. 

 

Contributions of the PhD candidate: 

• Identification of the literature gap for a combined review on immune cell engagers for 

cancer and infectious diseases  

• Conception and design of all figures (Figures 1-5) and table (Table 1) 

• Conception, writing and proofreading of the whole manuscript by critically assessing and 

summarizing the literature on the topic 

 

 

Published in Cellular & Molecular Immunology (2024). 
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Thesis Paper #2: Multimeric immunotherapeutic complexes activating natural killer cells 

towards HIV-1 cure (Research Article)  

Authors: Rafaëla Schober, Bianca Brandus, Thessa Laeremans, Gilles Iserentant, Camille Rolin, 

Géraldine Dessilly, Jacques Zimmer, Michel Moutschen, Joeri L. Aerts, Xavier Dervillez and Carole 

Seguin-Devaux. 

 

In Paper #2, we reported the development of Natural killer activating Multimeric 

immunotherapeutic compleXes (NaMiX) targeted against HIV-1 infected cells. The characterization 

and the comparison of different formats of NaMiX has built the foundation for the development of 

the immunoconjugates targeted against pancreatic cancer of Paper #4. 

 

Contributions of the PhD candidate:  

• Production and purification of molecular constructs (NaMiX NKG2A and KIR, both α and β 

forms) 

• Confirmation of in vitro degranulation and cytotoxicity assays (Fig.2A-C, Fig. 3A-C) 

• Generation of Ki67 data (Fig 2A) 

• Contribution to figures design (Fig 1-8) 

• Contribution to writing of the Material and Methods section  

• Critical assessment of results and proofreading of the whole manuscript  

 

Published in Journal of Translational Medicine (2023).  
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Additional files: Supplementary figures 1 to 5 

 

 

Additional file 1: Fig. S1 NaMiX bind to their respective receptors on NK cells. A The molecules containing 

the anti-KIR scFv were incubated for 30 min with HEK293F cells expressing KIR2DL1 (left), KIR2DL2 (middle) 

and KIR2DL3 (right) and stained with anti-His and anti-IL-15 for flow cytometry analysis. B The molecules 

containing the anti-NKG2A scFv were incubated with the stable cell line NK-92MI expressing NKG2A and 

stained with anti-His and anti-IL-15 for flow cytometry analysis. C PBMCs from different donors were stained 

for extracellular markers including KIR2DL1/DS1, KIR2DL2/L3/DS2 and NKG2A to identify and phenotype CD3-

CD56+CD16+ NK cells (left) and CD3+CD8+ T (right) cells using anti-CD3, CD8, CD14, CD16, CD19 and CD56 

antibodies. D All NaMiX were incubated with human PBMCs and stained for NK cell markers, anti-His and 

anti-IL-15 for flow cytometry analysis. Data were expressed as the mean value ± SD. Fig. A and B represent 

three independent experiments with three different donors. Fig. C and D represent six and three independent 

experiments, respectively, with three and six different donors. NaMiX engrafted with IL-15Rα/IL-15 using 

C4bpα or C4bpβ and expressing the anti-NKG2A or the anti-KIR scFv are so called: α.anti-NKG2A.IL-15, β.anti-

NKG2A.IL-15, α.anti-KIR.IL-15 and β.anti-KIR.IL-15, respectively while the control NaMiX without IL-15Rα/IL-

15 expressing the anti-NKG2A scFv is termed β.anti-NKG2A and the control condition without any molecules 

as medium. Data were expressed as the mean value ± SD. Statistical analysis was performed using a one-way 

ANOVA and post-hoc Tukey test (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).  
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Additional file 1: Fig. S2 NaMiX increased STAT5 phosphorylation in NK and CD8+ T cells. A PBMCs were 

incubated with the NaMiX molecules for 1, 10, 20 or 40 min, stained on ice to gate for live CD3-CD56+CD16+ 

NK (upper panel) and live CD3+CD8+ T cells (lower panel), permeabilized on ice and stained for intra-cellular 

pSTAT5 for flow cytometry analysis. The left panels represent time-dependent pSTAT5 phosphorylation of 

one representative donor. Right panel represents the data of three different healthy donors at 1 min 

incubation. NaMiX engrafted with IL-15Rα/IL-15 using C4bpα or C4bpβ and expressing the anti-NKG2A or the 

anti-KIR scFv are so called: α.anti-NKG2A.IL-15, β.anti-NKG2A.IL-15, α.anti-KIR.IL-15 and β.anti-KIR.IL-15, 

respectively while the control NaMiX without IL-15Rα/IL-15 expressing the anti-NKG2A scFv is termed β.anti-

NKG2A, the recombinant human IL-15 as rhIL-15, and the control condition without any molecules as 

medium. Data were expressed as the mean value ± SD. Statistical analysis was performed using a one-way 

ANOVA and post-hoc Tukey test (***p < 0.001, ****p < 0.0001). B PBMCs were incubated with the indicated 

molecules for 1 minute, stained on ice to gate for CD3-CD56+CD16+ NK cells and CD3+CD8+ T cells using anti-
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CD3, CD8, CD14, CD16, CD19 and CD56 antibodies, permeabilized on ice and stained for intracellular pSTAT5 

for imaging flow cytometry.  

Additional file 1: Fig. S3 IL-15 stimulation and blocking of NKG2A-HLA-E interaction were required for NK 

cell activation by NKG2A NaMiX. A Human PBMCs were incubated for 5 h with the NKG2A NaMiX and HLA-E 

expressing K562 cells in the presence of anti-CD107a mAb. Natural Killer cells were further stained for 

extracellular markers to identify CD107a expression. B Cells were also permeabilized and further stained for 

IFN-γ. C Human PBMCs were incubated for 5 h with the NaMiX and HLA-E expressing K562 pre-stained with 

CellTrace Violet. Cells were further stained for Live/Dead and analyzed by flow cytometry. The Figure 

represents three independent experiments with 3 different donors. NaMiX engrafted with IL-15Rα/IL-15 

using C4bpα or C4bpβ and expressing the anti-NKG2A scFv are so called α.anti-NKG2A.IL-15 and β.anti-

NKG2A.IL-15, respectively while the control NaMiX without IL-15Rα/IL-15 expressing the anti-NKG2A scFv is 

termed β.anti-NKG2A and the control condition without any molecules as medium. Data were expressed as 

the mean value ± SD. Statistical analysis was performed using a one-way ANOVA and post-hoc Tukey test 

(*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).  
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Additional file 1: Fig. S4 NaMiX increased viral inhibition capacity of NK cells against HIV-1 CD4+ T cells.  

Autologous CD4+ T cells and NK cells were purified by microbeads positive and negative selection, 

respectively, from HIV-1 individuals under antiretroviral therapy. CD4+ T cells were superinfected by 

spinoculation with HIV III-B and incubated with stimulated NK cells for two or 5 days at an E:T of 1:1. A p24 

intracellular staining of CD4+ T cells of one representative donor (left panel) and HIV-1 RNA in the supernatant 

measured by ddPCR of one representative donor (right panel). The experiment has been performed with 

three different patients showing the same trend but with high baseline variability among them. B PBMCs of 

three healthy donors were pre-incubated for 48 h with the different molecules and stimulated with ACH2 

cells for 5 h. Cells were further stained for extracellular markers to identify CD25 and CD69 expression on 

CD3-CD56+CD16+ NK cells and CD3+CD4+ T cells using anti-CD3, CD4, CD14, CD16, CD19 and CD56 antibodies. 

The Figure represents three independent experiments with three different donors. Data were expressed as 

the mean value ± SD. Statistical analysis was performed using a one-way ANOVA and post-hoc Tukey test (*p 

< 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001). C Representative expression of CD25 and CD69 on CD4+ 

T and NK cells pre-activated by NaMiX for 48 h for one donor included in panel B. D HIV-1 mRNA release in 

the supernatant of ACH2 cells stimulated for 24 h by human PBMCs prestimulated by NaMiX for 48 h. Three 

independent experiments were performed with three different healthy donors. Data were expressed as the 

mean value ± SD. Statistical analysis was performed using a one-way ANOVA and post-hoc Tukey test.  
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Additional file 1: Fig. S5 Humanized NSG mice transgenic for human IL-15 develop functional NK cells 

compared to NSG mice. NSG mice (n=4) or NSG tg huIL-15 mice (n=4) were humanized with human CD34+ 

cells from umbilical cord blood. After 4 months, mice were sacrificed and organs harvested. Cells were stained 

to gate on CD3-CD56+CD16+ NK cells with anti-CD3, CD14, CD16, CD19 and CD56 antibodies. A 

Representation of the dot plot of NK cells from the spleen of NSG (left) or NSG tghuIL-15 (right). B Comparison 

of NK cells in blood, lung, bone marrow (BM) and spleen in NSG mice and NSG tg huIL-15 mice. C Comparison 

of NK subpopulations CD56dim (left) and CD56bright (right) in blood, lung, BM and spleen. D Cells from blood, 

lung, BM and spleen were stained for NK cell markers such as KIR2DL1/DS1 (left) KIR2DL2/3/DS2 (middle) and 

NKG2A (right). Data were expressed as the mean value ± SD. Statistical analysis was performed using unpaired 

Student t test. (**p<0.005, ***p<0.0005, ****p<0.00005). E NK cells from humanized NSG mice transgenic 

for human IL-15 are cytotoxic as compared to NSG mice. Splenocytes were incubated with K562 cells for 5 h 

together with anti-CD107a (left graph), and were further permeabilized and stained with anti-perforin and 

anti-IFN-γ and anti-CD3, CD14, CD16, CD19 and CD56 antibodies to gate on CD3-CD56+CD16+ NK cells. K562 

cells were pre-stained with CellTrace Violet and incubated with splenocytes for 5 h and all cells were stained 

for Live/Dead to determine cytotoxicity induced by NK cells. Data were expressed as the mean value ± SD. 

Statistical analysis was done using unpaired Student t test. (*p<0.05, ***p<0.0005). 
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Thesis Paper #3: Assessment of NK cell cytotoxicity induced by IL-15 based immunotherapy 

against cancer cells (Book chapter)  

Authors: : Camille Rolin, Gilles Iserentant, Aubin Pitiot, Carole Seguin-Devaux. 

 

Since my PhD thesis aimed to develop new NK cell immunotherapeutic molecules targeted against 

pancreatic cancer, a crucial part of my work was to optimize methods that robustly assess NK cell 

cytotoxicity, and to apply them to my experimental settings. Paper #3 is a method chapter that 

evaluates and compares two methods (flow cytometry and calcein release assay) to quantify NK 

cell cytotoxicity against pancreatic cancer cells BxPC-3 in presence of our IL-15 based 

immunotherapy.  

 

Contributions of the PhD candidate:  

• Generation of experimental data (Figures 2-4) 

• Conception and design of the figures (Figures 1-4) 

• Writing and proofreading of the whole manuscript  

 

 

 

In press in Methods in Cell Biology. 
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Abstract 

Natural Killer (NK) cells are at the interface of the innate and adaptive immune system. While they 

are naturally able to kill pathogen-infected, malignant and compromised cells, they also drive the 

recruitment and activation of other immune cells through the production of inflammatory cytokines 

and chemokines. Evaluation of NK cells cytotoxic activity is critical to determine accurately the anti-

tumor potency of novel immunotherapies, in particular, when the later aim to overcome NK cells 

exhaustion driven by an immunosuppressive environment such as the tumor microenvironment. 

Here, we provide a detailed protocol for the assessment of primary NK cells cytotoxic functions 

against pancreatic cancer cells stimulated by a directed approach on NK cells based on the cytokine 

IL-15. This article describes the protocol of a flow cytometry-based assay and a calcein 

acetoxymethyl ester (AM) cell viability assay to quantify NK cell cytotoxic activity. Both methods 

are robust, fast and sensitive to be applicable in clinics and can readily be adapted for the 

assessment of other immunotherapies on NK cells cytotoxicity.  
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Introduction 

Natural Killer (NK) cells, a population representing 5-15% of circulating cells, play a pivotal role in 

the defense against cancer cells and pathogens. They are classified as innate lymphoid cells (ILCs), 

an immune cell population characterized by the absence of antigen-specific receptors (unlike T and 

B cells) and are often referred as the innate counterpart of T cell effector subsets.1 The recognition 

of target cells by NK cells is based on a tight balance between germline-encoded activating (e.g. 

NKp46, NKG2D, NKp30…) and inhibitory (e.g. NKG2A, iKIR…) receptors that sense abnormal ligand 

expression at the surface of target cells.2, 3 When activating signals (e.g. expression of stress 

molecules) outweigh inhibitory signals (e.g. lack of MHC-I expression), NK cells are activated and 

trigger a cytotoxic reaction against targets cells, notably through the release of perforin and 

granzyme-containing granules and the production of chemokines and cytotoxic cytokines (TNF-α, 

IFN-γ). Alternatively, the expression of CD16a (FcγRIIIa) at the surface of NK cells enables them to 

perform antibody-dependent cytotoxicity (ADCC) towards opsonized target cells. Altogether, these 

mechanisms result in the killing of the target cells.4, 5   

In the context of cancer, and notably pancreatic ductal adenocarcinoma (PDAC), the tumor 

immunosuppressive microenvironment comprising cancer-associated fibroblasts, myeloid-derived 

suppressor cells and tumor-associated macrophages, contributes to protect the tumor from the 

immune system through the release of a broad range of immunosuppressive mediators (IL-10, TGF-

β). This, in turn, leads to the upregulation of immune checkpoints and to the recruitment of 

regulatory T cells (Tregs).6-8  Peripheral and tumor-infiltrating NK cells become exhausted and 

unable to properly exert their cytotoxic functions against cancer cells, leading to tumor survival and 

growth.9  

To enhance NK cell functions in cancer, various NK immunotherapeutic approaches are currently 

being evaluated. Among those, cytokine-based therapies are of particular interest. IL-15 based 

immunotherapy specifically represents an effective strategy, as this cytokine is known to enhance 

the maturation, proliferation and activation of both NK cells and CD8+ T cells.4 However, unlike IL-

2, it does not stimulate the activation of Tregs which confers to IL-15 a safer toxicity profile. Because 

the recombinant cytokine has a very short half-life, efforts have been deployed to develop IL-15 

based molecules with enhanced pharmacokinetic properties and selective targeted action. As such, 

we have developed Natural Killer activating Multimeric immunotherapeutic compleXes (NaMiX) 

combining multimers of the IL-15/IL-15Rα complex associated with anti-NK receptors single-chain 
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fragments variable (scFv) to target and activate NK cells using the C4 binding protein β dimerization 

scaffold.10  

To evaluate the efficacy of NK immunotherapeutic approaches in vitro, classical NK cell functional 

assays typically assess their activation through their degranulation capacity (by CD107a flow 

cytometry staining)11  or their direct cytotoxicity on target cells through chromium release assay or 

through live/dead staining by flow cytometry.12-15 The expression of the lysosomal-associated 

protein CD107a is induced on the membrane by the fusion of the granule membrane with the 

cytoplasmic membrane of the immune effector cell, and represents therefore a marker of both 

immune cell activation and cytotoxic degranulation. The use of radioactive material (51Cr) in 

chromium release assay brings administrative, legal and safety issues as it requires the 

establishment and enforcement of the radiation protection framework. The use of classical 

Live/Dead staining can underestimate cell death levels, as it does not allow the discrimination 

between early apoptotic cells and cells undergoing later cell death mechanisms such as late 

apoptosis, necroptosis, ferroptosis and pyroptosis.16   

Here, we provide a protocol for the assessment of primary NK cells cytotoxic activity against 

pancreatic cancer cells activated by NaMiX harboring an anti-NKp46 scFv after a 48 hours activation 

period. We assess the cytotoxicity towards pancreatic cancer cells BxPC-3 by their staining with 

CellTrace Violet and a subsequent staining with Annexin V/Propidium Iodide (PI). We next 

corroborated these results with a calcein acetoxymethyl ester (AM) cell viability assay. This assay 

relies on the uptake and metabolization of calcein AM into fluorescent calcein by viable target cells. 

Death of the stained target cells compromises their membrane permeability, causing fluorescent 

calcein to leak into the culture supernatant. Measurement of fluorescence in the supernatant 

allows the specific quantification of target cell death.17  

We describe here all the necessary steps from the isolation of NK cells from healthy donor’s 

peripheral blood mononuclear cells (PBMCs) to their co-incubation with cancer cells and the 

subsequent flow cytometry/calcein analysis.  

Although this protocol provides an example in the context of directed IL-15 based immunotherapy 

for PDAC, the streamlined techniques are also versatile to be used with other target cells (e.g. other 

cancer cell lines) or with other immunotherapeutic approaches necessitating a longer activation 

period.   
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Protocol 

A. Materials 

Consumables (sterile) 

• Sterile pipettes (5 mL, 10 mL and 25 mL) (Greiner, #10018810; #607180; #760160) 

• Sterile tips (20 μl, 200 μl and 1000 μl) (Greiner, #773353; #775352; #777352) 

• 96 well TC-treated microplates (Sigma Aldrich, #CLS3596-50EA)  

• V-bottom-96-well plates (ThermoScientific, #277143) 

• U-bottom-96-well plates (ThermoScientific, #163320) 

• 96 well Black/Clear Bottom Plates (ThermoScientific, #165305) 

• 15 mL and 50 mL Falcon™ conical centrifuge tubes (Corning, #352196; #352070) 

• LS Columns (Miltenyi Biotec, #130-042-401) 

• Sterile cell culture flasks (e.g., 75 cm² or 175 cm² flasks, depending on the scale of the 

experiment) (Greiner, #658175-TRI; #661175) 

• 30 µm Pre-Separation Filters (Miltenyi Biotec, #130-041-407) 

Equipment: 

• Laminar flow hood (safety level II) 

• Incubator for standard cell culture conditions in a humidified atmosphere (37°C, 5% CO2) 

• Centrifuge 

• Vortex 

• Micropipettes, multichannel micropipettes  

• Manual separators for magnetic cell isolation (e.g. QuadroMACS™, Miltenyi Biotec) 

• Flow cytometry instrumentation (e.g. LSRFortessa, BD Biosciences) 

• Automated cell counter (e.g. CASY, OLS) 

• Plate Reader (e.g. spectramax I3, Molecular Devices) 

Cells and Cell Lines (human origin): 

• BxPC-3, human pancreatic cancer cell line (ATCC, #CRL-1687) 

• Human Peripheral Blood Mononuclear Cells (PBMCs), purified from total blood  

Reagents: 

• Complete medium: RPMI 1640 (Gibco, #11875093) supplemented with 10% heat-

inactivated Fetal Bovine Serum (FBS) (Gibco, #10500064), 2 mM L-glutamine (Lifetech, 
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#25030024), 100 U/mL Penicillin and 100 µg/mL Streptomycin (Gibco, #15140122) and 

thereafter referred as “Complete RPMI” 

• Calcein assay medium: RPMI1640 supplemented with 1% FBS (Gibco, #10500064), 2 mM L-

glutamine (Lifetech, #25030024), 100 U/mL Penicillin and 100 µg/mL Streptomycin (Gibco, 

#15140122)  

• 0.05% Trypsin-EDTA solution (Gibco, #25300054) 

• Phosphate Buffered Saline (PBS) (Gibco, #10010023) 

• Ficoll-Paque PLUS (density ~1.077 g/mL) (Cytiva, #17144002) 

• CellTrace™ Violet Cell Proliferation kit (Thermo Fisher Scientific, #C34571) 

• CD56 MicroBeads, human (Miltenyi Biotec, #130-097-042) 

• MACS Buffer: dilute MACS® BSA Stock Solution (Miltenyi Biotec, #130-091-376) 1:20 with 

autoMACS® Rinsing Solution (Miltenyi Biotec, #130-091-222) 

• LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, for 633 or 635 nm excitation (Invitrogen, 
#L34975) 

• Annexin V-FITC (BD Biosciences, #556420) 

• Propidium Iodide (PI) Staining Solution (BD Biosciences, #556463) 

• Annexin V Binding Buffer, 10X concentrate (BD Biosciences, #556454) 

• Calcein AM, cell-permeant dye (Invitrogen, #C34852) 

• Triton X-100 (Sigma-Aldrich, #X100-1L) 
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B. Methods 

This section describes all the steps necessary for the isolation of primary NK cells from whole blood, 

their activation and the assessment of their cytotoxic functions against pancreatic BxPC-3 cells, and 

are summarized in Figure 1. 

 

Figure 1: Schematic representation of the methods.  

1. Total PBMCs isolation from whole blood by Ficoll-Hypaque density gradient 

Human Peripheral Blood Mononuclear Cells (PBMCs) are isolated from total blood (provided by the 

Red Cross of Luxembourg, project LIH-2024-0001) by Ficoll-Hypaque density gradient 

centrifugation. Prior to separation, dilute whole blood 1:1 with sterile PBS and mix gently by 

inverting the tube. All centrifugation steps are performed at Room temperature (RT). 

 

- Add 15 mL of Ficoll to a clean 50 mL falcon tube 

- Carefully pipette 20 mL diluted blood on top of the Ficoll layer and avoid mixing 

- Centrifuge at 400g for 25 min with no brake and no acceleration on centrifuge to allow 

proper separation without disturbing the layers 

- After centrifugation, carefully aspirate the thin white buffy coat layer that represent total 

PBMCs and transfer them to a new 50 mL flacon tube. 

- Top up the 50 mL tube with sterile PBS and centrifuge at 300g for 10 min to wash PBMCs 

- Discard supernatant and gently resuspend the cell pellet in 5 mL of fresh complete RPMI 

1640 medium 

- Proceed to cell count using an automated counter 
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2. Positive selection of NK cells from total PBMCs 

CD56 MicroBeads from Miltenyi Biotec are used for the positive selection of Natural Killer cells from 

human total PBMCs following manufacturer’s instructions (See Note 1). Refer to kit’s instructions 

and use the appropriate amount of columns according to total cell count. All centrifugation steps 

are performed at 4°C. Before selection, pass total PBMCs through a 30 µm filter to obtain a single-

cell suspension and avoid clumps that may clog the column. 

 

- Determine PBMCs concentration from previous step 

- Transfer PBMCs in a clean 15 mL Falcon tube 

- Centrifuge cell suspension at 300g for 10 min and discard supernatant 

- Resuspend cell pellet in 80 µL of MACS buffer per 10⁷ total cells 

- Add 20 µL of CD56 MicroBeads per 10⁷ total cells 

- Mix by vortexing gently and incubate for 20 min at 4°C 

- Add 2 mL of MACS buffer per 10⁷ cells 

- Centrifuge at 300g for 10 min and discard supernatant 

- Resuspend cell pellet in 500 µL MACS buffer 

- Place the LS column in the magnetic field of the MACS separator 

- Rinse the column by adding 3 mL of MACS buffer  

- Wait for the column reservoir to be empty 

- Apply the 500 µL of labelled cell suspension onto the column 

- Wash the column 3 times with 3 mL of MACS buffer. Always wait until the column reservoir 

is empty before performing the next washing step 

- Remove the column from the separator and place it onto a clean 15 mL Falcon tube 

- Add 5 mL of MACS buffer into the column 

- Flush out immediately the labelled cells by firmly pushing the plunger into the column 

- Top up with 5 mL cold PBS and centrifuge at 300g for 10 min 

- Discard supernatant and gently resuspend the NK-enriched cell pellet in 2 mL of complete 

RPMI medium 

- Proceed to cell count using an automated cell counter 

 

After cell counting, NK cell purity is checked by flow cytometry (Figure 2).  
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Figure 2: Assessment of NK cell purity after positive selection with CD56 microbeads. PBMCs were 

isolated using Ficoll-Hypaque density gradient and NK cells were subsequently isolated using CD56 

microbeads (Miltenyi Biotech). The isolated NK cells were stained with LIVE/DEAD™ Fixable Near-

IR Dead Cell Stain Kit (to exclude dead cells), anti-human CD3 (to exclude CD3+ T cells), anti-human 

CD14 and CD19 (to exclude B cells and monocytes), and with anti-human CD56 and CD16 to identify 

NK cells.  

3. Activation of purified NK cells with IL-15 based immunotherapy 

Purified NK cells are activated for 48 hours with control medium (No molecule), with IL-15 based 

immunotherapy (NaMiX), or with the C4 binding protein β scaffold (Control).  

- Add purified NK cells in each well of a sterile 96 well TC-treated microplate in 100 μL of 

complete RPMI (300,000 NK cells per well for flow cytometry assay and 90,000 NK cells per 

wells for calcein release assay) (See Note 2) 

- Add 3 μg of IL-15 based immunotherapy in “NaMiX” conditions or 3 μg of control molecule 

in “Control” condition or equivalent volume of PBS in “No molecule” condition  

- Incubate at 37°C in the incubator for 48 hours  

4. Culture and preparation of BxPC-3 target cells 

BxPC-3 cells are cultured in RPMI 1640 complete medium at a starting density of 1 x 10⁵ viable 

cells/mL. Incubate and culture cells in a 37°C incubator and check confluence every 2-3 days under 
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a light microscope. Subculture or harvest cells when they reach around 70-80 % of confluence (See 

Notes 3 and 4). 

- In a sterile environment under biosafety cabinet, carefully aspirate and discard the media 

- Add 10 mL of sterile PBS and gently swirl the flask to rinse cells and remove residual serum 

- Aspirate the PBS and discard 

- Add 3 mL of 0.05 % Trypsin-EDTA solution and gently swirl the flask to ensure even 

distribution of the trypsin over the cells. Do not exceed Trypsin-EDTA incubation for more 

than 10 min as this could have a negative impact on cell viability. 

- Incubate the flask at 37°C for 5 min to allow cell detachment. Check cell detachment under 

microscope and if necessary gently tap the side of the flask to release remaining attached 

cells 

- Neutralize trypsin by adding 10 mL of sterile PBS and gently pipette up and down to obtain 

a homogeneous single cell suspension 

- Transfer the cells to a 50 mL falcon tube and add 20 mL of sterile PBS on top  

- Centrifuge cell suspension at 300g for 10 min and carefully aspirate the supernatant 

without disturbing the cell pellet 

- Resuspend the cell pellet in 5 mL of complete RPMI medium and determine cell 

concentration using an automated cell counter 

5. Staining of BxPC-3 target cells 

5.1 Staining for cytometry experiment  

- Prior to use, dissolve the CellTrace Violet to a 5 mM stock solution by adding 20 μl of DMSO 

to a vial of desiccated dye  

- Aliquot target BxPC-3 cells at 1 x 106 cells/mL of PBS  

- Add 1 μl of CellTrace Violet working solution per mL of target cells suspension to reach a 

final CellTrace Violet concentration of 5 μM 

- Incubate for 15 min at 37°C in the dark 

- After incubation, add 10 mL of complete RPMI 1640 medium to stop the staining reaction 

and centrifuge cells at 300g for 10 min 

- Resuspend cells in 1 mL complete RPMI 1640 medium and perform cell count 

5.2 Staining for calcein release assay  
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- Prior to use, dissolve the Calcein AM dye to a 1 mg/mL working solution by adding 50 μL 

DMSO to 50 μg of the desiccated dye 

- Aliquot target BxPC-3 cells at 1 x 106 cells/mL in serum-free RPMI in a clean 15 mL Falcon 

tube 

- Add 10 μL of Calcein AM working solution to the target cells to reach a final calcein AM 

concentration of 10 mM 

- Incubate for 30 min at 37°C in the dark with occasional mixing  

- After incubation, add 10 mL of complete RPMI to stop the staining reaction and centrifuge 

the cells at 300g for 10 min 

- Discard supernatant and wash the cell pellet once more with serum-free medium  

- Resuspend cells in 1 mL calcein assay medium (RPMI 1640 supplemented with 1% heat-

inactivated Fetal Bovine Serum (FBS), 2 mM L-glutamine, 100 U/mL Penicillin and 100 

µg/mL Streptomycin) and perform cell count  

 

6. Cytotoxicity assay using purified NK effector cells against the BxPC-3 target cell line 

6.1 Cytotoxicity assay with flow cytometry 

- Count and transfer purified NK cells (activated or not with molecules 48 hours prior) in a V-

bottom 96 well plate (100 μL/well) 

- Adjust the cell concentration of stained BxPC-3 cells at 3x10⁶ cells/mL for effector:target 

(E:T) ratio 1:1 and at 1x106 cells/mL for E:T ratio 3:1 in complete RPMI 1640 medium 

- Add 100 µL of target BxPC-3 cells to each well containing NK cells for both E:T ratios 

(300,000 BxPC-3 cells for E:T 1:1 and 100,000 BxPC-3 cells for E:T 3:1) 

- Prepare control wells with only BxPC-3 cells or only purified NK cells to assess spontaneous 

cell death as experimental controls 

- Incubate for 5 hours at 37°C in the incubator 

- After incubation, centrifuge the plate at 300g for 10 minutes (See Note 5) 

- Wash twice with cold PBS  

- Prepare Annexin V Binding buffer 1X by diluting ten times the 10X concentrate solution 

with distilled water  

- Resuspend cells in 1X Annexin V binding buffer  

- Add 3 μL of Annexin V and 5 μL of PI staining solution in each well (See Note 6) 

- Incubate 15 minutes at room temperature in the dark  
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- Centrifuge the plate at 300g for 10 minutes and wash with binding buffer  

- Resuspend in binding buffer and read within the hour using an appropriate flow cytometer 

(LSRFortessa, BD Biosciences) (See Notes 6, 7 and 8). 

 

When purified NK cells are activated for 48 hours with IL-15 based therapy (NaMiX), they trigger 

more cytotoxicity towards BxPC-3 cells (Figure 3B). Live BxPC-3 cells appear as CellTrace 

Violet+/Annexin V-/PI-, early apoptotic BxPC-3 cells appear as CellTrace Violet+/Annexin V+/PI- and 

BxPC-3 cells undergoing late apoptosis and other regulated cell death mechanisms (such as 

necroptosis, pyroptosis and ferroptosis) appear as CellTrace Violet+/Annexin V+/PI+ (Figure 3C).  

 

 

Figure 3: Flow cytometry analysis of NK cell cytotoxicity towards CellTrace Violet+ BxPC-3 cells. 

(A) Gating strategy. BxPC-3 cells were gated based on the forward scatter (FSC) and side scatter 

(SSC) to identify singlets, on CellTrace Violet (BV421) to exclude NK cells and on Annexin V 

(FITC)/Propidium Iodide (PE) to identify early apoptotic and late apoptotic/other dead cells. (B) 

Quantification of early and late apoptotic/other dead cells at effector:target (E:T) ratios of 1:1 and 

3:1. Data are shown as individuals values and plotted as the mean values ± SD (n=3, 2 independent 
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experiments). Statistical analyses was performed on late apoptotic/other dead cells data using two-

way ANOVA followed by Tukey’s multiple comparisons test, ***: p < 0.001; ****: p < 0.0001. (C) 

Representative contour plots of BxPC-3 co-incubated without NK cells (BxPC-3 cells only) or with 

NK cells stimulated with no molecule, NaMiX or with irrelevant scaffold as control.  

 

6.2 Cytotoxicity assay with calcein release assay  

 

- Add 30,000 calcein AM-stained BxPC-3 cells per condition in 100 μL of calcein medium assay 

in each well of a U-bottom 96-well plate in triplicates (See Notes 9 and 10) 

- Add purified NK cells (activated or not with molecules 48 hours prior) at an effector:target 

ratio of 3:1 (90,000 NK/condition) in 100 μL of calcein medium assay 

- In 2 x 8 wells, do not add NK cells but replace with 100 μL of calcein assay medium (8 wells 

for “spontaneous release” controls and 8 wells for “maximum release” controls) 

- In 3 other wells, do not add any BxPC-3 or NK cells, add only 200 μL of calcein assay medium 

(background control) 

- Incubate for 4 hours at 37°C in the incubator  

- 30 minutes before the end, add 10 μL of 1% Triton X-100 in the 8 wells of “maximum release 

controls”, mix well and place the plate back in the incubator 

- Centrifuge the plate at 300g for 5 min 

- Transfer 100 μL of supernatant into a 96 well black, clear bottom plate and carefully avoid 

touching the cell pellet 

- Measure the fluorescence by reading the plate at Excitation/Emission 485nm/530nm in a 

suitable plate Reader (Spectramax I3, Molecular Devices) 

- Calculate the percentage of specific lysis by the following formula :  

Specific lysis =  
Fsample − Fspontaneous

Fmax − Fspontaneous 
× 100% 

Fspontaneous is the mean fluorescence released from the 8 replicates of target cells in the absence of 

effector cells, and Fmaximum represents the mean fluorescence released from the 8 replicates after 

total cell lysis induced by addition of 1 % Triton. 

 

A similar trend is observed when the flow cytometry and the calcein release assay methods are 

compared, showing an increase cytotoxicity of NK cells when activated with the IL-15 based 
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immunotherapy (Figure 4). A non-statistical difference between the “No molecule” and “NaMiX” 

conditions was observed for the calcein assay (p = 0.079) as compared to the flow cytometry assay 

(p < 0.05) using 3 donors, likely due to both high inter-donor variability of NK cells and the different 

sensitivity of the assays. Indeed, the background cytotoxicity exhibited by NK cells in the “No 

molecule” condition is higher in the calcein assay than in the flow cytometry assay, and explains the 

lack of statistical significance between these two conditions. However, similarly to the cytometry 

assessement, all three donors still displayed increased cell death in the “NaMiX” condition as 

compared to the controls.  
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Figure 4: Comparison of BxPC-3 total cell death between the flow cytometry and calcein release 

assay. Total cell death was calculated by addition of percentage of early and late apoptotic cells for 

flow cytometry (left) and by applying the equation of specific cell lysis for calcein release assay 

(right). Data are shown as individuals values and plotted as the mean values ± SD (n=3, 2 

independent experiments). Statistical analyses was performed using one-way ANOVA followed by 

Tukey’s multiple comparisons test, *: p < 0.05; **: p < 0.01. 

 

Concluding remarks  

The current protocol describes two standard, straightforward and complementary methodologies 

to evaluate NK cell-mediated cytotoxicity of cancer cells in vitro and to evaluate the efficacy of 
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immunotherapeutic agents enhancing NK cell function. NK cells exhibit particularly high inter- and 

intra-donors variabilities, and developing methods that allow a robust and sensitive assessment of 

their cytotoxic functions can be challenging. Unlike classical protocols such as the radioactivity-

based chromium release assay, both approaches described here are non-toxic and allow the direct 

measurement of NK cell-mediated cytotoxicity on cancer cells, giving insights on both granules-

mediated killing and cytokine-driven tumor cell killing. Furthermore, the use of Annexin V staining 

provides an accurate and closer approximation of cell death and offers the possibility to distinguish 

between early apoptotic and other non-viable cells. While both methods were described here to 

provide direct killing measurement data for one-time point, the two methods are reliable enough 

to perform kinetic analysis of NK cell-mediated cytotoxicity. The ability of the calcein release assay 

to assess rapidly and sensitively NK cell cytotoxicity using a low number of cells makes it a strong 

candidate for routine clinical testing of cellular therapies, although the high sensitivity of the assay 

could lead to increased variability. Following the clinical breakthrough of CAR-T cells in oncology, 

research has been expanded to CAR-NK cells and other NK cell immunotherapeutic approaches that 

could potentially circumvent the toxic side effects of CAR-T while preserving efficacy.18 Therefore, 

there is a growing interest for the development of reliable tools to test the efficacy of these new 

methods. Combination of the two read-outs provides solid information on the potency and nature 

of the killing of cancer cells. While we present the use of those protocols for IL-15 cytokine-based 

immunotherapy against PDAC, they can easily be adapted for various cancer cell types and 

extended for validation of diverse NK-dependent immunotherapeutic agents. 

 

Notes  

Note 1: Both positive and negative selections were tested and led to similar cytotoxicity outcomes, 

but the NK cell purity achieved was higher with the NK cells positive selection than the negative 

selection, the latter representing more of an enrichment of NK cells than a purification. 

Note 2: Isolated NK cells from fresh whole blood can be cultured for 48 hours in RPMI 1640 medium 

with no IL-2 supplementation without loss of viability and a non-activated phenotype. NK cells 

isolated from frozen product might need IL-2 supplementation to allow their survival.  

Note 3: Depending on the scale of the experiment, BxPC-3 cells can be cultured in either 75 cm² or 

175 cm² sterile culture flasks. 
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Note 4: This cytotoxicity assay can be performed with alternative cancer cell lines. Culture 

conditions should then be adapted. 

Note 5: Unless stated otherwhise, sample should be kept on ice from staining to acquisition steps 

to enhance fluorescence stability. If present on the cytometer, a cooled plate holder can also be 

used during acquisition.  

Note 6: If the flow cytometry instrumentation does not include a violet 405nm laser, CellTrace™ 

Violet staining can be alternatively changed to Celltrace™ Far Red. CellTrace™ CFSE could also be 

considered but Annexin-V FITC will need to be changed to APC. 

Note 6: The described Annexin V/PI concentrations are suitable for the staining of BxPC-3 cells but 

should be optimized if another cell line is used.  

Note 7: Depending on laser intensity chosen, a small compensation might be required, particularly 

between PE and FITC signals. In this case, single-stained controls should be prepared and used to 

create a compensation matrix.  

Note 8: To facilitate gating, a positive control such a H2O2-treated BxPC-3 cells can be added to the 

experiment. 

Note 9: The number of calcein-stained BxPC-3 cells can be decreased (at least to 10,000 cells per 

condition) but this can lead to a decreased sensitivity of the assay.  

Note 10: The calcein assay medium contains reduced FBS to minimize background fluorescence and 

enhance the sensitivity of the assay. Alternatively, specific medium such as FluoroBriteTM DMEM 

(Gibco, #A1896701) might be used. 
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Thesis Paper #4: Strength in unity: a dual strategy to restore NK cell cytotoxicity against 

pancreatic ductal adenocarcinoma (Research Article)  
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