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Laburpena 

Minbizia askoren egunerokotasunean presente dagoen gaixotasun bortitza da. Hitzaren 

etimologiari erreparatzen badiogu, erderaz <<cáncer>> den bitartean, euskaraz bizirik dagoen 

mina bezala definitzen da, <<minbizia>>. Izan ere, minbizia hutsegite molekular multzo zabal 

batek osatutako gaixotasuntzat har daiteke, gaixotasun heterogeneo eta dinamikoan 

bilakatzen duena. Hain zuzen ere, ezaugarri horiek dira minbizia sendatzeko egun dauden 

terapien oztopo nagusiak.  

Gaitz honen aurkako tratamenduen garapenean urteak dihardute ikertzaile, mediku eta 

espezialista ezberdinek ikuspuntu berriak dituzten terapien bila. Urte askotan zehar, tumore 

zelulen bikoizteko gaitasuna inhibitzean edo tumore-masa ezabatzean oinarritu dira terapiak, 

horretarako kimioterapia, erradioterapia edo/eta kirurgia erabiltzen direlarik. Tratamendu 

hauek kasu askotan eraginkorrak diren arren, eragiten dituzten albo kalteak ugariak dira eta 

zenbait kasutan erresistentziak ere garatzen dira hauen aurrean. 

Erresistentzia hauek saihesteko helburuarekin, terapia berriak garatzen joan dira, eta horien 

artean aipagarrienetako bat immunoterapia da. Terapia mota honetan, tratamenduaren 

eraginkortasuna norbanakoaren immunitate sistema indartuz/trebatuz lortzen da. Oro har, 

immunitate sistemak gorputzari arrotzak zaizkion molekula, mikroorganismo eta tumore-

zelulak ezagutzeko gaitasuna du, eta immunoterapiak immunitate sistemak berezkoa duen 

gaitasun hori areagotuko luke. Alde batetik, tumorearen aurkako terapia espezifikoagoa 

izanik eta, beste aldetik, albo ondorioak gutxituz. 

Minbiziaren aurka immunoterapia erabiliko bada, berezko eta moldaerazko erantzun 

immunitarioak izan daitezke jomuga, biek hartzen baitute parte bai tumorearen 

identifikazioan eta baita ezabatzean ere. Immunitate sistema gai da, nahiz eta tumore-masa 

osatzen duten zelulak propioak izan (eta printzipioz propioa denaren aurka erantzun 

immunologikorik ematen ez den arren), hauek arrotzak bezala ezagutzeko. Esaterako, 

berezko immunitate sistemako zelulek (zelula dendritikoak (ingelesetik “dendritic cells”, DC), 



 

NK zelulak (ingelesetik “natural killers”, “zelula hiltzaileak”), neutrofiloak edota makrofagoak) 

tumore-zelulak mekanismo inespezifikoen bidez arrotzak bezala ezagutzen dituzte. Esaterako 

NK zelulak histokonpatibilitate konplexu nagusiaren (ingelesetik “major histocompatibility 

complex”, MHC) adierazpen murrizketa sumatzeko gai dira, eta ondorioz, MHC gutxiago 

adierazten duten zelula horiek (tumore-zelula esaterako) suntsitzen dituzte, perforina eta 

granzima molekula zitotoxikoen askapenaren bidez batik bat. Moldaerazko immunitate 

sisteman aldiz, T eta B linfozitoak dira zelula mota nagusiak eta, normalean, zelula arrotzen 

aurkako bigarren mailako erantzun immunitarioan hartzen dute parte, baina, oraingoan 

modu espezifikoan, MHC-ren bidez adierazitako antigenoa identifikatzeko gai baitira. T 

zelulen kasuan adibidez, MHC molekularen bidez T zelulei tumorearen antigeno espezifikoa 

adierazten zaie, eta horrela, trebatutako T zelula horiek, tumore zehatz horren aurka egingo 

dute. Bi erantzun immunitarioen arteko desberdintasun nagusiak erantzun-denbora, 

memoria eta espezifikotasuna dira, azken hau moldaerazko erantzun immunitarioaren 

ezaugarri bereizgarria izanik.  

Esan bezala, aipatutako bi zelula mota hauen aktibazioa abiarazteko moduetako bat tumore-

zelulen identifikazioa da. Baina horretaz gain, badira beste modu batzuk zelula hauen funtzioa 

nolabait areagotzeko, interleukinen bidez esaterako. Interleukina (IL)-2-ak NK eta T zelulen 

aktibazioa eta ugaritzea sustatzen du eta, ondorioz, zitotoxikotasun zelularraren bidez 

tumore-zelulen aurka egiteko gaitasuna areagotzen da. Izan ere, IL-2-a klinikan erabiltzen da 

dagoeneko leuzemia mieloide akutuaren (ingelesetik “acute myeloid leukemia”, AML) 

tratamenduan. Hala ere, zitokina honetan oinarritutako tratamenduen eraginkortasuna 

baldintzatuta egon daiteke zitokinaren tamaina txikiak bioerabilgarritasunean duen 

efektuarengatik. Horregatik, IL-2 konzentrazio altuak erabiltzen dira terapia egiterako orduan 

eta albo ondorioak azaleratzen dira, kapilare-filtrazio sindromea, hots. Arazo honi erantzun 

berriak bilatzeko asmoz, hainbat alternatiba proposatu dira, adibidez, beste zitokina 

estimulatzaile batzuk erabiltzea (IL-15, adibidez) edo bioerabilgarritasuna handituko duten 



 
 

xvii 

molekula moldaerak edo nanopartikuletan (NP) oinarritutako nanoformulazioak erabiltzea 

(ingelesez drug delivery delakoa).  

IL-15 proteina IL-2-aren alternatiba bezala proposatu da, alde batetik, estimulazioaren 

efektua hein batean antzekoa delako (zelulen ugaltzea, zelulen aktibazioa, etab.), eta bestetik, 

bi zitokinen errezeptoreak komunak direlako errezeptorearen bi katetan. IL-2-a ezagutzen 

duen errezeptorea hiru katez osatuta dago: α (IL-2Rα edo CD25), β (IL-2Rβ edo CD122) eta γ 

(IL-2Rγ edo CD132). Azken bi kateek heterodimero bat osatzen dute (IL-2Rβγ), eta bi kate 

hauek dira IL-2 eta IL-15 zitokinak ezagutzeko ahalmena dutenak. Nahiz eta errezeptorean 

antzekotasuna izan, lortzen den erantzuna ez da guztiz berdina, IL-2-ak nolabait zitotoxizitate 

handiagoa azaltzen duelarik.  

Immunoterapiarako nanoteknologia erabiltzearen onurak asko direla jakina da, baina zehazki, 

NP-en erabilpenaren onurak oso garrantzitsuak dira terapiari dagokionez. Esan bezala, 

bioerabilgarritasunaren areagotzea izango litzake efektuetako bat, baina horretaz gain, NP 

bat erabiltzeak beste bi onura nagusi izan ditzake bese askoren artean. Alde batetik, gainazal 

zabala izateagatik, molekula bat baino gehiago eraman ditzake, “codelivery” delakoa 

ahalbidetuz. Eta bestalde, modulu bakar batean terapia ezberdinak aplikatzeko aukera ere 

ahalbidetzen du. Esate baterako, NP magnetikoak erabiltzen badira, terapia fototermikoa edo 

hipertermia erabili daitezke NP-ren gainazalean jarritako molekularen efektu terapeutikoari 

gehigarri moduan. Finean, NP-ak oso formulazio moldakorra dira, multiterapia ahalbidetzeko 

gaitasuna dutenak.  

Alternatiba horiek erreferentziatzat hartuta, Doktorego tesi honen helburu orokorra NP 

batean funtzionalizatutako IL-15-ak NK eta T56 (T linfozito mota bat) zelulen funtzioan duen 

efektua ikertzea izango da. Horretarako, ondorengo helburu espezifikoak proposatzen dira: 

¨ Uretan disolbagarria den eta burdin (Fe) oxidoan oinarritzen den mizela (ingelesetik 

iron oxide NP, IONP) garatu eta karakterizatzea. 



 

¨ Konjugazio estrategia aproposa aukeratzea laborategian egindako His-tag 

sekuentziadun IL-15 zitokina IONP mizelaren gainazalean atxikitzeko (IONP@hIL15HIS 

deitutako nanoformulazioa garatuz).  

¨ IONP@hIL15HIS nanoformulazioak, gizabanako osasuntsuen NK zelula eta T 

linfozitoen estimulazioan duen efektua in vitro karakterizatzea. 

¨ IONP@hIL15HIS-rekin in vitro estimulatutako eta sagu immunodefizienteetan 

injektatutako zelulen biodistribuzioa in vivo ikertu eta aztertzea. 

¨ IONP@hIL15HIS-ren efektu terapeutikoa in vivo ikertzea eredu murinoak erabiliz. 

Horretarako, deskonposizio termiko bidez batazbeste 6 nm-ko diametroa duten NP 

hidrofobikoak sintetizatu dira. Fosfolipidoak erabiliz, mizelak eratzen dira NPak hauen 

barruan antolatuz eta nanoformulazioa uretan disolbagarria bihurtuz, batazbesteko 

diametroa 50 nm-koa izanik. Mizela hau osatzen duten fosfolipidoek talde karboxilikoak 

dituzte beraien alde polarrean, ezinbestekoak direnak laborategian adierazitako proteina 

funtzionalizatzeko. Hauetara NTA (ingelesez “nitrilo tri-acetic acid”) molekula batzen da 

lehenik eta ondoren, NTA-His-tag nikel bidezko koordinazioari esker, His-tag duten proteinak 

batzen dira. Emaitza bezala 70 nm-ko diametrodun IONP@hIL15HIS nanoformulazioa lortzen 

da, 20-40 µM-eko proteina kontzentrazioa eta batezbeste 0,5 mM Fe kontzentrazioa duena 

egindako lote guztietan. 

IONP@hIL15HIS-aren karakterizaziorako teknika ezberdinak erabili dira, hala nola, dikroismo 

zirkularra, absorbantzia espektroa eta tamainaren eta kargaren distribuzioa (DLS ingelesetik 

“dynamic light scattering” bidez) hain zuzen ere. Karakterizazio ikerketek NP eta proteinaren 

presentzia baieztatu dute eta azken hau NP-ren gainazalean aurkitzen dela frogatu da.  

Behin nanoformulazioaren karakterizazioa eginda, in vitro eta in vivo esperimentuak egin dira 

IONP@hIL15HIS nanoformulazioak immunitate sistemako NK eta T56 zelulak aktibatzeko 

duen gaitasuna ikertzeko.  
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In vitro esperimentuen xedea, odol emaile osasuntsuetatik lortutako odol zelula 

mononuklearrak (ingelesetik “peripheral blood mononuclear cells”, PBMCs) (bereziki, NK eta 

T56 zelulak) IONP@hIL15HIS-rekin estimulatzearen efektua zein den ikustea izan da. 

Horretarako, zelula hauen inkubazio protokoloa bi urrats nagusitan banatu da: 1) aktibazio-

fasea, 16-18 orduko iraupena duena eta zelulak IL-15 formulazioekin (disolbagarria edo 

IONP@hIL15HIS) inkubatzean datzana, eta 2) hedapen-fasea, 4 egun irauten duena eta 

zelulak IL-2 proteinarekin inkubatzean datzana. Aktibazio-fasearen ondoren, fluxu-

zitometroaren bidez, aktibazio (CD25, CD69) eta ehunetara migratzeko errezeptoreen 

(CXCR4, CD62L) adierazpena aztertu da NK eta T56 zeluletan. Hedapen-fasearen ondoren ere 

fluxu-zitometrotik pasatu dira zelulak, eta aipatutako molekulen adierazpena aztertzeaz gain, 

perforina askapena eta CD16 aktibazio errezeptorearen adierazpen maila ere aztertu dira. 

Horretaz gain, zelulen proliferazioa ere neurtu da, baldintza ezberdinetan zelulen hedapen 

ahalmena ezagutzeko. Bai aktibazio fasearen ondoren eta baita hedapen-fasearen ondoren 

ere, hIL15HIS eta IONP@hIL15HIS bidezko estimulazioek NK eta T56 zelulak aktibatzeko 

ahalmena dutela ikusi da. Horretaz gain, IONP@hIL15HIS nanoformulazioarekin estimulatu 

ondoren, migrazio errezeptoreen adierazpena altuago mantentzen da aztertutako bi zelula 

motetan, adierazpen altuago hauek balizko migrazio-ahalmen handiago batekin lotuta egon 

daitezkeela ondorioztatzen delarik (CXCR4 adierazten dutenak hezur muhinera migratuz eta 

CD62L adierazten dutenak ganglio linfatikora). Efektu horretaz gain, IONP@hIL15HIS 

formulazioak, hein batean, aktibazio ahalmen handiagoa duela esan daiteke. Aztertutako 

aktibazio errezeptoreen adierazpena areagotu egin da IONP@hIL15HIS-rekin inkubatu diren 

NK eta T zeluletan, nahiz eta efektu hau ez den beti estatistikoki adierazgarria izan.  

Doktorego tesi honen helburuetako bat IONP@hIL15HIS formulazioaren eraginkortasuna in 

vivo neurtzea izan da, eta horretarako bi in vivo eredu erabili dira. Erabilitako ereduetako bat 

adopziozko zelula-transferentzia terapian (ingelesez “adoptive cell transfer therapy”, ACTT) 

oinarritu da, non IL-15 formulazioekin (hIL15HIS eta IONP@hIL15HIS) in vitro estimulatutako 

PBMCak (aktibazio-fasea) sagu immunodefizienteetan injektatzen diren (hedapen-fasea), 



 

hauen hedapena in vivo aztertzeko. PBMCak 18 orduz estimulatu dira in vitro eta hedapen-

faseak (in vivo gertatzen dena) 6 egun iraun ditu. Lortutako emaitzak ez dira esanguratsuak 

izan, injektatutako zelulak ez baitira espero bezala ugaldu. 

Bigarren ereduan aldiz, IONP@hIL15HIS-ren efektu terapeutikoa aztertu nahi izan da eredu 

prekliniko moduan B16F10 tumorea duten C57BL/6 saguak erabiliz. IONP@hIL15HIS 

tratamendua jaso duten animalietan tumoreen hazkunde tasa moteltzeko joera ikusi da, 

nahiz eta ez den diferentzia estatistikorik antzeman ikertutako tratamendu desberdinen 

artean. Bizirauteko probabilitatea ere aztertu da tratamendu desberdinen eraginkortasuna 

neurtzeko. Kasu honetan ere, taldeen arteko diferentzia esanguratsurik aurkitu ez den arren, 

IONP@hIL15HIS tratamendua jaso duen sagu taldeak erakutsi du bizirauteko aukerarik 

handiena. 

In vitro eta in vivo esperimentuetan lortutako emaitzak eztabaidagarriak diren arren, tesi 

honen ekarpena baliotsua da gaur egungo ezagutza immunologikorako, zehazki terapia 

antitumoraleko agente gisa IL-15 proteinaren erabilerari dagokionez. Gainera, Fe-an 

oinarritutako nanopartikula-formulazio bat diseinatu, garatu eta probatu da, non IL-15 

proteina NP-en gainazalean transirudikatzeko ibilgailu gisa erabili den. Modu honetan, NP-ak 

fisiologikoki monozitoek eta zelula dendritikoek NK zelulei IL-15 proteina erakusteko modua 

imitatzen duelarik. 

. 



 
 

xxi 

Summary 

It is known that the stimulation of natural killer (NK) and T cells with different cytokines, such 

as interleukins, enhances their effector functions, which is a reliable strategy for cancer 

elimination. In this thesis, we present the design and generation of a nanoformulation 

(IONP@hIL15HIS), based on a biocompatible, biodegradable, and traceable nanomaterial, 

which activates NK and T cells in vitro, by the presence of interleukin-15 (IL-15) on the surface 

of the nanoparticle (NP). Importantly, the immobilization of IL-15 on the NP provided this 

cytokine with certain properties, highlighting, among others, a capacity to lessen the down-

regulation of homing receptors when T and NK cells are stimulated. Furthermore, two in vivo 

studies were carried out for two purposes: 1) to model an adoptive cell transfer therapy 

where IONP@hIL15HIS pre-stimulated human cells were infused in immunodeficient mice 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) and 2) to evaluate the antitumoral therapeutic effect of 

IONP@hIL15HIS compared to soluble administration of IL-15 in a melanoma C56BL/6 bearing 

mouse model. Results showed that mice treated with IONP@hIL15HIS have a tendency to 

slow tumor growth. Altogether, the results from this thesis are a first step to consider 

immobilized IL-15 on NPs, i.e. IONP@hIL15HIS, as a new therapeutic tool for cancer 

treatment. 
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Chapter I Introduction. Harnessing the innate immune system through 

nanoparticle-based immunotherapy.  

1.1. Cancer disease in numbers 

The high cancer incidence is socially evident, not only demonstrated by the statistics of people 

with cancer, but also because a big segment of the population knows somebody with cancer 

from their close social network. In 2019, cancer was classified as the first cause of death in 

the first world (i.e. Europe, America). Specifically, Europe represents 22.8% of cases and 

19.6% of deaths from the total cancer cases, although Europeans only represent 9.7% of the 

world population. On the other hand, people with cancer die at earlier age in undeveloped 

countries (Fig. 1.1). The cancer type that exhibited most new cases in 2020 was female breast 

cancer followed by lung cancer. Furthermore, lung cancer also showed the highest mortality 

rates1.  

 

Figure 1.1. Cancer statistics in 2020. Worldwide ranking of cancer premature mortality defined as death 
before the age of 701. Color code is used to classify countries in the ranking of cancer death as 1st (dark 
blue), 2nd (light blue), 3rd-4th (orange) and 5th-9th (red) reason of death. From Sung et al., CA Cancer J Clin. 
2021;71(3):209-249. doi:10.3322/caac.216602 
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Cancer is a group of diseases characterized by the uncontrolled growth of cells, which is a consequence 

of an accumulation of disorders. Those disorders make cancer a heterogeneous disease and is very 

dynamic. These characteristics are the principal obstacle for reaching an effective cure for cancer3–5.  

The formation of the cancer-initiating cells is still a matter of discussion. There are some postulations 

which defends genetic disorders, such as reciprocal translocations (for example t(9;22)(q34;q11) that 

generates what is known as the Philadelphia chromosome), start the tumorigenesis6, but others 

propose that the mutations are the consequence of other disorders such as mitochondrial damage7. 

Nevertheless, the most accepted tumor progression process is the one published by Hanahan and 

Weinberg in 2000, and reviewed in 2011, where they described acquired capabilities of cancer cells, 

what they named hallmarks8. They affirm that these hallmarks are modulated by two general 

conditions: the genomic instability of cancer cells and the inflammatory state caused by the altered 

immune response, although is not completely clear the order in which these processes occur.  

Cancer treatment has been based for many years on the inhibition of the proliferative capacity of 

tumor cells and their elimination using chemotherapy, radiotherapy and/or surgery. Some of these 

therapies are focused on mechanisms involving molecular interactions such as DNA intercalation (i.e., 

doxorubicin) or physical elimination by resection of the tumor mass. Nevertheless, the success of 

these therapies is somehow limited on many occasions. One example of these limitations is the 

resistance of cancer stem cells (CSC) to chemotherapy. Also, a mathematical model has showed how 

CSC could proliferate in the meanwhile that cancer cells are dying. This is the so called “tumor growth 

paradox”, by which immune-mediated killing of tumor cells at the same time select for the CSC, which 

may show resistance to the action of the immune system9. Given these and other kind of limitations, 

additional therapies are needed. Among those therapies in the clinical practice, immunotherapy is a 

relatively recent, but also consolidated, established approach that complements other therapies 

against cancer. There are numerous examples of how immunotherapies alone or in combination with 

other therapeutic agents are able to induce complete remissions of many cancer types10,11.  

1.2. The immune system against cancer 

The immune system is the principal line of defense to combat foreign agents such as microorganisms 

and also cancer cells. Hence, the main objective of anticancer immunotherapies is the induction 
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and/or the enhancement of an effective immune response, in the same way after encountering a 

pathogen, and direct this response against the tumor cells.  

Dendritic cells (DCs), T lymphocytes and natural killer (NK) cells, among other cell types, are considered 

as targets for immunotherapies. The rationale for targeting those cells is that they can trigger a 

cytotoxic function against tumors (T and NK cells), or indirectly by activating other immune cells (DC), 

leading to the elimination of cancer cells. Its success will depend on the careful and adequate design 

of each immunotherapeutic strategy for each tumor. For this purpose, it is vital to unravel the immune 

system function and its interaction with tumor cells.  

The immune response is generally classified in two types: the innate and the adaptive immune 

response. The first involves DC, NK cells, neutrophils and macrophages, among other cells, and it is 

responsible for the first encounter with pathogens. DCs and macrophages reside in many different 

tissues and when a foreign agent is recognized by the pattern recognition receptors (PRR), they elicit 

inflammatory signals which serves as an alert to other immune cells (innate and adaptive cells). Innate 

immune cells are capable of migrating to the inflammation area enhancing the alert signal, and the 

adaptive immune cells (such as T lymphocytes) start a specific response. The main differences 

between the two immune responses are the response-time, memory and the specificity, being the 

latter an unique feature of the adaptive immune response 12,13. In the case of anti-cancer immune 

response, the innate and the adaptive responses participate in the recognition and also in the 

elimination of the tumor mass14,15 (Fig. 1.2). On the one hand, DCs16 presenting to T lymphocytes17 are 

the principal cells in the recognition and the mediation of the adaptive immune response. And in the 

case of innate immune response both NK cells18 and macrophages19 have a very relevant role.  

1.2.1. NK cell-based immunotherapies 

NK cells were identified more than four decades ago and they were defined as large granular 

lymphocytes that could kill target cells without requiring priming or restriction by major 

histocompatibility complex (MHC) molecules 20,21. They are a subset within the innate 

lymphoid cells (ILC) family, which include ILC1, ILC2, ILC3, NK cells and LTi cells22. There are 

localized in different anatomical locations, including secondary lymphoid organs, liver, lungs, 

kidney, decidua, etc23.They are capable of killing transformed cells through a mechanism of 
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exocytosis of granules containing the pore-forming molecule perforin and death-inducing 

enzymes, such as granzymes. This pathway is triggered by activation signals from cell surface 

receptors and does not require prior sensitization, which differentiates them from CD8 T cells 
24–26. 

 

Figure 1.2. Immune response elucidated by tumors. In the figure the two arms of the immune response 
are represented: innate and adaptive responses. Innate immune cells (DCs, NK cells and macrophages are 
depicted) recognize tumor cells by different mechanisms. Dendritic cells (DCs) will trigger the adaptive 
immune response after engulfing tumor-associated antigens (TAA) and presenting them to T cells in the 
draining lymph node. Effector T cells migrate into the tumor and kill cancer cells releasing more TAA that 
can be captured by DCs, perpetuating the cancer-immunity cycle. On the other hand, macrophages may be 
activated by danger-associated molecular patterns (DAMPs) (i.e. heat shock proteins (HSP), adenosin tri-
phosphate (ATP) or calreticulin)27, are able to phagocyte aberrant cells (cancer cells) and also present TAA. 
There are ligands that may be expressed on the cancer cells membrane and that will engage NK cells 
activating receptors. Several activating receptor-ligand pairs examples are NKG2D-MICA/MICB, DNAM1-
CD155/CD112, OX40-CD134L, NKp30-B7-H6, NKG2C-HLA-E (NK-tumor)18. Adapted from Immunity, (2013), 
39(1), doi:10.1016/j.immuni.2013.07.01215. Ag: antigen, DC: dendritic cell, TAA: tumor-associated antigen, 
NK: natural killer.  

NK cells also eliminate target cells through death receptor pathways, such as the tumor 

necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-TRAIL receptor (TRAILR), and 

the first apoptosis signal (FAS)-FAS ligand (FASL), also known as the CD95-CD95L pathway 28,29. 
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Besides eliminating tumor cells, NK cells are able to recognize and kill virus-infected cells 30–

32, and they also engage in reciprocal interactions with other immune cells such as DCs and T 

cells 25,33–35. In addition to their direct cytotoxic capacity, and in response to stimulation with 

cytokines and through activating cell surface receptors, NK cells also secrete cytokines such 

as TNFα and interferon (IFN)-γ, and chemokines such as C-C motif chemokine ligand 3 (CCL3) 

and CCL4 24–26,36,37. Although NK cells are mainly known for their role in the surveillance 

against tumors and during viral infections, through their cytotoxic activity and secretion of 

soluble components, they have also been shown to have a great relevance in the generation 

of a more efficient T helper type 1 (Th1) immunity, in the modulation of autoreactivity and 

during pregnancy, among others 38–41. Therefore, a current view is that NK cells play a 

fundamental role in the maintenance of homeostasis and in the control of the immune 

response. Thus, on the one hand they promote inflammation, while on the other they are 

capable of restricting the adaptive immune response that could lead to excessive 

inflammation and even autoimmunity. 

1.2.1.1. Activating and inhibitory receptors of NK cells 

NK cells can discriminate between target cells and healthy “self” cells, and a lot of progress 

has been made to identify the cellular and molecular mechanisms that NK cells use to 

distinguish them, and all the accumulated data are involved in the so called “dynamic 

equilibrium concept”42. This concept explains the equilibrium between the activating and 

inhibitory receptors where the integration of their signaling cascades determine the response 

(or absence) of NK cells (Fig. 1.3). NK cells will kill and produce cytokines if the sum of the 

signals from activating receptors is higher than the sum of the signals from the inhibitory 

receptors. In general, activating receptors will recognize induced ligands expressed in 

aberrant or infected cells but not (or at very low levels) in healthy cells. By contrast, inhibitory 

receptors such as killer immunoglobulin (Ig)-like Ig receptors (KIR) and CD94/NKG2A will 

recognize “self” (i.e. MHC-I) and in consequence NK cells will not kill43,44. This mechanism of 

action makes NK cells attractive to use them in anti-tumor therapy because in certain 
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occasions tumor cells will display more ligands for activating receptors than for inhibitory 

receptors45.  

Considering the “dynamic equilibrium concept”, the goal would be to lead NK cells to their 

stimulation through activating receptors. In humans (Fig. 1.3), some of the receptors 

expressed by NK cells include the inhibitory and activating forms of KIRs, CD94/NKG2 

receptors (CD94/NKG2A, hereafter NKG2A, and CD94/NKG2C, hereafter NKG2C), natural 

cytotoxicity receptors (NCRs), which include NKp30, NKp44 and NKp46, the 2B4 receptor 

(CD244), NKG2D, NKp80, DNAX accessory molecule-1 (DNAM-1), T cell immunoreceptor with 

Ig and ITIM domains (TIGIT), CD161, and CD16, which is the low affinity Fc gamma receptor 

for IgG (FcγRIIIa) 46–50. The latter is responsible for antibody-dependent cell-mediated 

cytotoxicity (ADCC). The interactions between receptors and ligands are of two types: 1) the 

recognition of autologous determinants, such as human leukocyte antigens (HLA) class I 

antigens by the inhibitory KIR and NKG2A receptors, will result in the tolerance of the NK cells 

towards self; 2) the detection of stress-induced molecules, which are normally expressed at 

very low levels, but their expression is increased in virus-infected and cancer cells, leading to 

the activation of NK cells and, as a consequence, to the destruction of tumor and infected 

cells 46,49,50. Among the stress-induced molecules are the NKG2D ligands: MHC class I chain-

related protein A and B (MICA and MICB), and members of the UL16 binding protein (ULBP) 

family 51. Ligands for NK cell activating receptors also include viral encoded molecules 52 and 

a member of the B7 family 53. Thus, NK cells do not usually lyse healthy cells expressing MHC 

class I molecules and/or low or no expression of stress-induced molecules and other 

activating receptor ligands. Rather, they selectively kill target cells that have low levels of MHC 

class I expression and/or that express adequate levels of stress-induced molecules and other 

ligands for activating receptors 46,49,50. 

In addition, it is well known that NK cell-mediated activity is regulated by cytokines. Examples 

of stimulating cytokines include IL-2 and IL-15. Both of these cytokines bind the intermediate 
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affinity receptor IL-2Rbgc (b chain and g common chain heterodimeric IL-2 receptor)54. 

Recently, several approaches are being developed in which recombinant cytokines are 

engineered to increase their affinity for their receptors in comparison with the original 

protein. Some examples include N-803 (formerly known as ALT-803), Neoleukin-2/15, 

superkine (IL-2), etc. All these modified interleukins trigger higher proliferation and 

cytotoxicity of NK cells and longer half-life of the cytokine in the circulation55.  

 

Figure 1.3. Activating and inhibitory receptors of human NK cells56. Activating receptors are represented 
in green and inhibitory receptors are showed in red. The ligand for each receptor is written between 
brackets following the corresponding receptor. In the lower part cytokine receptors and cytokines pair that 
are able to stimulate NK cells are depicted. Front. Immunol. (2019), doi: 10.3389/fimmu.2019.0235756 

1.2.1.2. NK cells anticancer potential 

Given NK cells potential to recognize and kill tumor cells, they have become a valuable tool in 

the fight against cancer and, therefore, several NK cell-based immunotherapies have been 

developed and are currently being used and tested in multiple clinical trials 57–64. It is well 

known that the study of the interactions between HLA class I molecules and KIR receptors is 

very useful in allogeneic hematopoietic stem cell transplantation (HSCT) and in in the design 
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of effective strategies of adoptive cell therapy. KIR-HLA class I molecules mismatch is of great 

relevance because donor NK cells expressing KIR that do not interact with host HLA class I 

molecules will be less inhibited and, therefore, they have superior ability to exert a graft 

versus leukemia (GvL) effect without inducing graft versus host disease (GVHD) 65,66. Years 

ago, pioneering papers conclusively showed the ability of NK cells to mediate tumor 

regression in vivo in cancer patients. It was shown that NK cells from haploidentical donors 

can prevent relapse after haploidentical HSCT and can also induce remission after the infusion 

of haploidentical NK cells in patients with acute myeloid leukemia (AML) 66,67. 

To stimulate the immune response in cancer patients, the infusion of cytokines that have the 

ability to stimulate NK cells, as well as other cell types, are being used. The proof of concept 

that IL-2 has therapeutic potential was established long time ago 68,69, although responses 

were limited and toxicity was very significant when used at high doses 69. Low doses of IL-2, 

with fewer toxicity problems, are given to induce NK cell expansion in vivo, especially during 

adoptive cell therapy with NK cells 67,70,71. On the other hand, since low doses of IL-2 can also 

stimulate regulatory T cells (Tregs) 72, new variants of this cytokine are being designed, such 

as the one that selectively binds to the β subunit of IL-2 receptor (IL-2Rβ) expressed on all NK 

cells, instead of the IL-2Rα subunit which is highly expressed in Treg cells, and therefore it 

may provide better results 73. Another relevant cytokine is IL-15, which stimulates CD8+ T cells 

and NK cells 74. Administration of single-chain IL-15 (scIL-15) in cancer patients exhibited high 

dose-dependent toxicity 75. Also, IL-15 super-agonists are being developed. An example is N-

803, which is a complex that consists of a mutated IL-15 homodimer linked to a fusion protein 

formed by the α chain of the IL-15R (IL-15Rα) and the Fc fragment of IgG1 76. 

Checkpoint inhibitors have revolutionized cancer treatment and today they are a very 

relevant part of the therapeutic tools available to oncologists. There are checkpoints that are 

expressed primarily, though not exclusively, on NK cells. Among them, we can highlight KIR, 

NKG2A and TIGIT 46,49,50,77,78. Clinical trials are testing the efficacy of blocking these 
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checkpoints with monoclonal antibodies (mAbs) in cancer treatment 79. Anti-KIR mAbs, by 

blocking the interaction of HLA class I molecules on target cells with KIRs on NK cells, increase 

NK cell-mediated tumor cell lysis 80. Several clinical trials are testing treatment of cancer 

patients with anti-KIR mAbs 79,81,82. Also, by blocking the interaction of NKG2A on CD8+ T cells 

and NK cells with HLA-E on cancer cells, the mAb monalizumab is able to stimulate antitumor 

immunity by promoting the effector functions of those immune cells 83. Also, blocking NKG2A 

expression by means of a single chain variable fragment (scFv) derived from an anti-NKG2A 

mAb linked to endoplasmic reticulum retention domains overcomes the resistance of HLA-E+ 

tumor cells to NK cell attack 84. Tumor-associated NK cells express high levels of the TIGIT 

checkpoint inhibitory receptor, and therefore, blocking this receptor with mAbs prevents NK 

cell exhaustion and elicits potent antitumor immunity 85. Several clinical trials are determining 

the safety and efficacy of anti-TIGIT mAbs alone or in combination with other mAbs 79. Also, 

it is well known that other checkpoints, such as programmed cell death protein 1 (PD-1), are 

expressed on activated T cells, although NK cells can also express it 86. Together with its PD-

L1 ligand, it plays a central role in tumor recurrence and progression, since signaling through 

this pathway suppresses T cell and NK cell activation 86. Experiments have shown that blocking 

PD-1 and PD-L1 stimulate a strong NK cell response, which could be very important for full 

therapeutic effect of these checkpoint inhibitors 87,88. Thus, for example, blocking PD-1 

enhances NK cell trafficking to tumors and also increases ADCC 88. 

Antibodies are also designed to direct NK cells to destroy tumors. mAbs induce tumor cell 

death through several mechanisms, including NK cell-mediated ADCC 89. For example, 

rituximab, cetuximab and trastuzumab utilize ADCC as part of their mechanism of action 89,90. 

The impact of polymorphisms in the gene that encodes CD16, and that affect its affinity for 

the Fc fragment of IgG1 and IgG3, has shown that the role of NK cells in mediating the 

antitumor response through ADCC is highly relevant 91,92. On the other hand, the manufacture 

of mAbs that have different glycosylation patterns, in such a way that it also affects the affinity 

of their Fc fragment for CD16, adds relevance to the ADCC mechanism mediated by NK cells 
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93–95. Regarding CD16, more recently have been designed bi- and tri-specific killer engagers 

(BiKEs and TriKEs). These are molecules that act through ADCC by cross-linking epitopes in 

tumor cells with CD16 on NK cells 57,96. An example of TriKE consists of mAb fragments 

targeting the activating receptor NKp46 together with a tumor antigen and an Fc fragment to 

promote ADCC via CD16 97. Importantly, this TriKE has been shown to be more potent than 

clinical therapeutic antibodies targeting the same tumor antigen 97. 

Another therapeutic strategy consists in the adoptive transfer of NK cells. Compared to in vivo 

stimulation with cytokines, adoptive transfer allows manipulating NK cells prior to infusion 

and thus generating a more effective product. Some products include, for example, adoptive 

transfer of short-term ex vivo activated allogeneic NK cells that induce clinical responses in 

patients with multiple myeloma and AML 67,98. Ex vivo activation of allogeneic NK cells for a 

short period of time has been carried out with cytokines such as IL-2 or IL-15 99. More recently, 

the efficacy and safety of cytokine-induced memory-like (CIML) NK cells have been explored 

64,71. CIML NK cells are generated after activation for approximately 18 hours with IL-12, IL-15 

and IL-18. These cells are characterized by increased effector functions after a resting period 

and a longer half-life 36,64,100–102. Importantly, clinical trials have demonstrated its safety and 

efficacy in treating patients with AML refractory to standard treatments 64,71. Adoptive 

transfer of cultured and expanded NK cells with cytokines has also been used allowing the use 

of multiple infusions of highly activated NK cells 57,58,103,104. Finally, the genetic manipulation 

of NK cells to optimize their persistence in vivo, as well as their location, overcome the 

resistant tumor microenvironment (TME) and cytotoxicity against tumor cells after adoptive 

transfer, is a very active research field at the present time 57,58,61,105,106. Thus, NK cells 

expressing chimeric antigen receptors (CARs) (CAR-NK) are emerging as a complementary 

alternative to CAR-T cells. Some of the advantages of CAR-NK cells include greater safety, 

since the cytokine release syndrome and neurotoxicity are null or minimal, and the use of an 

allogeneic product does not pose the risk of developing GVHD. Another advantage is the 

feasibility for “off-the-shelf” manufacturing 107,108. Numerous clinical trials with promising 
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results are being carried out with CAR-NK cells after having demonstrated their efficacy in 

preclinical models 58,60,107,109–111. 

1.2.1.3. CIML (trained) and memory/adaptive NK cells. 

Despite their classification as ILCs, NK cells exhibit memory properties, hinting the role of this 

cell type in adaptive immunity, long-term responses and contribution to cancer 

immunotherapy 32,112–116. NK cells exhibit three types of innate memory and memory-like 

responses depending on the initial stimulus: hapten-induced memory NK cells, viral-induced 

memory NK cells, also called adaptive NK cells, and CIML NK cells 64 (Fig. 1.4). The first two 

are antigen-specific, while CIML NK cells are not antigen-specific and have a flexible recall 

response.  

In contrast to hapten-induced memory and adaptive NK cells, CIML NK cells more closely 

resembles trained immunity, in a similar manner as myeloid cells are trained by Bacillus 

Calmette–Guérin (BCG), β-glucan or lipopolysaccharide (LPS), and they also exhibit a long-

term adaptation and persistence in vivo 71,117,118  Memory-like (or trained) properties of NK 

cells were first described by Cooper and Yokoyama 100. They found that after pre-activation 

of mouse NK cells with IL-12, IL-15 plus IL-18 for a short time, they can persist for a long time 

after adoptive transfer into syngeneic mice. Although the pre-activated NK cells proliferated, 

they returned to a resting state after one week of transfer and they were phenotypically 

similar to non-preactivated or endogenous NK cells and do not constitutively produced IFN-γ. 

However, these CIML NK cells produced significantly more IFN-γ upon restimulation 100. This 

enhanced ability to secrete IFN-γ was cell-intrinsic, independent of proliferative capacity, and 

persisted following cell division 119. Similar to murine NK cells, human CIML NK cells have been 

also described 101. The pre-activation of human NK cells with IL-12, IL-15 plus IL-18 followed 

by a resting period, enhanced cytokine and chemokine secretion, degranulation and 

cytotoxicity after restimulation with target cells and/or cytokines 36,101,102,120–123. In mouse 

models it has also been demonstrated that NK cells display memory-like properties following 
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systemic stimulation. Specifically, following LPS-induced endotoxemia, NK cells acquire cell-

intrinsic memory-like features such as increased production of IFN-γ upon specific secondary 

stimulation 124. These memory-like NK cells persisted for at least 9 weeks and contributed to 

protection from Escherichia coli (E. coli) infection upon adoptive transfer 124.  

Given the properties of CIML NK cells, they are becoming an important tool in the treatment 

of malignancies. First, it was reported that a single injection of IL-12/15/18-preactivated NK 

cells combined with radiation therapy substantially reduced growth of established mouse 

tumors, including solid tumors 125. Highly CD25 expressing preactivated NK cells proliferated 

in vivo in response to IL-2 produced by CD4+ T cells and persisted for a long time 125,126. Other 

studies have also shown that adoptive transfer of murine CIML NK cells suppressed GVHD and 

enhanced GvL after allogeneic HSCT 122,127. Regarding humans, several preclinical studies have 

demonstrated that CIML NK cells exhibited enhanced responses against tumor targets in vitro 

and in vivo 36,64,71,101,118,128–130. Very interestingly, it has been recently published that CAR-

modified CIML NK cells displayed potent responses, including IFN-γ production, degranulation 

and killing, against NK cell resistant lymphomas when compared with conventional CAR-NK 

cells. Moreover, these CAR-modified CIML NK cells exhibit antigen-specific persistence and 

effectively control lymphoma targets in vivo in xenograft models 110.  

In the clinical practice, adoptive transfer of CIML NK cells is becoming a very important 

immunotherapy against hematological malignancies, mostly for patients with 

relapse/refractory AML 71. Fludarabine and cyclophosphamide lymphodepleted patients were 

infused with a single CIML NK cell dose generated from a related HLA-haploidentical donor. 

After the transfer, low doses of IL-2 are given to support NK cell survival, expansion and 

function 71. Clinical results were very encouraging, with approximately 50% of the patients 

achieving complete remission 64,71,118. Importantly, CIML NK cells infusion did not result in 

GVHD or cytokine release syndrome 64. Analysis have shown that the frequency of CD8α+ 

donor NK cells is negatively associated with the outcome after CIML NK cell therapy and that 
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the inhibitory NKG2A receptor is a dominant checkpoint for CIML NK cells, opening the 

possibility of targeting the NKG2A-HLA-E axis to improve its efficacy 118. Nonetheless, the 

infused haploidentical CIML NK cells will eventually be eliminated when the recipient´s 

immune system recovers. Therefore, other approaches are being tested, as for example 

adoptively transferring CIML NK cells to patients that have previously received a standard of 

care haploidentical peripheral blood HSCT after reduced intensity conditioning with post-

transplantation cyclophosphamide for GVHD prophylaxis. CIML NK cells are generated from a 

second leukapheresis from the same donor after the HSCT. Preliminary data have shown very 

promising results 64. Other clinical trial is testing same donor CIML NK cells with donor 

lymphocyte infusion in patients that relapsed after allogeneic HSCT. Very possibly adoptive 

transferred cells will persist longer and improve the chances of complete remission 64. Murine 

studies showing the synergistic interaction between T cells and CIML NK cells support this 

rationale 126. Some of the clinical trials with CIML NK cells include NCT01898793, 

NCT02782546, NCT03068819, NCT04024761, NCT04290546, NCT04354025 and 

NCT04634435 (from clinicaltrials.gov).   

The induction of a trained phenotype in CIML NK cells enables them to react rapidly and 

stronger when they are challenged with subsequent triggers. The molecular basis of this 

characteristic responsiveness is not very well known, but it is becoming clear that 

transcriptional, epigenetic and metabolic reprogramming occurs in CIML NK cells (Fig. 1.4).  

Hapten-induced and virus-induced memory NK cells have been shown to be antigen-specific 

(Figure 1.4). Because these adaptive NK cell responses more closely look like T cell responses 

than the trained immunity exhibited by myeloid cells and CIML NK cells, it has been 

hypothesized that this distinctive NK cell response may represent an evolutionary bridge 

between the memory response of T cells and that of myeloid lineage 26,50,117. The ability of NK 

cells to acquire antigen-specific memory was first described in the context of contact 

hypersensitivity (CHS) responses to chemical haptens 131. Hapten-induced CHS is an example 
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of adaptive immunity and it was found that mice lacking T and B cells, but not NK cells, were 

able to exhibit hapten-induced CHS responses and that these recall responses discriminated 

between different haptens and persisted for weeks 131. Hapten memory NK cells reside in the 

liver and are dependent on the expression of CXCR6, which is critical for their persistence in 

the liver 131,132.  

In humans, the pioneering works of López-Botet's group showed that healthy individuals 

seropositive for human cytomegalovirus (HCMV) exhibited higher frequencies of NKG2C+ NK 

cells 133. These cells expanded in vitro in response to HCMV-infected fibroblasts 134 and 

following acute HCMV infection in vivo 135. The expansion of these NKG2C+ adaptive NK cells 

requires, among others, IL-12 and the presentation of HCMV-encoded UL40 peptides by the 

non-classical MHC-I molecule HLA-E 136,137. Regarding cell surface markers, in addition to 

expressing NKG2C, human adaptive NK cells also express the late differentiation marker CD57, 

and higher levels of CD2, LIR-1 and CCR5 and low levels of NKp30, NKp46, and CD161, among 

other features 138. At the functional level, they have higher expression of granzyme B and Bcl-

2, secrete higher levels of cytokines, and are capable of mediating strong ADCC responses and 

secrete cytokines against CMV infected cells 138. Very significantly, they have a very low or 

null expression of key components of cellular signaling molecules (FcεRγ, Syk, EAT-2) and 

transcription factors (PLZF, Helios) 138. Nevertheless, human adaptive NK cells are 

heterogeneous and several subpopulations can be distinguished based in the expression of 

different markers 139. For example, although the frequency of FcεRIγ− and NKG2C+ NK cells 

positively correlated, the FcεRIγ− and NKG2C+ NK cell populations did not exactly overlap 140. 

Moreover, different subsets exhibit somehow different properties: FcεRIγ−NKG2C+ NK cells 

had weak natural effector function against K562 target cells but strong ADCC, while 

FcεRIγ+NKG2C+ NK cells had strong effector functions in both settings 140. On the other hand, 

FcεRIγ−NKG2C+ NK cells exhibited low Ki67 and high Bcl-2 expression, indicating the long-

lived quiescent memory-like property 140. Interestingly, Liu et al have demonstrated that 

deleting FcεRγ reprograms conventional NK cells to display features of adaptive NK cells, while 
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deletion of PLZF had no significant effects 141. It is also important to know that expansions of 

NKG2C+ NK cells have been also described in other infections such as HIV, hantavirus, 

chinkungunya virus and SARS-CoV-2 142–146. However, in reports where HCMV status was 

assessed, the expansion of the NKG2C+ subset was almost entirely confined to individuals 

seropositive for HCMV 142–146. On the other hand, Nikzad et al. have found that human NK 

cells were able to display antigen-specific recall responses in vitro when isolated from livers 

of humanized mice previously vaccinated with HIV envelope protein 147. Furthermore, they 

also discovered that large numbers of cytotoxic NK cells were recruited to places of varicella-

zoster virus (VZV) skin test antigen challenge in VZV-experienced people 147. Although they 

did not address by which mechanisms NK cells recognize HIV envelope protein and VZV 

specific NK cells are recruited to the challenge sites, they suggest that very likely is different 

from that of NKG2C expressing NK cells that expand upon HCMV infection and/or 

reactivation, highlighting the diversity of the human pool of virus-memory NK cells 147. Along 

these lines, Stary et al have also described a subset of human hepatic CD49a+CD16- NK cells 

that exhibit antigen-specific cytotoxicity against B cells and dendritic cells pulsed with 

hepatitis A or hepatitis B proteins 148. Interestingly, the antigen-specific killing by these 

adaptive CD49a+CD16- hepatic NK cells were able to bypass the KIR receptor-ligand system 

148. In a similar way as to the hapten-induced memory NK cells shown in mice 131,132, Stary et 

al also showed that in patients sensitized against nickel, specific CD49a+CD16- NK cells were 

recruited, very probably from the liver, to a nickel-induced epicutaneous patch test, 

highlighting the possibility of a liver-skin axis in the pathophysiology of hapten-induced 

adaptive NK cells 148. 

Arguably, the best known model of adaptive NK cells involves the study of mouse CMV 

(MCMV) infection149. Ly49H+ NK cells possess antigen specificity for the MCMV-encoded 

glycoprotein m157150, undergo clonal proliferation151,152 and, in a similar manner to CD8+ T 

cells, persist during the contraction and memory phases26. After reinfection, adaptive NK cells 

undergo a secondary expansion and they release cytokines and degranulate more rapidly, 
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which results in a more protective response against MCMV149. The formation of robust 

effector and adaptive NK cells require proinflammatory cytokine signals such as IL-12 and IL-

18153,154. It has also been demonstrated the development of specific memory mouse NK cells 

after vaccination with antigens from influenza, vesicular stomatitis virus (VSV) or human 

immunodeficiency virus (HIV)-1. The adoptive transfer of virus-sensitized NK cells into naive 

recipient mice enhanced the survival of the mice after lethal challenge with the sensitizing 

virus but not after lethal challenge with a different virus132. 

 

 

Figure 1.4. Heterogeneity of memory and memory-like NK cells. Three types of NK cells with memory 
properties are represented in the figure: CIML (cytokine-induced memory-like) or LPS-trained NK cells, 
virus-induced and hapten-induced NK cells. Black boxes depict the initial stimuli to induce the expansion 
of NK cells. ADCC (antibody-dependent cell-mediated cytotoxicity), CIML (cytokine-induced memory-like), 
HCMV (human cytomegalovirus), HIV (human immunodeficient virus), HLA (human leucocyte antigen), LPS 
(lipopolysaccharide), MCMV (murine citomegalovirus), VZV (varicella zoster virus). Adapted from Mikelez-
Alonso et al., Adv Drug Deliv Rev. (2021) 10.1016/j.addr.2021.113860155 
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1.2.2. Cytokines as stimulators of the innate immune system 

Cytokines are molecules that play an important role in controlling the growth and activity of 

immune cells and other cells. The first described cytokine was related to fever pathogenesis 

in 1953156. They are able to generate a response in picomolar to nanomolar concentrations 

and their size is between 6-30 kiloDalton (kDa) in almost all cases, and not more than 70 

kDa157. These molecules have a key role on the communication between immune cells and 

they can control the type and duration of the immune response158. For example, IL-4 and IL-

13 cause the polarization to M2 immunosuppressive phenotype of macrophages in vitro and 

in the TME in vivo 159,160. These M2 macrophages release more immunosuppressive cytokines 

such as IL-10 or pro-metastatic proteins such as Chitinase-3-like protein 1 (CHI3L1), which 

shapes the TME in favor of tumor progression161–163.  

Many examples support the use of cytokines in cancer immunotherapy. For example, IFN-γ 

acts directly on cancer cells inhibiting hTERT (human telomerase reverse transcriptase). IFN-

γ induces growth arrest which is translated on an inhibition of tumor cell growth164. But IFN-

γ is a pleiotropic cytokine and the mechanisms of its antitumor effect are numerous including, 

among others, increasing antigen presentation, favoring Th1 cell polarization and causing an 

inflammatory response165–168. Interleukins are also studied as anticancer therapy and IL-2 is a 

good example of that. IL-2 exert antitumor effect in an indirect way where T cells are activated 

and expanded to become the final effector, but IL-2 also acts directly in the tumor area, by 

controlling the cell cycle of cancer cells or inducing tumor suppressor interleukins expression 

in melanoma cells169,170. However, IL-2 is known to have limited efficacy, which is attributed 

to 1) toxicity induced by high doses of IL-2 that are needed to obtain beneficial results and 2) 

to the preferential expansion of Treg cells, due to their expression of the IL-2 high affinity 

receptor, which is translated on decreasing antitumor immunity171. Even so, IL-2 variants and 

other formulations such as the combined administration of IL-2 with TLR agonists are been 

investigated to avoid these limitations with successful results for application in antitumor 
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therapies172–175. IL-2, IFN-γ and others, such as granulocyte-macrophage colony stimulating 

factor (GM-CSF) and IL-12, are used for the treatment of cancer176–180. Additionally, it is well 

known that cytokine combinations induce functional and gene expression changes in many 

cell types, including in NK cells181. A good example is the pre-activation with IL-12, IL-15 and 

IL-18 generates CIML NK cells as it is described above.  

However, as a consequence of the small size of the cytokines, their bioavailability is very low 

due to rapid clearance from plasma 182. For this reason, many efforts are behind the goal of 

changing the pharmacokinetic of this kind of proteins in vivo. Introducing mutations in the 

sequence175 or simply conjugating them with polymers183 or loading them into nanoparticles 

are getting importance since the FDA started approving some of these organic and non-

organic based nano-materials for their use in the clinic184 (see Table 1.1). 

Therefore, the strategy of nanovehiculization of cytokines try to achieve three goals:  

1) increase the half-life of the cytokine in the circulation 

2) increase the effective dose of the cytokine 

3) and in consequence of the second goal, avoid the toxic effect of high doses of 

cytokines 

Table 1.1. Examples of nanocomposites loaded with cytokines for antitumor immunotherapies.   
Composition 

 
 

Nanoformulation Cytokine NP material Therapeutic role  Ref. 

DOTAP/MPEG-
PLA-pIL-12 

IL-12 DOTAP/MPEG-PLA Lymphocytes proliferation and tumor cell killing after 
transfection of DMP-pIL12 into Ct26 cell. In vitro and 
in vivo model.  

185 

SPIONs-PAA-
PEI+pDNAIL-12 

IL-12 SPION and PAA and 
PEI 

Magnetofection of pDNAIL-12 into tumor 
cellstriggering IL-12 protein expression in the tumor 
area, activation of immune cells and then tumor cells 
death.  

186 

mPEG-Dlinkm-
PDLLA 

IL-12 PEG, PDLLA Immunochemotherapy in vivo. The immune effect is 
produced by macrophage polarization from M2 to 
M1 and activation of T and NK cells cytotoxic 
functions, provoking tumor cell death. 
Chemotherapy effect is produced by paclitaxel.  

187 

TT-LDCP NPs IL-2 DOTA, DOTAP, DSPE-
PEG2000, cholesterol 

Dual targeted immunegene therapy. siRNA for PD-L1 
checkpoint and pDNA for IL-2 protein expression. 
The treatment triggers T and NK cells effector 
functions.  

188 
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DOTAP: Dioleoyl-3-trimethylammonium propane, MPEG-PLA: Methoxy poly(ethylene glycol)-poly(lactide), SN: supernatant, 
SPION: super paramagnetic iron oxide nanoparticles, PAA: polyacrylic acid, PEI: polietilenimina, PEG: poly(ethylene glycol), 
PDLLA: poly(D,L-lactide), DOPA: 1,2-dioleoyl-sn-glycero-3-phosphate, DOTAP: 1,2-dioleoyl-3-trimetylammonium-propane, 
DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], MSN: 
mesoporous silica NPs, PELG: poly(2-aminoethyl-L-glutamate), PLR: poly-L-Arginine, PLE: poly-L-Glutamic acid, HA: hyaluronic 
acid, PLH: Polymer lipid hybrid, SPDP: succinimidyl 3-(2-pyridyldithio)propionate.  

1.2.2.1. IL-15 biology and its anticancer activity 

IL-15 cytokine is a 12.5 kDa protein with structural similarities to IL-2195 that is related to the 

binding to common receptor subunits. Both cytokines bind the complex of IL-2Rβ or CD122 

with the common g chain (gc) or CD132196,197. In addition, a third chain may bind IL-2Rβgc to 

form a heterotrimeric receptor. IL-2Rα chain or CD25 associates with IL-2Rβgc to conform the 

IL-2 high affinity receptor (IL-2Rαβgc), while IL-2 binds to IL2Rβgc with intermediate affinity198. 

In physiological conditions, IL-15 is bound to IL-15Rα and transpresented to lymphocytes 

expressing IL-2Rbgc by other cells such as epithelial cells, fibroblasts, monocytes and 

DCs199,200. This is the reason why IL-15 is mostly undetectable in its soluble form. Although the 

two cytokines activate target cells through two common receptors, they dictate unique 

biologic outcome. As an example, IL-2 promotes the differentiation of effector cytotoxic T 

lymphocytes (CTL), and IL-15 promotes the development of memory T cells. In addition, the 

stimulation by IL-15 promotes enhanced antitumor capacity of CD8+ T cells and showed 

superior cytolytic activity by NK cells. This last effect could be associated with stronger 

signaling of the metabolic checkpoint kinase mammalian Target of Rapamycin (mTOR) 

following IL-15 stimulation of NK cells. 201,202. In addition, it is known that the absence of IL-

S(RA)IFN + 
S(sulf)PIC 

IFN-γ MSN The treatment happens in two steps: first S(RA)IFN 

enhances TLR3 expression, and then S(sulf)PIC 
recognized TLR3 causing apoptosis.  

189 

DsNKG2D-IL-21 
NPs 

IL-21 Chitosan NK and T cells activation by expression of NKG2D-IL-
21 fusion protein from transfected tumor cells with 
pNKG2D-IL-21.  

190 

G-DOX/IL-2/IFN-γ IL-2  
IFN-γ 

PELG7-PEG45-PELG7 Thermo sensitive hydrogel for melanoma treatment 
combining chemotherapy (doxil) and 
immunotherapy (IL-2 and IFN-γ) promoting T and NK 
cells proliferation.  

191 

PLE-IL-12 NPs IL-12 
IFN-γ 

PLR, PLE, HA Activation of T lymphocytes and mediation of Th1 
type immune response.   

192 

NV-DOXIL-2 IL-2 Cell derived 
membrane-based 
platform 

Enhancement of DC maturation, T and NK cells 
cytotoxic function and recruitment of other immune 
cells in the tumor area.  

193 

IL-15 NP IL-15 PLH-PEG-SPDP Enhanced the cytotoxic effect of T and NK cells by 
activation of these cells.  

194 
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15 decreases the accumulation of effector cells, such as CD8+ T cells in the lymph node, down-

regulating the immune response against the tumor mass as it happens in IL-15 deficient mice, 

highlighting the role of IL-15 in antitumor therapy and also in other diseases such as 

tuberculosis203–206.  

Regarding using IL-15 for anticancer therapy, it was initially sought as an alternative to IL-2, 

because of some limitations exhibited by the latter. For example, in contrast to IL-2, IL-15 

does not stimulate Treg cells while is able to activate and trigger NK and CD8+ T cells 

expansion207. Still, infusion of IL-15 single chain has a high toxicity profile and a rapid clearance 

from plasma206. Also, IL-15 superagonists are being developed and tested in clinical trials 

alone or in combination with other drugs. For example, the combination of the IL-15 

superagonist N-803 with Nivolumab is being investigated for advanced or metastatic non-

small cell lung cancer treatment (NCT02523469)208 and with BCG for BCG-unresponsive non-

muscle invasive bladder cancer (NCT03022825). This IL-15 formulation is designed with Fc 

domain of a human IgG1 bound to a complex of IL-15 and sushi domain of IL-15Rα. These 

combinations of molecules to obtain N-803 confers to IL-15 1) prolonged half-life and 2) 

higher activity than IL-15 single chain209,210. 

1.2.3. Cancer nano-immunotherapy 

A limitation of cancer immunotherapy consists in the difficulty of reaching the tumor location, 

which in many cases is away from the injection route. To overcome this limitation, the 

treatment dose is generally increased to achieve an efficient drug dose in the tumor211. 

However, this dose increase could trigger undesired side effects that are harmful to the 

patients. This limitation makes NPs ideal candidates for the delivery of cancer 

immunotherapies since they follow different pharmacokinetics and pharmacodynamics 

compared to free drugs212,213. 

Over the last two decades, NPs have been widely explored for their use in biomedical 

applications. Nevertheless, immunotherapy was not the first biomedical use of NPs. A few 
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years ago, editors from Science named immunotherapy as the “Breakthrough of the year”214. 

Following this, the use of NPs in immunotherapy have increased tremendously. In addition, 

some anticancer treatments based on NPs have been approved by the FDA. In addition, more 

work is currently going on to achieve new anticancer therapy strategies based on nano-

materials approved already by the FDA, such as Iron Oxide Nanoparticles (IONPs) (Table 1.2). 

However, these systems face issues concerning stability in physiological media, protein 

corona (PC) formation, and accumulation in the target tissues. The formation of a PC around 

the NPs in the presence of biological fluids plays an important role, mainly in changing the 

physicochemical properties of the nano-formulations, with consequent decrease in the 

therapeutic efficacy of nanomedicines. Furthermore, the modification of the surface of the 

particles is patient-specific and the formation of a PC may have additional undesired effects 

on the performance of the NPs including loss of efficacy of targeting moieties, undesired 

flagging by the complement, unspecific uptake by immune cells, and immunotoxicity215–217. 
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Table 1.2. Recently studied nanoformulations for immunotherapy. Some nano-formulations are approved 
by Food and Drug Administration (FDA) and others are in clinical trials not necessarily for their use as 
anticancer therapy. QT: chemotherapy. Mikelez-Alonso et al., Int. J. Mol. Sci. 2020, 21(2), 519; 
https://doi.org/10.3390/ijms21020519218 
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1.3. Anticancer nano-immunotherapy: “The good, the bad and the ugly” 

New nanoparticles (NPs) based therapeutic strategies are emerging with the aim to 

enhance the efficacy of tumor immunotherapies. NPs exhibit different 

pharmacodynamic and pharmacokinetic properties compared with free drugs and 

enable the use of lower doses of immune-modulating molecules, somehow minimizing 

their side effects. It is well known that toxicity is an important problem associated with 

many immunotherapies 236. In the context of using NPs for biomedical applications, it is 

important to understand the interactions occurring at the interface between NPs and 

biological fluids to predict the fate of injected NPs. It is commonly accepted that the 

interaction of the NPs and biological fluids is a consequence of several factors such as 

NP size, shape, charge, or coating agents are critical 237–244, but the characteristics of the 

biological fluids are also very important (ionic strength, protein concentration, pH, and 

temperature)245. Once NPs are exposed to biological fluids, they interact with active 

biomolecules (mostly proteins, but also sugars, nucleic acids, and lipids) and PC is 

formed around them by the unspecific absorption of proteins on the surface of the NPs. 

This effect gives the NPs, upon PC formation, a different biological identity compared to 

bare NPs. The physicochemical properties of the bare NPs such as size, surface charge, 

surface composition, and functionality, change due to the PC formation. Therefore, the 

characterization of the properties of NPs after their exposure to a biological fluid has 

become mandatory for two purposes, to understand how these new characteristics 

affect the behavior of the nano-formulation in vivo and to design strategies to avoid the 

PC formation. In this context, Zhou et al. disclosed that the dynamic structure of NP 

surfaces can affect the protein adsorption kinetics and thus the interaction between 

nanoparticles/adsorbed proteins and cells 246. 

Recently, the scientific community has been moving from the mere evaluation of the 

impact of the PC on the physicochemical properties of NPs to the evaluation of the 

impact on their behavior in physiological systems. Furthermore, a large number of 
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studies have provided much insight into the layer thickness and composition of the PC, 

and the adsorption kinetics under different experimental setups. Many techniques have 

been used to measure the absorption of proteins around the NPs such as UV-visible 

spectroscopy (UV/Vis), dynamic light scattering (DLS), transmission electron microscopy 

(TEM), and fluorescence correlation spectroscopy (FCS) 247–249. Another non-optical 

method that allows for the measurement of PC formation in complex media such as 

blood is 19F diffusion measured by nuclear magnetic resonance (NMR) 250. In addition, 

different techniques such as surface plasmon resonance (SPR), isothermal titration 

calorimetry (ITC), differential centrifugal sedimentation (DCS), and quartz crystal 

microbalance (QCM) have been used to quantify the affinities of proteins for NPs 251–255. 

Nevertheless, liquid chromatography–mass spectrometry (LC-MS) is probably the most 

powerful tool to identify proteins present in the PC256,257. 

PC formation is especially relevant in the field of the immunotherapy, since in order to 

trigger an immune response, it is essential the interaction between antigens or other 

molecules and their receptors. In this sense, has been demonstrated that the PC can 

have a dual role in biomolecular recognition (Fig. 1.5). In some cases, the PC hides the 

antigen/molecule on the NPs surface, thereby inhibiting the interaction with its specific 

receptor (this immune-escape process could be defined as “immune-blinding”); and in 

other cases the PC contains proteins that act as ligands for receptors on specific immune 

cells and triggers undesirable immune responses (“immune reactivity”)258,259. 

Additionally, PC can induce the phagocytosis of the NP by monocytes and macrophages 

258 and in consequence could avoid the recognition of the molecules exposed on the 

surface of the NPs. 

1.3.1. Immune-blinding as a consequence of PC formation 

As shown in figure 1.5, immune-blinding could be promoted by two main mechanisms. 

On the one hand, PC may fully or partially cover the antigens/molecules present on the 
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surface of the NPs, and in consequence, the specific interaction and response will be low 

or fail and consequently the desired functions will not occur. Shanehsazzadeh et al. 

described a good example on how PC can induce immune-blinding on a nano-

formulation in vivo. The uptake of NPs functionalized with anti-mucin1 (anti-MUC-1) 

antibody was nine times higher in MUC-1-positive cells than in the MUC-1 negative cells 

in vitro. However, in the in vivo mouse model, the antibody-functionalized NPs showed 

higher distribution in blood and muscle than in tumor. The conclusion of this work was 

that the PC covered the anti-MUC-1 antibody and in consequence, the specific tumor 

uptake in vivo was reduced 260,261. These difficulties in vivo evidence the importance of 

the NP composition in the possible immune-blinding effect promoted by the PC, as it 

was also shown in another study in which a different PC formation was observed 

depending on the PEGylation grade of NPs 262. In the case of nano-vaccine based 

therapies, the PC also plays a critical role in the uptake of the nano-formulation by DCs, 

which is a critical step for an effective therapeutic response 237,263.  

On the other hand, the blinding effect can be due to the homeostatic function of 

immune cells. Macrophages have scavenger receptors that recognize biological patterns 

on strange bodies264 Sometimes, the structure of the proteins that formed the PC is 

altered during the PC formation on the surface of the NPs 265, and in consequence 

usually unexposed epitopes are presented to the immune system. Macrophages could 

recognize these epitopes and phagocyte the NP–PC complexes through the scavenger 

receptors (Fig. 1.5) 266,267. This situation could be solved changing the physicochemical 

properties of the NPs and in consequence reducing the uptake of the NPs by 

macrophages 268. 
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Figure 1.5. Nanoparticle-based immunotherapy failure because of protein corona (PC) formation. 
No-response (left) vs. excessive or uncontrolled response (Immune reactivity) (right). Top left panel: 
Immune cells are not able to recognize the molecules exposed on the surface of the NPs because the 
PC covers the NPs partially or totally. Bottom left: NP phagocytosis by macrophages because of the 
denaturalization of the proteins (in green) on the surface of the NPs. Top right: Aggregation of NPs 
triggers toxic effects by strange-body recognition by the immune system. Bottom right: Nuclear 
Factor κB (NF-κB) translocation to the nucleus because of the recognition of denatured proteins on 
the surface of the NPs. Mikelez-Alonso et al., Int. J. Mol. Sci. 2020, 21(2), 519; 
https://doi.org/10.3390/ijms21020519218 

1.3.2. Immune response or immune reactivity as a consequence of PC formation 

The difference between a controlled and an uncontrolled and undesired immune 

response, which could be immune reactivity, as it is defined above, is not always clear. 

Immunotherapy in many cases, such as in cancer, seeks to strengthen the immune 

response, and it is very important to be carefully designed. In cancer nano-

immunotherapy it is essential to consider that the contact of NPs with a biological fluid 

will most probably provoke the formation of a PC on the NPs surface. This PC could 
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trigger an acute inflammatory response after the interaction with immune cells. This 

phenomenon is commonly related to the excessive production of cytokines such as TNF-

α, IFN-γ, IL-6, and IL-12 and the exacerbated inflammatory response associated to high 

levels of these cytokines. In this context, Dai et al. observed differences in pro-

inflammatory cytokines secretion and immune cell apoptosis when studying the 

interaction of NP–PC complexes, formed in various biologically relevant environments, 

with macrophages. They observed that the NP–PC complexes either increased or 

mitigated the secretion of a specific cytokine, depending on the environment where the 

PC was formed 269. On the other hand, although it has been demonstrated that the PC 

could trigger pro-inflammatory responses and tissue damage, some works suggest that 

PC could also have protective properties. Escamilla-Rivera et al. studied the role of the 

PC as potential protector for reactive oxygen species (ROS)-induced cytotoxicity and 

pro-inflammatory response in macrophages exposed to IONPs. They observed that the 

reduction in IONPs-induced cytotoxicity can be attributed to the PC shielding against 

ROS generation and pro-inflammatory response in macrophages270. It was also 

demonstrated that the formation of PC on the magnetic hydroxyapatite (MHA) scaffolds 

improved osteogenesis. PC causes an acute inflammation which turned into improved 

bone regeneration and it is related to the increased immune response against the 

scaffold271.  

The formation of PC on the NP surface does not always trigger an inflammatory response 

per se, as it has been previously described. Sometimes, the inflammatory responses 

could be associated with the presence of unfolded proteins in the NP–PC complexes. In 

the same way that macrophages can recognize some unfolded proteins present in NP–

PC complexes through the scavenger receptors and phagocyte them, other specific 

receptors can recognize unfolded proteins present in NP–PC complexes and trigger an 

exacerbated inflammatory response. Deng et al. described that negatively charged 

poly(acrylic acid) (PLA)-conjugated gold NPs bind to and induce unfolding of fibrinogen, 
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which promotes interaction with the integrin receptor, Mac-1. The activation of Mac-1 

receptor increases the NF-κB signaling pathway, resulting in the release of inflammatory 

cytokines 272. However, not all NPs that bind to fibrinogen showed this effect, which 

illustrates the influence of the physicochemical properties of the NPs. The role of the 

physicochemical properties of the materials, such as surface chemistry and wettability, 

on the formation of PC in human serum and the subsequent effects on the innate 

immune response have been also investigated. Visalakshan et al. demonstrated that the 

amount and identity of proteins adsorbed on the surface of the different materials were 

strongly influenced by surface chemistry and wettability, which led to a distinct response 

from macrophages. Hydrophilic surfaces mostly adsorbed dysopsonin and albumin, 

which induced a greater expression of anti-inflammatory cytokines by macrophages. In 

contrast, hydrophobic surfaces mostly adsorbed IgG2 type opsonin, which caused 

increased production of pro-inflammatory signaling molecules 273. Therefore, the 

identity of the adsorbed proteins on the surface of the NPs has also an important role in 

triggering excessive inflammatory responses. The administration of any nanomaterial to 

animals or humans results in the adsorption of proteins onto the nanomaterial surface 

and the subsequent complement activation, which may lead to exacerbated 

inflammatory response. This effect may be related to the observations that the presence 

in the PC of the third component of the complement protein (C3) affects the recognition 

of nanomedicines274–276. To avoid the nanomaterial-induced complement activation, 

many researchers have used highly biocompatible materials such as zwitterionic 

polymers as well as hydrophilic NPs which decrease the protein adsorption277, and 

biomaterials already wrapped with “self” proteins such as CD200 278. More recently, cell 

membrane coatings have emerged as a new class of coatings that enable the camouflage 

of NPs for evading immune clearance and lessen the complement activation by 

nanoparticles279–281. For example, Fan et al. developed a coating based on red blood cell 

(RBC) membranes that was able to camouflage the particles from the immune system 
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and significantly reduced the number of infiltrating neutrophils in the scaffolds, which is 

traduced into an elimination of the short-term inflammatory response282. 

These works and many others map out relationships between the physicochemical 

properties of the NPs and other materials, the PC formation, and subsequent immune 

responses283. The potential outcomes of these studies can guide the development of 

new nanomaterials to modulate serum protein adsorption and to avoid undesirable 

effects. 

1.3.3. Gold standard of nano-immunotherapy strategies 

Even though PC formation is presented as a drawback of NPs used in vivo, several 

scientific works support the feasibility of nano-immunotherapy strategies success. The 

principal advantage of using NPs in biomedical applications is the possibility to extract 

the intrinsic function that the use NP could have (Fig. 1.6). Their efficacy as delivery-

system has been broadly demonstrated not only because they are carriers of molecules 

on the surface, but also because they can encapsulate molecules in the core, which is 

traduced on intracellular drug administration. In that way, they can trigger the 

intracellular signaling pathways, such as stimulator of IFN genes (STING) expression, 

which is relevant in the PD-L1 limited response in certain cancers like triple-negative 

breast cancer (TNBC)284. The encapsulation is also interesting for in vivo applications as 

it makes possible also the i.v. treatment administration instead of intratumorally. 

Nonetheless, the use of NPs as poly-delivery systems known as engagers, are attracting 

more attention nowadays. The NPs can bind to different molecules on their surface and 

in this way, they can co-deliver them. This aspect is very relevant in the field of 

immunotherapy for two purposes: 1) to enhance the encountering of tumor and 

effector immune cells such as T cells285 and 2) to ensure the activation of immune cells 

with more than one signal. The combination of anti-PD1 (PD-1 antagonist) and anti-

OX40 (tumor necrosis factor receptor (TNF receptor) agonist) in the same NP, called dual 
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immunotherapy nanoparticle (DINP), showed greater IFN-γ+ T cells and also were more 

effective in killing B16F10-OVA cells than controls in vitro. The therapeutic effect of DINP 

was also validated in vivo in B16F10 bearing C57BL/6 mice and in 4T1 orthotopic breast 

cancer model, showing a synergistic effect of DINP. Interestingly, they were also able to 

change the phenotype of the TME to a hot tumor, which translated in an 

immunotherapy responsive tumor286. 

 

Figure 1.6. NPs contribution to antitumoral therapies. NPs are used for molecules administration 
and contributes in two principal ways. The first advantage is the codelivery of several molecules in 
the same device (e.g. engagers). The other contribution is the application of complementary 
therapies, such as phototherapy or magnetic hyperthermia, in addition to the therapeutic effect that 
the carried molecules triggers. mAb: monoclonal antibodies, Dox: doxorubicin, Ag: antigen, Au/AgNP: 
gold/silver nanoparticles, IONP: iron oxide nanoparticles, NIR: near-infrared, ROS: reactive oxygen 
species, AMF: alternating magnetic field. 

In addition, the material with which the NPs are made or the additional molecules that 

can be loaded in the NPs (apart from drugs), turn the nano-immunotherapeutic 

formulations into poly-functional modules (Fig. 1.6). For instance, radiotracers or 
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photosensitizer (PS) can be loaded into NPs. Radiotracers convert these nano-

formulations in theragnostic NPs287,288. And interestingly, the addition of PSs adds extra 

antitumor therapy possibility to the system289. A PS is a molecule that absorbs light 

under electromagnetic stimulation (i.e. radiofrequency, near-infrared (NIR), microwave) 

and can trigger cell death, what is called phototherapy (PT). PSs loaded into NPs 

demonstrated favorable results. As an example, Poly Lactic-co-Glycolic Acid (PLGA)-NP 

loaded with indocyanine green (ICG) (PLGA-PEG-ICG-R837) stimulated with NIR 

irradiation was able to: 1) enhanced DC maturation, 2) provoke the infiltration of 

effector memory T cell (TEM) into the tumor and 3) maintain long-term antitumor effect. 

These antitumoral responses happened with no cytokine levels increase, which is 

translated in an effective anti-tumor therapy without toxicity290. The strategy of using 

PSs is also applicable in CSC targeting therapies. PSs loaded NPs showed higher delivery 

to CSC compared with free PS administration, enhancing the anti-tumor effect by PT in 

CSC, which exhibits resistance to other anti-tumor therapies291. Moreover, Au and Ag-

based NPs showed exceptional properties for PT, as the material itself (Au and Ag) 

absorb light efficiently from 600 nm to 850 nm. The modules based on Au or Ag NPs do 

not need PS addition to the surface, so the biofunctionalization of molecules on Au and 

Ag based NPs is enough to construct a poly-functional module292.  

Similar to Au and Ag-based NPs, Fe-based nanomaterials also add functionality to the 

nano-therapeutic modules. IONPs exhibit magnetic properties and thus they can be 

used for magnetic guidance or magnetic hyperthermia. This last application is based on 

the cell death provoked by the heat generation under stimulation of IONPs with an 

alternative magnetic field (AMF)293. 

1.3.3.1. Modulating NK cell effector functions by means of nanotechnology 

NK cell-based immunotherapies have emerged as safe and effective approaches in 

cancer, especially in the field of hematological malignancies 57–59,62,63. In general, these 
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therapies could be divided in two major classes: adoptive NK cell therapy, including CIML 

(trained) NK cells, and in vivo enhancement of patient´s NK cell effector functions 57–59. 

Several challenges still persist for the full implementation of NK cell-based therapies, 

including their short in vivo life span, relatively poor expansion of NK cells in vitro, 

treatment complexities, and the cost burden of the treatment, among others. However, 

given the advancements in the development of immune cell-delivering nanosystems, 

targeting NK cells with NPs could be of great relevance for developing the best NK cell 

product to be infused into the patient and, on the other hand, to modulate NK cell 

activity in vivo 294,295 (Table 1.3). 

 
Figure 1.7. NPs used to modulate NK cells effector functions. Examples of three strategies are 
shown: Left panel, NK cells are expanded and/or activated with liposomes and NPs, such as IL-12 and 
IL-18-loaded polylactic acid microspheres, plasma membrane particles derived from K562-mbIL15-
41BBL or K562-mbIL21-41BBL feeder cells and DCs-derived exosomes expressing IL-15Ra and NKG2D 
ligands. Middle panel, directing NK cells to the tumor by means of magnetic NPs and application of 
external magnetic fields. Right panel, targeting NK cells to tumor cells with nanoengagers decorated 
with anti-CD16 and anti-tumor antigen (TA) antibodies. From Mikelez-Alonso et al., Adv Drug Deliv 
Rev. (2021) 10.1016/j.addr.2021.113860155. 
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Table 1.3. Examples of nanoplatforms targeting NK cells. From Mikelez-Alonso et al., Adv Drug Deliv 
Rev. (2021) 10.1016/j.addr.2021.113860155 
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For example, NPs have been developed to expand NK cells for adoptive transfer294,316. 

Nanocarriers have been used to incorporate various cytokines and other molecules such 

as membrane-bound IL-15 317, membrane-bound IL-21318 and anti-CD16 antibodies319 to 

activate and expand NK cells (Fig. 1.7). More specifically, it has been developed a 

technology to expand NK cells that is based in plasma membrane (PM) particles derived 

from K562-mbIL15-41BBL feeder cells (PM15) 317. These feeder cells were engineered to 

express the NK cell stimulating molecules IL-15 and 4-1BBL in the erythroleukemia K562 

cell line. The PM15 particles induced selective expansion of NK cells from unsorted 

peripheral blood mononuclear cells (PBMCs). The efficiency and rate of NK cell 

expansions with PM15 particles were far better than stimulation with soluble 4-1BBL, 

IL-15, and IL-2. These expanded NK cells exhibited high cytotoxicity against several 

leukemia cell lines and also against patient AML blasts317. PM particles derived from 

K562-mb21-41BBL cells (PM21), expressing 4-1BBL and membrane-bound IL-21 have 

also been developed318. Ex vivo, PM21 particles caused specific NK-cell expansion from 

PBMCs from healthy donors and AML patients and also stimulated in vivo human NK cell 

expansion in mice injected with human PBMCs preactivated with PM21 particles318. 

NPs are also being used to direct NK cells to tumor tissues294. One approach consists in 

the application of external magnetic fields to guide engineered NK cells with magnetic 

NPs to the tumor. In this regard, Jang et al. have shown that silica decorated 

superparamagnetic iron oxide (Fe3O4/SiO2) NPs conjugated with the fluorophore Cy5.5 

into the NK-92MI cell line allowed to visualize and control the movement of the cells by 

an external magnetic field. NK-92MI cell infiltration in tumors bearing mice was 

increased by 17-fold when applying the magnetic field and nanoparticle labeling and 

their killing activity still remained the same as NK-92MI cells without the NPs320. Other 

study has used NPs consisting of a magnetic Fe3O4 core and a shell of polydopamine 

(PDA) for magnetic targeting therapy. In vitro and in vivo studies showed that 

Fe3O4@PDA NP-labeled NK cells significantly inhibited tumor growth 321. In addition to 
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magnetic methods, NK cells can be recruited to the tumor sites by other means. For 

example, it has been shown that the delivery of double-gene fragments encoding the 

extracellular domains of NKG2D and IL-21 to the TME by means of chitosan-based NPs 

resulted in retarded tumor growth and elongated the life span of tumor-bearing mice 

by activating NK and T cells in vivo322. Also, it has been developed a PEGylated liposome 

co-loaded with cyclic diguanylate monophosphate, a STING agonist, and the adjuvant 

monophosphoryl lipid A, a toll like receptor (TLR)4 agonist, which synergize to produce 

high levels of IFNβ323. The systemic delivery of these NPs resulted in increased 

production of type I IFN and, among others, a high recruitment of NK cells into the 

tumor323. On the other hand, other study has proposed to use NK cells to guide drug 

loaded NPs to the tumor324. In this work, NK92 cells were engineered to express a CAR 

and were used as carriers for paclitaxel loaded NPs. In a mouse model, the tumor volume 

was significantly more reduced when animals were treated with CAR-NK92 cells 

conjugated with drug-loaded NP than when they were infused with CAR-NK92 cells and 

paclitaxel NPs separately324.  

In addition to activate and increase the number of T cells, nano-vaccines targeting DCs 

also promote NK cell activation and proliferation. DC-targeted poly(γ-glutamic acid)-

based vaccines co-delivering ovalbumin (OVA) and poly (I:C), a TLR3 agonist, markedly 

increased the NK cell population and their activation in vivo325. Others have generated 

TLR7/TLR8 agonist loaded NPs that enhanced co-stimulatory molecules expression on 

DCs and stronger pro-inflammatory cytokine response326. This led to a stronger 

degranulation, cytotoxicity, including ADCC, and prolonged activation of NK cells 

compared to that with the soluble agonist. In vivo, the TLR7/8 agonist-loaded NP 

treatment significantly enhanced the anti-tumor efficacy of cetuximab and an anti-

HER2/neu antibody in mouse tumor models326. Also, it has been shown that necroptotic 

cancer cell mimetic vaccines, designed as flexible platforms for delivering cancer 

membrane proteins, danger-associated molecular patterns (DAMPs) signal-augmenting 



Introduction. Harnessing the innate immune system through NP-based immunotherapy 

 38 

element α-helix HSP70 functional peptide (αHSP70p) and CpG to both NK cells and DCs, 

were able to induced expansion of IFN-γ-producing CD8+ T cells and NK cells327. 

Furthermore, a combination of the vaccine with anti-PD-1 therapy resulted in significant 

tumor regression in a mouse model327.  

Other studies had the goal to activate NK cells in vitro or in vivo. As example, there are 

studies that have revealed how DC derived-exosomes (Dex) also promote activation of 

NK cells328,329. For example, it has been shown that Dex-expressing IL-15Ra and NKG2D 

ligands lead to proliferation and activation of NK cells ex vivo. Furthermore, in a phase I 

trial, Dex based-vaccines restored the number of circulating NK cells and their NKG2D-

dependent functions in half of the patients with melanoma328. In the same context, Dex 

purified from tumor antigens pulsed DCs and matured with poly(I:C), stimulated and 

recruited both antigen specific CTLs and NK cells to the tumor, significantly inhibiting its 

growth in a mouse model of melanoma329. 

Other NP-based methods, for NK cell activation strategy, included the encapsulation of 

plasmids encoding cytokines, such as IL-15, into DOTAP and MPEG-PLA (DMA) 

nanoparticles. Treatment of tumor bearing mice with DMA-IL15 NPs significantly 

inhibited tumor growth in vivo by inhibiting angiogenesis, promoting apoptosis, and 

reducing tumor cells proliferation through activation of the host lymphocytes330. Also, it 

has been shown that primary intratumor delivery with IL-12 and IL-18-loaded polylactic 

acid microspheres (PLAM) led to a significant tumor suppression, decrease in 

metastases and improvement in survival compared with either cytokine alone. The 

observed responses were dependent on the activation of CD8+ T cells and NK cells331. 

In addition to cytokines-induced stimulation, NK cells are also activated through the 

ligation of activating receptors, such as CD16 (FcγRIIIa). In this context, it has been used 

nanoscale graphene oxide (NGO) as a template to mimic the signaling receptor 

nanoclusters to activate NK cells by targeting the CD16 receptor319. The NGO 
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functionalized with mAbs that bind human CD16 were confirmed to specifically bind NK 

cells via the CD16 receptor. More importantly, they function as an activating reagent, 

enhancing NK cell effector functions in terms of degranulation and IFN-γ secretion319. 

Other authors have shown that conjugated gold nanoparticles to an anti-GD2 antibody 

was able to both enhance computerized tomography imaging contrast and to stimulate 

the killing of GD-2 positive neuroblastoma and melanoma cells by NK cells332. These anti-

GD2 conjugated gold particles also triggered NK-mediated ADCC against the GD2 

positive cells with a two-fold higher efficacy compared to that elicited by the antibody 

alone 332.  

BiKEs and TriKEs are new types of immunotherapeutic agents capable of simultaneous 

recognition of target cells and lymphocytes, including NK cells57,96,97,333,334. These 

therapeutics are designed to increase specificity and facilitate a more direct interaction 

between immune cells and tumor cells, leading to a more effective target elimination. 

Recently, nanoengagers are being developed to direct NK cells to tumor and infected 

cells335–337. Xu et al. manufactured PEGylated hollow mesoporous ruthenium NPs as a 

carrier to load the fluorescent anti-tumor complex ([Ru(bpy)2(tip)]2+ or RBT) and a 

conjugate with bispecific antibodies designed to recognize on one arm the 

carcinoembryonic antigen on colorectal cancer cells and on the other arm CD16 on NK 

cells335. These functionalized NPs effectively engaged NK cells and possessed excellent 

NIR-sensitive cytotoxicity and in vivo fluorescence imaging studies demonstrated high 

tumor targeting and therapeutic effects335. Also, a NP-based trispecific NK cell engager 

(nano-TriNKE) expressing anti-epidermal growth factor receptor (EGFR), anti-CD16 and 

anti-41BB mAbs have been developed. This platform targets EGFR–overexpressing 

tumors and promote the recruitment and activation of NK cells to eliminate the cancer 

cells336. Importantly, the nanoengagers are more effective than free antibodies. 

Moreover, the nano-TriNKE can deliver cytotoxic drugs to further increase their 

therapeutic efficacy336. In addition to targeting tumor cells, nanoengagers have been 
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also designed to target human HIV infected cells. Astorga-Gamaza et al. have developed 

bispecific gold nanoparticles (BiAb-AuNPs) conjugated with both anti-HIVgp120 and 

anti-human CD16 antibodies337. These BiAb-AuNPs significantly enhanced the contact 

between NK cells and HIV-expressing cells and elicited a potent cytotoxic response 

against HIV-infected cells. What is even more significant is that the BiAb-AuNPs were 

able to significantly reduce latent HIV infection after viral reactivation in a cell model of 

HIV latency337. 

Directing NPs to the tumor sites using NK cell derived materials is another therapeutic 

tool that is being investigated. NK cell-derived extracellular vesicles, including 

exosomes, have a big impact within the TME and are starting to be exploited as novel 

drug delivery systems, mediators of antigen presentation, modulators of cell signaling, 

as well as biological targeting agents and diagnostic tools in cancer therapy338–340. 

Pitchaimani et al. isolated the cell surface receptor proteins from activated NK-92 cells 

and infused them into liposomes to form NKsomes that exhibited a higher affinity 

towards cancer than normal cells as well as enhanced tumor homing in vivo. 

Furthermore, doxorubicin-loaded NKsomes shows promising antitumor activity in vivo 

against MCF-7 induced tumor model341. On the other hand, exosomes derived from NK-

92MI cells were able to induce apoptosis of melanoma cells in vitro and after 

intratumoral injection they were able to inhibit tumor growth in vivo342. Furthermore, 

exosomes isolated from NK-92MI cells cultured in the presence of IL-15 significantly 

inhibited the growth of glioblastoma xenograft cells in mice when compared with 

exosomes derived from cells cultured in the absence of IL-15343. Others have shown that 

naive NK cells exposed to the exosomes derived from NK cells, which were previously 

cocultured with neuroblastoma cells, had greater cytotoxicity against neuroblastoma 

cells344. Kang et al. have developed a microfluidic system to collect patient-specific NK 

cells and on-chip biogenesis of NK cell derived exosomes345. In a cohort of patients with 

lung cancer they found that they had higher numbers of NK cell derived exosomes than 
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healthy people. Interestingly they found that the NK cell derived exosomes harvested 

from the chip exhibited cytotoxic effect on circulating tumor cells345. This system has the 

potential to be used for patient-specific NK cell-based immunotherapies. 

Despite the growing number of publications on the modulation of NK cell effector 

functions by means of nanotechnology, still this field is in its early stage. In fact, current 

adoptive NK cell transfer-based therapy still remains challenging due, among others, to 

difficulties to their poor delivery into the tumor, mass production for “off-the-shelf” use, 

and a relatively fast reduction in number upon adoptively transferred. Therefore, 

mobilization of host NK cells by engineered NPs might help to improve this therapy. 

Delivery of antibodies, cytokines and other agents capable of promoting NK cell 

proliferation, expansion and homing to the tumor would be of great help. Furthermore, 

targeting specific NK cell subsets, as for example cytokine-induced memory-like and 

adaptive NK cells, is worthy to explore. 

 



Introduction. Harnessing the innate immune system through NP-based immunotherapy 

 42 

1.4. Justification and objectives of the research 

Interest in immunotherapy has considerably grown in recent decades. The reason for the 

increasing attention is because immunotherapy has achieved very successful clinical results 

such as checkpoint inhibitors and engineered T cells (CAR-T cells)346,347. These strategies have 

emerged as alternatives to the more traditional chemotherapy. However, there are occasions 

in which they are not as effective as expected348. A clear example of that is the TNBC, in which 

anti-PD-L1 treatment failed349,350. On the other hand, the use of NPs is becoming more 

common, especially in preclinical settings. Among other reasons, the use of nano-formulatons 

contribute to the increase of the circulation time of drugs. In addition, in the field of antitumor 

immunotherapy, the use of NPs makes the recognition of molecules on their surfaces more 

efficient. It can even induce greater effector functions from immune cells. Therefore, NP-

based immunotherapy could contribute the expansion of tools to fight cancer.  

The aim of this thesis was to develop and test a nano-module (IONP@hIL15HIS) able to 

stimulate NK and T cells in vitro and in vivo (Figure 1.7). The aim was to mimic the physiological 

transpresentation of IL-15 by monocytes and DCs to NK cells. For that, IONP@hIL15HIS would 

work as a lab-made IL-15 transpresentation system and its effects on immune cells were 

compared with commercial IL-15. 
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Figure 1.7. Physiological and NP-mediated IL-15 stimulation of NK cells. IL-15 is transpresented by the 
alpha subunit of its receptor (IL-15Ra) by immune cells such as DCs and monocytes. In that way, IL-15 is 
able to bind the other two subunits of the receptor (IL-2Rb/gC dimer) on NK cells leading to their activation. 
On the right part, IONP@hIL15HIS can mimic the transpresentation of IL-15 that is linked to the surface of 
the NPs.  

The specific objectives are:  

¨ To develop and characterize water-soluble IONP micelles able to provide anchoring 

sites to IL-15. 

¨ To select the appropriate bioconjugation strategy for the His-tagged lab-made human 

IL-15 cytokine to IONP micelles. 

¨ To characterize the effect of IONP@hIL15HIS on T lymphocytes and NK cells from 

healthy donors in vitro.  

¨ To study and analyze the in vivo distribution of the IONP@hIL15HIS primed cells. 

¨ To study the in vivo therapeutic effect of IONP@hIL15HIS in tumor bearing mice. 
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Chapter II Design, synthesis and characterization of the hIL-15HIS coated 

PEGylated IONP 

2.1.  Introduction 

The applicability of Iron Oxide Nano-Particles (IONPs) has been widely demonstrated in 

environmental science or engineering.351,352 In particular their biocompatibility, good size 

control, and low toxicity convert the Fe based nano-formulations in one of the most 

widespread materials in nanomedicine, making possible their use in vivo, including in the 

clinic353. Nevertheless, as other gadolinium, manganese, cobalt, zinc or nickel354,355 based 

materials, iron materials present magnetic properties which provides them wider potential in 

biomedicine since it opens the possibility to design multimodal systems356.  

The main applications in nanomedicine of the IONPs which are based on their intrinsic 

properties are the following (Fig. 2.1): 

1. Magnetic Resonance Imaging (MRI). IONPs can diminish the relaxation time of water 

protons in the surrounding media where they are accumulated and in consequence 

generating T2 contrast in the MRI images. Some compounds have been approved by the Food 

and Drug Administration (FDA) for their use in clinics, this is the example of Resovist which is 

the second superparamagnetic IONP contrast agent approved by FDA357, although is not 

available in United States and Europe. Fe based materials tend to accumulate in determine 

tissues depending on their composition, and therefore they could use for diagnosis because 

they will generate different contrast of healthy or damage tissue358. For example, cited 

Resovist compound accumulated in liver so it was used for diagnose liver lessions. The main 

use of IONP as contrast agent is for T2 imaging, which is the white or bright contrast comparing 

with the surrounding tissues. But depending on the tissue studied, the black or dark contrast 

is prefered, therefore there is a high interest on using as T1 contrast agent which will display 

black or dark contrast359. These T1 contrast from IONP based materials is also possible when 
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their size is up to 3 nm. In addition, dual contrast agents are also studied which could act as 

T1 or T2 contrast, opening the diagnostic in a wide range of tissues360.  

2. Magnetic guidance. Whit this strategy is possible to enhance the accumulation of the 

magnetic nanoparticles (NPs) to certain interest area such as tumor in vitro and in vivo using 

focused magnetic field361,362. As consequence, the accumulation will be faster than without 

magnetic guidance of NPs and the adverse effect could be diminished. In addition, magnetic 

NP could be bound to a cell or acquired by cells and hence, these cells could field attracted 

by a magnetic field. This is useful for certain cell enrichment in vitro for following injection in 

vivo, what is known as adoptive cell transfer therapy (ACTT)363–365. Moreover, magnetic NP 

acquired cells could be guided to a desired area through the body by focused magnetic 

field366, as is explained in the beginning for the magnetic NP guidance.  

3. Magnetic hyperthermia. IONPs are also able to produce heat under an alternative magnetic 

field (AMF). The resulting temperature increase will trigger cell death within the surrounding 

tissue. If the NPs are able to migrate to a tumor area, the magnetic hyperthermia effect will 

mainly affect the tumor cells triggering apoptosis 367,368. Therefore, the magnetic 

hyperthermia can be used as an on-off effect with relative specificity, since the tissue damage 

would happen only when the AMF is applied and on the areas of application.  

4. Delivery system. As other nanoparticles with different compositions, IONPs could be used 

also for targeted drug delivery towards selected areas resulting in higher local effective 

doses369–371. The increase in effective dose is a consequence of different factors such as: 1) 

the decrease in the clearance of the drug when is linked to the surface of the nanoparticle; 2) 

the avoidance of the phagocytosis of the NPs designed for immune scape; and 3) the high 

drug payloads that can be achieved on nanoparticles, among others.  
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Figure 2.1. Current applications of IONP in biomedicine. Above commented 4 principal applications are 
represented: Magnetic Resonance Imaging (MRI), magnetic guidance, magnetic hyperthermia, and delivery 
system.  

Considering the aforementioned features of IONP, IONPs-based systems are very attractive 

platforms for a wide range of biomedical applications 372–374.  

2.1.1. Anticancer therapies using IONPs 

Current applications of IONPs are very extend in terms of therapeutics, as previously 

mentioned. However, the first application of these NPs was in diagnosis as contrast agents 

for MRI, since Fe based nanomaterials display magnetic properties. In addition to their use as 

simple contrast agents a lot of effort has been put in developing them as delivery systems, 

and as dual delivery and imaging systems (theranostic agents). The latest application is 

possible because Fe-based can be coated with biocompatible components such as 

polyethylene glycol (PEG) molecules and anti-cancer drugs, while magnetic properties are not 

affected375–377.  

The intrinsic magnetic properties of IONPs are used also for tumor cell killing378. In this 

process, named magnetothermal therapy or magnetic hyperthermia, the magnetic NPs can 
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generate local heat under an AMF and thus provoke tumor cells death by oxidative 

deoxyribonucleic acid (DNA) damage379. Additionally, the resulting high temperature could 

trigger synergistically tumor cells killing by other mechanisms such as sensitization to 

apoptosis induced by chemotherapeutic molecules, such as  doxorubicin,380 or tumor cell 

differentiation which will imply the inhibition of their auto-renewal381. Furthermore, NP-

induced magnetic hyperthermia could be exploited for advanced delivery systems, for 

example through their interfacing with smart heat-responsive materials for controlled and 

local drug release.   

For example, by loading a smart heat-responsive material with drug-loaded NPs for the 

temperature-dependent release of the drug. 

this high temperature could have an effect in smart drug delivery systems used in cancer 

therapies, such as  , and in consequence release the drug loaded in NPs382, meaning that a 

local drug delivery is guaranteed.  

The use of IONPs as magnetotherapy is applicable in vitro but also in vivo383. What is more, 

several clinical trials support the relevance of this therapy384–389 since first application in clinic 

in 2005 was reported in a recurrence prostate cancer case390. Although there are many 

reported works supporting the effect of magnetotherapy and the success is irrefutable, it is 

important to consider that it is not totally specific process. There is a possibility to damage 

healthy tissue surrounding the area in where the temperature is increasing, because the heat 

did not discriminate between tumoral or non-tumoral cells. This is especially important in the 

case of bone cancers because of the need to occupy the gap to support strength to the bone 

after tumor removal, which in the case of a nanomaterial based therapy will be also required 

and thus a bioactive material able to regenerate bone tissue will be needed 391,392. 

In addition, as IONPs are magnetic materials, they are attracted by magnets and they could 

be guided under a magnetic field in vitro and in vivo393,394. An interesting in vitro application 

of this magnetically guidance is the stimulated cell enrichment in the field of immunotherapy. 
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In this sense, the enrichment of certain immune cell population such us T cells or NK cells 

could trigger higher immune response because the absence of other cell populations that 

inhibit the functions of these cells395–397. For in vivo application, one of the major interest is 

to achieve selective guidance of NPs to the tumoral areas, resulting in an increased 

therapeutic effect related to the higher NP effective dose398,399.  

In addition to the magnetic intrinsic property of IONPs, it has been observed that the presence 

of Fe in the IONPs is able to inhibit tumor growth without any decoration with anti-cancer 

drugs or immune-stimulating molecules. So, it is considered that the effect of the drug loaded 

or conjugated on the IONP will be maximize with the adjuvant effect of the Fe. The specific 

process through Fe is able to trigger tumor cell death, is known as ferroptosis400,401. An 

interesting work about resistance against radiotherapy in glioblastoma demonstrated the 

anti-tumor effect of IONPs. This work showed that IONPs are able to increase the ROS species 

which affected not only glioblastoma (GBM) cells but also GBM stem-like cells, which are 

responsible for the treatment-resistance 402,403. 

Additionally, the IONPs, as other type of NPs, are in the nanometer scale and thus they can 

act as nanocarriers delivering molecules of interest such as drugs to the desired targets404,405. 

For that purpose, the drugs can be conjugated to the surface of the NPs but also can be 

encapsulated in the inner part of the NPs. The selected drug loading strategy will depend on 

the target and biologic process in which the nano-formulation will act. If the drug or molecule 

must be recognized by receptors present on the cell membrane, the conjugation is prioritized. 

However, if the molecule to be delivered is a chemotherapy drug, the encapsulation is usually 

preferred since the goal is usually the controlled release of the drug. Also, the encapsulation 

is normally selected when the particle is pH- or thermo-responsive. When using this class of 

NPs the drug is protected in the inner part of the NPs until the area at certain pH or 

temperature value is reached, where the NP will release the drug 387,406–408.  



Design, synthesis and characterization of the hIL-15HIS coated PEGylated IONP 

 52 

The intrinsic properties of IONPs opens multiple possibilities for multimodal nano-

formulations as anticancer therapies; where the effect of the NPs could be enhanced by the 

effect of the drugs or molecules, resulting in a synergistic effect.  

2.1.2. Synthesis of biocompatible IONP 

There are several IONPs synthesis protocols, and the difference between them eradicated on 

the size control, NPs shape, and even the magnetic properties of the resulting nanomaterials. 

In the literature could found that the size of the IONP can be tuned from 4 to 20 nm for 

example by changing the reaction parameters409,410. The control in the synthesis reaction is 

based on the LaMer model in which it is postulated that the precipitation of the nanoparticles 

is guided by 3 principal processes: nucleation, crystal growth, and maturation411,412.  

The most commonly used methods for the synthesis of IONPs are the following: co-

precipitation, microemulsion, hydrothermal synthesis, sonochemical synthesis, and thermal 

decomposition413–418. The size is the most common characteristic of NPs that is desired to 

control, and therefore thermal decomposition is the preferred method. The IONPs obtained 

by this method have a monodisperse distribution and good crystallinity. In addition, the 

reaction is done in one step with high yields, which traduces in short time and low 

consumption of reagents. 

Even if the size and shape of the nanoparticles are critical parameters for their applicability, 

the principal aspect of the IONPs for their use in clinics, even in cells growth medium, is that 

they must be biocompatible and so on, water soluble419–422. In the above named commonly 

used thermal decomposition protocol, the resulting NPs are hydrophobic, which is a drawback 

for biomedical application as it is mentioned. For that, after the synthesis step of IONPs, water 

transfer phase is needed to obtain biocompatible nanoformulations. Continued efforts are 

done for this purpose423, surprisingly, more than in improving the magnetic properties of the 

IONPs424. Most used materials for water transfer of hydrophobic NPs and converting them to 

biocompatible systems are polymers, proteins, and phospholipids.  
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Below are listed three main methods to transfer the hydrophobic IONPs to water: 

1. Inorganic coating method. IONPs could be coated by gadolinium, gold, or silica among 

other materials for example. The most common and broadly known material for inorganic 

method is the silica (Aminosilane)425. The problem on this kind of NPs coating method is that 

the coating material is not biodegradable, and this is a downside for biomedical applications.  

2. Ligand exchange method. This method is based on a chemical reaction of ligand 

replacement. The substitution is produced under two-phases ligand exchange method in a 

compound (i.e. NP surface), where the hydrophobic ligand is replaced by a hydrophilic one 

presenting higher affinity to the compound426. The most commonly used materials for this 

purpose are dimercaptosuccinic acid (DMSA) and polyethyleneimine (PEI)427. The problem in 

this case is it involves chemical reactions that could lead to poor ligand exchange yields, that 

could be traduced in a partial ligand exchange and therefore a poor water solubility.  

3. Ligand addition method.428,429 This could be an alternative for ligand exchange method. In 

this method, the idea is to add hydrophilic molecules that have affinity or react with the 

hydrophobic surfactant that IONPs have on the surface from the synthesis. In these case 

PEG430,431 is the most used material because of the biocompatibility and the capacity to retard 

the uptake by macrophages by the broadly known mononuclear phagocytic system (MPS)432.  

In addition, to the selection of the more suitable transfer protocol, another important aspect 

to consider when designing the NPs is the selection of the coating molecules, since they will 

strongly affect the NP biocompatibility and their fate in the biological medium. The type of 

coating molecule will determine the potential side effects that could trigger systemic failures 

in vivo or other processes. One of the most common and very well-known process is the 

protein corona (PC) formation around the surface of the NPs by absorption of proteins. In the 

field of immunotherapy, the PC could avoid the desired effect of the nanoparticle because of 

the blinding effect433, but also could trigger an exacerbate response through immune 

system434.  
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Furthermore, the biocompatibility must be considered not only for the NP coating molecules 

on the NP surface but also for the NP core435. This consideration is relevant because the NPs 

will eventually degrade and all components including molecules and metals, could be exposed 

to the biological medium and as results, toxic effects could appear. This effect may have been 

oversighted, since commonly synthesized materials not always are composed by entirely 

biocompatible elements, and unexpected cytotoxic effects may arise hampering the use of 

those nanomaterials in biomedicine.  

2.1.3. Biofunctionalization strategies 

Different strategies could be used to charge the nanoparticles with the desired molecule, but 

always, the strategy depends on the objective of the study as it is mentioned before.  

 

Figure 2.2 Common biofunctionalization strategies. Electrostatic (Adsorption) which is based on the 
attraction of the molecules to the NP surface based on charge complementarity, affinity-based 
immobilization of molecules such as protein A to the Fc region of IgG, or covalent linkage such as selective 
bond generated between the particle surface molecules and the biomolecules, for example an amide bond 
between carboxy groups on the surface and amine groups in proteins.  

1. Adsorption. This kind of binding is based on the attraction between molecules. This 

attraction could be because of hydrophobicity or electrostatic forces between the 

molecules436. The most used is the electrostatic force effect. Molecules that have opposite 
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charge to the ones on the surface of the NPs are attracted and will be attached to the NPs. 

The main problem of this strategy is the poor stability of the conjugates since this biding is 

not covalent and for example the electrostatic interactions could be easily destroyed in high 

ionic force media.437 This strategy is widely used  for the attachment of DNA molecules 

(negatively charged) to positively charged NPs. Moreover, this strategy is also used for 

environmental cleanup; for example, the adsorption of organophosphorus pesticides in metal 

NPs is used to clean the contaminated waters438. 

2. Affinity. It is based on the strength of the binding interaction between two molecules. The 

most common affinity example is the receptor-ligand affinity, but the coordination of 

molecules by metals is also an affinity-based biofunctionalization strategy. The coordination 

of nitrilotriacetic acid (NTA) molecule with his-tag sequence by Ni metal is a well-known 

example of this kind of binding interaction439. Moreover, affinity-based strategies could be 

used as facilitator for a following covalent linkage, by bringing molecules close in space to 

facilitate a further covalent linkage reaction440. Anyway, this method is not as strong as 

covalent linkage, and is usually stronger than adsorption method, providing a wide range of 

affinities described for different systems based on their Kd from fM-mM  

3. Covalent linkage. This strategy is based on the selective reactivity between a chemical 

group on the surface of the NPs and a chemical group present in the molecule to be attached. 

Amide bond between a primary amide and a carboxylic group and the reaction of thiol group 

with maleimide molecule in which this last molecule act as cross-linker are the two covalent 

reactions mostly used for NP biofunctionalization441,442. Covalent linkage is irreversible unless 

other reactants attack the bond chemically. This method is commonly used in the 

functionalization of nanoparticle with receptors, for their correct display in receptor-cell 

interaction assay.443,444  
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In this chapter the results of the synthesis of the hydrophobic IONPs (hIONPs), coating 

method, his-tagged human interleukin (IL)-15 (hIL-15HIS) protein expression and conjugation 

of IONP@hIL15HIS are shown. 
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2.2. Result and discussion 

2.2.1. Synthesis of IONP-based micelles and magnetic characterization 

The first step to prepare the IONP-based micelles is the synthesis of the hIONPs by thermal 

decomposition (Figure 2.3). These hIONPs were synthesized in Prof. J.C. Mareque lab 

following previously published protocol 445. The hIONPs were used as the core of the micelles 

and their size were around 6 nm (Figure 2.4).  

As it is mentioned in the introduction of this chapter, the first step once hIONPs are 

synthetized is their transfer to a water phase solution. For that, a micelation protocol was 

carried out following the ligand exchange method (Fig. 2.3), which is based on the addition of 

PEG- phospholipid (PEG-PL) to the hydrophobic surface of the nanoparticle. The 

phospholipids are amphiphilic molecules, so the hydrophobic part could be in contact with 

the hydrophobic surface of the nanoparticle.  

The protocol resemble to the used for liposomes because the aim of the micelation protocol 

is to create a film with the hydrophobic molecules and then, do a hydration phase, in which 

the micelles are generated by self-assembly446. The final product is organized in a way which 

the hydrophobic part will be in the core of the nanoparticle, so in this case, the hIONPs will 

be in the inner part of the NP (Fig. 2.3).  

The resulting micelles were characterized by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS), dynamic light scattering (DLS), Transmission Electron Mycroscopy (TEM) and 

absorbance spectrometry (Fig. 2.4). The ICP-MS measurements provided the concentration 

of Fe present in the sample, which in all batches was around 20 mM of Fe. The DLS provided 

the size and charge, showing a size of around 50-60 nm and a charge of -30 mV approximately, 

as shown in figure 2.4. TEM and absorbance characterization were used as control where 

aggrupation of hIONPs were visible in TEM images and the characteristic peak of absorbance 

appeared around 480 nm. 
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Figure 2.3. Synthesis and water transfer of hIONPs scheme. (A) The hydrophobic IONPs were synthesized 
by thermal decomposition under N2 atmosphere. (B) Self-assembled micelles scheme showed the two-step 
protocol of water transfer of hIONP consisting in solvent evaporation and re-hydration in H2O.  

The best ratio to form micelles was 1:2 ratio (NP:PEG-PL). The mixture was performed in 

chloroform and then it was let it dry overnight for solvent evaporation. To avoid any presence 

of solvent the sample was dried under N2 gas. After complete evaporation, the film was 

heated and hydrated with an aqueous solution.  
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Figure 2.4. hIONP and IONP micelles characterization by TEM, Z-sizer, and spectrophotometer. (A) hIONP 
size frequency distribution on bar-graph and TEM image are shown. (B) IONP micelle size distribution by 
intensity is represented in bar-graph and TEM image is shown. (C) The absorbance spectrum of IONP 
micelle showed the peak at 480 nm.  

In addition, the characterization of the magnetic properties of the IONP micelles was 

performed since these NPs may have also potential for their use as contrast agents in vivo447. 

The characterization of IONP micelles suspension was carried out measuring T1 and T2 at 1.5 

T in Bruker Minispec mq60 TD-NMR spectrometer and at 7 T in the Bruker Biospec 7 T (Fig 

2.5). These parameters are measured at different concentration of a material to define the 

longitudinal (r1) and transverse (r2) relaxivities (r1 = slope of linear fitting of measured 1/T1 

and 1/T2 values, respectively at different Fe concentrations. T1 is the time constant that 

approximately 65% of proton spins take to reach the magnetization or equilibrium (signal 

recovery time) and T2 is the time that approximately 65% of proton spins take to decay away 

the signal (signal persistence away). Contrast agents will decrease T1 and T2 and in 

consequence the r1 or r2 will increase. When T1 or T2 decrease, the signal of the tissue or 

surrounding media in the image become darker (T1 agents) or brighter (T2 agents), generating 

positive or negative contrast in the image. 
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Figure 2.5. Magnetic characterization of IONP micelles. (A) Delta relaxation rates (R1=1/T1) (connected 
with red line) and 1/T2 (connected with blue line) values at different Fe concentrations was represented in 
XY graph and linear fitting was performed slope (r1 and r2) calculation, represented in a table. (B) MR images 
of IONP micelles at different Fe concentration in T2 maps is shown. 

Although it is common to say that a material is T1 or T2 type contrast agent, actually these 

values are tissue dependent and are not related to a material. The point is that as it happened 

in pathologies such as cell density changes, edema or necrosis, the presence of a contrast 

agent in a given tissue, will affect T1 and T2 which is translated in different contrast in the 

image. For example, IONPs are classified as negative (T2) contrast agents, but in some cases 

could have properties as positive (T1) agents when the size of nanoparticles is ultrasmall (3 

nm in diameter) or when the NP is doped with other metals such as Gd, Mn or Cu448–450.  

In the case of the IONP micelles used in this thesis, the r1 and r2 values were 17.71 mM-1 s-1 

and 241.0 mM-1 s-1, respectively. The value of r2 was very high indicating that  the IONP 

micelles can be considered T2 contrast agents451, which is translated into a darker signal than 
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the PBS (media in which the particles are suspended). It was also calculated the ratio r2/r1 

which defines T1 agents as r2/r1 < 3, T2 agents as r2/r1 > 10 and dual contrast agents (which 

could display T1 and T2 properties) as r2/r1 between 3 and 10. For IONP micelles r2/r1 was 13.6 

which confirms the T2 properties of the material. In addition, the T2 map of the MR images of 

known concentrations of the IONP micelles showed the capacity of this material to increase 

the contrast of the PBS while the concentration of IONPs micelle increases as it could see in 

the figure 2.5C. 

In principle, for the clinic, T1 contrast agents are getting relevance, but the rapid accumulation 

of the IONPs on lymph nodes, liver and spleen or the capacity to homogenize the bowel 

content signal make IONPs as ideal negative contrast for the study of those tissue 

alterations452. For example, in the case of Crohn disease lesions diagnosis with 

superparamagnetic oral contrast agent, the signal of T2 displays same accuracy as Gd-

enhanced T1- and T2-weighted sequences453. This similar accuracy demonstration and the 

fact that Fe based materials are less toxic than Gd or Mn based ones, convert IONPs in the 

almost unique contrast agent for MRI in clinic454,455.  

2.2.2. Expression and the biofunctionalization of protein 

The first step was defining the biofunctionalization strategy for the NP decoration. Several 

efforts in the field of conjugation reactions showed complications in the conjugation by 

covalent binding related to the orientated binding of molecules. This problem is especially 

important in the case of molecules that need to exhibit certain part of the molecules, as it 

happened with antibodies (Ab), because they will recognize certain molecules or cell 

membrane receptors456,457. As in this case the molecule is a protein and will be recognized 

receptors on cell membrane, it was selected an affinity attachment of the biomolecule to 

ensure the contact between the receptors and protein recognition site. There are several 

well-established affinity systems, such as the protein A that binds the Fragment crystallizable 

region (Fc) of immunoglobulin (Ig) G, or 6x his-tag sequence that binds Ni or Co-NTA 458–460. 
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This last affinity system is usually used for protein purification, but in this work, will be also 

employed as the basis of the biofunctionalization strategy461.  

His-tagged human IL-15 protein expression (called hIL-15HIS from now on): 

Human IL-15 was expressed in bacteria following an optimized method based on a previously 

published protocol462. This protein is a cytokine type protein which can stimulate immune 

cells (see further details on the biological role of IL-15, and interest for immunomodulatory 

therapies in Chapter 3).  

hIL-15 gene was ordered to Biomatik (https://www.biomatik.com/) cloned in the pUC57 

expression vector flanked by the BamHI and HindIII restriction sites for re-cloning. Then, the 

gene was re-cloned into a pProEX-HT vector as a His-tag fusion, for further purification and 

bioconjugation. The digestion of two vectors (IL-15 gene containing pUC57 and pProEx-HT) 

was carried out with BamHI and HindIII restriction enzymes. Thus, IL-15 gene could be ligated 

in the his-tag containing expression vector (pProEX-HTa) (see appendix I: A2.1 and A2.2). 

Upon cloning in the pProEX-HT vector the IL-15 gene presents the his-tag sequence at the N-

terminal (Figure 2.6).  

After the ligation, the pProEX HT-IL15 vector was transformed in Escherichia coli DH10b strain 

to extract the plasmidic DNA. To ensure that the gene was in frame of the 6x- his-tag 

sequence, the vector was sent for sequencing to StabVida (Fig. 2.6 A) as indicated in the 

experimental section. The sequences are described in Appendix I.  

For protein expression E. coli C41 strain was used. First a standard protocol for purification of 

his-tagged proteins was applied, but the protein remained mostly in the insoluble fraction 

after the lysis (Fig. 2.6B). Therefore, alternative protocols were applied to improve the 

solubility of the protein by adding urea as reducing agent to the lysis buffer. When using 6 M 

urea the protein appeared in the soluble fraction as can be observed in the sodium dodecyl 

sulphate-poly-acrylamide gel electrophoresis (SDS-PAGE) (figure 2.5 C). In addition, the 
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sonication step from the original protocol was eliminated since the protein yield was higher 

without sonication.  

 

Figure 2.6. IL-15 sequence and purification. (A) Designed hIL-15HIS gene sequence with the his-tag 
sequence in N terminal and tobacco etch virus nuclear inclusion-a endopeptidase (TEV) cleavage sequence 
is showed. (B) Failed protein purification is showed with pointing at with an arrow the IL-15 in the insoluble 
fraction (pellet lysis). (C,D) Urea concentration contribution on protein extraction from the insoluble 
fraction was checked by polyacrylamide gel. (C) The protein extracted from the insoluble fraction after 
incubation in a buffer at 6 M Urea confirms the ability of reducing agents on the extraction of protein from 
pellet. (D) Protein lysis with 0.5 vs. 6 M urea was compared from same batch of cells that express the 
protein.  
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After SDS-PAGE, the protein sample is run through a high load gel filtration column in which 

the proteins are separated by size. This step should eliminate every protein that was bound 

to the Ni column in an unspecific way. After that, the protein was characterized by different 

techniques. Circular dichroism (CD) is used for the confirmation of the secondary structure 

and the folding properties of the protein. In this case, the CD spectra displays two peaks 

between 200 and 220 nm and a decrease of CD signal at 250 nm which starts going up again 

at 205 nm. This spectrum is related with an alpha helical structure of protein which is related 

to the structure of IL-15 protein463 (Fig. 2.7. A).  

 

Figure 2.7. Lab made IL-15 (hIL-15HIS) characterization. (A) Circular Dichroism (CD) confirmed the alpha 
helical structure of the protein, (B) absorption spectroscopy was used to obtain the protein concentration 
by absorption peak at 280 nm (yellow arrow) and (C) Maldi-ToF mass spectrometry confirmed the mass of 
the protein which was 16016.79 m/z.  

The exact mass of the protein was also characterized by matrix-assisted laser ionization joined 

to a time-of-flight mass analyzer (Maldi-ToF MS) (Fig. 2.7 C). The Maldi-ToF MS showed a 

16016.79 m/z which is near to the theoretical his-tagged IL-15 protein mass (16144.18 Da). 

This small difference would be owing to some molecule separation in the fly when the protein 

it is measuring in the Maldi-ToF MS, so the mass was considered to related to the his-tagged 

IL-15 protein. Finally, the protein concentration was calculated by measuring the absorbance 
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of the protein at 280 nm by absorbance spectroscopy (Fig. 2.7 B) and calculating the extinction 

coefficient by amino acid composition. The yield of protein expression was calculated as total 

protein obtained from a batch of bacteria in 1 L.  

The immunomodulatory purpose of the expression of hIL-15HIS become essential its 

comparison with commercial IL-15, already use for the same purpose. The aim of this 

comparison was principally to check the purity of the sample produced. Polyacrylamide gel 

showed pure proteins and Maldi-ToF MS sizes were what was expected in both hIL-15HIS and 

commercial IL-15 (Fig. 2.8 A, B).  

 

Figure 2.8. Comparison of commercial IL-15 and hIL-15HIS. (A) Polyacrylamide gel shows the purity and 
the approximate size of the commercial IL-15 (orange) and hIL-15HIS (blue). (B) Maldi-TOF-TOF shows the 
difference in size of commercial (orange arrow) and lab made (blue arrow) protein which is related to what 
was expected (B). (C) The CD spectra of commercial protein shows the secondary structure of the 
commercial IL-15 at 10 µM. 
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The secondary structure of the commercial protein was measured by CD (Fig. 2.8 C), and 

unless the CD spectrum was not valuable, it could observe that the structure seems to be like 

the hIL-15HIS (Fig. 2.7 A) and displayed the peaks observed in alpha helical structured 

proteins.  

The comparison of the lab made IL-15 with the commercial IL-15 demonstrated success 

expression and purification of the protein. The conclusion is that the hIL-15HIS is as pure as 

the commercial one and the mass and structure is comparable considering the presence or 

absence of the His-tag.  

Protein biofunctionalization 

The strategy to decorate the protein on the surface of the nanoparticle is based on the affinity 

of the His-tag sequence with the NTA molecule464, already used in the protein purification 

protocol. For this purpose, the NTA molecule needs to be attached to the particles, and this 

will be achieved though the modification of the carboxylic group of the PEG-PL. In this thesis, 

two ways of modifications were carried out: modification of the PEG-PL before and after 

micelation.  

In both cases, NTA molecule attachment to the PEG-PL was performed through a covalent 

linkage (Fig. 2.9). The amino group of the Lys containing NTA molecule will react with the 

carboxylic (COOH) group of the PEG-PL. To accelerate the reaction between the NH2 and 

COOH, the carboxylic group was activated with 1-etil-3-(3-dimetilaminopropil) carbodiimida 

(EDC) and N-Hydroxysuccinimide (NHS). In the case of the modification before micelation, the 

modified phospholipid (PEG-NTA-PL) was characterized and quantified by electrospray 

ionization source and a time-of-flight analyzer mass spectrometer (ESI-ToF-MS). The ultra-

performance liquid chromatography (UP-LC) chromatogram of the modified sample showed 

two peaks. As it can be observed, after the MS spectrum analysis (Fig. 2.10), the calculated 

and the experimental isotopic profiles of the spectrum for the peak assigned to the PEG-NTA 

were similar. The retention time of the PEG-NTA-PL was larger than the observed for the PEG-
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COOH (PEG-PL). This increase in the retention time can be explained by the lower polarity of 

the functionalized PEG-NTA-PL compound (in reverse phase chromatography, the less polar, 

the more retained). The best ratio of reagents to obtain at least 50% of PEG-NTA phospholipid 

modification was 1:6:2:3 (PEG-PL:EDC:NHS:NTA).  

Figure 2.9. Conjugation strategy step by step. Biofunctionalization of the protein was carried out following 
three steps 1) activation of carboxylic group on the surface of the IONP micelle; 2) covalent binding of NTA-
Lys molecule with the carboxylic group of PEG-PL (IONP-NTA); 3) hIL-15HIS binding through coordination 
bond with Ni2+ and NTA. 

Once the PEG-PL was modified, the next step was to make the micelle using the modified 

molecule, but micelation with this PEG-NTA-PL was as efficient as the micelles formed using 

the original PEG-PL (with COOH) (Fig. 2.10 C). The low Fe concentration and the poor stability 

observed by precipitation of the samples after a week, were the fact to speculate low 

efficiency on PEG-NTA micelles (NP@NTA). Therefore, the modification of the PEG-PL after 

micelation was the method selected to fabricate all batches of the nanoformulation.  
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Figure 2.10. PEG-NTA-PL molecule and forming micelles characterization. (A) The differential retention 
time in UPLC-MS chromatograph of NTA alone, PEG-PL alone and modified PEG-PL with NTA (PEG-NTA-PL) 
are showed. (B) Mass of NTA, PEG-PL and PEG-NTA-PL detected by electrospray ionization was analyzed 
comparing the MS spectra of the experimental isotype models. (C) The capacity of micelation was 
measured by Fe concentration, size and z-potential.  
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The principal advantage of the modification of the phospholipid after the micelation consist 

on the cross-reactions are avoided because the excess of reagents can be easily eliminated. 

This reagents wash was possible because the structure in which the reaction is happening 

(surface of the NP), is big enough to separate from the reagents in a standard buffer exchange 

column (NAP-5 prepacked column (GE healthcare Life Science). The best reaction ratio for 

PEG-PL modification on the surface of the micelle was 1:100:50:21 (PEG-PL:EDC:NHS:NTA). 

After PEG-PL modification the conjugation processed was continued, first the Ni2SO4 was 

added in a molar ratio of 1:20 (NTA:Ni2SO4) and then the protein was added in 1:1 (PEG-

PL:protein) molar ratio.  

The final step of biofunctionalization was the purification of protein by filtration through a 

6cLB Sepharose gel filtration column. The obtained fractions from the column were evaluated 

by spectrophotometer to determine the scattering of the nanoparticle and the absorbance of 

the protein at 280 nm (Fig. 2.11 B). In all batches, IONP@hIL15HIS containing fractions was 

between 7-8 fraction which was correlated with bigger size than bare IONP micelle which 

eluted in the 10th fraction (Fig 2.11A). The 6cLB column fractions absorbance spectra (red and 

green in figure 2.11 B) confirmed the presence of the NP by scattering and the protein by 

absorbance at 280 nm in the fractions which is related with the presence of IONP@hIL15HIS.  

The fractions from the 6cLB column were also monitored by protein concentration 

performing Bradford or Bicinchoninic assay (BCA) protein quantification assays. Considering 

the protein concentration from these assays in combination with the fractions where the 

protein peak and the scattering of the NP appeared, the IONP@hIL15HIS containing fractions 

were selected, that are between 7-10 fractions in all batches.  
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Figure 2.11. Purification of IONP@hIL15HIS with Sepharose 6cLB resin column. (A) IONP micelle 
chromatogram of 6cLB column (representing Fe concentration measured by ICP) and IONP@hIL15HIS 
chromatogram (representing protein concentration measured by BCA assay) is showed. Micelles alone 
eluted at 10 fraction (black line) and IONP@hIL15HIS retain slightly more in the column and elute at F7-F9 
(blue line). (B) All fractions from the purification step on 6cLB Sepharose resin were characterized by 
absorbance spectra to select fractions that displays absorbance at 280 nm and the NP scattering (red and 
green lines).  

2.2.3. IONP@hIL15HIS characterization 

In the field of bio-nanotechnology the resulted system characterization gain importance 

because of the interest on anticipating to the fate of NPs. Nevertheless, in terms of 

bioconjugation the interest lies in characterizing all steps of the reaction to be able to follow 

the bioconjugation at least in some point. Therefore, it was decided to follow the reaction by 

size and charge in three different steps: beginning (bare micelle), micelle with the NTA 

molecule bound covalently and final sample in where the protein is coordinated with the NTA 

molecule. These three steps were selected assuming they are the steps in where the sample 

is stable enough to do some characterizations and are the steps in where it can see differences 

in size and charge.  

The measurements of these three different steps revealed clearly in the figure 2.12.A how the 

size increased by adding the NTA molecule and the protein, while the z-potential changed in 

every step. The z-potential of the bare nanoparticle (IONP micelle) was the most negative 

between all characterized bioconjugation steps. When the NTA molecule was bound 

covalently to the surface of the nanoparticle, the z-potential value changed to -4.63 ±1.16 mV 

and after protein coordination with the NTA molecule, the system turned to a slightly more 
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negative charge. The net charge of the final sample was -9.63 ± 1.76 mV, which could be 

considered a value close to 0. It is demonstrated that when the charge of a NP is not so far 

from 0 the fate of the particles is guaranteed. By contrast, when the size is clearly positive or 

negative some processes such as protein corona formation and immune-sequestration could 

stop the circulation time of NP242,465–468. 

 

Figure 2.12. Characterization of IONP@hIL15HIS. (A) Size and z-potential of all steps of bioconjugation are 
showed. (B) The size of a representative IONP@hIL15HIS batch sample is showed. (C) CD spectra displaying 
the alpha helical secondary structure of the protein and (D) absorbance spectrum showing the absorbance 
or protein at 280 nm and the NP scattering of final sample is represented comparing with IONP micelles 
and protein alone as controls.  

Once IONP@hIL15HIS size and z-potential was evaluated, the system was characterized by 

CD, absorbance spectrometry and ICP-MS (Fig. 2.12). The CD spectra (Fig. 2.12.C) showed that 

the chirality is only displayed in the protein containing samples (hIL-15HIS and 
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IONP@hIL15HIS). Specifically, absence of CD signal in IONP sample and the presence of the 

active chiral molecule in IONP@hIL15HIS demonstrated the biofunctionalization of the 

protein in the surface of the NP and its structure preservation. The absorbance spectrum 

verified the presence of the protein and the NP in the sample and ICP-MS data was performed 

to know the Fe concentration in the final sample which was around 0.5 mM in all batches.  

Additionally, DLS measurement also confirmed the presence of the protein considering the 

difference in size of IONP and IONP@hIL15HIS. As it could see in the table 2.1, IONP micelle 

was around 20 nm smaller than IONP@hIL15HIS, and this matched approximately with the 

size of one molecule of protein as DLS results confirmed.  

Table 2.1. Size difference between micelle and IONP@hIL15HIS. Size and charge data provided by dynamic 
light scattering (DLS) reveals the difference between IONP micelles and IONP@hIL15HIS is approximately 
the size of protein alone.  

Sample Size (diameter) 
hIL-15HIS 17.95 ± 2.048 nm 
IONP micelle 59.87 ± 5.072 nm 
IONP@hIL15HIS 82.66 ± 4.274 nm 

The final system characterization means also in the quantification of how much of the 

molecule is finally biofunctionalized. This is specially importance in this case, as hIL-15HIS will 

trigger immunomodulation in the in vitro and in vivo studies. The protein concentration in 

IONP@hIL-15HIS final sample was performed by an indirect quantification Fig 2.13). Just 

before doing the protein excess purification in the 6cLB Sepharose column (not-purified 

IONP@hIL15HIS), 100 µL were taken and centrifuged to make NP precipitating to the pellet 

and the supernatant was measure by absorbance spectroscopy to measure the unbound 

protein. The same process was performed with a protein sample (hIL-15HIS) diluted to a 

comparable volume and the resulting difference between the protein concentration of the 

hIL15HIS SN and IONP@hIL15HIS supernatant (SN) was assumed as the protein amount 

bound to the NP.  
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In parallel, 20 µL from the same non-purified IONP@hIL15HIS was taken to digest and 

quantify the Fe concentration by ICP. The data from ICP in combination with the indirect 

protein concentration data from the non-purified IONP@hIL15HIS let it obtain the ratio of µM 

of hIL15HIS/mM Fe which let us know the concentration by measuring the Fe concentration 

on the final sample (around 20-40 µM hIL-15HIS/0.5 mM Fe).  

 

Figure 2.13. Indirect quantification of hIL-15HIS bound to the IONP. IONP@hIL15HIS and hIL-15HIS 
samples were centrifuged and the protein amount of the SN was calculated from the absorbance of protein 
at 280 nm. The difference between hIL-15HIS and IONP@hIL15HIS SN protein concentration was 
considered as bound protein (hIL-15HIS bound). Measuring the Fe by ICP from the same sample it could 
get the protein/Fe ratio in green box in the figure.  

Finally, the stability of the IONP@hIL15HIS was studied measuring the size of the system by 

DLS (Fig. 2.14). It was observed that the size distribution of IONP@hIL15HIS did not vary in a 

23 days period of time, and it was considered that the system was at least stable in terms of 

colloidal stability for 23 days stored at 4oC.  
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Figure 2.14. Size distribution of IONP@hIL15HIS by DLS. Black line shows the size distribution of a fresh 
sample and red line represented the same sample after 23 days stored at 4oC.  
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2.3. Conclusion 

The designed, synthesis and characterization of hIL-15 delivery system were successfully 

achieved. The first approach was to do the water-soluble transfer of hydrophobic IONPs 

following a very simple protocol based on the self-assembly of the hydrophobic structures 

similar to the liposome synthesis. Then the bioconjugation was carried out combining two 

strategies of binding in two consecutive steps: covalent binding of NTA molecule on the 

surface of the IONP micelle and then NTA and his-tag affinity-based binding of his-tagged hIL-

15HIS protein. In all batches of IONP@hIL15HIS produced in this thesis the size was ideal for 

in vivo application (size between 70-100 nm). The charge also is an important aspect to 

consider in the systems that are for biological applications. The final system used in this thesis 

(IONP@hIL15HIS) is negatively charged but the value was considered to be close to 0, which 

seems to be related with higher circulating time, and also in a low clearance by the immune 

system as several scientific works demonstrated434,469.  

The characterization of the final system was done by different techniques and in all of them 

the presence of the Fe and the protein was confirmed. Furthermore, stability checked by DLS 

indicate that IONP@hIL15HIS was stable for at least 23 days in terms of stability. In addition, 

in vitro experiments were repeated 7 times in order to get representative results and all 

repetitions were carried out with the same sample stock of IONP@hIL15HIS during 2 months. 

Considering that IONP@hIL15HIS did not manifest any decrease in stimulation capacity in all 

this period, it was concluded that the system denoted a functional stability for almost 1 

month. The colloidal and functional stability evidences indicated that IONP@hIL15HIS 

endured with easy storage requirements.  

In this chapter it is shown the successful synthesis of recombinant his-tagged IL-15, stable 

IONP micelles and a robust and versatile biofunctionalization strategy for the decoration of 

IONPs with hIL-15HIS.  
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Chapter III In vitro assays with IONP@hIL15HIS 

3.1. Introduction 

Interleukin (IL)-15 is a cytokine able to activate natural killer (NK) and T cells through the 

recognition of the b subunit of IL-2/IL-15 receptor (IL-2/IL-15Rb or CD122) and common 

gamma chain (gc or CD132) on the surface of those cell types470. IL-15 induces proliferation of 

T and NK cells and has a fundamental role in the development and survival of NK cells and 

CD8 effector/memory T cells471. In the field of cancer immunotherapy IL-15 has showed 

antitumor effect in preclinical models472. This antitumor effect, in addition to its effect on NK 

and CD8 T cells, is also related, among other reasons, to the almost null effect on regulatory 

T cells (Tregs) that IL-15 exhibits, which is the opposite to the related cytokine IL-2 that is able 

to activate Tregs due to their expression of the high affinity receptor for IL-2473. As Tregs 

inhibit antitumor immunity, the antitumor effect triggered by IL-15 on other effector cells is 

practically not restrained by Tregs474. On the other hand, it has been shown that therapies 

based on the infusion of IL-15 may cause an increased expression of checkpoint receptors 

such as programed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte antigen-4 (CTLA-

4)475,476. Therefore, combined therapies of IL-15 with monoclonal antibodies against these 

receptors have been proposed477–479(Table 3.1).  

Table 3.1. Examples of ongoing clinical trials with IL-2 and IL-15 as part of combination therapy for cancer 
treatment. There are approximately 601 ongoing clinical trials with IL-2 and 147 with IL-15. The information 
is from ClinicalTrials.gov (https://clinicaltrials.gov/ct2/home). 

Cyokine  Intervention/treatment Cancer Type Clinical trial 
IL-2 o IL-2 

o Nivolumab 
• Melanoma stage IV 
• Metastatic RCC NCT03991130 

o IL-2 
o BCG 

• Cutaneous metastatic melanoma NCT03928275 

o IL-2 
o Pembrolizumab 
o Radiotherapy 

• NSCLC 
• Metastatic melanoma 
• Metastatic RCC 
• HNSCC 

NCT03474497 

o FT516 (allogeneic NK cells, expressing 
high affinity non-cleavable CD16) 

o IL-2 
o Enoblituzumab 

• Ovarian cancer 
• Fllopian tube adenocarcinoma 
• Primary peritoneal cavity cancer 

NCT04630769 

o Aldesleukin (IL-2) 
o Pembrolizumab 

• III and IV stage RCC 
• Advanced Clear Cell RCC 
• Metastatic Clear Cell RCC 

NCT03260504 

o Re-stimulated TIL 
o IL-2 
o Cyclophospamide 

• Recurrent/platinum resistance: 
o Ovarian cancer  
o Fallopian tube cancer 
o Primary peritoneal cancer 

NCT01883297 
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o TIL 
o IL-2 
o Anti PD-1 

• Advanced melanoma 
NCT04165967 

o Radiotherapy 
o IL-2 

• Metastatic RCC 
• Malignant/metastatic melanoma 

NCT01884961 

IL-15 
 

o N-803 (IL-15 superagonist) 
o PD-L1 t-haNK (NK-92 cells expressing 

PD-L1-targeting CAR, high affinity 
CD16 and IL-2 retained in ER) 

o Chemotherapy drugs 
o SBRT 

• Advanced/metastatic pancreatic cancer 

NCT04390399 

o BCG 
o N-803 

• Non-muscle Invasive Bladder Cancer NCT02138734 

o Donor IL-15 stimulated NK cells 
infusion 

• Acute leukemia NCT03669172 

o ALT-803 (N-803) 
o Nivolumab 

• NSCLC NCT02523469 

o rhIL-15 
o Avelumab 

• Clear cell RCC NCT04150562 

o GTB-3550 TriKE® (trispecific scFv killer 
cell engager: anti-CD16, anti-CD3, 
modified IL-15) 

• High-risk Myelodysplastic Syndromes 
• Acute Myelogenous Leukemia 
• Systemic Mastocytosis 
• Mast Cell Leukemia 

NCT03214666 

o N-803 
o CIML NK cell Infusion 
o Ipilimumab 

• HNSCC 
• Recurrent HNSCC NCT04290546 

o NIZ985 (IL-15/IL-15Rα heterodimer) 
o PDR001 (Spartalizumab, anti-PD-1) 

• Metastatic and advance solid tumors NCT02452268 

o iC9.GD2.CAR.IL-15 T-cells (CAR-T cell 
against GD2, expressing inducible 
caspasa 9 and IL-15) 

o Cyclophosphamide 
o Fludarabine 

• Neuroblastoma 
• Osteosarcoma 

NCT03721068 

IL: interleukin, RCC: renal cell carcinoma, BCG: Bacillus Calmette-Guérin, NSCLC: non-small cell lung cancer, HNSCC: head and 
neck squamous cell carcinoma, TIL: tumor-infiltrating lymphocytes, ER: endoplasmic reticulum, SBRT: Stereotactic Body 
Radiotherapy, CIML: cytokine-induced memory-like, IL-15Rα: IL-15 receptor α.  

3.1.1. IL-15 application in the clinic 

Nearly 150 clinical trials (https://clinicaltrials.gov/ct2/home) are initiated in which IL-15 has 

been used as mono or combined therapy (Table 3.1). In addition to clinical trials in where IL-

15 is administered to patients480, there are other trials in which this cytokine is used in the 

context of adoptive cell transfer therapy (ACTT)481, for the manufacturing of cell products. 

ACTT is based on the pre-activation and/or expansion of cells before infusion into the patient. 

Some examples include the generation of cells with higher effector functions such as T cells 

and NK cells that are infused into patients482,483. The adoptive transfer of short-term 

(overnight) ex vivo activated and/or expanded autologous or allogeneic NK cells are able to 

induce clinical responses in patients with multiple myeloma and acute myeloid leukemia 

(AML)484,485. Ex vivo activation of allogeneic NK cells for a short period of time (overnight) has 

been carried out with cytokines such as IL-2 or IL-15486. More recently, the efficacy and safety 
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of cytokine-induced memory-like (CIML) NK cells is being explored487,488. CIML NK cells are 

generated after activation for approximately 18 hours with a combination of IL-12, IL-15 plus 

IL-18 as first stimulus. These cells are characterized by increased effector functions in 

response to a second stimulus (i.e. cancer cells, ILs stimulation) after a resting period, in 

addition to exhibiting a longer half-life487,489–492. Importantly, clinical trials have demonstrated 

its safety and efficacy in treating patients with relapsing/refractory AML487,488. In these trials, 

IL-12/15/18 pre-activated NK cells are infused into lymphodepleted patients, followed by 

subcutaneous low doses of IL-2 to induce the in vivo expansion of CIMLs487,488. Adoptive 

transfer of cultured and expanded autologous NK cells with cytokines has also been used, 

allowing the use of multiple infusions of highly activated NK cells493–496. 

3.1.2. Engineering IL-15 to improve its therapeutic effect  

Despite the success of IL-15-based therapies, its effectiveness is limited in part by the low 

half-life of the protein in vivo 497. To reverse this situation, IL-15 molecular modifications and 

conjugates are proposed209,498. The best known is N-803 (formerly known as ALT-803) 

formulation that consists of the fragment crystallizable region (Fc) domain of immunoglobulin 

(Ig) G (IgG) bound to a complex of IL-15 and the sushi domain of IL-15 receptor α (IL-15Rα). 

This modified cytokine is more stable in circulation, and shows better anti-tumor effect499,500. 

Those encouraging results with modified cytokines have led us to think about including 

nanoparticles (NPs)-based technology among the IL-15-based therapies aimed to stimulate 

the immune response. It is expected that NPs can also increase the bioavailability of the 

protein acting as an effective delivery system transporting the adequate and effective dose 

to the tissue and cells of interest. Additionally, depending on the material of the NP (Fe, Au, 

Ga…), they can be also used for other complementary applications such as imaging. In the 

case of Iron Oxide Nanoparticles (IONPs), they could be used as molecular resonance imaging 

(MRI) contrast agent. Furthermore, the composition of the NPs could also generate an 

adjuvant effect501. For example, Fe based NPs could act as adjuvants by the process named 
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ferroptosis. This process is a type of programmed cell death that occurs after an accumulation 

of lipid peroxides and is differentiated biochemically and genetically from apoptosis502.  

In this chapter, a set of experiments are designed to in vitro study the effector functions of 

NK and T cells after pre-activation of peripheral blood mononuclear cells (PBMCs) with human 

IL-15 with His-tag (hIL-15HIS) expressed in the lab in its soluble or immobilized form 

(IONP@hIL-15HIS). hIL-15HIS protein and IONP@hIL15HIS are also combined with IL-12 and 

IL-18 cytokines to study the contribution of the biofunctionalization of the protein in the 

generation of CIML NK cells. The goal of the experiments was to determine the phenotype of 

NK and T cells just after the activation (priming) with the combination of IL-12, IL-18 and the 

two forms of IL-15 (hIL-15HIS protein and IONP@hIL15HIS) (day 0) and after an expansion 

phase (day 4).  
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3.2. Results and discussion 

To evaluate the effect of IONP@hIL15HIS, an in vitro culture protocol was established. A 

scheme is shown in Figure 3.1 and is explained in detail in the experimental section (Fig. ES3). 

Overall, this protocol is divided in two principal steps: 1) pre-activation phase (16-18h) and 2) 

expansion phase and lasts for 4 days. The expansion phase with cytokines aims to simulate 

the administration of IL-2 (and in our experiments IL-15 as well) to patients who have received 

CIML NK cells, with the aim of expanding them in vivo488,489. For convenience, the day in which 

the experiment starts is called day -1 and the day after 16-18h of pre-activation phase is 

identified as day 0. Also, this day 0 is the day when the expansion phase starts. Following this 

in vitro protocol, we will determine the role of IONP@hIL15HIS in both the pre-activation and 

expansion phases.  

 

Figure 3.1. Schematic representation of pre-activation and expansion phases. PBMCs cultured in the 
presence of soluble (hIL-15HIS) and functionalized (IONP@hIL15HIS) forms of IL-15. Following the 
stimulation during 16-18 hours with hIL-15HIS or with IONP@hIL15HIS, cells were named primed and 
nanoprimed PBMCs, respectively. After this pre-activation phase, PBMCs were washed and expanded with 
IL-2 or with IL-15 formulations (hIL-15HIS or IONP@hIL15HIS). At the end of this phase, cells are named 
expanded PBMCs with IL-2, soluble or functionalized IL-15. 

 

 



In vitro assays with IONP@hIL15HIS  

 84 

3.2.1. IONP toxicity determination by a proliferation assay 

Before we started performing experiments with biofunctionalized IONPs, we first tested if T, 

T56 and NK cell proliferation was affected by the presence of bare Iron Oxide Nanoparticles 

micelles (IONPm), without any decoration on the surface. IONPm were similar in composition 

to those used for the rest of experiments in the thesis and the only difference was in the 

phospholipids (PLs) that compound the micelle. As it is described in chapter II, micelles are 

formed in a manner where PLs exhibit their polar head to the surface because of the water 

transfer of lipids, and this is where the difference lies. For these experiments, three types of 

micelles were studied, each micelle differs in the polar head radical group of the PL (Figure 

3.2): 6 nm IONP covered with polyethylene glycol-carboxylic group (PEG-COOH) and PEG-

amino (PEG-NH2) lipids (NCA.6S), 6 nm IONP covered with PEG-methoxy (PEG-CH3) and PEG-

NH2 (NMA.6S) and 6 nm IONP covered with PEG-CH3 and PEG-COOH (NMC.6S). The 

difference between lipids polar head group could change the charge of the micelle and this is 

an important property of the NP for using them in biological media, as it is described in 

Chapter II.  

There are several protocols to test newly emerging nanomaterials-induced toxicity to cells 

and/or organisms503–507. In our experiments, IONPm toxicity was analyzed by determining the 

proliferation capacity of NK, T and T56 cells within PBMCs after the incubation in the presence 

of the mentioned micelles. It was reasoned that if IONPm were toxic for PBMCs, they were 

not able to adequately proliferate. Then, cells were cultured with a high dose of IL-2 (1000 

IU/ml) in the presence of IONPm at different Fe concentrations (5 and 10 µg/ml) for 4 days.  
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Figura 3.2. Scheme of different lipid composition of micelles. The 3 different PEG-phospholipid structure 
used for micelles formation are showed and the combination of PEG-PL is illustrated in the bottom of the 
figure. PEG-COOH: phospholipid with polyethylene glycol chain and carboxylic group in the polar head; 
PEG-CH3: phospholipid with polyethylene glycol chain and methoxy group in the polar head; PEG-NH2: 
phospholipid with polyethylene glycol chain and amino group in the polar head; NMC: Iron Oxide NP 
micelle composed with PEG-CH3 and PEG-COOH; NMA: Iron Oxide NP micelle composed with PEG-CH3 and 
PEG-NH2; NCA: Iron Oxide NP micelle composed with PEG-COOH and PEG-NH2.  

Figure 3.3 shows that IONPm did not induce significant death in lymphocytes cultured with 

NPs coated with different compositions. The frequencies of the three studied cell subsets (NK, 

T and T56) were not affected, in general. These results are in agreement with other works in 

where IONP toxicity was only observed when 200 µg/ml of Fe content was used during 3 days 

of lymphocyte cultures508. The PEG molecule, incorporated on IONPm nanoformulation, also 

contributes to the biocompatibility as it is reported509,510. Nevertheless, the NMA.6S micelle, 

which consists of methoxy and amine group PLs, seems to have a toxic effect only at a 

concentration of 5 µg/ml Fe. Although this effect could be explained by the charge of the 

micelle, it was thought that probably was an artefact or a punctual contamination of the well, 

considering that the same composition did not have a negative effect when the highest Fe 

concentration condition was tested (Figure 3.3, 3.4). Furthermore, proliferation of 

lymphocyte subsets was studied by carboxyfluorescein succinimidyl ester (CFSE) staining.  



In vitro assays with IONP@hIL15HIS  

 86 

 

Figure 3.3. IL-2 (1000 IU/ml) cultured PBMCs during 4 days in the presence of IONPm covered with 
different lipid composition (n=2). (A) Gating strategy: live and dead lymphocytes were identified according 
to the forward scatter (FSC) and side scatter (SSC) parameters (left) and NK cells (CD56+CD3-), T56 cells 
(CD56+CD3+) and T cells (CD56+/-CD3+) were analyzed within the live lymphocytes (right). (B and C) Bar 
graphs representing (B) the percentage of live and dead cells and (C) of NK cells, T56 and T cells within the 
live lymphocytes.  

CFSE stably binds to amine groups present in cytoplasmic molecules, conferring a stable 

fluorescence intensity to cells which is equally divided between daughter cells after each 

division, and therefore, cells that are dividing have reduced fluorescence intensity. 

Proliferation modeling was carried out with FlowJo software (v7.6.5). First, undivided cells 

were gated and peak 0 (division 0) was set. The number of peaks was adjusted for each sample 

and it was checked if the model fits the data in every sample. After this, the model was 
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compared with all histograms to check if the model fits the data in all samples511. The output 

of this modeling are parameters such as proliferation index (PI), which is the average number 

of divisions excluding undivided cells.  

 

 

Figure 3.4. PBMCs subsets (NK, T56 and T cells) proliferation after incubation with IONPm for 4 days 
(n=1). (A) Histograms of IL-2 stimulated cell subsets showing cell divisions determined by CFSE dilution 
(left) and bar graphs showing percentage of cells undergoing more than 2, 4 and 5 divisions. (B) Bar graphs 
showing the proliferation index of cell subsets cultured with IL-2 and IONPm. Proliferation modeling was 
done with FlowJo software (v.7.6.5).  
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After this modeling no significant differences in the PI were observed, although there were 

some differences in the percentage of cells reaching the 4th generation (Figure 3.4). Given the 

higher proliferation index of NCA.6S and NMC.6S on NK cells and the higher percentage of 

cells reaching the 4th generation under this condition, it was decided that PEG-COOH was a 

good composition for micelling the IONPs.  

3.2.2. Determination of hIL-15HIS activity. 

The last purification step was performed by gel filtration chromatography using a Fast Protein Liquid 

Chromatography (FPLC) equipment and Superdex 75 HiLoad column. This technique allows proteins 

to be separated by size, thus purifying the desired protein from aggregates or other proteins present 

in the sample. After gel filtration, the purity of the protein within the different fractions was evaluated 

by Sodium Dodecyl Sulphate-Poly-Acrylamide Gel Electroforesis polyacrylamide (SDS-PAGE) gels 

and Maldi-ToF. Figures 3.5. A and B show the absence of other proteins in the sample, concluding that 

the recombinant IL-15 purity was similar to the IL-15 purchased from Miltenyi Biotec (cIL-15).  

The gel filtration chromatogram of IL-15 showed two main peaks (Fig. 3.5.C). When fractions from 

those peaks were evaluated by polyacrylamide SDS-PAGE gel and Maldi-ToF mass spectrometry, both 

peaks displayed a molecular weight that corresponds to the one of the hIL-15HIS protein (Fig. 3.5.B). 

Considering the elution volumes in the gel filtration chromatogram it was thought that the peak 

elution first (elution volume (Ve) = 46 ml) may correspond to a protein aggregate (peak 1)462 , and the 

second peak may correspond to the monomeric hIL-15HIS (Ve = 71 ml) (peak 2). A native gel of those 

peaks was run using a recombinant Consensus TetratricoPeptide Repeat (CTPR) protein with the His-

tag sequence (CTPRHIS) protein as MW control (MW, 17 kDa) (Fig. 3.5. C). There is a band in the peak 

2 column which runs more than the control band. This band was expected to be the IL-15 monomer 

(16.14 kDa) and is only visible in the sample corresponding to the peak 2. The sample of the peak 1 

shows a smear at high MW, indicating the presence of aggregated or forming higher order oligomers. 

Nevertheless, samples from the two peaks were transparent with no visible aggregates.  
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Figure 3.5. Expression, purification, and characterization of his-tagged human IL-15 (hIL-15HIS). Purity 
and activity of hIL-15HIS is compared with cIL-15 (n=1). (A) Characterization of the purity and mass of hIL-
15HIS by polyacrylamide SDS-PAGE gel and Maldi-ToF. cIL-15 is used for comparison. (B) Gel filtration 
chromatogram of hIL-15HIS using a Superdex 75 HiLoad column. (C) Native polyacrilamide gel (4-12 %) of 
the gel filtration fractions corresponding to the peaks at 45 ml (peak 1) and 71 ml (peak 2) elution volumes 
(Ve). CTPRHIS protein (MW = 17 kDa) was used as molecular weight marker.  (D) Gating strategy of NK, T 
and T56 cells starting from the lymphocyte gate is showed in pseudocolor plots. (E) Effect of IL-15 samples 
on NK cell surface markers expression. Bar graphs representing the MFI of CXCR4 and the frequency of 
CD25 and CD62L positive NK cells stimulated with different conditions (cIL-15: commercial interleukin 15, 
hIL-15HIS peak 1: His-tagged human IL-15 from peak 1 of chromatogram, hIL-15HIS peak 2: His-tagged 
human IL-15 from peak 2 of chromatogram, CTPRHIS: His-tagged Consensus TetratricoPeptide Repeat 
protein). 
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Next, the effect on NK cell activation was checked after incubation with IL-15 protein. It was 

determined the frequency of NK cells that expressed CD25 (the a subunit of IL-2 receptor or IL-2Ra) 

and CD62L (homing receptor), and the MFI of CXCR4 (chemokine receptor) on NK cells (Fig. 3.5.E). 

PBMCs were incubated with 3 different protein samples during 18 h: 1) cIL-15, 2) hIL-15HIS from peak 

1, and 3) hIL-15HIS from peak 2 (Fig. 3.5.B). The recombinant CTPR3HIS, produced in the lab following 

the same protocol, and with no stimulating capacity, was used as a control.  

The goal of the experiment was to compare the activity of cIL-15 with the activity of the two 

peaks obtained for hIL-15HIS. The reported IL-15 action is to increase the expression of CD25 

and to decrease the expression of CXCR4 and CD62L accordin to literature489. Figure 3.5 shows 

that hIL-15HIS peak 1 did not activate NK cells as determined by CD25 expression levels. On 

the contrary, hIL-15HIS peak 2 was able to induce NK cell activation in a similar manner to cIL-

15. Regarding CXCR4 and CD62L expression, hIL-15HIS peak 2 showed an activity comparable 

to cIL-15, while hIL-15HIS peak 1 did not show a significant effect. 

The activity assays indicates that within this aggregated form the IL-15 site recognized by the 

IL-15 receptor462 is not exposed, thus impairing its activity. Therefore, it was concluded that 

peak 2 was the hIL-15HIS monomeric form and, consequently, it was selected for the 

following experiments.  

3.2.3. NK cell activation and polyfunctionality in response to IONP@IL15his pre-

stimulation at day 0 

In this section, the activation markers (CD25, CD69), homing receptors (CXCR4, CD62L), 

functional markers such as degranulation (CD107a) and cytokines production (IFN-g, TNF-a 

and MIP-1b) following cytokine pre-activation (day 0) were studied by flow cytometry 

(Experimental section, Table ES1). Day 0 is the moment when the pre-activation phase is 

finished and the expansion phase starts, as it is explained in the beginning of the results 

section (Figure 3.1) and in the experimental section (Figure ES3). CD25 is the a subunit of the 

IL-2 receptor, which  leads to the proliferation of NK and T cells in response to low doses of 
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IL-2512. CD69 is an activation marker that is expressed at the very early stages of NK cell 

activation. CD69 is able of inducing cytotoxicity and cytokine release, so it was selected to 

determine the activation state of NK and CD56 expressing T (T56) cells513–515. CXCR4 and 

CD62L are homing receptors that are required for cell migration to the bone marrow and to 

secondary lymphoid organs such as lymph nodes, respectively516.  

Regarding to functional markers, CD107a was selected as a degranulation marker of NK and 

T56 cells. When these cells are activated, for example in response to cytokines or after 

interacting with a target cell, they start degranulating and secreting cytotoxic components, 

i.e. perforin and granzymes, and consequently the CD107a receptor is exposed on the outer 

leaflet of the plasma membrane517,518. IFN-g, TNF-a and MIP-1b were selected as pro-

inflammatory mediators. IFN-g is a key cytokine because is responsible for the recruitment of 

other immune cells to infected/affected areas (i.e. tumor) and also polarizes the adaptive 

immune response towards a Th1 phenotype519,520. In addition, IFN-g together with TNF-a 

liberated from NK cells, promote DC activation and maturation, providing the evidence that 

NK cells have a role in the regulation of both innate and adaptive immune responses521. 

Regarding MIP-1b, besides its role as chemoattractant, is also able to trigger macrophage 

activation522.  

For these experiments, 10 ng/ml protein concentration was tested. Cell viability was 

measured by staining with LIVE/DEAD™ Fixable Near-IR (NIR) Dead Cell Stain Kit and the viable 

cell percentage is around 80 % in all cases. Results in figure 3.6 shows that NK and T56 cell 

subpopulation frequencies did not significantly change in response to hIL-15HIS or IONP@hIL-

15HIS (hIL-15HIS functionalized IONP micelle) stimulation for 18 hours.  
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Figure 3.6. Lymphocyte cell subsets frequencies at day 0 (n=14). (A) The gating strategy of hIL-15HIS pre-
activated PBMCs as a representative example is showed. (B) The percentage of NK and (C) T56 cells are 
expressed in violin graphs (black line: median, dashed red line: quartile). PBMCs were pre-activated with 
10 ng/ml of IL-15 protein and 0.1 µM of Fe. Significance of data in (B-C) was determined by comparing each 
sample with IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for 
paired samples application. *p<0.05. 

Regarding the activation markers expression after the pre-activation phase, IONP@hIL15HIS 

can activate NK and T56 cells in a very similar manner compared with the soluble form of hIL-

15HIS protein (Figure 3.7). Although there were significant differences (p<0.0001) in the CD25 

and CD69 expression between non-primed vs. IONP@hIL15HIS pre-activated NK cells, there 

are no statistical differences between the stimulation with the soluble or immobilized form 

of the protein (Fig. 3.7 B-C). Similar results were obtained when we analyzed CD25 and CD69 

expression in T56 cells (Fig. 3.7 D-E). In addition, given the low expression of both activation 

markers, CD25 and CD69, in NK and T56 cells following incubation with the controls CTPRHIS 

and bare IONP, it could be concluded that the material used for NK and T56 cell stimulation 

is pure enough for the study of the CD69 and CD25 expression rates, and cell activation 

depends specifically on IL-15 recognition and signaling. 
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Figure 3.7. CD25 and CD69 activation markers expression in lymphocytes at day 0 after pre-activation 
phase (n=7). (A) Examples of dotplot for CD25 expression and histogram for CD69 expression on NK cells 
are shown. (B,D) Blue and black points bar graphs: percentage of CD25 positive NK (top) and T56 (down) 
cells; and (C,E) orange and black points bar graphs: CD69 Mean Fluorescence Intensity (MFI) on total NK 
(top) and T56 (down) cells. PBMCs were pre-activated with 10 ng/ml of protein and 0.1 µM of Fe. Data are 
shown as mean ± SD where each point is the data from one donor. Significance of data in (B-E) was 
determined by comparing each sample with all other conditions using Dunn’s multiple comparison test 
after Friedman test for paired samples application. *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001. 

Regarding the homing receptors expression (Fig. 3.8), the biofunctionalization of IL-15 protein 

on IONPs gave more interesting results than when the expression of activation markers was 

analyzed. CD62L expression showed a significant decrease after pre-activation with hIL-15HIS 

when compared with IONP and CTPR3HIS controls on NK cells. The expression of CD62L hardly 

changed in the case of T56 cells, and it was maintained around 20% in all conditions. 

Moreover, CXCR4 expression was significantly decreased when cells were stimulated with hIL-
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15HIS in its soluble form compared with controls in both cell types (NK and T56 cells). It is 

known that the pre-activation of NK cells with cytokine cocktails or with target cells (tumor 

cells) decreases the expression of CXCR4 and CD62L523.  

 

Figure 3.8. CD62L and CXCR4 homing markers expression on lymphocytes at day 0 after pre-activation 
phase (n=7). (A) Example of dotplot for CD62L expression and histogram for CXCR4 expression on NK cells 
are shown. (B, D) Maroon and black points graphs: percentage of CD62L positive NK (top) and T56 (down) 
cells; and (C, E) green and black points graphs: CXCR4 Mean Fluorescence Intensity (MFI) on total NK (top) 
and T56 (down) cells. PBMCs were pre-activated with 10 ng/ml of protein and 0.1 µM of Fe. Data are shown 
as mean ± SD where each point is the data from one donor. Significance of data in (B-E) was determined 
by comparing each sample with all other conditions using Dunn’s multiple comparison test after Friedman 
test for paired samples application. *p<0.05, **p<0.01. 
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This dramatic decrease in CXCR4 expression was observed following hIL-15HIS stimulation, 

but not with the immobilized form of the protein (IONP@hIL15HIS), at least not in such 

dramatic way. This effect could confer cells stimulated with IONP@hIL15HIS a greater 

capacity for migration to, at least, the bone marrow because activation with this IL-15 

formulation partially preserved higher CXCR4 expression524.  

Effector functions were determined by degranulation (CD107a) and by the production of 

cytokines: IFN-g, TNF-a and MIP-1b. Data were analyzed and represented in two formats: 

comparing the expression of each effector function individually and analyzing the 

polyfunctionality (explained below) with the SPICE free software (v6 or SPICE 6; developed by 

M. Roederer, National Institutes of Health)525.  

First, we observed that degranulation and MIP-1b production by NK cells was statistically 

higher after IONP@hIL15HIS stimulation compared with the non-primed condition (Fig. 3.9 A, 

D). Nevertheless, degranulation and cytokine production in response to hIL-15HIS stimulation 

did not show any significant differences with cells pre-activated with IONP@hIL15HIS (Fig. 3.9 

A-D). In general, it could be said that degranulation (CD107a) and IFN-g, TNF-a and MIP-1b 

production is relatively similar following the stimulation with both soluble and immobilized 

form of IL-15 protein, given that there are no significant differences when the two stimuli are 

compared. Additionally, the significant differences between the controls (non-primed, IONP 

and CTPR3HIS) and IONP@hIL15HIS (Fig. 3.9. A, D) shows that IL-15 significantly triggers the 

degranulation and the production of MIP1-b. 

Cytokine production and degranulation are also analyzed in the context as polyfunctionality 

using a Boolean analysis, which means that the four effector functions are measured all in all. 

The highest polyfunctionality consists in cells that are positive for the four tested parameters 

(CD107a+, TNF-a+, IFN-g+ and MIP-1b+). Results showed that there are no significant 

differences in the polyfunctionality of NK cells independently of how they were stimulated. It 

was calculated with the permutation test in SPICE 6 free software (Fig. 3.9 E).  
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Figure 3.9. Functional profile and polyfunctionality of NK cells at day 0 (n=7). (A-D) CD107a, IFN-γ, TNF-α 
and MIP-1β production. Data are shown as mean ± SD, where each point is the data from one donor (n=7). 
Significance of data in (A-D) was determined by comparing each sample with IONP@hIL15HIS condition 
using Dunn’s multiple comparison test after Friedman test for paired samples application. *p<0.05, 
**p<0.01. (E) Pie charts representing the percentages of non-primed, IL-15 formulations (hIL-15HIS, 
IONP@hIL15HIS) and control (IONP and CTPR3) pre-activated NK cells in the presence of 10 ng/ml of 
protein and 0.1 µM of Fe (n=7). Differences between pie charts were established with non-parametric 
permutation test. The p-values are in the boxes below the pie charts. Arc legend is the positivity for each 
marker and is represented as bars around pie chart graphs.  
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Figure 3.10. Functional profile and polyfunctionality of T56 cells at day 0 (n=7). (A-D) CD107a, IFN-γ, TNF-
α and MIP-1β production. Data are shown as mean ± SD where each point is the data from one donor. 
Significance of data in (A-D) was determined by comparing each sample with IONP@hIL15HIS condition 
using Dunn’s Friedman test for paired samples application but no significant differences were observed 
between stimuli conditions. (E) Pie charts representing the percentages of non-primed, IL-15 formulations 
(hIL-15HIS, IONP@hIL15HIS) and control (IONP and CTPR3) pre-activated T56 cells in the presence of 10 
ng/ml of protein and 0.1 µM of Fe (n=7). Differences between pie charts were established with non-
parametric permutation test. The p-values are in the boxes below the pie charts. Arc legend is the positivity 
for each marker and is represented as bars around pie chart graphs.  
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The degranulation and cytokine production were also evaluated in T56 cells (Fig. 3.10). 

Comparing with NK cells, T56 cells showed lower levels of degranulation (CD107a) and 

cytokine production, which could be related with their different way to respond to stimuli. 

The production of cytokines was similar in all conditions (Fig. 3.10 B-D), and the degranulation 

slightly, but similarly, increased in all conditions when compared with non-primed cells (Fig. 

3.10 A). In general, it could be said that both soluble and IONP immobilized IL-15, at the tested 

dose, did not significantly induce effector functions on T56 cells. As expected, the 

polyfunctionality analysis also showed no statistical differences between stimulation with 

soluble hIL-15HIS or IONP@hIL15HIS, neither between any IL-15 formulation compared with 

controls (no stimulated, IONP, CTPR3HIS) (Fig. 3.10 E).  

3.2.4. NK and T56 cell activation and polyfunctionality in response to IONP@IL15HIS 

priming at day 4 

In the same manner that it was performed for the analysis of stimulated cells at day 0, PBMCs 

were pre-activated with IL-15 different formulations (soluble or immobilized) and with 

controls (non-primed/cell media and IONPm). Next, after the pre-activation phase, IL-2 (2 

U/ml) was added to expand NK and T56 cells (Fig. 3.1). Activation, functional markers and 

cytokines were studied by extracellular and intracellular staining and cells were acquired in 

the flow cytometer (experimental section Table ES1.D). In addition to CD69 and CD25 

activation markers, it was also studied CD16 and perforin expression. Through its ability to 

bind the Fc fragment of IgG, CD16 is responsible for antibody dependent cellular cytotoxicity 

(ADCC) and perforin is one of the principal components of the cytotoxic granules of NK and 

CD8+ T cells that, after degranulation, causes pores on target cells, including tumor and 

infected cells526,527. Also, both cell proliferation, which was determined by CFSE dilution assay, 

and expression of homing receptors expression (CXCR4, CD62L), which may give information 

about cell migration potential, were studied. Regarding functional markers, once again we 

studied CD107a (degranulation) and IFN-γ, TNF-α and MIP-1β production.  
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First, lymphocyte subsets frequencies were evaluated. Results in figure 3.11 shows that NK 

cell frequency was statistically lower in PBMCs pre-activated with IONP@hIL15HIS than in 

other conditions, while T56 cell frequency was statistically higher following IONP@hIL15HIS 

stimulation compared with non-primed and IONP but not comparing with hIL15HIS. NK and 

T56 cells frequency were around 10% and around 5%, respectively, except in response to 

IONP@hIL15HIS. Cell frequency was lower than 10% for NK cells and higher than 5% for T56 

cells following IONP@hIL15HIS stimulation. This difference in the frequency of cells after 

stimulation with IONP@hIL15HIS may be due to the fact that IONP@hIL15HIS has a tendency 

to expand T56 cells more than NK cells (Figure 3.15; see below). Alternatively, and for some 

unknown reason, IONP@hIL15HIS pre-stimulation may render NK cells more susceptible to 

apoptosis528,529. Undoubtedly, additional studies are required to identify the mechanisms by 

which IONP@hIL15HIS promotes cell activation and proliferation.  

 
Figure 3.11. Cell subpopulations percentage at day 4 (n= 14). (A) Gating strategy to identify NK cells and 
T56 cells. (B) Total NK cell and (C) T56 cell percentage after PBMCs priming with IL-15 at 63.10 ng/ml 
(soluble or immobilized form) and 0.12 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 
4 days. Data are represented in violin graphs (black line: median, dashed red line: quartile). Significance of 
data in (B, C) was determined by comparing each sample with IONP@hIL15HIS condition using Dunn’s 
multiple comparison test after Friedman test for paired samples application. *p<0.05, **p<0.01, 
***p<0.001, **** p<0.0001. 
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Activation markers expression was higher in response to IONP@hIL15HIS than other priming 

condition (Fig. 3.12). Nevertheless, the differences were statistically significant only between 

non-primed vs IONP@hIL15HIS and IONP vs IONP@hIL15HIS for the expression of CD69 in NK 

cells and for the CD25+ T56 cell frequency (Fig. 3.12 B and E). The difference of CD25+ NK 

frequency was also significant when compared IONP vs IONP@hIL15HIS (Fig. 3.12 D).  

 
Figure 3.12. CD25 and CD69 activation markers expression at day 4 (n=7). PBMCs priming was done with 
63.10 ng/ml of IL-15 and 0.12 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A) 
Representative histograms are showed. (B-C) Bar graphs representing the MFI of CD69 expression on NK 
and T56 cells. (D-E) CD25 is expressed as percentage of NK and T56 positive cells. Data are shown as mean 
± SD where each point represents one donor. Significance of data in (B-E) was determined by comparing 
each sample with IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for 
paired samples application. *p<0.05, **p<0.01. 
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The higher activating receptors expression could be a consequence of the higher affinity of 

IONP@hIL15HIS for the IL-15 receptor composed by β and γc chains (IL2/IL-15Rβγc), when 

compared with the affinity of hIL-15HIS for the same receptor. The higher affinity of other 

formulations of IL-15 such as RLI (IL-15Ra sushi domain linked to IL-15), resulted in an 

enhanced functionality530. The functionalization of the hIL-15HIS on the IONP, could be 

triggering the same effect, resulting in a higher activation markers expression. Nevertheless, 

experiments must be performed to determine if IONP@hIL15HIS exhibits a higher affinity for 

IL2/IL-15Rβγc than hIL-15HIS.  

On NK cells, CD16 expression at day 4, measured as MFI and frequency of CD16+ cells, was 

very similar in all tested conditions (Fig. 3.13 B-C), except for a significant difference in the 

frequency of CD16+ NK cells between the non-primed and IONP@hIL15HIS conditions (Fig. 

3.13 B). As expected, CD16 expression was lower on T56 cells, and all studied conditions 

revealed similar levels of CD16 expression (Fig. 3.13 D-E). On the contrary, perforin expression 

at day 4 was higher in cells that were primed with IONP@hIL15HIS, although significant 

differences were only observed in T56 cells when compared with the non-primed condition 

(Fig. 3.13 F-G). In any case, there was not statistically significant differences between cells 

that were pre-activated with hIL-15HIS and IONP@hIL15HIS.  
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Figure 3.13. CD16 expression and perforin at day 4 (n=7). PBMCs priming was performed with 63.10 ng/ml 
of IL-15 and 0.12 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A) 
Representative examples of histograms showing CD16 and perforin expression on NK and T56 cells. (B-E) 
CD16 expression is represented as mean fluorescence intensity (MFI) and as percentage of positive cells. 
(F, G) NK and T56 cells perforin expression (MFI). Bar graphs represent the mean ± SD. Each point 
represents one donor. Significance of data in (B-G) was determined by comparing each sample with all 
other conditions using Dunn’s multiple comparison test after Friedman test for paired samples application. 
*p<0.05. 

As above mentioned, it is known that homing receptors expression decreases after 

stimulation with cytokines489,531. Results in figure 3.14 B-E showed that CXCR4 expression 

tended to decrease at day 4 on both NK and T56 cells that were pre-activated with hIL-15HIS. 

Very interestingly, NK cells primed with IONP@hIL15HIS did not exhibit a decrease in CXCR4 

expression when compared with controls (Fig. 3.14 B, C). On the other hand, CD62L 

expression did not change in all tested conditions (Fig. 3.14 F,G).  
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Figure 3.14. CXCR4 and CD62L homing receptors expression at day 4 (n=7). PBMCs priming was done with 
63.10 ng/ml of IL-15 and 0.12 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A) 
Representative examples of histograms showing CD62L and CXCR4 expression on NK and T56 cells. (B-E) 
CXCR4 expression is represented as mean fluorescence intensity (MFI) and as percentage of positive NK 
cells (B,C) and T56 cells (D,E). (F-G) Frequencies of CD62L+ NK cells (F) and T56 cells (G). Data are shown as 
mean ± SD where each point represents one donor. Significance of data in (B-G) was determined by 
comparing each sample with all other conditions using Dunn’s multiple comparison test after Friedman 
test for paired samples application. *p<0.05. 

It was also analyzed cell proliferation at day 4511, as it was done before at day 0 using CFSE 

staining and modeling in FlowJo software (v 10.7.2) (Fig. 3.15 A). The percentage of cells that 

underwent 1 or more divisions was analyzed (Fig. 3.15 B-E). In general, it was observed that 

cells pre-activated with both formulations of IL-15 divided more than control cells. While 

there were no statistical differences when NK cells were taken into account (Fig. 3.15 B-C), 

there were significant differences when T56 cells were analyzed (Fig. 3.15. D-E). Although the 

cell percentage in the 1st and 2nd division was higher following IONP@hIL15HIS stimulation 

(Fig. 3.15 B-E), the PI did not show significant differences (Fig. 3.15 F, G).  
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Figure 3.15. NK and T56 cells proliferation at day 4 (n=7). PBMCs priming was done with 63.10 ng/ml of 
IL-15 and 0.34 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A) CFSE histograms 
are shown to compare peaks of proliferation between different conditions. (B-E) Cell percentage from 1st 
and 2nd division is showed for NK (B-C) and T56 (D-E) cells. Data are shown as mean ± SD where each point 
is the data from one donor. (F-G) Proliferation index (PI) is represented in box and whiskers graphs (line: 
median and error bars: maximum to minimum) calculated by modeling in FlowJo (10.7.2)511. Significance 
of data in (B-G) was determined by comparing each sample with all other conditions using Dunn’s multiple 
comparison test after Friedman test for paired samples application. *p<0.05, **p<0.01. 

Effector functions of NK and T56 cells at day 4 were also analyzed. Regarding NK cells, it could 

be said that degranulation (CD107a) and TNF-α and MIP-1β production were slightly higher 

in cells pre-activated with IONP@hIL15HIS compared with cells primed with hIL-15HIS and 

controls, but the differences between hIL-15HIS and IONP@hIL15HIS were statistically not-
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significant. The only significant difference is in the percentage of CD107a+ NK cells when non-

primed and IONP conditions are compared with IONP@hIL15HIS (Fig. 3.16. A, C). In contrast, 

the frequency of IFN-γ+ NK cells was significantly higher when cells were primed with hIL-

15HIS, resulting in a statistically significant difference when compared with IONP@hIL15HIS 

(Fig. 3.16. B).  

 

Figure 3.16. NK functional profile after expansion phase at day 4. PBMCs priming was with 63.10 ng/ml 
of IL-15 and 0.34 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A-D) CD107a, 
IFN-γ, TNF-α and MIP-1β production by NK cells at day 4. Data are shown as mean ± SD, where each point 
represents one donor (n=7). Significance of data in (A-D) was determined by comparing each sample with 
IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for paired samples 
application. *p<0.05, **p<0.01. (E) Pie charts representing the percentages of NK cells at day 4 (n=7). 
Differences between pie charts were established with non-parametric permutation test. The p-values are 
in the box on top of the pie charts. Arc legend is the positivity for each marker and is represented as bars 
around pie chart graphs. Significant differences are in the orange cells.  

Regarding T56 cells no significant differences in effector functions at day 4 were observed 

with cells pre-activated with both IL-15 formulations and control cells (Fig. 3.17 A-B). Small 

non-significant differences in degranulation and cytokine production should not be translated 

into low NK and T56 cells cytotoxicity potential against target cells. For example, it has been 
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shown that CD107a- NK cells are able to eliminate tumor cells with the same efficiency as 

those CD107a+ NK cells532. In addition, this similar cytotoxic effect occurs not only in the first 

contact with the target cell but also in a second contact, meaning that the NK cells exhibit a 

long-term viability and killing potential532.  

 
Figure 3.17. T56 functional profile after expansion phase at day 4 (n=7). PBMCs priming was with 63.10 
ng/ml of IL-15 and 0.34 µM Fe. Next, cell expansion was carried out with IL-2 (2 U/mL) for 4 days. (A-D) 
CD107a, IFN-γ, TNF-α and MIP-1β production by T56 cells at day 4. Data are shown as mean ± SD, where 
each point represents one donor (n=7). Significance of data in (A-D) was determined by comparing each 
sample with IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for 
paired samples application. (E) Pie charts representing the percentages of T56 cells at day 4 (n=7). 
Differences between pie charts were established with non-parametric permutation test. The p-values are 
in the box on top of the pie charts. Arc legend is the positivity for each marker and is represented as bars 
around pie chart graphs.  

Finally, polyfunctionality analysis was performed with SPICE 6 software. The permutation test 

did not show significant differences when T56 cells were analyzed (Fig. 3.17. E). On the 

contrary, hIL-15HIS or IONP@hIL15HIS pre-activated NK cells were significantly more 

polyfunctional than NK cells primed only with IONP (Fig. 3.16. E). In general, cells did not show 

a good polyfunctionality profile at day 4. This could be because they were not re-stimulated 

at day 4 with a tumor cell or a combination of cytokines. It is well known that after the pre-
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activation phase, the stimulation with a second stimuli with a target (or the same stimulus of 

the first contact) cells respond faster and stronger, two features of immunological 

memory489,533–536.  

3.2.5. Phenotype of NK and T56 cells primed with a combination of IL-12, IL-15 and IL-15: 

role of IONP@hIL15HIS 

 

Figure. 3.18. Schematic representation of pre-activation and expansion phases of CIML-NK cells. PBMCs 
were cultured in the presence of soluble (hIL-15HIS) and functionalized (IONP@hIL15HIS) form of IL-15 
protein along with IL-12 and IL-18 for 16-18 hours. After stimulation with IL-12, IL-15 and IL-18 combination 
cells are called cytokine-induced memory-like (CIML) cells. After this pre-activation phase, PBMCs are 
expanded with IL-2 or with IL-15 formulations (hIL-15HIS or IONP@hIL15HIS).  

Figure 3.18 shows the timing protocol of PBMCs priming with a cytokine combination (IL-12, 

IL-18, and IL-15). The priming with these cytokines generates what is called cytokine-induced 

memory-like (CIML) NK cells488,489,537,538. Traditionally, immune memory was a feature 

ascribed to the adaptive immune system, but currently, it is well known that cells from the 

innate immune system also exhibit memory-like responses, that is enhanced effector 

functions weeks after pre-activation with certain stimuli, as for example cytokines155,539.  
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The aim of these sets of experiments was to explore if the immobilization of IL-15 on IONP 

has some specific effects when cells are pre-activated with IL-12, IL-15 and IL-18. Results at 

day 0, following the priming with the cytokine combination, revealed that the expression of 

CD25 and homing receptors following IL-12/IL-18/IONP@hIL15HIS stimulation were higher 

when compared with IL-12/IL-18/hIL-15HIS stimulation in all cases, except for CD25 

expression on NK cells, which it is higher in response to this last stimulation condition (Fig. 

3.19).  

Regarding the expression of homing receptors, the tendency is similar to the experiments 

performed with only IL-15 pre-stimulation. It is known that following cytokines stimulation, 

the expression of CXCR4 and CD62L on NK cells decreases489. In this thesis it has been shown 

that stimulation with IL-15 immobilized in the IONP micelle (IONP@hIL15HIS) leads to a 

smaller decrease in the expression of CXCR4 and CD62L compared with the more pronounced 

decrease following the stimulation with the soluble form of IL-15 protein (hIL-15HIS). 

Interestingly, this effect was also observed in response to stimulation with the cytokine 

combination in which IONP@hIL15HIS is present (figure 3.19). Because of the low number of 

experiments (n=2), it was not possible to perform a statistical analysis. Therefore, more 

experiments are required to conclude if the observed differences are significant or not. 

On the other hand, degranulation (CD107a) and the production of IFN-γ, TNF-α and MIP-1β 

production tended to be lower when cells were pre-activated with IL-12/IL-

18/IONP@hIL15HIS than with IL-12/IL-18/hIL-15HIS (Fig. 3.20), although the differences were 

not statistically significant neither in NK nor in T56 cells. The only significant differences were 

observed when non-primed cells were compared with IL-12/IL-18/IONP@hIL15HIS cells for 

CD107a, IFN-γ and MIP-1β in NK cells and for IFN-γ in T56 cells. Therefore, it can be concluded 

that the presence of IONP@hIL15HIS in the cytokine combination did not contribute to a 

higher activation (CD25) and better functional profile (CD25, CD107a, IFN-γ, TNF-α and MIP-

1β) of NK and T56 cells at day 0.  



Chapter III 

 
 

109 

 

Figure 3.19. CD25 and homing receptors (CXCR4 and CD62L) expression after PBMCs priming with a 
cytokine combination at day 0 (n=2). IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized 
at 63.10 ng/ml and 0.23 nM of Fe) cytokine combinations were used to prime PBMCs and the expression 
of CD25, CXCR4 and CD62L was analyzed after 18 hours of culture. Data from (A) NK and (B) T56 cells are 
represented as mean ± SD in bar-graphs. 
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Figure 3.20. Degranulation (CD107a) and cytokine production after PBMCs priming with a cytokine 
combination at day 0 (n=7). IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 63.10 
ng/ml and 0.34 of Fe) cytokine combinations were used to prime PBMCs and the expression of CD107a, 
IFN-γ, TNF-α and MIP-1β was analyzed after 18 hours of culture. Data from (A) NK and (B) T56 cells are 
represented in scatter plots where each point represents one donor (line: mean). Significance of data was 
determined by comparing each sample with IL-12/IL-18/IONP@hIL15HIS condition using Dunn’s multiple 
comparison test after Friedman test for paired samples application. *p<0.05. 

Next, activation markers (CD25, CD69) and homing markers (CXCR4, CD62L) expression and 

proliferation were studied at day 4 following non-primed, IL-12/IL-18/IONP@hIL15HIS, IL-

12/IL-18/hIL-15HIS and IL-12/IL-18/IONP stimulation (Fig. 3.21, and Fig. 3.22). First of all, it 

was observed that, in general, CD25 and CD69 expression levels were higher when cells were 

pre-activated with the cytokine combination rather than only with IL-15 formulations, with 

the only exception of CD69 expression on T56 cells (Fig. 3.12), which somehow was 

unexpected according to the literature 489,540. In any case, it was concluded that the 

contribution of IONP@hIL15HIS in the cytokines cocktail did not show significant differences 

regarding the expression of CD69 and CD25 when compared with hIL-15HIS, although it 

tended to be a slightly higher expression when the immobilized IL-15 was administered in 

combination with IL-12 and IL-18 (Fig. 3.21).  

The proliferation capacity of cells was compared by the percentage of cells that divided more 

than two times.  The frequency of NK cells which divided more than two times was higher 

following IL-12/IL-18/hIL-15HIS pre-stimulation, but it was not statistically significant 

compared with IL-12/IL-18/IONP@hIL15HIS pre-activated NK cells. On the contrary, the 
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frequency of T56 cells dividing more than two times was significantly higher following IL-12/IL-

18/IONP@hIL15HIS pre-activation (Fig. 3.22 A,B right graphs in purple).  

 

Figure 3.21. Activation markers expression and proliferation after PBMCs priming with a cytokine 
combination and expanded with IL-2 at day 4 (n=7). IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble 
or immobilized at 63.10 ng/ml and 0.23 nM of Fe) cytokine combinations were used to prime PBMCs for 
18 hours and IL-2 (2 U/ml) was used to expand cells for 4 additional days. The expression of CD69 and CD25 
were determined as activation markers and CFSE staining was used for the proliferation assay. Data from 
(A) NK and (B) T56 cells are represented in scatter plots where each point represents one donor (line: 
mean). Significance of data in (A-D) was determined by comparing each sample with IL-12/IL-
18/IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for paired samples 
application. *p<0.05, ns=not significant. 

The study of homing receptors was central in this project because the immobilization of IL-15 

appears to be beneficial for the maintenance of CXCR4 and CD62L expression, as it was 

showed in previous experiments (Fig. 3.5, 3.8, 3.14 and 3.19). In the current set of 

experiments, CXCR4 expression levels were very similar following both IL-12/IL-
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18/IONP@hIL15HIS and IL-12/IL-18/hIL-15HIS pre-activation and IL-2 expansion.  CXCR4 

expression was slightly lower than non-primed and IL-12/IL-18/IONP controls. In contrast, the 

expression of CD62L was higher than the controls in both cell subsets, and in T56 cells the 

difference in CD62L expression between cells pre-activated with IL-12/IL-18/hIL-15HIS and 

pre-activated with IL-12/IL-18/IONP@hIL15HIS was statistically significant (Fig. 3.22 B).  

 

Figure 3.22. Homing receptors expression after PBMCs priming with a cytokine combination and 
expanded with IL-2 at day 4 (n=7). IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 
63.10 ng/ml and 0.23 nM of Fe) cytokine combinations were used to prime PBMCs for 18 hours and IL-2 (2 
U/ml) was used to expand cells for 4 additional days. The expression of CXCR4 and CD62L was analyzed. 
Data from NK (A) and T56 (B) cells are represented in scatter plots where each point represents one donor 
(line: mean). Significance of data in (A-D) was determined by comparing each sample with IL-12/IL-
18/IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for paired samples 
application. *p<0.05, ns=not significant. 

Functional profile of NK and T56 cells was determined by degranulation (CD107a) and IFN-γ, 

TNF-α and MIP-1β production. The only significant difference was observed between non-

primed and priming with IL-12/IL-18/IONP@hIL15HIS for CD107a and TNF-α production by 

NK cells (Fig. 3.23 A). Moreover, the cell frequency of cells that exhibited effector functions 

was lower when compared with day 0 results. This was expected because the functional 

profile of NK and T56 cells was studied following a strong stimuli consisting in the combination 

of three cytokines, while at day 4 cells were studied following an expansion phase with a very 

low amount of IL-2 and in the absence of a second stimulation with a cytokine combination 

or target cells (such as tumor cell)541–543.  
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Figure 3.23. Degranulation (CD107a) and cytokine production after PBMCs priming with cytokine 
combination at day 4 (n=7). IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 63.10 
ng/ml and 0.34 of Fe) combinations were used to prime PBMCs and the expression of CD107a, IFN-γ, TNF-
α and MIP-1β was analyzed. Data from NK (A) and T56 (B) cells are represented with scatter plots where 
each point represents one donor (line: mean). Significance of data in (A-D) was determined by comparing 
each sample with IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for 
paired samples application. *p<0.05. 

3.2.6. T56 and NK cells expansion with IL-2 or IL-15 in its soluble or immobilized forms 

As figure 3.1 shows, the expansion phase was carried out with IL-2 or with IL-15 in its soluble 

or in the immobilized form. This was done because: 1) Taking into account that IL-2 and IL-15 

share the IL2/15Rβγc, it was thought that IL-15 will also be able to expand cells in a similar 

manner to IL-2 and also will have the ability to maintain the same levels of functional and 

activation markers expression; and 2) the previous results show that IONP@hIL15HIS 

stimulation of NK and T cells exhibits certain differences in terms of expression of activation 

markers and homing receptors compared to the stimulation with its soluble form. It was 

assumed that if the immobilization of IL-15 somehow modulates the expression of some 

receptors in comparison with soluble IL-15, it could be useful for cell expansion and for the 
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acquisition of a different phenotype that could be better for carrying out their effector 

functions.  

The experiments were designed in a manner that PBMCs primed with IL-15 in its soluble form 

(hIL-15HIS) were expanded with IL-2 or hIL-15HIS, and PBMCs primed with immobilized form 

of the protein (IONP@hIL15HIS) were expanded with IL-2 or IONP@hIL15HIS. For control, 

non-primed PBMCs were expanded with IL-2, hIL-15HIS or IONP@hIL15HIS. Expansion of cells 

with IL-2 versus the two formulations of IL-15 showed different results in the expression of 

activation markers (CD25 and CD69), in degranulation (CD107a) and in the production of IFN-

γ. Non-primed cells (Fig. 3.24 left column graphs) expanded with IL-15 formulations (soluble 

and immobilized forms) exhibited higher expression levels of CD25 and CD69 activation 

markers, although it was statistically significant only when the frequency in CD25+ T56 cells 

was taken into account (Fig. 3.25 left graph). It was also observed a statistically significant 

increase of degranulation (CD107a) and IFN-γ production between non-primed expanded 

with IL-2 and expanded with IONP@hIL15HIS NK cells, while degranulation (CD107a) and IFN-

γ production was higher in response to IONP@hIL15HIS expansion compared with hIL-15HIS, 

but with no statistical significance.  

When cells were pre-activated with different formulations of IL-15, it was observed that the 

expansion with its respective formulation (pre-activated with hIL-15HIS, expanded with hIL-

15HIS; pre-activated with IONP@hIL15HIS, expanded with IONP@hIL15HIS) showed a 

significant increase in the expression of all markers when compared with the expansion with 

IL-2 (Fig. 3.24 and 3.25 second and third graphs). The exception was the frequency of CD69+ 

NK cells that did not show significant differences (Fig. 3.24 fist line second and third columns 

graphs). 
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Figure 3.24. PBMCs expansion with IL-2 and IL-15 formulations: functional profile and activation markers 
on NK cells at day 4 (n=7). PBMCs were expanded with IL-2 (2 U/ml) or with IL-15 formulations (hIL-15HIS 
or IONP@hIL15HIS at 63.10 ng/ml and 0.23 nM Fe) after pre-activation with IL-15 formulations at 63.10 
ng/ml and 0.23 nM Fe. Then, the expression of CD69, CD25, degranulation (CD107a) and IFNg production 
was analyzed. Data are represented in scatter plots where each point represents one donor (line: mean). 
Significance of data of non-stimulated (left column graphs) was determined by comparing each sample 
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with IONP@hIL15HIS condition using Dunn’s multiple comparison test after Friedman test for paired 
samples application and by Wilcoxon matched-pairs signed rank test for paired samples (middle and right 
columns graphs). *p<0.05, ns= not significant.  

 

Figure 3.25. PBMCs expansion with IL-2 and IL-15 formulations: functional profile and activation markers 
on T56 cells at day 4 (n=7). PBMCs were expanded with IL-2 (2 U/ml) or IL-15 formulations (hIL-15HIS or 
IONP@hIL15HIS at 63.10 ng/ml and 0.23 nM Fe) after pre-activation with IL-15 formulations at 63.10 ng/ml 
and 0.23 nM Fe. Then, the expression of CD25 was analyzed. There were no significant differences between 
the frequencies of CD107a+, CD69+ and IFNg+ on T56+ cells (data not shown). Data are represented in 
scatter plots where each point represents one donor (line: mean). Significance of data of non-stimulated 
(left column graphs) was determined by comparing each sample with IONP@hIL15HIS condition using 
Dunn’s multiple comparison test after Friedman test for paired samples application and by Wilcoxon 
matched-pairs signed rank test for paired samples (middle and right columns graphs). *p<0.05, **p<0.01.  

It was also studied the effect of the expansion with IL-2 or IL-15 formulations following T56 

and NK cells priming with cytokines combination (Fig. 3.19). Figure 3.26 shows expression 

levels of activation markers and expanded cells that have divided more than two times in 

response to IL-2 or IL-15 formulations after pre-activating them with IL-12/IL-18/hIL-15HIS or 

IL-12/IL-18/IONP@hIL15HIS. Results from the expansions with IL-15 formulations showed 

that NK cells have a tendency to express higher levels of activation markers compared with 

NK cells expanded with IL-2, although statistically significant differences were not always 

observed (Fig. 3.26 A, C). Regarding T56 cells, it was only observed significant differences 

when the percentage of CD25+ cells was taken into account (Fig. 3.26 D), while the expression 

of CD69 on T56 cells was the same after the expansion with IL-2 and IL-15 (data not shown). 
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Regarding cell proliferation, there were no significant differences when compared IL-2 with 

IL-15 formulations mediated expansions. Graphs representing the NK and T56 cells 

frequencies that have divided at least two times are shown in figure 3.26 E and F, respectively. 

It was observed that the expansion with IL-2 or IL-15 formulations did not alter the 

proliferation capacity of NK and T56 cells, with the exception of T56 proliferation expanded 

with IL-2 following IL-12/IL-18/IONP@hIL15HIS pre-activation. The cell frequency after cell 

expansion with IL-2 vs IL-15 formulation and in response to this pre-activation condition (IL-

12/IL-18/IONP@hIL15HIS) is statistically higher (Fig. 3.26 F).  

 

Figure 3.26. Effect of IL-2 and IL-15-mediated expansions in NK and T56 cells pre-activated with cytokines 
combination: Activation markers and proliferation at day 4 (n=7). PBMCs were expanded with IL-2 (2 
U/ml) or IL-15 formulations (hIL-15HIS or IONP@hIL15HIS at 63.10 ng/ml and 0.23 nM Fe) after pre-
activation with IL-12 (10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 63.10 ng/ml and 0.23 
nM of Fe) cytokines combination. (A-D) CD69 and CD25 activation markers expression was studied in NK 
and T56 cells. (E, F) Percentage of NK and T56 cells that have divided at least 2 times is showed. Data are 
represented in scatter plots where each point represents one donor (line: mean). Significance of data was 
determined as follows: on the one hand was compared the condition of priming with IL-12/IL-18/hIL-15HIS 
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and expansion with IL-2 vs expansion with IL-15 formulations, and on the other hand, the priming with IL-
12/IL18/IONP@hIL15HIS and expansion with IL-2 vs expansion with IL-15 formulations using Wilcoxon 
matched-pairs signed rank test for paired samples *p<0.05, ns= not significant. 

Regarding CD16 and perforin expression it could be said that, in general, there are no 

differences between cells expanded with IL-2 and cells expanded with IL-15 formulations, no 

statistical differences at least. Although it seems that perforin expression levels are slightly 

higher when cells are expanded with IL-15 formulations (Fig. 3.27 E).  

 

Figure 27. Effect of IL-2 and IL-15-mediated expansions in NK and T56 cells pre-activated with cytokines 
combination: Effector markers at day 4 (n=7). PBMCs were expanded with IL-2 (2 U/ml) or IL-15 
formulations (hIL-15HIS or IONP@hIL15HIS at 63.10 ng/ml and 0.23 nM Fe) after pre-activation with IL-12 
(10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 63.10 ng/ml and 0.23 nM of Fe) cytokines 
combination. CD16 and perforin expression were analyzed as effector markers of NK (top graphs) and T56 
(down graphs) cells. (A-D) CD16 expression is represented as Mean Fluorescence Intensity (MFI) (A,C) and 
as cell percentage (B, D). (E, F) Perforin expression by NK and T56 cells. Data are represented in scatter 
plots where each point represents one donor (line: mean). Statistical analysis revealed no significant 
differences.  

Functional markers were also studied in NK and T56 cells primed with cytokines combination 

and expanded with IL-2 and IL-15 formulations at day 4 (Fig. 3.28). Some effector functions, 
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i.e. degranulation (CD107a) and cytokines production (IFN-γ, TNF-α and MIP-1β), of NK and 

T56 cells expanded with IL-15 formulations, were increased when compared with cells 

expanded with IL-2.  

 

Figure 3.28.  Effect of IL-2 and IL-15-mediated expansions in NK and T56 cells pre-activated with cytokines 
combination: Functional markers at day 4 (n=7). PBMCs were expanded with IL-2 (2 U/ml) or IL-15 
formulations (hIL-15HIS or IONP@hIL15HIS at 63.10 ng/ml and 0.34 nM Fe) after pre-activation with IL-12 
(10 ng/ml), IL-18 (50 ng/ml) and IL-15 (soluble or immobilized at 63.10 ng/ml and 0.34 nM of Fe) cytokines 
combination. The expression of CD107a, IFN-γ, TNF-α and MIP-1β was analyzed in (A) NK cells and (B) T56 
cells. Data are represented in scatter plots where each point represents one donor (line: mean). 
Significance of the data was determined as follows: pre-activation with IL-12/IL-18/hIL-15HIS and then 
expansion with IL-2 vs hIL-15HIS and, from the other, pre-activation with IL-12/IL-18/IONP@hIL15HIS and 
then expansion with IL-2 vs IONP@hIL15HIS, using Wilcoxon matched-pairs signed rank test for paired 
samples *p<0.05, ns= not significant.
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3.3. Conclusions 

Laboratory made IL-15 was expressed and characterized successfully reaching a grade of 

purity similar to commercial IL-15 measured by Maldi-ToF and SDS-PAGE. Furthermore, the 

ability to activate NK cells of laboratory-made IL-15 was also similar to commercial IL-15.  

When cells were stimulated, the bioconjugation of IL-15 on the IONPm (IONP@hIL15HIS) 

provided this cytokine with some biological effects that were somehow different in 

comparison with soluble IL-15 (hIL-15HIS). Activation markers (CD69, CD25) and homing 

receptors (CXCR4, CD62L) were expressed at similar or higher levels on NK and T56 cells at 

day 0 following IONP@hIL15HIS stimulation and also at day 4 after an expansion with low 

doses of IL-2. Results were similar when cells were pre-activated with IONP@hIL15HIS in 

combination with IL-12 and IL-18 in comparison with cells pre-activated with hIL-15HIS in 

combination with IL-12 and IL-18. In addition, the functional markers (CD16 and perforin) at 

day 4 were expressed also at similar or higher levels following IONP@hIL15HIS stimulation, 

with the exception of the frequency of CD16 positive NK cells that was lower in response to 

IONP@hIL15HIS.  

It is of special interest that the expression of the CXCR4 and CD62L is different depending if 

cells were stimulated with any strategy where IONP@hIL15HIS is present (IONP@hIL15HIS, 

IL-12/IL-18/IONP@hIL15HIS). This effect is very interesting for two reasons: 1) hIL-15HIS 

induces a significant decrease of the two homing receptors, especially CXCR4, which is 

partially reverted by the nanovehiculization of the protein and 2) the diminished decrease in 

homing receptor expressions could be associated with a higher migration capacity of cells to 

different locations (to the bone marrow in the case of CXCR4 and to the lymph nodes in the 

case of CD62L).  

Regarding cell functionality, the stimulation with IONP@hIL15HIS did not result in significant 

differences in the studied effector functions (CD107a, IFN-γ, TNF-α and MIP-1β) when 
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compared with hIL-15HIS. The functional profile of T56 cells practically did not change in 

response to any stimuli. NK cells tended to exhibit increased effector functions at day 0 

following hIL-15HIS stimulation compared with IONP@hIL15HIS stimulation. At day 4, the 

picture was reverted for all functions except for IFN-γ production. Regardless, the differences 

were not statistically significant between the frequencies of positive cells in response to hIL-

15HIS vs. IONP@hIL15HIS. However, given that effector functions were analyzed in many 

cases following an expansion phase (day 4), it is important to keep in mind that the low 

functional profile of the cells does not necessarily means a lower ability to deal with a possible 

encounter with target cells. 

On the other hand, it was also studied the ability of IL-15 formulations to expand cells. Results 

showed that cell expansion with IL-15 formulations is also possible and, what is more relevant, 

the expression levels of activation and functional markers in NK and T56 cells was increased 

when they were expanded with IL-15 formulations in comparison with IL-2.  

In conclusion, it could be postulated that IL-15 formulations could be a good alternative to IL-

2, because they were able to also expand cells and maintain the expression of certain markers 

and increase the expression of others. In addition, the results presented in this chapter are of 

special interest because they open the door to perform more studies with immobilized IL-15 

by means of nanotechnology and its possible role in future immunotherapy regimes, alone or 

in combination with other drugs. 
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Chapter IV In vivo study of IONP@hIL15HIS as antitumoral immunotherapy 

4.1. Introduction 

In vitro experiments are useful to understand the interactions between different cell types, 

as for example between cancer cell lines and immune cells. Nevertheless, until a few years 

ago, the limitation of mimicking a multicellular system was a problem with in vitro studies, 

but it has been partially solved by using organoids, which are providing very good information. 

In fact, organoids are able to model the tumor microenvironment (TME)544. However, the lack 

of an immune system, stroma and/or blood vessels represents a limitation of organoids545. 

Therefore, in vivo models are still needed today.  

4.1.1. State of the art of the nano-immunotherapy in vivo 

One of the principal problems of many therapies is the high doses that are required to 

adequately reach target cells due to molecule clearance. This problem is a consequence of 

the pharmacokinetics of the drugs. Nanoparticles (NPs) may have an important role in 

avoiding this problem, and the main contributions of NPs in nano-immunotherapy are 

described below:  

1) Efficient drug delivery into the tumor area. NPs are good candidates because they 

can carry hydrophilic and hydrophobic molecules while they enhance the half-life of 

the carried molecule (fig. 4.1 box 1 and 2). Therefore, the delivery of molecules is more 

efficient with NPs (fig. 4.1 box 3) 546–548. In addition, NPs can be designed with specific 

polymers or components which are responsive to pH, temperature and/or hypoxia 549. 

These smart nanomaterials are tumor-specific because the delivery occurs only under 

particular situations such as temperature, pH or O2 concentration variations.  

2) Mimic ligand-receptor interactions through NPs bioconjugation. The main goal is 

mimicking the cell membrane to resemble the expression of molecules on the surface 
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of cells (fig. 4.1 box 3). For example, NPs decorated with T-cell receptors and loaded 

with chemotherapeutic drugs work as biomimetic nano-constructs for chemo-

immunotherapy550. This strategy has gotten interest during the last years for cancer 

nano-vaccines because it can promote a tumor-specific immune response, i.e., antigen 

(Ag) carriers551,552 (Figure 4.1).  

 

Figure 4.1. NPs-based formulations in vivo. NPs enhances drug availability in the tumor area by two 
mechanisms. 1) It can avoid tissue clearance because of their size. Molecules smaller than 8 nm will be 
secreted by the kidney, molecules in the range of 10-20 nm will be eliminated by the liver, and molecules 
ranged between 300-400 nm by the spleen (box 1). 2) It increases blood stability by avoiding protein corona 
formation (box 2)553,554. Moreover, NPs could transport molecules and drugs of interest to the tumor area 
triggering the activation of immune cells (box 3). In that way, it could mimic naturally existing biological 
processes such as cell membrane receptors expression (i.e. IL-15 trans-presentation) or just enable the 
contact of tumor cells with NP, and in consequence, get closer the drug entrapped into the NP.  

Apart from drug delivery for immunotherapy, NPs by themselves may have an adjuvant effect 

and also are able to trigger ferroptosis (if they are Fe-based materials) as it is mentioned in 

chapter III555,556. The use of IONPs for these two effects, adjuvant and ferroptosis, point them 

out as engaging tools for their use in antitumoral immunotherapies.  
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In this chapter, IL-15 biofunctionalized IONPs are tested in two in vivo models. The first model 

is based on adoptive cell transfer therapy (ACTT), where in vitro primed peripheral blood 

mononuclear cells (PBMCs) with IL-15 formulations (hIL-15HIS and IONP@hIL15HIS) are 

injected into mice. In the second model we have studied the therapeutic effect of IL-15-based 

formulations in tumor-bearing mice.  
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4.2. Results and discussion 

4.2.1. ACTT in vivo model with IONP@hIL15HIS primed PBMCs 

Many ACTT are based on priming and/or culturing cells in vitro followed by their infusion into 

the patient. In this section we have studied the in vivo expansion capacity of PBMCs after 

priming with hIL-15HIS in its soluble or immobilized form (IONP@hIL15HIS). This priming was 

carried out in the same manner as in chapter III. The difference in this Chapter is that the 

expansion phase happened in vivo in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (most often known 

by their branded name, NOD scid gamma or NSG™). The timing of the experiment was 

designed according to the literature557–560. The protocol depicted in figure 4.2 was carried out.  

 

Figure 4.2. Schematic representation of ACTT protocol. PBMCs were primed with hIL-15 and 
IONP@hIL15HIS at 50 ng/ml protein concentration in the pre-activation phase in vitro. After that, cells were 
washed and inoculated into mice (3.5 x 106 cells/mouse). After 6 days, mice were euthanized and bone 
marrow, lymph nodes, and spleen were harvested for further flow cytometry-based analysis. PBMCs: 
peripheral blood mononuclear cells, QOD: every two days. 
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As it is represented in Fig. 4.2, organs (bone marrow, spleen and lymph nodes) were harvested 

and processed at day 6. Cells suspensions were done, then stained and acquired in a flow 

cytometer for further analysis (flow cytometry panel in the experimental section on table 

ES.2). The gating strategy is represented in figure 4.3. First, single cells were selected. Then, 

in the absence of a viability marker, dead cells were identified as low forward (FSC-A) and side 

(SSC-A) scatter parameters and excluded from live cells. Next, lymphocytes were gated based 

on their FSC-A and SSC-A features and, finally, human hematopoietic cells were identified 

(figure 4.3.A). Human and mouse hematopoietic cells were discriminated using anti-human 

CD45 (hCD45) and anti-mouse CD45 (mCD45) monoclonal antibodies (mAbs) respectively. 

The human/mouse ratios were calculated by dividing the percentage of hCD45+ cells by the 

percentage of mCD45+ cells (Fig. 4.3.B). Next, the expression of other human markers (CD25, 

CD62L and CXCR4) was determined only in human cells with specific anti-human 

fluorochrome-conjugated mAbs.  

A ratio hCD45+/mCD45+ higher than one means that there is a higher frequency of human 

hematopoietic cells than mouse hematopoietic cells. In figure 4.3 B, it could be seen that only 

in lymph nodes from mice that received primed PBMCs with hIL-15HIS and IONP@hIL15HIS 

there were more human than mouse CD45+ cells. Although the differences were not 

statistically significant, we would like to propose that there is a tendency of primed hIL-15HIS 

and IONP@hIL15HIS human cells that migrate to the lymph nodes to slightly exhibit an 

expansion when compared with cells treated with controls (PBS and IONP). In the case of the 

bone marrow and spleen samples, the hCD45+/mCD45+ ratio was no higher than 1, indicating 

that in these two organs there were less human cells than mouse cells. Also, no significant 

differences were observed when human cells were primed with hIL-15HIS or IONP@hIL15HIS 

in comparison with the controls (PBS and IONP). 

NSG mice are immunodeficient. They carry two mutations: severe combined immune 

deficiency (scid) and a null allele of the IL-2 receptor common gamma chain or IL-2Rγc 
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(IL2rgnull). The scid mutation is in the DNA repair complex protein Prkdc which results in B 

and T cell deficiency. The IL2rgnull mutation prevents cytokine signaling through multiple 

receptors, leading to a deficiency in NK cells. Given the absence of T, B and NK cells, a higher 

expansion of adoptively transferred human PBMCs was expected (Fig.4.3.B), due in part to an 

increased homeostatic proliferation561. Nevertheless, it could be possible that human PBMCs 

did not adequately respond to mouse homeostatic cytokines, such as IL-7 and IL-15562. 

 
Figure 4.3. The ratio between human CD45+ and murine CD45+ cells. (A) Dot plots show the gating 
strategy used for the identification of hCD45+ cells. (B) Box and whiskers graphs represent the 
hCD45+/mCD45+ ratio in bone marrow, lymph nodes and spleen (horizontal lines in the boxes represent 
the mean and the points are the median; the lower part of the box is the Q1 and the top part of the box is 
the Q3, whiskers are the maximum and minimum data value). Statistical analyses were performed using 
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Wilcoxon matched-pairs signed rank test. No significant differences were observed between stimuli 
conditions (n=4).  

Next, the homing receptors (CXCR4 and CD62L) and the CD25 activation marker expression of 

hCD45+ cells were studied. First, it was observed that the migration of cells to the different 

organs was related with the expression of the homing receptors. Cells expressing higher levels 

of CXCR4 and low levels of CD62L were found in the bone marrow and those expressing higher 

levels of CD62L and low levels of CXCR4 were predominantly found in the lymph nodes (Fig. 

4.4). This association of homing receptor expression pattern and migration was expected. 

CXCR4 and CD62L expression is a requirement to traffic to the bone marrow an to the lymph 

nodes, respectively563,564. Regarding CD25 expression, the frequency of CD25+ cells exhibited 

a tendency to be higher, although not significant, when PBMCs primed with IONP@hIL15HIS 

were transferred into mice when compared with other conditions. On the other hand, there 

were no differences in the mean fluorescence intensity (MFI) in the four tested conditions. 

Within the PBMCs, we also wanted to determine how T (CD3+) and NK (NK1.1+, CD3-) cells 

migrated and expanded, because both cell types respond to IL-15 as well as to the IL-2 that is 

used for in vivo cell expansion183. The frequencies of T cells stimulated with different 

conditions were not statistically different (Fig. 4.5 B). We found that the majority of hCD45+ 

cells were CD3+ (Fig. 4.5 A). Therefore, it was assumed that only T cells were able to expand 

under the studied conditions. Nevertheless, it must be considered that NK cells may have 

migrated to other locations rather than bone marrow and secondary lymphoid organs (spleen 

and lymph nodes). In fact, most NK cells within PBMCs are characterized by a CD56dim 

phenotype and they are known to traffic to peripheral organs, while the very minor CD56bright 

subset migrates to secondary lymphoid organs565.  
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Figure 4.4. CXCR4 and CD62L homing receptors and CD25 activating receptor expression on human CD45+ 
cells. Mean fluorescence intensity (MFI) of CXCR4, CD62L from hCD45+ cells means are represented in bar 
graphs (maroon and green). CD25 MFI from hCD45+ cells and percentage of CD25+ cells are represented 
in bar graphs (blue). Bone marrow, lymph nodes and spleen tissues were analyzed. Error bars represent 
the standard deviation. Statistical analyses were performed using first with Friedman test (non parametric 
for paired data) with no significant differences between stimuli conditions (n=4). 
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Figure 4.5. Human T cells in bone marrow and secondary lymphoid organs. (A) Most cells present in the 
three organs are T cells. The percentage of hCD45+mCD45- cells (upper panel) and hCD45+CD3+ cells 
(lower panel) is similar. T cells are identified by the expression of CD3. (B) The frequency of T cells 
(hCD45+CD3+ gate) in the three studied organs is showed in bar graphs. Mean and standard deviation is 
represented by bars and error bars, and each point represents different mouse data. Statistical analyses 
were performed using first with Friedman test (non parametric for paired data) with no significant 
differences between stimuli conditions (n=4).  

We thought that one of the reasons of the poor proliferation of the adoptive transferred cells 

possibly was that we performed the analysis after few days of the inoculation and expansion 
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with IL-2. Another reason could be that the dose of IL-2 was too low. Priming of PBMCs was 

carried out in the presence of IL-15 while the expansion was done with IL-2. It is known that 

IL-2 is able to trigger NK and T cell proliferation, but in vivo, other factors, such as Bcl-2 

downregulation 566, could be responsible for the low rate of proliferation. Other possibility is 

that more days of expansion probably are needed, including a previous expansion phase in 

vitro before cell transfer567. It was also thought that using IL-15 in the expansion phase in vivo 

could lead to higher proliferation. This tentative affirmation was based on other works where 

IL-15 formulations induced the expansion of T (especially CD8+ memory T cells) and NK cells 

in in vivo experiments and in ongoing clinical trials with IL-15 (NCT01385423, 

NCT02395822)568–570. In addition, it was also expected that the priming of PBMCs with 

IONP@hIL15HIS could have contributed to higher proliferative rate of PBMCs 571. But 

similarly, this higher proliferation would be higher if IL-15 formulations (hIL-15HIS or 

IONP@hIL15HIS) were also used in the expansion phase in vivo instead of IL-2. Clearly, more 

studies are required to define the best conditions for IL-15 primed cells expansions in this 

mouse model. 

It was also compared the expression of CXCR4, CD62L and CD25 on human T cells before the 

transfer of PBMCs to the mice and after cell expansion for 6 days in vivo in bone marrow, 

lymph nodes and spleen (Fig. 4.6). Homing receptors (CXCR4 and CD62L) expression 

decreased after 6 days, which is in agreement with the bibliography and with what was 

observed in the in vitro experiments in this thesis (see Chapter III). In addition, the decrease 

of the CD62L expression from day 0 to day 6 was considerably less in lymph nodes than the 

decrease in bone marrow and the spleen, confirming the relationship of this homing receptor 

expression with the migration to the lymph nodes572. However, the decrease in the CXCR4 

expression is similar in cells from all organs. 

CD25 expression in cells before transfer and after 6 days of expansion was also studied by 

analyzing the frequency of CD25+ cells within the hCD45+ cell population. CD25+ cell 
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percentage is lower at day 6 than before cell transfer and the highest decrease was observed 

under IL-15 formulations priming conditions.  

 
Figure 4.6. Mean fluorescence intensity (MFI) of homing markers (CXCR4 and CD62L) and activation 
marker (CD25) on T cells before transfer (day 0) and at day 6. (A) The gating strategy of T cells is showed 
in dot plots. The population of T cells, identified as CD3+ and hCD45+ cells (red arrow) was selected to 
compare day 0 vs. day 6 data. (B) Comparison of the MFI values of CXCR4 and CD62L and the percentage 
of CD25+ cells from day 0 and day 6 (gating strategy represented on Figure 4.3) is represented in XY graphs 
where black circles are data from day 0 and red triangles are day 6 data. (n=4) 
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4.2.2. Antitumor therapeutic effect of IONP@hIL15HIS 

The potential of IL-15 formulations to trigger tumor cell killing by different means has been 

demonstrated in leukemia but also in solid tumors573,574. Different strategies such as gene 

therapy, cancer cell vaccines or IL-15 protein containing engagers have been used575–578. In 

addition, in chapter III it has been shown that the stimulation of PBMCs with IL-15 and 

IONP@hIL15HIS activates NK and T56 cells, leading to the production of cytokines such as 

TNF-a and IFN-γ and presumably to the death of tumor cells 579. In our system, 

IONP@hIL15HIS somehow resembles a cell presenting IL-15 to NK and T cells 

(transpresentation), where the NP acts as the cell bearing IL-15 receptor a (IL-15Ra). NP-

mediated IL-15 transpresentation activate NK and T cells since they express the b subunit of 

IL-2/IL-15 receptor (IL-2/IL-15Rb or CD122) and the gamma common chain (gc or CD132), 

leading to an increase in NK and T cells effector functions and to hamper tumor growth. 

The therapeutic effect of IONP@hIL15HIS was studied in B16F10 tumor bearing C57BL/6 mice. 

Tumor size and animal weight were monitored over time. Blood samples from the temporal 

superficial vein were harvested one day before mice were administered intravenously (i.v.) 

with IL-15 formulations and controls (Fig. 4.7). Tumor volume results did not show any 

statistically differences between all treatments, but it appeared to be a trend to slow down 

the tumor growth using the IONP@hIL15HIS formulation (Fig. 4.8 A). In addition, the tumor 

growth slopes were transformed analyzing them by simple linear regression in GraphPad 

Prism v8 and the slopes of the lines were represented and compared in bar graphs (Fig. 4.8 

B). There were not statistically significance differences, but the slope is lower when 

IONP@hIL15HIS was used compared with other conditions (Fig. 4.8 B). Although results did 

not show significant differences, it could be proposed that IL-15 cytokine administration tend 

to slightly inhibit tumor progression comparing with the PBS group, which is in agreement 

with the literature580,581. In addition, the biofunctionalization of IL-15 seemed to hamper 

tumor size in a slightly higher efficient manner than the soluble form of IL-15 suggesting that 
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the transpresentation of IL-15 by the NP may result in higher antitumor effect582. The limited 

antitumor effect of IONP@hIL15HIS could be also enhanced using another route of 

administration, such as intratumorally instead of intravenously583.  

 

Figure 4.7. Schematic representation of antitumor therapy schedule. B16F10 tumor bearing C57BL/6 mice 
were treated with hIL-15HIS in its soluble or immobilized form in IONP micelles (IONP@hIL15HIS) at Day X. 
Then IL-15 treatment and controls were administered once a week. One day before treatment, blood 
extractions were carried out for flow cytometry-based analyses. Day 0: tumor engraftment; Day X: day 
when tumor volume reaches 300 mm3.  

The probability of survival was also studied and it was not found significant differences. 

Nevertheless, the IONP@hIL15HIS treated group showed the highest probability of survival 

(Fig. 4.8 C). The weight was used to monitor the mice (Fig. 4.8 D). The hIL-15HIS treated animal 

group displayed a tendency to increase their weight. This tendency to gain weight when 

animals were treated with soluble form of IL-15 (hIL-15HIS) could be related with an 

inflammation reaction580, associated with the presence of the protein in its soluble form584,585. 

In fact, this increase in animal weight was not observed in the IONP@hIL15HIS treated group.  
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Figure 4.8. Therapeutic effect of systemically administered hIL-15HIS and IONP@hIL15HIS in the mouse 
B16F10 model. B16F10 tumor bearing C57BL/6 mice were treated with hIL-15HIS in its soluble or 
immobilized form in IONP micelles (IONP@hIL15HIS). (A) Tumor size mean (dots) and standard deviation 
(error bars) are represented in XY graph. Arrows in the graph represent the day of treatment. Also, the 
analysis of the linear regression of the means is showed. (B) The resulting slope of the linear regression 
analysis of the size mean curve is represented in the bar graph. (C) The survival rate (represented as 
probability of survival in percentage) is showed. (D) Animal weight expressed as mean and standard 
deviation in error bars is showed in XY graph. No statistical analysis was possible to perform in the tumor 
size curves due to the small sample size. Statistical analysis of survival curves did not show significant 
differences (n=3-6).  

The results did not show significant differences, but we would like to suggest that the 

IONP@hIL15HIS formulation may show some potential. Not only because the tumor growth 

moderately decreased, but also because the NP formulation appears to be biocompatible as 

it was demonstrated on chapter III and because, it has not caused big damage in animals in 

the in vivo models. However, as it has been reported in other scientific works, even in clinical 

trials, IL-15 monotherapy shows limited efficacy. Therefore, the combination with other 



In vivo application of IONP@hIL15HIS 

 140 

immunotherapy strategies such as checkpoint inhibitors, as for example anti-PD-L1586,587, is 

getting attention with promising results.  

In addition to monitor tumor growth, blood samples were acquired one day before each IL-

15 infusion and NK and T cell populations were analyzed (Fig. 4.9). Regarding NK cells, it could 

be said that in the groups treated with IL-15 formulations (soluble or immobilized) there is a 

tendency to an increase in cell frequency. Regarding total T cells, the frequency of them 

appear to decrease at day 7 (after 1 dose) in all conditions but, at day 14, hIL-15HIS and 

IONP@hIL15HIS caused an increase in T cell frequency, probably due to an increase in the 

percentage of CD4+ (hIL-15HIS) and CD8+ (IONP@hIL15HIS) T cells. The CD8/CD4 T cell ratio 

is lower than 1 under all conditions, and the highest ratio was observed in the IONP@hIL15HIS 

treated group. It is accepted that an antitumor effect is achieved mostly by CD8+ T cells588,589, 

suggesting that the increase frequency in this subset when animals receive IONP@hIL15HIS 

could help to better control tumor growth. Nevertheless, others have shown that treatment 

with an anti-OX40 agonist (provides a survival signal to activated T cells) and programmed cell 

death-1 (PD-1) blockade that the CD4+ T cell population was essential for tumor elimination 

and also for antitumor memory590.  

The activation profile of circulating NK and T cells was evaluated by CD69 expression levels 

(Fig. 4.10). It was observed that CD69 expression was increased by day 7, after the first 

infusion of IL-15 and controls, in all conditions with a tendency to be higher in mice receiving 

IONP@hIL15HIS, although the differences were not statistically significant. This increase in 

CD69 expression at day 7 was observed in both cell subsets, but only persisted until day 14 

on NK cells, while on T cells CD69 expression returned to day 0 levels. These results suggest 

that NK cells are activated longer time than T cells. There is a work in where the high 

expression of CD69 in human in vitro cultured NK cells at day 7, predicted augmented 

cytotoxicity against human breast cancer cells591. Therefore, it could be suggested that the 

CD69 high expression (not statistically) observed at day 7 in NK cells from mice receiving 
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IONP@hIL15HIS (Fig. 4.10 B), will be translated into higher cytotoxicity against tumor cells as 

it happens in the cited article.  

 

Figure 4.9. NK and T cells frequencies in blood. Blood samples of mice were collected one day before 
treatment (50 µg/mouse of IL-15 formulations) administration during the course of the experiment (day 0, 
7, 14 and 21). (A) Gating strategy for the identification of NK, T and CD8+ T and CD4+ T cells from an 
IONP@hIL15HIS treated mouse at day 7. (B) The percentages of cells are represented in XY graphs. Points 
represents the mean and the error bars represents the standard deviation. (n= 3-6). 
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Figure 4.10. Expression of CD69 activation marker in circulating cells the day before treatment. (A) 
Representative example of contour plots showing CD69 expression on NK and T cells from PBS and 
IONP@hIL15HIS treated mice. (B) Mean of CD69+ cell percentage is showed in bar charts, where mean is 
represented in bars and the standard deviation by error bars. Each animal data is showed in points, squares, 
stars and triangles. Treatment: 50 µg/mouse of IL-15 formulations. (n= 3-6). 

Mouse T cells are a heterogeneous pool of cell subsets with different phenotypes and 

functions. CD8+ and CD4+ T cells can be separated in different subsets such as memory, 

effector and naïve T cells. Some cell membrane receptors, such as CD62L and CD44, allow 

discriminating between these subsets. CD44+ T cells (CD8+ and CD4+) are classified as 

memory T cells, and CD44- are considered naïve T (TN) cells592. Memory T cells also could be 

subdivided in effector and central memory cells depending on the low (effector memory, TEM) 

or high (central memory, TCM) expression of the CD62L lymphoid trafficking marker593,594.  

TEM and TCM CD8+ T cells subsets behave in a similar way in response to hIL-15HIS and 

IONP@hIL15HIS at days 0 and 7 (Fig. 4.11). There is a tendency of a small increase of TCM cell 

frequency compared with PBS control at day 7 when mice are treated with hIL-15HIS and 

IONP@hIL15HIS. On the contrary, the frequency of TEM cells did not change over the time in 

hIL-15HIS and IONP@hIL15HIS treated groups. TN cell frequency was lower under 
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IONP@hIL15HIS at day 0 and 7, but at day 14 increased in percentage to a higher level than 

hIL-15HIS treated group. In general, these results suggest that the IL-15 formulations caused 

a redistribution of T cell subpopulations with an increase of memory T cells, which is in 

agreement with the literature595. 

Regarding CD4+ T cells subsets (Fig. 4.12), both TEM and TCM percentages tended to be higher 

in the IONP@hIL15HIS treated group than in the hIL-15HIS group at day 0 and at day 7. At day 

14, highest TEM and TCM cells frequencies were observed in the hIL-15HIS group, although it is 

not possible to conclude anything from day 14 since there was one single mouse per 

condition. CD4+ TN cell frequency was generally maintained at all time points at similar values 

independently of the treatment mice received.  

The finding of higher frequencies, although not significant, of TEM and TCM cells in animals 

receiving IONP@hIL15HIS, more evident at day 7, could suggest that T cells may exert a better 

antitumor effect. Considering all data together, it may be that increased T cell 

memory/effector frequencies are associated with slower tumor growth. At day 0 and 8 mice 

received the infusion of formulations. Between those two infusions days the tumor grows 

slower in the IONP@hIL15HIS treated group, which could be associated with the higher T 

subpopulations frequencies observed at day 7. In addition, IONP@hIL15HIS group showed 

higher probability of survival. TEM and TCM would protect against tumor progression because 

their response will be faster and bigger596, and maybe they could contribute to avoid 

metastasis, as it has been shown in other tumor models597–599. Nevertheless, this affirmation 

must be taken very carefully because all solid tumors with higher tumor immune cell 

infiltration did not display the same good prognosis600. In fact, it has been described that in 

renal cell carcinoma the tumor infiltration by memory T cells is associated with poor 

prognosis601.  
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Figure 4.11. CD8+ T cells subpopulations frequencies in blood the day before treatments. (A) T cell 
subpopulations (TEM, TCM and TN) were identified by the differential expression of CD62L and CD44 as it is 
showed in dot and zebra plots. (B) Frequencies of these populations are showed in boxes and whiskers 
plots (horizontal line represents the median, the lower part of the box is the Q1 and the top part of the box 
is the Q3, whiskers are the maximum and minimum data value) at different time points during the in vivo 
experiment: day 0, day 7 and 14 after treatment. Treatment: 50 µg/mouse of IL-15 formulations. TEM: 
effector memory T cells, TCM: central memory T cells and TN: naive T cells. (n=3-6). 



Chapter IV 

 

 

145 

 

Figure 4.12. Percentages of CD4+ T cells subpopulations in blood the day before treatment. (A) T cell 
subpopulations (TEM, TCM and TN) were identified by the differential expression of CD62L and CD44 as it is 
showed in dot and zebra plots. (B) Frequencies of these populations are showed in boxes and whiskers 
plots (horizontal line represents the median, the lower part of the box is the Q1 and the top part of the box 
is the Q3, whiskers are the maximum and minimum data value) at different time points during the in vivo 
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experiment: day 0, day 7 and 14 after treatment. Treatment: 50 µg/mouse of IL-15 formulations. TEM: 
effector T memory cells, TCM: central memory T cells and TN: naive T cells. (n=3-6). 

 

Figure 4.13. Tumor infiltrating cell quantification. (A) NK and T cells were identified by the expression of 
NK1.1 and CD3 as it is showed in dot and zebra plots. (B) Bar charts represent the percentage of NK and T 
cells in tumors. n=1 per condition.  

Finally, tumors were collected for further flow cytometry-based analyses. However, the 

experiment design did not allow us to sacrifice all the mice on the same day. Still and all, we 

analyzed some tumors from mice that were sacrificed on the same day by humane endpoint 

(Fig. 4.13). Tumors were processed and samples were acquired in the flow cytometer. The 

data presented in the figure 4.13 B shows the percentage of NK and T cells within the tumor. 

Higher tumor infiltration of NK cells was observed in mice receiving IONP@hIL15HIS. Although 

very preliminary, this is quite interesting because functionalization of IL-15 in the IONP based 

micelle may enhance NK cell infiltration into the tumor. Publications have shown that high NK 
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cell infiltration in solid tumors is associated with better prognosis602,603. However, it is also 

known that the success of NK cell antitumor activity will be defined by the TME604. T cell 

frequency did not show differences at day 13, although at day 22 seems that the mouse 

receiving IONP exhibited more T cells in the tumor than the one that received IONP@hIL15HIS 

treatment. This higher total T cell frequency must be carefully considered because T cells 

subsets are not properly characterized. Undoubtedly, more experiments need to be 

performed to obtain conclusive data. 



In vivo application of IONP@hIL15HIS 

 148 



Chapter IV 

 

 

149 

4.3. Conclusions 

After in vitro experiments where NK and T cells enhanced effector functions were observed 

following IL-15 formulations stimulation, in vivo experiments were carried out with two 

different purposes: 1) IL-15 primed ACTT-based biodistribution study and 2) antitumoral 

effect of IONP@hIL15HIS against B16F10 tumor.  

Regarding to the ACTT model, it was expected higher expansion rates of NK and T cell 

populations in the analyzed tissues after human PBMCs infusion in NSG mice. As it is 

suggested in the result section, with longer expansion (including an expansion phase in vitro) 

and other cytokines such as IL-15 for the expansion phase could lead to higher cell expansion 

rates. Remarkably, homing receptors expression (CXCR4 and CD62L) and cell migration to the 

specific tissue (bone marrow or lymph node) was correlated. Cells expressing CXCR4 were 

localized in the bone marrow and no in the lymph node. In the same way, cells expressing 

CD62L were localized in the lymph nodes and no in the bone marrow. In addition, the 

expression of those homing receptors tended to be higher in IONP@hIL15HIS condition. 

Interestingly this effect was also observed in vitro with higher expression of homing receptors 

when cells were treated with IONP@hIL15HIS. This higher expression of homing receptors 

could suggest a higher migration capacity of cells under this stimulating condition to each 

respective tissue (CD62L, lymph node; CXCR4, bone marrow).  

The antitumor effect was studied in a B16F10 tumor bearing C57LB/6 mouse model and the 

therapeutic effect was monitored measuring the tumor size and the animals weight. Blood 

extractions also were carried out to better understand the systemic effect of IONP@hIL15HIS 

infusion. B16F10 tumor is very aggressive, and it was not possible to study the therapeutic 

effect for more than 21 days after tumor reached 300 mm3 in volume. Mice displayed ulcers 

or big tumor size (>1500 mm3) and they must be euthanized as specified by the approved 

protocol by the Ethics Committee. The results presented showed a slightly therapeutic effect 
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in the IONP@hIL15HIS treated group with higher survival probability and smallest slope of 

tumor size increase. It could also be concluded that, at least, the material with which the NP 

is made up do not affect dramatically the wellbeing of the animals and no loss of animal 

weight was observed. 

Taken all together, these findings suggest that IONP@hIL15HIS could be an effective vehicle 

for promoting cell stimulation in vivo against cancer disease. Nevertheless, experiments 

performed with, at least, higher number of animals and different dosage must be performed 

to obtain more conclusive results. 
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Summary of results and general conclusions 

This thesis demonstrates the feasibility of an IL-15-based nanoformulation that may have the potential 

to become an anti-tumor immunotherapy tool. The results obtained in this thesis lead to the following 

main conclusions: 

✦ Nanomicelles of approximately 50 nm in size can be obtained by the encapsulation of 

hydrophobic IONP with PEG-PLs with carboxylic group as terminal groups for further 

functionalization.  

✦ Recombinant IL-15 protein produced and purified in the laboratory exhibited a purity grade 

similar to commercial IL-15. This protein is capable of activating NK and T cells at a similar 

degree as commercial IL-15.  

✦ IONP micelles functionalized with IL-15 protein were achieved through the subnanomolar 

affinity binding of NTA to the His-tag protein, resulting in a simple and reproducible protocol 

for His-tagged proteins functionalization onto nanoparticles containing carboxylic groups.  

✦ The nanoformulation IONP@hIL15HIS showed colloidal on shelf stability according to size 

distribution measurements over almost 1 month.  

✦ In vitro stimulation with soluble IL-15 and the immobilized form (IONP@hIL15HIS) induce T 

and NK cells activation as shown by changes in the expression levels of several markers. While 

the expression of certain markers was similar following stimulation with both IL-15 

formulations, other markers exhibited higher expression after IONP@hIL15HIS stimulation 

compared with soluble IL-15. Homing receptors expression exhibits a tendency to be less 

downregulated when NK and T cells were stimulated with IONP@hIL15HIS, which may be 

associated with a higher migration capacity of cells to the tissues of interest.  

✦ B16F10 tumor-bearing mice treated with IONP@hIL15HIS tended to exhibit slower tumor 

growth and an increased survival rate, although the results were not statistically significant.  

The administration of IONP@hIL15HIS does not cause significant harm to mice, making the 

nano-formulation safe for in vivo experimentation. 
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✦ Homing receptors expression associates with cell migration to tissues and organs. 

Human cells which migrate to the bone marrow express CXCR4 and those that migrate 

to the lymph nodes express CD62L.  

✦ The expansion of human PBMCs in NSG mice was lower than expected, not achieving 

a human/mouse hematopoietic cell ratio (hCD45+/mCD45+ cell ratio) higher than 1 in 

almost all tested conditions and analyzed tissues.  

Although the in vitro and in vivo results are not conclusive, the work carried out in this thesis is a 

valuable contribution to the current knowledge in immunotherapy, specifically to the use of IL-15 as 

an anti-tumor agent. Moreover, a Fe-based NP formulation has been designed, developed and tested 

as a vehicle for IL-15 on the NP surface, in an attempt to mimic the physiological transpresentation of 

the protein by monocytes and dendritic cells to NK and T cells. 
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Experimental section 

1. Synthesis and characterization of hydrophobic IONPs and IONP-filled micelles 

§ Hydrophobic IONPs. Hydrophobic magnetite (Fe3O4) nanoparticles (named iron oxide 

nanoparticles, IONP) were synthesized by thermal decomposition method. The synthesis was 

carried out with iron (III) acetylacetonate (2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid (6 

mmol), oleylamine (6 mmol) and benzyl ether (20 ml). These reagents were mixed under nitrogen 

flow and heated at 210oC during 2h. After that, the mixture is heated until 300oC for 1h. Then, 

the synthesis was kept cooling down to room temperature (RT) and ethanol (40 ml) was added in 

order to precipitate nanoparticles (NP). These precipitated NPs were separated by centrifugation 

(3000 xg, 30 min). The pellet was dissolved in hexane (10 ml) with oleic acid (0.05 ml) and 

oleylamine (0.05 ml). Sample was centrifuged (3803 xg, 10 min) to remove any undispersed 

residue. Then, ethanol (20 ml) was added and, finally, sample was centrifuged again (3803 xg, 10 

min) and kept evaporating the remaining ethanol. Resulting hydrophobic Fe3O4 nanoparticles 

(hIONPs) were characterized by Transmission Electron Mycrospcopy (TEM) and the hIONP size 

were analyzed in Image J software where a minimum of 200 nanoparticles were measured.  

§ Water soluble IONP micelles. 1 mg of 6 nm diameter hIONP and 2 mg of PEG-COOH (1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000], Avanti, 

CAS 1403744-37-5) were dissolved in chloroform (500 µL) and it was allowed to evaporate 

overnight (ON) at RT. In this process, a film of phospholipid and nanoparticles was formed stuck 

to the vial. This film was heated in a water bath at 80oC for 30 seconds and rehydrated with 1 ml 

of nanopure water, causing the micelation of hydrophobic nanoparticles into phospholipid 

monolayer. The solution was centrifuge at 7300 xg for 5 minutes in order to discard the large NPs 

formed in the self-assembling process of micelation. The pellet was discarded, and the 

supernatant was filtered (0.45 µm). The filtered supernatant (SN) was ultracentrifuged 3 times at 

369000 xg during 45 minutes in order to eliminate free liposomes formed. The final pellet was 

resuspended in a desired volume of water or saline buffer and stored at room temperature. The 

resulting IONP micelles (IONPm) were characterized measuring 3 times the Dynamic Light 

Scattering (DLS) and the intensity data was plotted in GraphPad Prism 9 and analyzed with 

Gaussian fit to obtain the size mean.  
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2. Protein design, expression, and purification 

Based on the human IL-15 (hIL-15) sequence available in Ensemble genome browser web page, the 

following complementary DNA (cDNA) and protein sequences were selected: NM_172175 and 

NP_751915. The gen construct was purchased to Biomatik with BamHI at 5’ and HindIII at 3’ in a pUC57 

vector.  

A) Coding DNA sequence (CDS) of hIL-15 gene cloned into pUC57 vector and the sequence of 
the protein:  

hIL-15 CDS 
ggatccAACTGGGTGAATGTGATTAGTGATCTGAAAAAGATTGAGGATCTGATTCAGAGTATGC
ATATTGATGCCACCCTGTATACCGAAAGTGATGTGCATCCGAGTTGTAAAGTGACCGCAATGAA
ATGTTTTCTGCTGGAACTGCAGGTTATTAGCCTGGAAAGCGGTGACGCAAGTATTCATGATACC
GTGGAAAATCTGATTATTCTGGCAAATAATAGCCTGAGCAGCAATGGTAATGTTACCGAAAGTG
GTTGCAAAGAATGCGAAGAACTGGAAAAGAAAAATATTAAGGAGTTCCTGCAGAGTTTTGTTC
ATATTGTGCAGATGTTTATCAACACCAGCTAAaagctt 
 
hIL-15 protein sequence 
G S N W V N V I S D L K K I E D L I Q S Met H I D A T L Y T E S D V H P S C K V T A Met K C F L 
L E L Q V I S L E S G D A S I H D T V E N L I I L A N N S L S S N G N V T E S G C K E C E E L E K K 
N I K E F L Q S F V H I V Q Met F I N T S Stop 

B) CDS of hIL-15 gene cloned into pProEX-HTa vector and the sequence of the protein: 
hIL-15 DNA 
CATCACCATCACCATCACGATTACGATATCCCAACGACCGAAAACCTGTATTTTCAGGGCGCCAT
GggatccAACTGGGTGAATGTTATTAGTGATCTGAAAAAGATTGAGGATCTGATTCAGAGCATGC
ATATTGATGCAACCCTGTATACCGAAAGTGATGTTCATCCGAGCTGTAAAGTGACCGCCATGAA
ATGCTTTCTGCTGGAACTGCAGGTTATTAGTCTGGAAAGTGGTGACGCCAGCATTCATGATACC
GTGGAAAATCTGATTATTCTGGCCAATAATAGTCTGAGCAGCAATGGCAATGTTACCGAAAGTG
GCTGTAAAGAATGCGAAGAACTGGAAAAGAAAAATATTAAGGAGTTCCTGCAGAGTTTTGTGC
ATATTGTGCAGATGTTTATTAACACCAGCTAA 
 
Histidine-tagged hIL-15 protein sequence 
H H H H H H D Y D I P T T E N L Y F Q G A Met G S N W V N V I S D L K K I E D L I Q S Met H I 
D A T L Y T E S D V H P S C K V T A Met K C F L L E L Q V I S L E S G D A S I H D T V E N L I I L 
A N N S L S S N G N V T E S G C K E C E E L E K K N I K E F L Q S F V H I V Q Met F I N T S Stop 

Figure ES1. DNA and protein sequences of hIL-15 cloned in pUC57 and pProEX-HTa vectors. It is 
marked in blue the hIL-15 CDS and the corresponding aminoacids (aa) sequence. Green and maroon 
highlighted small sequences are BamHI and HindIII restrictions sites respectively. Pink highlighted 
letters correspond to the His-tag encoding DNA sequence and the corresponding 6x histidine 
sequence.  

hIL-15 CDS from pUC57 vector was cloned into a pProEX-HTa vector for the fusion of a His-tag for 

affinity purification and for the IONP biofunctionalization strategy. The His-tag was designed to be at 

N-terminal of IL-15 based on 4GS7 and 2Z3Q pdb structures. It was confirmed that the addition of His-
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tag sequence did not affect the binding of IL-15 to the βγc receptor. All sequences were confirmed 

using SnapGene software and protein structure visualization was carried out in PyMol.  

Once the hIL-15 coding sequence was cloned in pProEX-HTa vector, the vector was transformed into 

Escherichia coli C41 strain for the expression of the His-tagged protein. A single colony was used to 

inoculate an ON culture of 10 ml of fresh LB medium containing 100 µg/ml of ampicillin and then 

grown ON at 37oC in a shaking incubator. 10 ml of overnight pre-culture was used to inoculate 1 L of 

fresh LB medium containing 100 µg/ml of ampicillin (Amp). The culture is kept until reaches an optical 

density (OD) of 0.8-1 at 600 nm. Then, protein expression was induced with isopropyl-β-D-1-

thiogalactopyranoside (IPTG) at a final concentration of 0.4 mM. Protein expression was performed 

ON at 20oC. The cells were centrifuged at 550 xg during 15 minutes at 4oC and pellet was resuspended 

in a denaturing lysis buffer (500 mM NaCl, 6M urea, 5 mM Tris pH= 8) and was frozen at –20oC ON. 

After cold incubation of lysis solution, lysozyme (1 mg/ml of culture) (Merck), DNase I 10x (5 µL) 

(ThermoScientific) and protease inhibitor (1 tablet) (Roche) were added and incubated at 4oC for 30 

minutes. The lysate was centrifuge at 1050 xg for 45 minutes and SN was incubated with High Density 

Nickel Agarose (Jena Bioscience) (1ml/L of culture) mixing at 4oC for 45 minutes. The protein 

purification was carried out by gravity flow through High-Density Nickel Agarose pre-incubated with 

lysate SN. The washing step was carried out using two buffers: 1) With high NaCl concentration buffer 

and Triton (1 M NaCl, Imidazol 10 mM, Triton 0.1%, 50 mM Tris pH= 7.4) and 2) Same as buffer 1, but 

without Triton. The protein elution was carried out in a buffer with Urea at low concentration (300 

mM NaCl, Imidazol 300 mM, 0.5 M Urea, 50 mM Tris pH= 7.4) and the eluted protein was dialyzed ON 

in PBS buffer (50 mM NaCl, 150 mM phosphate buffer pH 7.4). Depending on the degree of purity 

observed in the electrophoresis gel, the sample was re-purified in an additional Ni affinity column or 

was applied a Fast Protein Liquid Chromatography (FPLC) step over a Superdex 75 HiLoad column. The 

monitorization of the protein within the fractions was performed by 280 nm absorbance and selected 

fractions were analyzed in 15% polyacrylamide gels to confirm the purity of the protein. Once the 

protein was pure, the concentration was determined by UV-absorbance at 280 nm using the extinction 

coefficient calculated from the amino acid composition (13200 M-1 cm-1). The secondary structure of 

the protein was verified by Circular Dichroism (CD). 
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3. Bioconjugation of hIL-15HIS in IONP micelles 

The limiting molecule was considered the carboxylic groups of the PEG-COOH phospholipid. Hence, to 

the suspension of IONPm (stock PEG-COOH = 0.179 µmol), EDC and NHS in 1:100:50 (COOH:EDC:NHS) 

molar ratio were added in a total volume of 500 µL and incubated under stirring during 2h at 37oC in 

a thermomixer (Thermo Fisher Scientific). After reagent excess purification in a NAP-5 prepacked 

column (GE Healthcare Life Science) Nitrilotriacetic acid-Lys (NTA-Lys) (Merck) molecule in 1:21 

(COOH:NTA) molar ratio was added in total volume of 500 µL, and incubated under stirring ON at 37oC. 

Once the covalent binding was formed (IONP-NTA), NAP5 column was again used to eliminate reagent 

excess and to change the reaction media from PBS to H2O in this case. Then, IONP-NTA was incubated 

with Ni2SO4 at 1:20 (COOH: Ni2SO4) molar ratio in 1 ml as reaction volume during 2h at RT at 20 rpm. 

After Ni2SO4 excess was eliminated, hIL-15HIS (which contains His-tag sequence) was added in a 1:1 

(COOH:hIL-15HIS) molar ratio and in a total volume of 500 µL during 1h at RT to induce the 

coordination binding of the protein with the NTA molecule. A final gel filtration purification step to 

eliminate the not bound protein to the IONPs was carried out through 6cLB column.  

 
Figure ES2 Conjugation strategy reaction scheme. NTA-Lys molecule binds to the carboxylic group of 
phospholipid covalently and the protein bind to the NTA molecule by coordination between NTA-Ni2+-
hIL-15HIS. 
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4. Cell culture 

§ Blood samples management. Blood samples are from adult healthy donors and were collected 

through the Basque Biobank for Research (http://www.biobancovasco.org). The Basque Biobank 

complies with the quality management, traceability and biosecurity stablished in the Spanish Law 

14/2007 of Biomedical Research and in the Royal Decree 1716/2011. All subjects wrote and 

signed the informed consent in accordance with the Declaration of Helsinki. The protocol was 

approved by the Basque Ethics Committee for Clinical Research (PI+INC-BIOEF 2014-02 14-27 and 

PI2014079). 

§ Peripheral blood mononucelar cells (PBMCs) isolation. PBMCs were isolated from buffy coats by 

ficoll (GE Healthcare) density centrifugation. For the experiments, both fresh and frozen PBMCs 

were used. For cell stimulation and culture, PBMCs were cultured in a cell incubator (37oC, 5% 

CO2 and 95% O2 atmosphere with 95% of relative humidity) in RPMI medium (Gibco) 

supplemented with 10% human AB serum (Invitrogen), 1% GlutaMax (ThermoFisher Scientific) 

and 1% penicillin/streptavidin (ThermoFisher Scientific). This supplemented medium was called 

complete RPMI medium or cRPMI.  

§ PBMCs proliferation assay. For proliferation assay 4x106 cells/ml were stained with 0.5 µM CFSE 

before the preactivation phase following the manufacturer protocol. Then, PBMCs were plated 

in a 48-well plate at 1x106 cells/ml in the presence of IL-12, IL-18 and hIL-15HIS or IONP@hIL15HIS 

(10, 50 and 63,10 ng/ml respectively) for 16-18h. After the pre-stimulation phase, cells were 

washed and cultured in the cell incubator in cRPMI during 4 days in the presence of IL-2 (2-20 

U/ml) for their expansion. Then, cells were collected and stained for flow cytometer acquisition 

and analysis. This assay was also used to determine the proliferation of PBMCs incubated with 

bare IONPm (5 and 10 µm/ml of Fe) and IL-2 (1000 U/ml) during 4 days. In this case the pre-

stimulation phase was not considered.  

§ Cell activation markers and polyfunctionality at day 0 and day 4. To study activation and 

polyfunctionality of PBMCs at day 0, cells in cRPMI were plated in a 48-well plate at 1x106 cells/ml 

in the presence of IL-12, IL-18 and hIL-15HIS or IONP@hIL15HIS cytokines (10, 50 and 63.10 ng/ml 

respectively) for 16-18h in the incubator. After this incubation period, cells were collected and 
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stained for acquisition in a flow cytometer. To study cells at day 4, after the pre-activation phase, 

cells were washed and resuspended in cRPMI with IL-2 or IL-15 to induce cell expansion. This 

phase lasted for 4 days. Then, cells were collected and stained for flow cytometer acquisition and 

analysis.  

 

Figure ES3. Scheme of cell culture protocol and the studied parameters. PBMCs were isolated from 
healthy donors buffy coats and primed during 16-18h (pre-activation phase) to analyze activation and 
functional markers (day 0). Cells were washed after pre-activation phase and expanded for 4 days with 
IL-2, hIL-15HIS or IONP@hIL15HIS. At day 4, activation, functional markers and proliferation were 
determined.  

 

§ Cell staining for flow cytometry studies. Cell viability was determined by staining cells for 30 min 

on ice and protected from light with LIVE/DEADTM reagent (Invitrogen) following manufacturer 

protocol to exclude dead cells in the analysis. After the incubation cells were washed with 2 ml 

of PBS. For proliferation assays, 4 x 106 PBMCs/ml were labeled with 0.5 µM CFSE before pre-

stimulation phase following a published protocol by the Immunopathology Group in Biocruces 

Bizkaia Health Research Institute511. Extracellular staining of cell membrane markers was 

performed by incubating cells for 30 min on ice in the dark with the respective fluorochrome-

conjugated mouse anti-human antibodies (see panels in Table ES4). Cells were then washed with 

PBS containing 2.5% Bovine Serum Albumin (BSA) (Sigma-Aldrich), hereafter PBS-BSA. Next, for 

the intracellular staining, cells were fixed and permeabilized with BD Cytofix/CytopermTM (BD 

Biosciences) or with paraformaldehyde (4%) and washed with 1X Perm/Wash buffer (BD 

Biosciences). After the permeabilization step, the respective fluorochrome-conjugated mouse 
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anti-human antibodies were added for intracellular markers labelling (see panels in Table ES4). 

After the staining steps, cells were washed twice with PBS and resuspended in PBS followed by 

the acquisition in the flow cytometer. For the functional assays, after pre-stimulation or 

expansion phase, fluorochrome conjugated anti-CD107a mAb was added to the culture and 

incubated at 37o C. After 1h, Golgi Stop and Golgi Plug (brefeldin A and monensin, respectively) 

protein transport inhibitors were added and incubated 6h at 37o C in the cell incubator.  

Table ES1. Flow cytometry panels for multiparametric cell analysis in vitro. Automatic compensation 
with antibody-conjugated beads was performed before cell acquisition.  

A) FACS CANTO II. Panel for testing hIL-15HIS activity.  

B) MACSQuant X. Functional markers panel.  
Laser 

(excitation) Filters Fluorochrome Ab specificity (clone) Brand Volume 

Violet 
(405 nm) 

450/50 BV421 IFN-γ  
(B27) 

BD Biosciences 5 µL 

525/50 BV510 CD3  
(UCHT1) 

BD Biosciences 3 µL 

Blue 
(488 nm) 

525/50 FITC MIP-1β 
(D21-1351) 

BD Biosciences 20 µL 

585/40 PE CD107a (REA792) Miltenyi 2 µL 
655-730     
750LP PE-Vio770 CD56 (REA196) Miltenyi 2 µL 

Red 
(635 nm) 

655/730 APC TNF-α  
(Mab11) 

BioLegend 3 µL 

750LP Near-IR (NIR) 
stain 

Live/dead fixable NIR Invitrogen 1 µL 

 

Laser 
(excitation) Filters Fluorochrome Ab specificity (clone) Brand Used 

volume 

Violet 
(405 nm) 

450/50     
510/50 
502LP 

    

Blue 
(488 nm) 

530/30 
502LP 

FITC CFSE Invitrogen  

585/40 
556LP 

    

670LP 
655LP 

PerCP-Cy5.5 CD3 
(SK7) 

BioLegend 3 µL 

780/60 
735LP 

    

Red 
(633 nm) 

655/730 APC CD56 
(MEM-188) 

BioLegend 3 µL 

750LP     
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C) MACSQuant X. Activation markers panel.  
Laser 

(excitation) Filters Fluorochrome Ab specificity (clone) Brand Volume 

Violet 
(405 nm) 

450/50 BV421 CD62L 
(DREG-56) 

BD Biosciences 5 µL 

525/50 BV510 CD3  
(UCHT1) 

BD Biosciences 3 µL 

Blue 
(488 nm) 

525/50     
585/40 PE CD25 

(M-A251) 
BD Biosciences 20 µL 

655-730 PE-Vio615 CD69  
(REA824) 

Miltenyi 2 µL 

750LP PE-Vio770 CD56  
(REA196) 

Miltenyi 2 µL 

Red 
(635 nm) 

655/730 APC CD184 (CXCR4) 
(12G5) 

BD Biosciences 20 µL 

750LP Near-IR (NIR) 
stain 

Live/dead fixable NIR Invitrogen 1 µL 

D) Fortessa X-20. Activation and effector markers panel.  
Laser 

(excitation) Filters Fluorochrome Ab specificity (clone) Brand Volume 

Violet 
(405 nm) 

450/50 BV421 CD62L (DREG-56) BD Biosciences 5 µL 
525/50 BV510 CD3 (UCHT1)  

CD14 (MϕP9) 
BD Biosciences 3 µL 

610/20 BV605 CD16 (3G8) BD Biosciences 4 µL 
670/30     
710/50 BV711 Perforin (dG9) BioLegend 3 µL 
780/60     

Blue 
(488 nm) 

530/30 FITC CFSE Invitrogen  
575/25 (575/26) PE CD25  (M-A251) BD Biosciences 20 µL 
610/20 PE-Vio615 CD69 (REA824) Miltenyi 2 µL 
710/50 (695/40)     
780/60 PE-Vio770 CD56  (REA196) Miltenyi 2 µL 

Red 
(635 nm) 

670/30 APC CD184 (CXCR4) 
(12G5) 

BD Biosciences 20 µL 

730/45     
780/60 Near-IR (NIR) 

stain 
Live/dead fixable NIR Invitrogen 1 µL 

5. In vivo experiments 

§ IONP@hIL15HIS primed cells biodistribution (adoptive cell transfer therapy, ACTT). NOD scid 

gamma mice (6-8 weeks old from The Jackson Laboratory) were intravenously injected with in 

vitro IONP@hIL15HIS primed human PBMCs for 14-16h (3.5 x 106 cells/mouse). Following ACT, 

mice were intraperitoneally injected with IL-2 (2.5 x 106 IU/kg) every two days (QOD). At day 6, 
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mice were euthanized by carbon dioxide inhalation and spleen, lymph nodes and blood samples 

were collected for further analysis by flow cytometry (Table ES5 A).  

§ Antitumor effect of IONP@hIL15HIS. C57BL/6 mice (6–8 weeks old) were subcutaneously 

injected into the right part of the back with 2.5 x105 B16-F10 cells diluted in a mixture of Matrigel® 

and PBS (Matrigel®-to-cells ratio 1:1). On day 6, 13 and 20 after tumor reached 300 mm3, blood 

was extracted for flow cytometric analyses (Table ES5 B). On day 7, 14 and 21 after tumor reached 

300 mm3, mice were treated with IL-15 formulations (hIL-15HIS or IONP@hIL15HIS) (50 

µg/mouse of IL-15) and vehicle (PBS and IONPm) (the corresponding Fe concentration as in 

IONP@hIL15HIS condition). Tumor growth was monitored with a digital caliper and volumes 

calculated by using the formula (length x (width2))/2. Initially, 6 mice per group were used for 

experiment, but a significant number of them displayed ulcers and only data from mice without 

ulcers were considered for the final results. Mice were euthanized if they reached the humane 

endpoint which includes tumor size bigger than 1500 mm3, sudden weight loss or tumor 

ulceration.  

Table ES2. Flow cytometry panels for multiparametric cell analysis in vivo.  

A) FACS Canto II. NOD scid gamma mice: Human PBMCs biodistribution panel.  

Laser 
(excitation) Filters Fluorochrome Ab specificity 

(clone) Brand Volume 

Violet 
(405 nm) 

450/50 BV421 CD62L 
(DREG-56) 

BD 
Biosciences 

3 µL 

510/50 
502LP 

BV510 mCD45 
(30-F11) 

BD 
Biosciences 

2 µL 

Blue 
(488 nm) 

530/30 
502LP 

FITC hCD45 
(HI30) 

BD 
Biosciences 

10 µL 

585/40 
556LP 

PE CD25 
(M-A251) 

BD 
Biosciences 

10 µL 

670LP 
655LP 

    

780/60 
735LP 

PE-Cy7 CD3 
(SK7) 

BD 
Biosciences 

5 µL 

Red 
(633 nm) 

655/730 APC CD184 (CXCR4) 
(12G5) 

BD 
Biosciences 

10 µL 

750LP APC-Vio770 CD56  
(REA196) 

Miltenyi 2 µL 
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B) FACS Canto II. C57BL/6 mice: blood NK and T cells panel.  

Laser 
(excitation) Filters Fluorochrome Ab specificity 

(clone) Brand Volume 

Violet 
(405 nm) 

450/50 BV421 CD69 
(H1.2F3) 

BD 
Biosciences 

2.5 µL 

510/50 
502LP 

BV510 CD4  
(RM4-5) 

BD 
Biosciences 

2.5 µL 

Blue 
(488 nm) 

530/30 
502LP 

FITC CD8 
(53-6.7) 

BD 
Biosciences 

2.5 µL 

585/40 
556LP 

PE NK1.1 
(PK136) 

BD 
Biosciences 

2.5 µL 

670LP 
655LP 

PerCP-Cy5.5 CD62L 
(MEL-14) 

BD 
Biosciences 

2.5 µL 

780/60 
735LP 

PE-Cy7 CD3 
(145-2C11) 

BD 
Biosciences 

2.5 µL 

Red 
(633 nm) 

655/730 APC CD25 
(PC61) 

BD 
Biosciences 

2.5 µL 

750LP APC-Cy7 CD44 
(IM7) 

BD 
Biosciences 
 

2.5 µL 

6. Instrumentation 

§ Gel electrophoresis. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed using 15% acrylamide gels on dual-gel vertical electrophoresis systems (kuroGEL Verti 

1010 provided by VWR, 700-0166) and with low protein marker (nzytech, MB21401) for protein 

size fast characterization and for protein purity degree evaluation. PAGE (Invitrogen) was 

performed occasionally to check the absence of dimerization of protein using a mix of known 

weight proteins as molecular weight marker. SDS-PAGE and PAGE runs were done at 150 V for 1h 

and 30 minutes and 200 V for 30 minutes respectively. All gels were stained with Coomassie blue.  

§ Size exclusion chromatography. Gel filtration chromatography was performed in an AKTA prime 

plus Fast Protein Liquid Chromatography (FPLC) equipment from GE Healthcare. The protein 

samples were injected into a Superdex 75 HL 16/600 size exclusion chromatography column (GE 

Healthcare) and run at 1 ml/min in PBS with 0.5 M Urea at 4oC. The purified samples were dialyzed 

in PBS and then collected and stored frozen at -20oC.  

§ Circular dichroism (CD) measurements. CD spectra of the proteins was measured in a Jasco J-815 

CD Spectrometer in PBS buffer acquired in a 0.1 cm path length quartz cuvette. All CD spectra 

were recorded from 260 to 190 nm range and the protein concentration was always around 20 
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µM. Measurement parameters were the following: data pitch = 0.1 nm, speed = 50 nm/min, 

sensibility = 20 or 200 mdeg, Digital Integration Time (D.I.T.) = 4-8 sec.  

§ UV/Vis spectrometer (Nanodrop, plate reader, Jasco). UV/Vis absorption spectra of protein 

samples were recorded on a NanoDrop Onec (Thermo Scientific), Synergy H1 microplate reader 

(Biotek) and on a V-630Bio Spectrophotometer (JASCO analytical instruments). The first one was 

generally used to calculate the protein concentration from the absorbance at 280 nm. Microplate 

reader and Jasco provided the spectra from 800 nm to 190 nm to check the conjugation of the 

protein in the nanoparticle surface by observing the scattering of the NP around 500 nm and the 

absorption peak of protein at 280 nm simultaneously.  

§ Maldi-TOF/TOF mass spectroscopy. The protein samples were analyzed using MALDI-TOF/TOF 

MS UltrafleXtreme III (Bruker) mass spectrometer. Used matrix was 4-hydroxy-3-5-

dimethoxycinnamic acid 10 mg/ml dissolved in a 70% acetonitrile and 0.1% tri-fluoroacetic acid 

(TFA) solution. Then sample was mixed with matrix in a sample:matrix ratio of 1:1 (v/v) and 1 µL 

of the mix was deposited on the sample plate (Hudson Surface Technology, PL-PC-000050-P). 

Acquisition method was linear between 5-20 kDa and data was the result of 10000 shots media. 

Protein samples were originally in PBS but for MALDI-TOF/TOF characterization proteins were 

transferred to water solution.  

§ Ultraperformance liquid chromatography-tandem mass spectrometer (UP-LC MS). 

Chromatographic separation was performed in an Acquity UPLC system using a reverse phase 

BEH C18 column (100 x 2.1 mm, 1.7 µm) from Waters (Mildford, MA, USA). The samples were 

eluted using a flow rate of 300 µLmin-1 and using as mobile phase 0.1% formic acid in water (A) 

and ACN (B). The gradient method was as follows: 0-0.5 min at 99% A, 1-4 min to 1% A, 4-26 min 

at 1% A, 26-26.2 min to 99% A, 26.2-30 min at 99% A. The column temperature was set at 30oC 

and the injection volume was 5 µL. 

The mass spectrometry detection was carried out using an instrument equipped with an 

electrospray ionization source and a time-of-flight analyzer mass spectrometer (ESI-ToF-MS) LCT 

Premier XE from Waters (Mildford, MA, USA), working in positive / W mode. The MS acquisition 

range was between 100-4000 m/z. The capillary and cone voltages were set at 1500V and 100V 

respectively. For other parameters, desolvation gas temperature was 350oC and source 
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temperature was 100oC. The desolvation and cone gas were set at 600 Lh-1 and 30 Lh-1 

respectively. Masslynx v4.1 software was used to analyze all the chromatograms and spectra 

(Waters, Milford, MA, USA). All these measurements were carried out by the Mass spectrometry 

platform from CIC biomaGUNE.  

§ DLS. Particle Dynamy light scattering of IONP micelles and biofunctionalized NPs 

(IONP@hIL15HIS) was measured with a NanoSizer (Malvern Nano-AS, UK) with 173o scattering 

angle at 25oC. In all measurements the samples were measured 3 times and the average size was 

used for plotting data.  

Zeta potential measurements were performed with the same equipment at 25o also and with cell 

drive voltage of 20 V using Smoluchowski model.  

All data was monitored with the ZetaSizer Software v7.11 (Malvern) and was exported. Graph 

representation was done with GraphPad Prism 9. 

§ ICP-MS. For the Fe concentration quantification, Fe containing samples were digested with HNO3 

(70%, Fisher Scientific) over 72h and then diluted in water until 1% HNO3. The studies were 

performed on ICP-MS iCAP-Q (Thermo) by Mass Spectrometry platform on CIC biomaGUNE.  

§ Transmission electron microscopy (TEM). TEM images of hIONP and IONP micelles were gotten 

from JEOL JEM 2011 electron microscope operating at 200 kV and recorded using Kodak SO-163 

at CIC biomaGUNE. The samples were prepared by drop deposition of IONP into a copper 

specimen grid coated with a holey carbon film and allowing to dry at RT. For the image acquisition 

of the micelles the protocol was the same.  

§ Minispec. Relaxation time of IONP micelles suspended on PBS were measured at 37oC on Bruker 

Minispec mq60 instrument operating at 1.47 T. The values of T1 and T2 were measured for each 

sample at different Fe concentration, from 0.1 mM to 0.00625 mM, using inversion recovery for 

T1 measurement and CPMP method for T2. r1 and r2 values were calculated from the linear fitting 

of 1/relaxation time (s-1) versus the iron concentration ([Fe] mM).  

§ MRI images. IONP micelles suspension was introduced on a thin-walled NMR tubes and then, the 

tubes were introduced in a falcon to immobilize them to perform the MRI imaging measurement. 

All experiments were performed on a 7-T Bruker Biospec 70/30 USR MRI system (Bruker Biospin 

GmbH, Ettlingen, Germany), interfaced to an AVANCE III console. The BGA12 imaging gradient 

(maximum gradient strength 400 mT/m) and a 40 mm diameter quadrature volume resonator 
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were used. For T2 maps imaging of the phantoms the following parameters were adopted: 

Bruker's MSME (Multi slice Spin echo) sequence was used. The Echo Time (TE) values were varied 

in 50 steps ranging from 8 ms to 400 ms and Repetition Time (TR) 10000 ms. For T1 maps imaging 

of the phantoms the following parameters were adopted: Spin echo saturation recovery using a 

variable repetition time Bruker’s RAREVTR method. Images were acquired at 16 different TR 

values 45, 100, 150, 220, 300, 360, 450, 550, 700, 900, 1200, 1800, 3000, 4500, 7000, 10000 ms), 

TE 7ms, RARE factor 1. All data were acquired with 2 averages, 256 x 256 points, a Field of View 

of 2.5 cm x 2.5 cm and 3 slices with a slice thickness of 2.0 mm. The images were fitted into 

Levenberg-Margardt method to calculate T1 and T2 values using Bruker's Paravision 6.0.1 

software. 

§ Flow cytometer. Three flow cytometers were used during this thesis. FACS Canto II (BD 

Biosciences) (located at CIC biomaGUNE) for ex vivo samples acquisition and LSRFortessa X-20 

(BD Biosciences) and MACSQuant® X (Miltenyi) in all in vitro studies (located at Biocruces Bizkaia 

Health Research Institute) (Table ES6). The three cytometers have an excitation source with three 

lasers: violet (405 nm), blue (488 nm), and red (633-640 nm). Scattered light and fluorescence 

signals from the samples are directed by collection optics through spectral filters to the detectors 

(Fig. ES7). The difference between the three cytometers is the powder of the lasers and the 

number of detectors, which is higher in the LSRFortessa X-20, and the optics configuration. The 

flow cytometers from BD Biosciences (FACS Canto II and LSRFortessa X-20) configuration is based 

on separated geometric shaped compartments for each laser (violet, blue and red) where side 

scatter (SSC) and fluorescence signals are reflected or absorbed through bandpass (BP), longpass 

(LP) and dichroic filters (Fig. ES7 A,B). The MACSQuant X optics configuration is based on the same 

idea where SSC and fluorescence signal is reflected or absorbed but, in this case, the signal flow 

through channels and the signal from different lasers is separated during the path. It is very 

important to calibrate the flow cytometers. The calibration ensures that results measured on 

different days are comparable. This calibration is daily performed with the Cytometer Setup and 

Tracking (CST) beads. Other calibrations are performed by the platform manager monthly or once 

a year. 
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Data acquired in the flow cytometers were analyzed with different softwares: FlowLogic v7.3, for 

data acquired in MACSQuant X, and FlowJo v7.6.3 and FlowJo v10.7.2, for data acquired in FACS 

Canto II and LSRFortessa X-20. For the representation and the statistical analysis of the data 

GraphPad Prism 9 and SPICE 6 were used.  

Table ES3 Flow cytometer configurations. The settings of the three flow cytometers used in this thesis 
are summarized in this table. PMT is the detector of the fluorescence signal which is V1-2, B1-4, and 
R1-2 for MACSQuant X and listed with alphabetic letters in FACS Canto II and LSRFortessa X-20. Laser 
properties are highlighted in the respective color (violet, blue or red). When parameters are similar 
but slightly different, numbers are detailed and separated by “//” in the following order: 
MACSQuantX//FACS Canto II//LSRFortessa X-20. PMT: photomultiplier tube. LP: longpass filter. 

Cytometers 

PMT Laser Filter Dichroic filter 
MACSQuant 
X 

FACS 
Canto 
II 

LSRFort
essa X-
20 

FSC 488 nm 488/10     
SSC 488 nm 488/10     
A 405 nm 780/60 750LP    
B 405 nm 710/50 685LP    
C 405 nm 670/30 635LP    
D 405 nm 610/20 600LP    
V1//B//F 405 nm 450/50     
V2//A//E 405 nm 525/50//510/50//525/50 502LP//505LP    
B4//A 488 nm 750LP//780/60 735//750    
B3//B 488 nm 655-730//670LP//695/40 655//685    
C 488 nm 610/20 600LP    
B2//D 488 nm 585/40//585/42//575/26 556LP//550LP    
B1//E 488 nm 525/50//530/30 502LP//505LP    
R2//A 633//640 nm 750LP //780/60 735LP//750LP    
B 640 nm  730/45 690LP    

R1//C 
638//633//640 
nm 

655-
730//660/20//670/30 

665LP    
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Figure ES4. Flow cytometers optics configuration. FACS Canto II and LSRFortessa X-20 are configured 
as separated compartments (one for each laser) with different photomultiplier tubes (PMT). (A) When 
light arrives to the corresponding compartment, a LP filter transmits the highest wavelength to the 
first PMT (PMT called A). The signal arrives to the first PMT because LP permits the signal to pass and, 
at the same time, the LP reflects lower wavelengths to the next PMT (PMT called B). This process is 
repeated until the signal is totally absorbed in the last PMT and did not reflect to another filter 
(scheme from the FACS Canto II user manual provided by BD Biosciences, p.22). (B) As a real example, 
5 color blue laser configuration in a LSRFortessa X-20 cytometer is shown (scheme from LSRFortessa 
X-20 user manual provided by BD Biosciences, p.148). PMT: photomultiplier tube. LP: longpass filter.  
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Appendixes 

Appendix I 

 

        1 TCGCGCGTTT CGGTGATGAC GGTGAAAACC TCTGACACAT GCAGCTCCCG GAGACGGTCA  
       61 CAGCTTGTCT GTAAGCGGAT GCCGGGAGCA GACAAGCCCG TCAGGGCGCG TCAGCGGGTG  
      121 TTGGCGGGTG TCGGGGCTGG CTTAACTATG CGGCATCAGA GCAGATTGTA CTGAGAGTGC  
      181 ACCATATGCG GTGTGAAATA CCGCACAGAT GCGTAAGGAG AAAATACCGC ATCAGGCGCC  
      241 ATTCGCCATT CAGGCTGCGC AACTGTTGGG AAGGGCGATC GGTGCGGGCC TCTTCGCTAT  
      301 TACGCCAGCT GGCGAAAGGG GGATGTGCTG CAAGGCGATT AAGTTGGGTA ACGCCAGGGT  
      361 TTTCCCAGTC ACGACGTTGT AAAACGACGG CCAGTGAATT CGAGCTCGGT ACCTCGCGAA  
      421 TGCATCTAGA TATCGGATCC AACTGGGTGA ATGTTATTAG TGATCTGAAA AAGATTGAGG  
      481 ATCTGATTCA GAGCATGCAT ATTGATGCAA CCCTGTATAC CGAAAGTGAT GTTCATCCGA  
      541 GCTGTAAAGT GACCGCCATG AAATGCTTTC TGCTGGAACT GCAGGTTATT AGTCTGGAAA  
      601 GTGGTGACGC CAGCATTCAT GATACCGTGG AAAATCTGAT TATTCTGGCC AATAATAGTC  
      661 TGAGCAGCAA TGGCAATGTT ACCGAAAGTG GCTGTAAAGA ATGCGAAGAA CTGGAAAAGA  
      721 AAAATATTAA GGAGTTCCTG CAGAGTTTTG TGCATATTGT GCAGATGTTT ATTAACACCA  
      781 GCTAAAAGCT TGGCGTAATC ATGGTCATAG CTGTTTCCTG TGTGAAATTG TTATCCGCTC  
      841 ACAATTCCAC ACAACATACG AGCCGGAAGC ATAAAGTGTA AAGCCTGGGG TGCCTAATGA  
      901 GTGAGCTAAC TCACATTAAT TGCGTTGCGC TCACTGCCCG CTTTCCAGTC GGGAAACCTG  
      961 TCGTGCCAGC TGCATTAATG AATCGGCCAA CGCGCGGGGA GAGGCGGTTT GCGTATTGGG  
     1021 CGCTCTTCCG CTTCCTCGCT CACTGACTCG CTGCGCTCGG TCGTTCGGCT GCGGCGAGCG  
     1081 GTATCAGCTC ACTCAAAGGC GGTAATACGG TTATCCACAG AATCAGGGGA TAACGCAGGA  
     1141 AAGAACATGT GAGCAAAAGG CCAGCAAAAG GCCAGGAACC GTAAAAAGGC CGCGTTGCTG  
     1201 GCGTTTTTCC ATAGGCTCCG CCCCCCTGAC GAGCATCACA AAAATCGACG CTCAAGTCAG  
     1261 AGGTGGCGAA ACCCGACAGG ACTATAAAGA TACCAGGCGT TTCCCCCTGG AAGCTCCCTC  
     1321 GTGCGCTCTC CTGTTCCGAC CCTGCCGCTT ACCGGATACC TGTCCGCCTT TCTCCCTTCG  
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     1381 GGAAGCGTGG CGCTTTCTCA TAGCTCACGC TGTAGGTATC TCAGTTCGGT GTAGGTCGTT  
     1441 CGCTCCAAGC TGGGCTGTGT GCACGAACCC CCCGTTCAGC CCGACCGCTG CGCCTTATCC  
     1501 GGTAACTATC GTCTTGAGTC CAACCCGGTA AGACACGACT TATCGCCACT GGCAGCAGCC  
     1561 ACTGGTAACA GGATTAGCAG AGCGAGGTAT GTAGGCGGTG CTACAGAGTT CTTGAAGTGG  
     1621 TGGCCTAACT ACGGCTACAC TAGAAGAACA GTATTTGGTA TCTGCGCTCT GCTGAAGCCA  
     1681 GTTACCTTCG GAAAAAGAGT TGGTAGCTCT TGATCCGGCA AACAAACCAC CGCTGGTAGC  
     1741 GGTGGTTTTT TTGTTTGCAA GCAGCAGATT ACGCGCAGAA AAAAAGGATC TCAAGAAGAT  
     1801 CCTTTGATCT TTTCTACGGG GTCTGACGCT CAGTGGAACG AAAACTCACG TTAAGGGATT  
     1861 TTGGTCATGA GATTATCAAA AAGGATCTTC ACCTAGATCC TTTTAAATTA AAAATGAAGT  
     1921 TTTAAATCAA TCTAAAGTAT ATATGAGTAA ACTTGGTCTG ACAGTTACCA ATGCTTAATC  
     1981 AGTGAGGCAC CTATCTCAGC GATCTGTCTA TTTCGTTCAT CCATAGTTGC CTGACTCCCC  
     2041 GTCGTGTAGA TAACTACGAT ACGGGAGGGC TTACCATCTG GCCCCAGTGC TGCAATGATA  
     2101 CCGCGAGATC CACGCTCACC GGCTCCAGAT TTATCAGCAA TAAACCAGCC AGCCGGAAGG  
     2161 GCCGAGCGCA GAAGTGGTCC TGCAACTTTA TCCGCCTCCA TCCAGTCTAT TAATTGTTGC  
     2221 CGGGAAGCTA GAGTAAGTAG TTCGCCAGTT AATAGTTTGC GCAACGTTGT TGCCATTGCT  
     2281 ACAGGCATCG TGGTGTCACG CTCGTCGTTT GGTATGGCTT CATTCAGCTC CGGTTCCCAA  
     2341 CGATCAAGGC GAGTTACATG ATCCCCCATG TTGTGCAAAA AAGCGGTTAG CTCCTTCGGT  
     2401 CCTCCGATCG TTGTCAGAAG TAAGTTGGCC GCAGTGTTAT CACTCATGGT TATGGCAGCA  
     2461 CTGCATAATT CTCTTACTGT CATGCCATCC GTAAGATGCT TTTCTGTGAC TGGTGAGTAC  
     2521 TCAACCAAGT CATTCTGAGA ATAGTGTATG CGGCGACCGA GTTGCTCTTG CCCGGCGTCA  
     2581 ATACGGGATA ATACCGCGCC ACATAGCAGA ACTTTAAAAG TGCTCATCAT TGGAAAACGT  
     2641 TCTTCGGGGC GAAAACTCTC AAGGATCTTA CCGCTGTTGA GATCCAGTTC GATGTAACCC  
     2701 ACTCGTGCAC CCAACTGATC TTCAGCATCT TTTACTTTCA CCAGCGTTTC TGGGTGAGCA  
     2761 AAAACAGGAA GGCAAAATGC CGCAAAAAAG GGAATAAGGG CGACACGGAA ATGTTGAATA  
     2821 CTCATACTCT TCCTTTTTCA ATATTATTGA AGCATTTATC AGGGTTATTG TCTCATGAGC  
     2881 GGATACATAT TTGAATGTAT TTAGAAAAAT AAACAAATAG GGGTTCCGCG CACATTTCCC  
     2941 CGAAAAGTGC CACCTGACGT CTAAGAAACC ATTATTATCA TGACATTAAC CTATAAAAAT  
     3001 AGGCGTATCA CGAGGCCCTT TCGTC  
 
Figure AI.1. IL-15 in pUC57 vector map and sequence. The vector map showed the different elements 
of the vector: the gene enconding the resistance to ampicillin (AmpR) and its promotor, origin of 
replication (ori), lac operon promotor and the IL-15 gene. The restriction sites (BamHI and HindIII) 
used for the cloning are also shown. In the sequence appear in bold characteres the open reading 
frame (ORF) of IL-15 gene and IL-15 gene sequence is highlighted in green.  
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    1 GTTTGACAGC TTATCATCGA CTGCACGGTG CACCAATGCT TCTGGCGTCA 
   51 GGCAGCCATC GGAAGCTGTG GTATGGCTGT GCAGGTCGTA AATCACTGCA 
  101 TAATTCGTGT CGCTCAAGGC GCACTCCCGT TCTGGATAAT GTTTTTTGCG 
  151 CCGACATCAT AACGGTTCTG GCAAATATTC TGAAATGAGC TGTTGACAAT 
  201 TAATCATCCG GTCCGTATAA TCTGTGGAAT TGTGAGCGGA TAACAATTTC 
  251 ACACAGGAAA CAGACCATGT CGTACTACCA TCACCATCAC CATCACGATT 
  301 ACGATATCCC AACGACCGAA AACCTGTATT TTCAGGGCGC CATGGGATCC 
  351 AACTGGGTGA ATGTTATTAG TGATCTGAAA AAGATTGAGG ATCTGATTCA 
  401 GAGCATGCAT ATTGATGCAA CCCTGTATAC CGAAAGTGAT GTTCATCCGA 
  451 GCTGTAAAGT GACCGCCATG AAATGCTTTC TGCTGGAACT GCAGGTTATT 
  501 AGTCTGGAAA GTGGTGACGC CAGCATTCAT GATACCGTGG AAAATCTGAT 
  551 TATTCTGGCC AATAATAGTC TGAGCAGCAA TGGCAATGTT ACCGAAAGTG 
  601 GCTGTAAAGA ATGCGAAGAA CTGGAAAAGA AAAATATTAA GGAGTTCCTG 
  651 CAGAGTTTTG TGCATATTGT GCAGATGTTT ATTAACACCA GCTAAAAGCT 
  701 TGGCTGTTTT GGCGGATGAG AGAAGATTTT CAGCCTGATA CAGATTAAAT 
  751 CAGAACGCAG AAGCGGTCTG ATAAAACAGA ATTTGCCTGG CGGCAGTAGC 
  801 GCGGTGGTCC CACCTGACCC CATGCCGAAC TCAGAAGTGA AACGCCGTAG 
  851 CGCCGATGGT AGTGTGGGGT CTCCCCATGC GAGAGTAGGG AACTGCCAGG 
  901 CATCAAATAA AACGAAAGGC TCAGTCGAAA GACTGGGCCT TTCGTTTTAT 
  951 CTGTTGTTTG TCGGTGAACG CTCTCCTGAG TAGGACAAAT CCGCCGGGAG 
 1001 CGGATTTGAA CGTTGCGAAG CAACGGCCCG GAGGGTGGCG GGCAGGACGC 
 1051 CCGCCATAAA CTGCCAGGCA TCAAATTAAG CAGAAGGCCA TCCTGACGGA 
 1101 TGGCCTTTTT GCGTTTCTAC AAACTCTTTT TGTTTATTTT TCTAAATACA 
 1151 TTCAAATATG TATCCGCTCA TGAGACAATA ACCCTGATAA ATGCTTCAAT 
 1201 AATATTGAAA AAGGAAGAGT ATGAGTATTC AACATTTCCG TGTCGCCCTT 
 1251 ATTCCCTTTT TTGCGGCATT TTGCCTTCCT GTTTTTGCTC ACCCAGAAAC 
 1301 GCTGGTGAAA GTAAAAGATG CTGAAGATCA GTTGGGTGCA CGAGTGGGTT 
 1351 ACATCGAACT GGATCTCAAC AGCGGTAAGA TCCTTGAGAG TTTTCGCCCC 
 1401 GAAGAACGTT TTCCAATGAT GAGCACTTTT AAAGTTCTGC TATGTGGCGC 
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 1451 GGTATTATCC CGTGTTGACG CCGGGCAAGA GCAACTCGGT CGCCGCATAC 
 1501 ACTATTCTCA GAATGACTTG GTTGAGTACT CACCAGTCAC AGAAAAGCAT 
 1551 CTTACGGATG GCATGACAGT AAGAGAATTA TGCAGTGCTG CCATAACCAT 
 1601 GAGTGATAAC ACTGCGGCCA ACTTACTTCT GACAACGATC GGAGGACCGA 
 1651 AGGAGCTAAC CGCTTTTTTG CACAACATGG GGGATCATGT AACTCGCCTT 
 1701 GATCGTTGGG AACCGGAGCT GAATGAAGCC ATACCAAACG ACGAGCGTGA 
 1751 CACCACGATG CCTACAGCAA TGGCAACAAC GTTGCGCAAA CTATTAACTG 
 1801 GCGAACTACT TACTCTAGCT TCCCGGCAAC AATTAATAGA CTGGATGGAG 
 1851 GCGGATAAAG TTGCAGGACC ACTTCTGCGC TCGGCCCTTC CGGCTGGCTG 
 1901 GTTTATTGCT GATAAATCTG GAGCCGGTGA GCGTGGGTCT CGCGGTATCA 
 1951 TTGCAGCACT GGGGCCAGAT GGTAAGCCCT CCCGTATCGT AGTTATCTAC 
 2001 ACGACGGGGA GTCAGGCAAC TATGGATGAA CGAAATAGAC AGATCGCTGA 
 2051 GATAGGTGCC TCACTGATTA AGCATTGGTA ACTGTCAGAC CAAGTTTACT 
 2101 CATATATACT TTAGATTGAT TTAAAACTTC ATTTTTAATT TAAAAGGATC 
 2151 TAGGTGAAGA TCCTTTTTGA TAATCTCATG ACCAAAATCC CTTAACGTGA 
 2201 GTTTTCGTTC CACTGAGCGT CAGACCCCGT AGAAAAGATC AAAGGATCTT 
 2251 CTTGAGATCC TTTTTTTCTG CGCGTAATCT GCTGCTTGCA AACAAAAAAA 
 2301 CCACCGCTAC CAGCGGTGGT TTGTTTGCCG GATCAAGAGC TACCAACTCT 
 2351 TTTTCCGAAG GTAACTGGCT TCAGCAGAGC GCAGATACCA AATACTGTCC 
 2401 TTCTAGTGTA GCCGTAGTTA GGCCACCACT TCAAGAACTC TGTAGCACCG 
 2451 CCTACATACC TCGCTCTGCT AATCCTGTTA CCAGTGGCTG CTGCCAGTGG 
 2501 CGATAAGTCG TGTCTTACCG GGTTGGACTC AAGACGATAG TTACCGGATA 
 2551 AGGCGCAGCG GTCGGGCTGA ACGGGGGGTT CGTGCACACA GCCCAGCTTG 
 2601 GAGCGAACGA CCTACACCGA ACTGAGATAC CTACAGCGTG AGCTATGAGA 
 2651 AAGCGCCACG CTTCCCGAAG GGAGAAAGGC GGACAGGTAT CCGGTAAGCG 
 2701 GCAGGGTCGG AACAGGAGAG CGCACGAGGG AGCTTCCAGG GGGAAACGCC 
 2751 TGGTATCTTT ATAGTCCTGT CGGGTTTCGC CACCTCTGAC TTGAGCGTCG 
 2801 ATTTTTGTGA TGCTCGTCAG GGGGGCGGAG CCTATGGAAA AACGCCAGCA 
 2851 ACGCGGCCTT TTTACGGTTC CTGGCCTTTT GCTGGCCTTT TGCTCACATG 
 2901 TTCTTTCCTG CGTTATCCCC TGATTCTGTG GATAACCGTA TTACCGCCTT 
 2951 TGAGTGAGCT GATACCGCTC GCCGCAGCCG AACGACCGAG CGCAGCGAGT 
 3001 CAGTGAGCGA GGAAGCGGAA GAGCGCCTGA TGCGGTATTT TCTCCTTACG 
 3051 CATCTGTGCG GTATTTCACA CCGCATAATT TTGTTAAAAT TCGCGTTAAA 
 3101 TTTTTGTTAA ATCAGCTCAT TTTTTAACCA ATAGGCCGAA ATCGGCAAAA 
 3151 TCCCTTATAA ATCAAAAGAA TAGACCGAGA TAGGGTTGAG TGTTGTTCCA 
 3201 GTTTGGAACA AGAGTCCACT ATTAAAGAAC GTGGACTCCA ACGTCAAAGG 
 3251 GCGAAAAACC GTCTATCAGG GCGATGGCCC ACTACGTGAA CCATCACCCT 
 3301 AATCAAGTTT TTTGGGGTCG AGGTGCCGTA AAGCACTAAA TCGGAACCCT 
 3351 AAAGGGAGCC CCCGATTTAG AGCTTGACGG GGAAAGCCGG CGAACGTGGC 
 3401 GAGAAAGGAA GGGAAGAAAG CGAAAGGAGC GGGCGCTAGG GCGCTGGCAA 
 3451 GTGTAGCGGT CACGCTGCGC GTAACCACCA CACCCGCCGC GCTTAATGCG 
 3501 CCGCTACAGG GCGCGTCCCA TTCGCCATTC AGGCTGCTAT GGTGCACTCT 
 3551 CAGTACAATC TGCTCTGATG CCGCATAGTT AAGCCAGTAC CAGTCACGTA 
 3601 GCGATATCGG AGTGTATACA CTCCGCTATC GCTACGTGAC TGGGTCATGG 
 3651 CTGCGCCCCG ACACCCGCCA ACACCCGCTG ACGCGCCCTG ACGGGCTTGT 
 3701 CTGCTCCCGG CATCCGCTTA CAGACAAGCT GTGACCGTCT CCGGGAGCTG 
 3751 CATGTGTCAG AGGTTTTCAC CGTCATCACC GAAACGCGCG AGGCAGCAGA 
 3801 TCAATTCGCG CGCGAAGGCG AAGCGGCATG CATTTACGTT GACACCATCG 
 3851 AATGGTGCAA AACCTTTCGC GGTATGGCAT GATAGCGCCC GGAAGAGAGT 
 3901 CAATTCAGGG TGGTGAATGT GAAACCAGTA ACGTTATACG ATGTCGCAGA 
 3951 GTATGCCGGT GTCTCTTATC AGACCGTTTC CCGCGTGGTG AACCAGGCCA 
 4001 GCCACGTTTC TGCGAAAACG CGGGAAAAAG TGGAAGCGGC GATGGCGGAG 
 4051 CTGAATTACA TTCCCAACCG CGTGGCACAA CAACTGGCGG GCAAACAGTC 
 4101 GTTGCTGATT GGCGTTGCCA CCTCCAGTCT GGCCCTGCAC GCGCCGTCGC 
 4151 AAATTGTCGC GGCGATTAAA TCTCGCGCCG ATCAACTGGG TGCCAGCGTG 
 4201 GTGGTGTCGA TGGTAGAACG AAGCGGCGTC GAAGCCTGTA AAGCGGCGGT 
 4251 GCACAATCTT CTCGCGCAAC GCGTCAGTGG GCTGATCATT AACTATCCGC 
 4301 TGGATGACCA GGATGCCATT GCTGTGGAAG CTGCCTGCAC TAATGTTCCG 
 4351 GCGTTATTTC TTGATGTCTC TGACCAGACA CCCATCAACA GTATTATTTT 
 4401 CTCCCATGAA GACGGTACGC GACTGGGCGT GGAGCATCTG GTCGCATTGG 
 4451 GTCACCAGCA AATCGCGCTG TTAGCGGGCC CATTAAGTTC TGTCTCGGCG 
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 4501 CGTCTGCGTC TGGCTGGCTG GCATAAATAT CTCACTCGCA ATCAAATTCA 
 4551 GCCGATAGCG GAACGGGAAG GCGACTGGAG TGCCATGTCC GGTTTTCAAC 
 4601 AAACCATGCA AATGCTGAAT GAGGGCATCG TTCCCACTGC GATGCTGGTT 
 4651 GCCAACGATC AGATGGCGCT GGGCGCAATG CGCGCCATTA CCGAGTCCGG 
 4701 GCTGCGCGTT GGTGCGGATA TCTCGGTAGT GGGATACGAC GATACCGAAG 
 4751 ACAGCTCATG TTATATCCCG CCGTTAACCA CCATCAAACA GGATTTTCGC 
 4801 CTGCTGGGGC AAACCAGCGT GGACCGCTTG CTGCAACTCT CTCAGGGCCA 
 4851 GGCGGTGAAG GGCAATCAGC TGTTGCCCGT CTCACTGGTG AAAAGAAAAA 
 4901 CCACCCTGGC ACCCAATACG CAAACCGCCT CTCCCCGCGC GTTGGCCGAT 
 4951 TCATTAATGC AGCTGGCACG ACAGGTTTCC CGACTGGAAA GCGGGCAGTG 
 5001 AGCGCAACGC AATTAATGTG AGTTAGCGCG AATTGATCTG 
 

Figure AI.2. IL-15 in pProEX-HT vector map and sequence. The vector map showed the different 
elements of the vector: the gene encoding the resistance to ampicilin (AmpR) and its promotor, origin 
or replication (ori), lac operon promotor and the IL-15 gene in frame of his-tag and TEV cleavage site. 
The restriction sites used (BamHI and HindIII) for the cloning are also shown. In the sequence is 
showed in bold and underlined the open reading frame (ORF) with the his-tag highlighted in pink and 
IL-15 gene in green.  

 
Cat cac cat cac cat cac gat tac gat atc cca acg acc gaa aac ctg tat ttt cag ggc 
gcc atg gga tcc aac tgg gtg aat gtt att agt gat ctg aaa aag att gag gat ctg att 
cag agc atg cat att gat gca acc ctg tat acc gaa agt gat gtt cat ccg agc tgt aaa 
gtg acc gcc atg aaa tgc ttt ctg ctg gaa ctg cag gtt att agt ctg gaa agt ggt gac 
gcc agc att cat gat acc gtg gaa aat ctg att att ctg gcc aat aat agt ctg agc agc 
aat ggc aat gtt acc gaa agt ggc tgt aaa gaa tgc gaa gaa ctg gaa aag aaa aat 
att aag gag ttc ctg cag agt ttt gtg cat att gtg cag atg ttt att aac acc agc taa 

 

H H H H H H D Y D I P T T E N L Y F Q G A Met G S N W V N V I S D L K K I E D 

L I Q S Met H I D A T L Y T E S D V H P S C K V T A Met K C F L L E L Q V I S L E 

S G D A S I H D T V E N L I I L A N N S L S S N G N V T E S G C K E C E E L E K K 

N I K E F L Q S F V H I V Q Met F I N T S Stop 

Figure AI.3. Sequences of his-tagged IL-15. DNA sequence composed by ORF of IL-15 gene start with 
the his-tag sequence (A). His-tagged hIL-15HIS protein sequence of from before showed ORF is 
represented and his-tag sequence is showed with green characters and IL-15 in blue (B).  

 

 

A) 
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