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Acute leukemia is the most frequent cancer in children and teens, and the second leading 

cause of cancer-related death in pediatric patients. Although treatment with CD19 

chimeric antigen receptor expressed on T cells (CAR T) has achieved remarkable clinical 

success for B-cell malignancies, an effective and safe CAR T cell therapy both for 

relapsed/refractory (r/r) non-B cell leukemia and for those B-cell malignancies that 

relapse after CAR T cells targeting CD19 (CART19) treatment is yet to be found. 

Interactions between Natural Killer Group 2 Member D (NKG2D) receptor, expressed in 

cytotoxic immune cells, and NKG2D ligands (NKG2DL) that are upregulated in leukemic 

blasts, are important for anti-leukemia immunosurveillance. However, leukemic blasts 

may develop different immunoescape strategies like TGF-β release, downregulation of 

NKG2DL or NKG2DL shedding, which may downregulate NKG2D receptor, hindering 

anti-leukemia effects.  

In this study, we hypothesized that NKG2D-CAR T cells could overcome these limitations 

and become a novel therapeutic approach for pediatric acute leukemia. We found that 

NKG2D-CAR T cells in vitro, efficiently targeted pediatric acute leukemia cells, especially 

for acute myeloid leukemia (AML) and T cell acute lymphoblastic leukemia (T-ALL). 

Furthermore, when tested in vivo, NKG2D-CAR T cells decreased T-ALL progression 

and prolonged survival of the treated mice, but failed to completely eradicate the 

leukemia in our mice model. Additionally, it was observed that cytotoxicity of NKG2D-

CAR T cells remained unaltered upon exposure soluble NKG2DL (sNKG2DL) and/or 

TGF-β. Interestingly, we found that after co-culture with NKG2D-CAR T cells, remaining 

leukemic blasts showed higher proliferation and stemness-related markers. This result 

could indicate that treatment with NKG2D-CAR T cells may only be effective against 

tumor cells with a more mature phenotype, while those with a rather stem phenotype and 

increased proliferation are able to circumvent the treatment.  

In conclusion, our results show NKG2D-CAR T cells exert anti-leukemia effects and are 

resistant to canonic resistance mechanisms, and therefore, could be a novel therapeutic 

agent for pediatric patients. The modest efficacy observed in vivo suggests that the use 

of NKG2D-CAR T cells as single agent may not be sufficient to cure the patients, and 

combination with other therapeutic approaches, e.g. as an induction agent and bridge to 

HSCT or as adoptive cell therapy after HSCT, may be more advantageous.
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La leucemia aguda es el cáncer más frecuente en niños y adolescentes, y la segunda 

causa de muerte relacionada con el cáncer en pacientes pediátricos. Aunque la terapia 

de células T redirigidas con el receptor antigénico quimérico (T CAR) hacia la diana 

CD19 ha logrado un gran éxito clínico para las neoplasias malignas de células B, aún 

no se ha encontrado una terapia de células T CAR eficaz y segura para la leucemia 

linfoblástica de células T (LLA-T) o para la leucemia aguda mieloblástica (LMA). 

Tampoco en el caso de recaídas de leucemias linfoblásticas agudas de células B (LLA-

B) tras tratamiento con la terapia T CAR dirigida contra CD19 (CART19). Las 

interacciones entre el receptor de grupo 2D de linfocitos Natural Killer (NKG2D), 

expresado en células inmunitarias citotóxicas, y sus ligandos (NKG2DL), que están 

sobreexpresados en los blastos leucémicos, son importantes para la inmunovigilancia 

contra la leucemia. Sin embargo, los blastos leucémicos pueden desarrollar diferentes 

estrategias de escape inmunológico, como la liberación de TGF-β, la regulación de la 

expresión de NKG2DL o la liberación de NKG2DL para disminuir la expresión del 

receptor NKG2D, lo que dificulta los efectos antileucémicos.  

En este estudio, planteamos la hipótesis de que las células T CAR NKG2D podrían 

superar esta limitación y convertirse en una estrategia terapéutica novedosa para la 

leucemia aguda pediátrica. Nuestros resultados muestran que in vitro, las células T CAR 

NKG2D eliminan eficazmente células de leucemia aguda pediátrica, especialmente LMA 

y LLA-T. Además, in vivo son capaces de controlar la progresión de LLA-T y prolongaron 

la supervivencia de los ratones tratados, aunque no consiguieron erradicar el tumor por 

completo. También observamos que tras la exposición de las células T CAR NKG2D a 

ligandos de NKG2D solubles (sNKG2DL) y/o TGF-β, la capacidad citotóxica permaneció 

inalterada. Sin embargo, después del co-cultivo con células T NKG2D-CAR, los blastos 

leucémicos T restantes se enriquecieron en marcadores stem y relacionados con la 

proliferación. Este resultado podría indicar que las células T CAR NKG2D pueden 

seleccionar células tumorales con un fenotipo más inmaduro y con mayor capacidad de 

proliferación. En suma, estos resultados podrían explicar la incapacidad de la terapia T 

CAR NKG2D para erradicar la leucemia en nuestro modelo murino.  

En conjunto, los resultados mostrados en esta tesis muestran el efecto contra la 

leucemia de las células T CAR NKG2D y su resistencia a los mecanismos canónicos de 

evasión inmune. De esta forma, podría convertirse en una nueva terapia para el 

tratamiento de pacientes pediátricos. La modesta eficacia observada en los estudios in 

vivo, sugiere que el uso de las células T CAR NKG2D como único agente puede no ser 

suficiente para curar a los pacientes, y por tanto la combinación con otras terapias como 

el trasplante de progenitores hematopoyéticos (TPH) podría ser más ventajoso. 
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Figure 1. Diagram representing the hematopoiesis: evolution of blood cells differentiating from 
blood stem cells towards mature cells. Arrestment of the process at myeloblast and 
lymphoblast level contribute to leukemia development. Adapted from Terese Winslow, 2007. 

 

1.1. Pediatric acute leukemia. 
 

Acute leukemia is a heterogeneous hematologic disease originating from hematopoietic 

stem and progenitor cells that lose their capacity for proper self-renewal, differentiation 

and apoptosis, causing uncontrolled proliferation of hematopoietic stem cells from 

myeloid or lymphoid lineages in the bone marrow (BM) (Davis, Viera, and Mead 2014; 

Milan et al. 2019). Depending on the cell lineage affected, leukemias can be classified in 

acute lymphoblastic leukemia (ALL) -when lymphoid progenitors are the origin of the 

disease-, or AML -when myeloid progenitors are altered-. The diagnosis of acute 

leukemia generally requires demonstration of ≥20% BM blasts on hematopathology 

review of BM aspirate and biopsy materials (Brown et al. 2020).  

 

 

 

 

 

 

 

 

 

 

 

Leukemia in children arise from naïve, pre-antigen stages, typically leading to primitive 

precursor blast cell leukemic populations. That is, the majority of childhood leukemia 

belongs to a pre-B cell or, to a lesser extent, pre-T cell phenotype. In contrast, adults 

typically develop hematopoietic cancers (lymphomas and leukemia) from post-antigen 

stimulated B and T-cells and the myeloid lineage (Whitehead et al. 2016). In addition, 

biphenotypic acute leukemia is characterized by blasts that express antigenic 

determinants of both myeloid and lymphoid lineages or of both B and T lineages 

(Legrand et al. 1998). Interestingly, biphenotypic acute leukemia incidence was higher 

in adults than in children (Matutes et al. 2011). 
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The only clear external cause of ALL is ionizing radiation. Although additional to this, 

several other risk factors have been proposed such as parental smoking, paint and 

household chemicals, pesticides, maternal diet, traffic fumes, electric fields and 

infections (Asenjo et al. 2021; Cárceles-Álvarez et al. 2017, 2019; Soldin et al. 2009; 

Wakeford 2008). 

Over the last few decades, the leukemia incidence rate has increased reaching 36,2 and 

8,7 cases per 1.000.000 in ALL and AML, respectively (Howlader et al. 2021). Acute 

leukemia is the most frequent cancer in children (28%), followed by brain cancers (26%) 

which represents 30% of total childhood cancer deaths while leukemia accounts for 25% 

(Coalition Against Childhood Cancer 2021). Nevertheless, in the last 40 years patient 

outcomes for childhood leukemia have significantly improved due to advancements in 

treatments (Mussai et al. 2015). However, cure rates in AML remain lower than in ALL, 

thus emphasizing that patient outcomes are highly dependent on the specific subgroup 

of leukemia involved (Bolouri et al. 2018). Therefore, understanding the biological and 

physiopathological characteristics of the different pediatric acute leukemia is essential to 

both improve the current treatments and to develop better new therapies, increasing the 

cure rates of the patients. 

Leukemia survivors have an increased risk of subsequent cancers, likely due to the 

cellular damage caused by chemotherapy or radiation. The 30-year cumulative incidence 

of neoplasm after leukemia is 5,6%, and the median time to occurrence of the 

subsequent cancer is 9 years. The most common second neoplasms in childhood 

leukemia survivors are different subtypes of leukemia, or even lymphoma. Other second 

neoplasms can also include bone, soft tissue, or central nervous system (CNS) tumors. 

Moreover, treatment with certain chemotherapeutic agents or radiation can affect cardiac 

function, including ejection fraction and electrical conduction of the heart, leading to a 

congestive heart failure. Finally, endocrine abnormalities are also common after 

leukemia treatment, including metabolic syndrome, thyroid function abnormalities, and 

gonadal failure (Davis et al. 2014; Diller 2011; Friedman et al. 2010; Kadan-Lottick et al. 

2008). 
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Non-Hodking lymphoma 3%
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Bone cancer 3%
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Figure 2. A) Incidence percentage of pediatric cancer (Coalition Against Childhood Cancer 
2021). B) Percentage of different leukemia subtypes (Esparza and Sakamoto 2005; Hunger and 
Mullighan 2015; Young et al. 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.1. Precursor B-cell acute lymphoblastic leukemia (B-ALL). 
 

ALL is the most common pediatric malignancy, representing 75%–80% of acute 

leukemia among children (Esparza and Sakamoto 2005). B-ALL is a heterogeneous 

hematologic disease characterized by the proliferation of immature lymphoid B cells in 

the BM, peripheral blood (PB) and other organs, and makes up 80-85% of ALL cases 

(Brown et al. 2020). It is morphologically characterized by a population of small to 

medium sized blasts with scant cytoplasm, moderately condensed to dispersed 

chromatin and inconspicuous nucleoli. The blood and BM are the principal sites of 

involvement (Brunning 2003). 

Several genetic factors, like Down’s syndrome, are associated with an increased risk of 

ALL, but most patients have no recognized inherited factors. Genome Wide association 

studies have identified polymorphic variants in several genes (including GATA3, 

ARID5B, IKZF1 and CEBPE) that are associated with an increased risk of ALL or specific 

ALL subtypes. Rare germline mutations in ETV6 and PAX5 are linked to familial ALL 
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(Hunger and Mullighan 2015). In addition, most childhood B-ALL cases harbor specific 

genetic abnormalities. These include hyperdiploidy (20-25%), hypodiploidy (1%) and 

recurring translocations, including t(12;21)(p13;q22), encoding ETV6-RUNX1 (TEL-

AML1) (20-22%); mixed lineage leukemia (MLL) rearrangement involving 11q23 with a 

wide range of partner genes (6%); t(1;19)(q23;p13), encoding TCF3-PBX1 (E2A-PBX1) 

(4%); and t(9;22)(q34;q11), encoding BCR-ABL1 (2%). Notably, high hyperdiploidy and 

ETV6-RUNX1 are associated with favorable outcome, whereas low hypodiploidy and 

MLL rearrangement are associated with a dismal prognosis (Brown et al. 2020; Inaba, 

Greaves, and Mullighan 2013; Pui et al. 2012). Few environmental risk factors are 

associated with ALL in children, including exposure to radiation and certain chemicals, 

but these associations explain only a very small percentage of cases. 

Precursor B lymphoblasts express human leukocyte antigen (HLA)-DR. Other frequent 

markers include surface CD19 and CD79a, and intracellular terminal deoxynucleotidyl 

transferase (TdT). In most cases, the blasts express CD10 and CD24. However, cases 

associated with t(4;11)(q21;q23) present lymphoblast that are normally CD10 and CD24 

negative. While there is a variable membrane expression of CD20 and CD22, 

cytoplasmic CD22 is considered lineage specific. Also, CD13 and CD33 may be 

expressed in a minority of cases (Brunning RD, Matutes E, Borowitz MJ, Flandrin G, 

Head D 2001). Three stages of differentiation based on the immunophenotypic profile 

have generally been recognized: early pre B ALL in which the blasts express surface 

CD19, cytoplasmic CD79a and CD22 and nuclear TdT; intermediate stage -the so called 

common ALL- in which blasts express CD10 in addition to the markers of the early stage; 

and late or mature stage -“pre B” ALL-, in which blasts express cytoplasmic 

immunoglobulin μ chains (Brunning RD, Borowitz M, Matutes E 2001a). 

Patients suffering from B-ALL develop symptoms related to the infiltration of blasts in the 

BM, lymphoid system, and extramedullary sites (Esparza and Sakamoto 2005). These 

symptoms may include anemia, thrombocytopenia and leucopenia, which promote 

fatigue or lethargy, fevers, night sweats, weight loss, dyspnea, dizziness, infections and 

easy bruising or bleeding. In some children, pain in the extremities or joints caused by 

the buildup of leukemia cells near the surface of the bone or inside the joint, may be the 

only reported symptom. The presence of lymphadenopathy, splenomegaly, and/or 

hepatomegaly on physical examination may be found in approximately 20% of patients 

(Brix and Rosthøj 2014; Brown et al. 2020; Faderl et al. 2010; Jabbour, Faderl, and 

Kantarjian 2005). 
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Advances in the understanding of the molecular genetics and pathogenesis of the 

disease, the incorporation of risk-adapted therapy, the advent of new targeted agents, 

and the use of allogeneic HSCT have largely contributed to the improvement of survival 

rates of pediatric patients with B-ALL (Ma, Sun, and Sun 2015). The 5-year survival rate 

has increased between 1975 and 2018 from 60% to approximately 89% (Howlader N, et 

al. 2021). However, for infants younger than the age of 1, survival rate has not improved 

over the past 30 years, with a 6-year overall survival (OS) rate of 58,2% (Pieters et al. 

2019).  

Treatment for acute leukemia may include chemotherapy, radiation, monoclonal 

antibodies or HSCT. The types of treatment chosen would depend on the leukemia 

subtype, cytogenetic and molecular findings, patient age, and comorbid conditions 

(Davis et al. 2014) . There are 4 major components in the treatment of newly diagnosed 

ALL, reflecting a reliance on multidrug regimens to avoid development of resistance.  

Remission induction is the first block of chemotherapy, lasting 4 to 6 weeks. The goal of 

this block of therapy is to induce a complete remission (CR) by its endpoint. The 

treatment eradicates the initial leukemia cell burden and restores normal hematopoiesis 

in 96-99% of children (Hunger et al. 2012). The agents used during induction include 

vincristine, corticosteroids (prednisone, dexamethasone), and asparaginase, with most 

regimens adding an anthracycline as well (usually doxorubicin or daunorubicin) (Inaba 

and Pui 2010).  

This is followed by a consolidation therapy block, which aims to eradicate the 

submicroscopic residual disease that remains after the complete remission is achieved. 

This block varies in length (6 to 9 months) and intensity among different protocols, with 

those patients with higher-risk disease receiving longer and more intensive consolidation 

regimens. This phase of chemotherapy involves combinations of different 

chemotherapeutic agents to maximize synergy and minimize drug resistance, often 

including agents not used in the initial remission induction, such as mercaptopurine, 

thioguanine, methotrexate, cyclophosphamide, etoposide, and cytarabine.  

Allogeneic HSCT is also considered for children with very high-risk ALL and/or persistent 

disease (Balduzzi et al. 2005). Contemporary HSCT protocols with high resolution HLA 

typing, case-based conditioning, and improved supportive care have reduced relapse-

related mortality, regimen-related toxicity, and infection (Leung et al. 2011). 

Finally, maintenance chemotherapy is the last and longest block of treatment in pediatric 

ALL, based on a much less intensive regimen than the prior chemotherapy. It has been 

demonstrated that a prolonged maintenance phase is related with a lower risk of relapse 
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once remission has been established. It usually lasts at least 2 years. Methotrexate and 

mercaptopurine are the typical compounds used in this treatment block. The fourth 

component of the treatment of ALL is therapy directed against the leukemic blasts 

remaining at the CNS. This approach includes both treatment of patients with clinical and 

subclinical CNS disease. Although BM remission could be achieved using systemic 

chemotherapy, most children eventually develop CNS relapse in the absence of specific 

therapy directed toward this sanctuary site (Cooper and Brown 2015; Inaba et al. 2013). 

 

1.1.2. Precursor T-cell acute lymphoblastic leukemia (T-ALL). 
 
T-ALL is a malignant disorder resulting from leukemic transformation of thymic T-cell 

precursors that promotes the proliferation of T lymphoblast with extensive blood and 

marrow involvement (Brunning 2003; Karrman and Johansson 2017). T-ALL arise from 

clones from various stages of the intrathymic development. The European Group for the 

Immunological Classification of Leukemia divides T-ALL according to developmental 

stage in pro-T, pre-T or immature, cortical-T and mature-T (Bene et al. 1995). The 

lymphoblasts in T ALL are TdT positive with variable expression of CD1a, CD2, CD3, 

CD4, CD5, CD7, and CD8. Only CD3 is considered lineage specific. Aberrant expression 

of CD10, CD79a, CD13, CD33, and CD117 (c-kit) may be observed (Brunning RD, 

Borowitz M, Matutes E 2001b). T-ALL present genetic and phenotypic heterogeneity and 

is often related to genetic alterations in transcription factors involved in hematopoietic 

stem and progenitor cell (HSPC) homeostasis and in master regulators of T-cell 

development (Weng et al. 2004).  

Symptoms associated with T-ALL include leukocytosis, neurological abnormalities, 

respiratory difficulties, fever, recurrent infections, fatigue, paleness, skin/mucosal 

bleeding, bone pain and arthralgia, related to suppressed BM functions and deficiency 

of normal PB cells (Karrman and Johansson 2017).  

T-ALL comprises 10-15% of all newly diagnosed leukemia cases in children, while the 

incidence in adults rises to 20-25% (Hunger and Mullighan 2015; Litzow and Ferrando 

2015). Historically, patients with T-ALL have shown worse outcomes than patients with 

B-ALL. In addition, patients with T-ALL are generally older, thus contributing to the poorer 

outcomes reported. With more aggressive modern regimens, however, many patients 

with T-ALL have survival rates approaching those of B-ALL. Despite the increment in the 

survival rates of T-ALL patients by the use of intensive chemotherapy regimens, the OS 

remains lower than 70%, with r/r T-ALL having a particularly poor outcome (20%) 

(Sánchez-Martínez et al. 2019). Considering the poor survival after relapse, it is of vital 
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importance to identify patients at an early stage of treatment who are at increased risk 

of such an event. Thus, minimal residual disease (MRD) monitoring has proved important 

to evaluate the effect of the treatment given, thereby assessing the risk of relapse. MRD 

analysis may be performed by three different approaches: 1) real-time quantitative PCR 

(qPCR) analyses of monoclonal IG/TCR rearrangements; 2) flow cytometry (FCM) 

detection of aberrant leukemic immunophenotypes; and 3) qPCR analyses of leukemia-

specific fusion genes and/or gene mutations (van Dongen et al. 2015). 

Compared with B-ALL, T-ALL is more often cytogenetically normal with only a minority 

of all reported ALL cases presenting an aberrant karyotype. In fact, less than 650 

cytogenetically abnormal T-ALLs in children and adolescents have been reported. 

Importantly, the subgroup with rare TCR rearrangements had a significantly worse 

outcome than all other cases (Karrman et al. 2009; Mitelman F, Johansson B 2009). On 

the other hand, T-ALL is more genetically diverse than B-ALL, and no genetic alterations 

have been identified that can predict outcome in a reproducible and independent 

manner. T-ALL can be discriminated according to the increased expression of various 

transcription factors, including TAL1, TLX1, TLX3, LMO1, LMO2, MEF2C, and HOXA. 

Notably, the most common abnormally activated pathway in T-ALL is the one mediated 

by Notch-1 (70–80% of patients). Although the majority of genetic lesions in B-ALL and 

T-ALL are mutually exclusive, some lesions can be found in both such asKMT2A 

(formerly known as MLL) rearrangement and BCR-ABL1. The most common gene fusion 

in pediatric T-ALL involves the STIL−TAL1 genes, leading to an overexpression of TAL1 

(along with frequent overexpression of SLC17A9) which is not seen to the same extent 

in adult T-ALL (Chen et al. 2018). Somatic translocations involving MLL on 11q23 occur 

in 2–5% of childhood cases of ALL and approximately 75% of infant patients with ALL. 

In T-ALL, MLL rearrangement occurs in 5–10% of cases. Similar to B-cell ALL, prognosis 

varies based on fusion partners (Andersson et al. 2015; Girardi et al. 2017; Liu et al. 

2017; Tasian and Hunger 2017; Teachey and Hunger 2013; Teachey and Pui 2019). 

Treatment for T-ALL include the same stages described above for B-ALL: remission 

induction, consolidation and maintenance of chemotherapy. B-ALL and T-ALL blasts had 

different sensitivities to many conventional cytotoxic chemotherapeutics, including 

hydrocortisone, daunorubicin, asparaginase, cytarabine, and methotrexate. Despite 

some study groups use different treatment approaches for B-ALL and T-ALL, the same 

12–15 cytotoxic drugs are typically used for both, and the primary differences account 

for the dosing and scheduling of the drugs (Teachey and Hunger 2013) (Pieters et al. 

1993). 



INTRODUCTION 
 

28 
 

1.1.3. Acute myeloblastic leukemia (AML). 
 
AML is a biologically, phenotypically and genetically heterogeneous clonal disorder 

caused by malignant transformation of a BM-derived, self-renewing stem cell or 

progenitors, leading to the accumulation of immature, nonfunctional, malignant myeloid 

cells. It is considered acute when the BM presents more than 20% immature leukemic 

blasts (Bonnet and Dick 1997). The expression of various proteins that are relatively 

lineage-specific for AML include CD33, CD13, CD14, CDw41, CD15, CD11B, CD36, and 

anti-glycophorin A. Lineage-associated B-lymphocytic antigens CD10, CD19, CD20, 

CD22, and CD24 may be present in 10% to 20% of AML cases, but monoclonal surface 

immunoglobulin and cytoplasmic immunoglobulin heavy chains are usually absent. 

Similarly, CD2, CD3, CD5, and CD7 lineage-associated T-lymphocytic antigens are 

present in 20% to 40% of AML cases (Kuerbitz et al. 1992; Smith et al. 1992). 

Approximately 20% of childhood leukemia are of myeloid origin and they represent a 

spectrum of hematopoietic malignancies (Young et al. 2016). Based on morphology, 

immunophenotype, cytogenetic abnormalities, patients’ outcome and clinical features, 

AML could be classified in several subtypes according to the World Health Organization 

(WHO): 1) AML with recurrent genetic abnormalities -such as t(8;21)(q22;q22) RUNX1-

RUNX1T1 comprising 5-12% of cases,  t(16;16)(p13.1;q22) CBFB-MYH11 making up 

10-12% of AML, or (9;11)(p21.3;q23.3) MLLT3-KMT2A comprising 5-6% of cases of 

AML; 2) AML with myelodysplasia-related features, characterized by the presence of 

over 20% blasts in the blood or BM and dysplasia in two or more myeloid cell lines, 

generally including megakaryocytes; 3) therapy-related myeloid neoplasms, that arise 

secondary to cytotoxic chemotherapy and/or radiation therapy, and could be divided in 

alkylating agent-related AML and topoisomerase II inhibitor-related AML; 4) AML, Not 

otherwise specified (Arber et al. 2016; Brunning 2003; Caligiuri, Strout, and Gilliland 

1997; Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H 2017). 

Pediatric AML, in contrast to AML in adults, is a pathology with a prototypical occurrence 

of chromosomal alterations. Within the pediatric age range, certain gene fusions occur 

primarily in children younger than 5 years (NUP98 gene fusions, KMT2A gene fusions, 

and CBFA2T3-GLIS2), while others occur primarily in children aged 5 years and older 

(RUNX1-RUNX1T1, CBFB-MYH11, and NPM1-RARA). However, pediatric patients with 

AML have one of the lowest mutation rates of all cancers, with less than one somatic 

change in a protein-coding region per megabase in most cases (Bolouri et al. 2018; 

Creutzig et al. 2012; Tarlock and Meshinchi 2015). 
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In AML, the 5-year survival rate increased between 1975 and 2010 from less than 20% 

to 68% for children younger than 15 years-old, and from less than 20% to 57% for 

adolescents aged from 15 to 19 years-old. Patients may present symptoms that include 

weakness, fever, infection, pallor and bleeding (Smith et al. 2014). Intensive 

chemotherapy combinations based on nucleoside analogs plus anthracyclines remain 

the standard front-line treatment of AML, followed by allogeneic HSCT, based on 

patients’ eligibility, to consolidate CR and to prevent relapse (Baroni et al. 2020; 

Cornelissen and Blaise 2016; Robak 2003). There is, however, a wide range in the final 

outcome depending on the different biological subtypes of AML.  

Treatment of pediatric AML includes an induction stage followed by a post-remission 

therapy. Induction phase protocols achieve an 85% to 90% CR rates. This stage 

promotes profound BM aplasia, which increases the morbidity by infections and 

treatment-related complications, where 2% to 3% of patients die during this process. The 

treatment at this phase includes chemotherapy -being cytarabine and anthracycline the 

two most effective drugs-; an immunotherapeutic approach to intensify inductions 

regimens by using a CD33 monoclonal antibody (gemtuzumab); or a targeted therapy to 

leukemia specific mutations, like the use of FLT3 inhibitors. However, the induction 

failure occurs in 10% to 15% of children with AML, with similar outcomes to patients with 

an early relapse (Aplenc et al. 2008; Cooper et al. 2012; Creutzig et al. 2001; Gamis et 

al. 2014; Perl 2019). Post-remission therapy for AML aims to prolong the duration of the 

initial remission by the use of chemotherapy, HSCT and targeted therapy. Post-remission 

chemotherapy includes some of the drugs used in induction but includes non-cross-

resistant drugs and, commonly, high-dose cytarabine as well. In addition, HSCT during 

the first remission of pediatric ALL patients achieves long term remission in 60-70% of 

cases (Creutzig et al. 2001; Horan et al. 2008). 

 

1.1.4. Biphenotypic acute leukemia. 
 

Biphenotypic acute leukemia, which comprises 2-5% of newly diagnosed acute leukemia 

(Maruffi et al. 2018), is characterized by blasts that express antigenic determinants of 

either both myeloid and lymphoid lineages or both B and T lineages (Legrand et al. 1998). 

There is considerable controversy in regards to terminology for these leukemia and a 

number of terms have been proposed including mixed lineage and mixed phenotype. 

The diagnosis of biphenotypic acute leukemia is based on the immunophenotypic 

detection of antigenic markers specific for two different lineages on the blast population. 

Biphenotypic acute leukemia is morphologically diverse, even though the majority of 
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cases show no differentiating features. However, some cases may be regarded as a 

myeloid subtype, while others have the morphologic features of acute lymphoblastic 

leukemia and rare cases present with dual populations of myeloid and lymphoid 

appearing blasts. Cytogenetic abnormalities are present in a high percentage of cases 

of biphenotypic acute leukemia. These include the Philadelphia chromosome -

t(4;11)(q21;q23)-, or other 11q23 abnormalities. In these cases, the lymphoid lineage 

component is B cell, being CD10+ in the Philadelphia chromosome cases and CD10- in 

the t(4;11) cases (Brunning 2003; Brunning RD, Matutes E, Borowitz MJ, Flandrin G, 

Head D 2001; Carbonell et al. 1996). 

 

1.2. New therapeutic approaches for acute leukemia. 
 

Despite great progress in the treatment of children with acute leukemia, a considerable 

number of patients continue to die from it and even in survivor patients, the short and 

long-term toxicities of standard therapy are substantial (Haso et al. 2013; Wayne, 

Reaman, and Helman 2008). Over the past 5 years, a shift has occurred in the treatment 

of patients with r/r B-ALL, and a number of targeted therapies and immunotherapies have 

shown to be remarkably efficient, leading to an improved OS for this disease. 

Unfortunately, neither targeted therapies nor immunotherapies have been successful in 

the treatment of T-ALL (Teachey and Pui 2019). Monoclonal antibodies against surface 

antigens such as CD19, CD20, CD22, and CD52 have been used either in an 

unconjugated form (rituximab and epratuzumab), conjugated to immunotoxins or 

chemotherapeutic agents (moxetumomab and inotuzumab ozogamicin), or as a 

bispecific antibody (blinatumomab) (Hoelzer 2011). Blinatumomab is a bispecific T-cell 

engager (BiTE) anti-CD19/CD3 molecule, which enhances natural cytotoxic killing of T 

cells by binding a protein expressed on the leukemic blast (CD19) and one expressed 

on autologous T cells (CD3). Indeed, Blinatumomab firstly showed promising clinical 

efficacy as a means of eradicating persistent MRD after upfront chemotherapy (Hoffman 

and Gore 2014; Topp et al. 2011). Another example is Inotuzumab ozogamicin, which is 

a calicheamicin-based antibody-drug conjugate targeting CD22. Pretreated children with 

r/r  B-ALL who received inotuzumab achieved CR in 67% of all cases, with MRD-negative 

CR occurring in 71% of those patients (Bhojwani et al. 2019). In T-ALL, anti-CD38 

monoclonal antibody daratumumab have shown promising efficacy (Bride et al. 2018). 

One of the early treatments for patients with advanced acute leukemia included adoptive 

cell therapy to induce a graft-versus-leukemia (GvL) effect. In this regard, chimeric 

antigen receptor (CAR) based therapies, that redirect T cells specificity and function, 
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have emerged as a promising strategy that has demonstrated impressive antitumoral 

effects in patients with leukemia. There are several clinical trials using CAR T cells that 

differ in the receptor construct for patients with acute leukemia. Four CAR T cell products 

targeting CD19 are now approved for clinical use by the Food and Drug Administration 

(FDA): tisagenlecleucel (KymriahTM) (U.S. Food and Drug Administration 2017a) for 

pediatric B-ALL and adult diffuse large B-cell lymphoma subtypes (DLBCL), 

axicabtagene ciloleucel (YescartaTM) (U.S. Food and Drug Administration 2017b) for 

DLBCL, brexucabtagene autoleucel (TecartusTM) (Gilead 2020) for adults with mantle 

cell lymphoma, and isocabtagene maraleucel (BreyanziTM) (Bristol-Myers Squibb 2021) 

for adults with r/r large B-cell lymphoma (Brown et al. 2020; Brudno and Kochenderfer 

2019). In addition, anti-CD22 and anti-CD20 CAR-transduced T cells hold therapeutic 

promise for children and adults with B-ALL (Haso et al. 2013; Jensen et al. 1998). 

Unfortunately, translating immunotherapies into a T-ALL setting has considerable 

problems, including the risk of severe immunodeficiency derived from the elimination of 

normal T lymphocytes -the so-called fratricide by T-cell-targeted clones. Despite these 

issues, preclinical studies of T-ALL have indicated efficacy with CAR T cells targeting a 

number of antigens, including CD1a, CD2, CD5, and CD7 (Gomes-Silva et al. 2017; 

Sánchez-Martínez et al. 2019; Teachey and Pui 2019). In spite of the increasing number 

of targeted therapeutic tactics to treat AML, patient outcomes have remained poor, 

probably because of the heterogeneous and extremely polyclonal character of AML. 

Several CARs have been developed in order to redirect T-cell against CD33, CD133 or 

CD123 antigens expressed in AML, with controversial results. Although clinical efficacy 

has been demonstrated, myeloablative toxicity has also been found (Baroni et al. 2020; 

Bueno et al. 2019; Fathi et al. 2020). 

The increase of CR of patients treated with CAR T cells and the possibility to receive 

HSCT suggest that this promising immunotherapy could be used as a primary front-line 

treatment or may provide a bridge for allogenic HSCT (Brown et al. 2020; Davila et al. 

2014). Currently, over 500 CAR T cell trials are being conducted worldwide and 5 CAR 

T cell products are already available on the market: the four explained above, targeting 

CD19 for different adult and pediatric hematological malignancies, plus AbecmaTM (U.S. 

Food and Drug Administration 2021) for multiple myeloma expressing BCMA. 

 

 



INTRODUCTION 
 

32 
 

1.3. CAR T cells. 
 

CARs are synthetic proteins firstly generated by Eshhar and colleagues in 1989, which 

are based on the T cell receptor constant (cTCR) domains fused to the variable domains 

of a monoclonal antibody (Gross, Waks, and Eshhar 1989). This combination results in 

chimeric genes endowing T lymphocytes with antibody-type specificity, potentially 

allowing cellular adoptive immunotherapy against types of tumors that could not 

otherwise be targeted by these cells. In order to optimize and extend the applicability of 

these so-called T-bodies, a single-chain approach was developed in 1993 by designing 

chimeric genes composed of a single-chain variable fragment domain (scFv) of an 

antibody linked to a CD3ζ chain, the common signal transducing subunits of the 

immunoglobulin receptor and the TCR (Eshhar et al. 1993). These minimal structures, 

termed first generation CARs, effectively redirected T cell cytotoxicity by the recognition 

of native cell-surface antigens independently of antigen processing or MHC-restricted 

presentation. Therefore, CARs do not have to be matched to the patient’s HLA and can 

recognize tumors that have downregulated HLA expression (Cheadle, Gilham, and 

Hawkins 2008; Sadelain, Brentjens, and Rivière 2009; Seliger, Ritz, and Soldano 2006). 

However, first generation CARs do not sustain T-cell response because the activation of 

effector cells without costimulation signaling results in a poor T cell proliferation, and/or 

in the induction of anergy or apoptosis (Harding et al. 1992; Krause et al. 1998).  

With the aim of overcoming this problem, the second generation CARs incorporated 

costimulatory domains (initially CD28) to the CD3ζ signaling domains while keeping 

tumor-associated antigens (TAA) recognition and anti-tumor ability. In response to TAA, 

effector cells expressing second generation CARs showed increased interleukin (IL) 2 

secretion, T cell proliferation and enhanced tumor rejection, in the absence of exogenous 

costimulation. (Maher et al. 2002). In the following years, a newer second generation 

CARs were developed using different costimulatory signaling domains, including 4-1BB, 

OX40, DAP10, CD80, CD86, CD70 and ICOS, each one of them conferring different 

characteristics to the CAR expressing effector cells (Brentjens et al. 2007; Finney, Akbar, 

and Lawson 2004; Guedan et al. 2014, 2018; Sadelain et al. 2009; Sadelain, Brentjens, 

and Rivière 2013; van der Stegen, Hamieh, and Sadelain 2015). CARs containing either 

CD28 or 4-1BB costimulatory domains have been the most used and studied to date, 

showing impressive responses in clinical trials, mainly against hematological 

malignancies (Brentjens et al. 2013; Kochenderfer et al. 2012; Maude et al. 2014; Porter 

et al. 2011). CD28 intracellular domain stimulates greater CAR T cell functionality, 

whereas the 4-1BB intracellular domain promotes greater CAR T cell persistence 

(Guedan et al. 2019). Several factors can influence the persistence of adoptively 
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transferred T cells, including patient preconditioning, ex vivo culture conditions, 

development of T cell exhaustion, host immune responses against the cellular infusion 

product, or the molecular design of CARs (Guedan et al. 2018). 

Consequently, CAR designs must include 3 modules: an extracellular target binding 

module, a transmembrane domain (TM) and an intracellular signaling domain that 

transmits activation signals. The moieties used to bind to antigen are divided into 3 

categories: 1) scFv derived from antibodies; 2) Fab antigen-binding fragment (Fab) 

selected from libraries; or 3) nature ligands that engage their cognate receptor (Sadelain 

et al. 2013). TM domains are primarily considered a structural requirement, anchoring 

the CAR in the cell membrane, and are usually derived from molecules regulating T cell 

function, such as CD8 and CD28. The intracellular module typically consists on the T cell 

receptor CD3ζ chain and one or more costimulatory signaling domains (Guedan et al. 

2018; Sadelain et al. 2013). 

Despite the impressive results obtained with CAR T cells, the principal issue revealed in 

the initial trials has been the poor in vivo persistence. One approach to solve this caveat 

is to incorporate two costimulatory signaling domains in tandem into the signaling 

module. These so-called third generation CARs exhibit improved proliferation, cytokine 

secretion, resistance to apoptosis and in vivo persistence as compared to second-

generation CARs (Carpenito et al. 2009; Hartmann et al. 2017; Zhong et al. 2010). CAR 

constructs combining the CD28 and 4-1BB intracellular domains are the most widely 

studied (Tammana et al. 2010; Till et al. 2012; Wang et al. 2007). 

In addition, although adoptive CAR T cells therapy has shown efficacy against several 

malignancies, cancer cells may lose expression of the targeted antigen promoting 

misrecognition by CAR T cells. Fourth generation CARs, also termed TRUCKs or 

armored CARs, combine the expression of a second generation CAR with factors that 

enhance anti-tumor activity, such as cytokines, costimulatory ligands or enzymes that 

degrade the extracellular matrix of solid tumors (Chmielewski and Abken 2015; 

Hartmann et al. 2017). Another approach to improve CAR T cells efficacy against antigen 

loss include upfront treatment with dual-targeting agents, especially in leukemia, taking 

advantage of markers that are commonly expressed in B-ALL such as CD22, CD123 

and CD20 (Ruella and Maus 2016; Zah et al. 2016). 
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Figure 3. CAR design evolution. First generation CARs consist on a recognition domain 
linked to a TM domain and an activating signal transduction domain CD3ζ. Second 
generation CARs incorporates a costimulatory domain, commonly CD28 or 4-1BB. 
Addition of a second costimulatory domain generates third generation CARs. Fourth 
generation CARs are modified with a constitutive or inducible expression cassette for a 
transgenic protein, such as cytokines, costimulatory ligands, or enzymes. Created with 
BioRender.com. 
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CD19 has become the most investigated CAR target and a paradigm for CAR therapy 

because of its association with all B cell malignancies, its expression in most -if not all- 

tumor cells, its absence from vital tissues, and the proved effectiveness of different 

second generation CARs targeting CD19 (Sadelain 2015). CART19 induces complete 

remission, including molecular remission, in patients for whom chemotherapies, often 

utilizing multiple drug combinations, have led to drug resistance and tumor progression. 

Taken together, the preclinical and clinical studies on CD19 CARs have validated the 

development of second generation CARs, established the feasibility of implementing T 

cell engineering in the clinic, and demonstrated the effective potency of CAR therapy in 

a group of hematological malignancies with a common feature: the expression of CD19. 

In 2011, the first promising results showing complete remission from patients with chronic 

lymphocytic leukemia (CLL) were reported (Kalos et al. 2011). Shortly after, in 2013, 

CART19 was evaluated to treat patients with B-ALL (Brentjens et al. 2013). These results 

led to the FDA approval of CD19 CAR T cells for r/r ALL and for DLBCL in 2017. On the 

other hand, studies based on CART19 have revealed three potential toxicities of CAR 

therapy: B cell aplasia, severe cytokine release syndrome (CRS), and immune effector 

cell-associated neurotoxicity syndrome (ICANS), although these toxic effects are 

reverted when the target cell is eliminated or when CAR T cells engraftment is terminated 
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(June and Sadelain 2018). Furthermore, it is expected that the selective pressure 

imparted by CAR T cells will sometimes yield antigen escape variants by losing CD19 

expression. The CD19 paradigm has showed the enormous potential and current 

limitations of CAR technology, providing insights into its application to solid tumors, which 

is one of the major challenges for the CAR field (Sadelain 2015).  

Most clinical trials use autologous effector cells that are genetically modified to express 

the CAR of choice to later on CAR T cells being expanded and reinfused into the patient. 

However, autologous cell sources may have some disadvantages, such as a low T cell 

number or poor quality of the cells due to the previous treatments, which may lead to 

manufacture failure; T cells dysfunction mediated by immunosuppressive mechanism 

exerted by the tumor; manufacture failure; or the time required for the manufacturing 

production rendering this approach useless for patients with rapid disease progression. 

(Morgan et al. 2020). The use of allogeneic effector cells could provide more flexibility 

for treatment protocols by preparing and storing ready-to-use CAR T cells. However, 

allogeneic approaches are associated with two major inconvenients. First, allogeneic T 

cells may cause life-threatening graft-versus-host disease (GvHD). Second, these 

allogeneic T cells may be rapidly eliminated by the host immune system, limiting their 

antitumoral activity. Several approaches have been developed for administering 

allogeneic CAR T cells with reduced risk of GvHD: usage of donor-derived allogeneic T 

cells in stem cell transplant recipients, usage of virus-specific memory T cells, usage of 

non- αβ T cells, and gene editing with TCR deletion in αβ T cells. NK cells, invariant NKT 

cells and ɣɗ T cells have a reduced risk of producing GvHD and have also been used for 

CAR therapy (Depil et al. 2020). Another method of non-reactive allogeneic effector cells 

enrichment is using antigen-experienced memory T cells for CAR transduction. Memory 

T cells express CD45RO marker while lack CD45RA expression. CD45RA- CD45RO+ 

memory T cells exert a memory response to prior pathogens or vaccines and can 

mediate graft-versus-tumor effects without inducing GvHD (Anderson et al. 2003; Zheng 

et al. 2008). Additionally, using allogenic CAR T cells leads to an off-the-shelf production 

that allows the production of a ready-to-use therapy for patients with low or deficient T 

cells, as it usually happens in pediatric patients.   

Although different targets for AML and T-ALL are currently being explored, a successful 

CAR T cell therapy for these diseases has not been found yet and requires further 

research to overcome different hurdles as T cell aplasia or myelosuppression. 
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1.4. Role of NKG2D-NKG2DL axis in cancer. 
 

The NKG2D receptor plays an important role in protecting the host from infections and 

cancer. It modulates lymphocyte activation by recognizing ligands induced on infected, 

DNA-damaged, stressed or tumor cells, thus promoting immunity to eliminate ligand 

expressing cells. Because these ligands are not widely expressed on healthy tissues, 

NKG2DL may constitute a useful target for immunotherapeutic approaches in cancer 

(Spear, Wu, et al. 2013). 

 

1.4.1. NKG2D receptor. 
 

NKG2D, also known as Klrk1, is a C-type lectin-like receptor firstly described in 1993. In 

humans, it is constitutively expressed in γδ T cells, CD8+ αβ T cells and Natural Killer 

cells (NK), playing a role as an activating immune receptor (Bauer et al. 1999; Yabe et 

al. 1993). Under certain conditions, human CD4+ T cells can also express NKG2D, such 

as cytomegalovirus infection, Crohn's disease, rheumatoid arthritis and cancer (Allez et 

al. 2007; Groh et al. 2003; Sáez-Borderías et al. 2006). NKG2D is a type II 

transmembrane glycoprotein, which lacks signaling elements in the intracellular domain, 

therefore needing to associate with an adaptor molecule to initiate the activation 

cascade. In humans, this adaptor molecule is DNAX-activating protein of 10 kDa 

(DAP10) (Wu et al. 1999). Therefore, the NKG2D receptor consists of a homodimer of 

two disulfide-linked transmembrane proteins associated with four adaptor molecules to 

form a hexameric complex (Campos-Silva, Kramer, and Valés-Gómez 2018; Wensveen, 

Jelenčić, and Polić 2018). DAP10 contains a YXXM tyrosine-based motif, similar to that 

found in the co-stimulatory molecules CD28 and ICOS (Wu et al. 1999), which recruits 

and activates the p85 subunit of phosphoinositide 3-kinase (PI3-K) and growth factor 

receptor-bound protein 2 (Grb2) (Upshaw et al. 2006). Thus, DAP10 provides a 

costimulation signal to T cells rather than a primary activation signal (Sentman and 

Meehan 2014). In addition, ubiquitination of DAP10 mediates ligand-induced 

endocytosis of NKG2D. Moreover, NKG2D engagement, apart from promoting cell 

activation and the downregulation of NKG2D expression, also promotes degradation of 

the CD3ζ signaling adaptor by inducing caspase-3/7 activation (Campos-Silva et al. 

2018). 

NKG2D expression and signaling can be regulated by cytokines and tumor-derived 

factors. On the one hand, cytokines such as IL-2, IL-7, IL-12, IL-15 increase cell surface 

expression of NKG2D. IL-15 signaling not only regulates NKG2D expression but also 
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increases the expression of DAP10 and phosphorylates the adaptor molecule to prime 

NKG2D signaling (Dhanji and Teh 2003; Horng, Bezbradica, and Medzhitov 2007; Zhang 

et al. 2008). On the other hand, interferon gamma (IFN-γ) and tumor growth factor beta 

(TGF-β) have been shown to decrease NKG2D expression. In addition, IL-21 has been 

shown to reduce expression of DAP10 and NKG2D in human CD8+ T cells and NK cells 

(Burgess et al. 2006, 2008). 

 

1.4.2. NKG2D ligands. 
 

NKG2DL mark cellular stress and they are expressed by many types of tumor cells, 

including pediatric acute leukemia, and virus-infected cells (Groh et al. 2001; Pende et 

al. 2002; Schlegel et al. 2015; Torelli et al. 2014). Human NKG2DL can be classified into 

two families: the major histocompatibility complex (MHC) Class I-related chains A (MICA) 

and B (MICB) and retinoic acid early transcripts-1 (RAET1), also known as UL-16 binding 

proteins 1 to 6 (ULBP1-6) (Zhang, Basher, and Wu 2015). MICA/B proteins generally 

contain transmembrane regions, while the ULBPs are mainly anchored to the membrane 

via glycosyl-phosphatidyl-inositol (GPI) moieties (Campos-Silva et al. 2018). The 

NKG2DL MICA and MICB have α1, α2, and α3 extracellular domains and 

transmembrane domains, sharing structural homology with MHC-I. ULBP1-6 ligands, 

however, lack the α3 domain (Zhang et al. 2015). NKG2DL are highly polymorphic 

proteins, specially MICA and MICB, which can affect the affinity of receptor-ligand 

interaction (Romphruk et al. 2009; Stephens 2001). For example, the MICA-129Met 

variant triggers stronger NKG2D signaling leading to an increased degranulation and 

IFN-γ production than the MICA-129Val variant, although MICA-129Met isoform triggers 

faster and stronger NKG2D downregulation (Isernhagen et al. 2015). 

While NKG2DL expression is tightly restricted in healthy tissues, these ligands can get 

upregulated under many different types of stress situations (Eagle, Jafferji, and Barrow 

2009). The expression of NKG2DL at the cell surface arises from multiple levels of 

regulation (figure 4) such transcription, messenger ribonucleic acid (mRNA) stability, 

translation, protein stabilization, and excretion/shedding of ligands from cells (Campos-

Silva et al. 2018; Duan et al. 2019; Spear, Wu, et al. 2013; Zingoni et al. 2018).  

Firstly, NKG2DL can be regulated at transcriptional level by multiple molecular pathways, 

such as different stress signals, including proliferative signals, malignant transformation, 

infection, or oxidative stress activate deoxyribonucleic acid (DNA) damage responses. 

In this context, NKG2DL can be upregulated by the sensor kinases ATM/ATR signaling, 
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heat-shock response and proliferative signals that enhance E2F activity (Fionda et al. 

2009; Gasser et al. 2005; Jung et al. 2012). Different mechanisms of transcriptional 

repression have also been described, like STAT3 transcription factors interacting with 

the promotor of MICA and repressing its expression, or several promotor polymorphisms 

associated with a decreased expression (Bedel et al. 2011; Rodríguez-Rodero et al. 

2007).  

Secondly, although mRNA coding for several NKG2DL can be found in healthy cells, 

these molecules are rarely expressed at the cell surface in the absence of pathology, 

which imply post-transcriptional and post-translational regulation (Raulet et al. 2013). In 

this regard, micro-RNAs (miRNA) have been shown to interact with NKG2DL mRNA 

affecting their expression. One example occurs during human cytomegalovirus (HCMV) 

infection, when miRNA miRUL112 downregulates MICB and ULBP1 expression, 

promoting the immune evasion of virus-infected cells (Stern-Ginossar et al. 2008). This 

also happens in cancer cells, as miR-519a-3p inhibits NK cells cytotoxicity of breast 

cancer by downregulation of ULBP2 and MICA expression (Breunig et al. 2017). 

Finally, the surface expression levels of NKG2DL can be controlled by mechanisms 

implicated in the regulation of its release as soluble form by various processes, including 

protease-mediated cleavage, exosome secretion, and alternative splicing (Salih, 

Rammensee, and Steinle 2002; Zingoni et al. 2018). NKG2DL can be proteolytically shed 

from the cell surface by matrix metalloproteinases (MMPs) and a disintegrin and 

metalloproteases (ADAMs), or liberated from the membrane by phospholipase C in the 

case of glycosylphosphatidylinositol (GPI)-anchored molecules. Moreover, NKG2DL can 

be secreted in extracellular microvesicles (exosomes) together with other tumor-derived 

molecules (Chitadze et al. 2013). Specific NKG2DL are preferentially, although not 

exclusively, released by one of these two mechanisms and the biochemical basis for this 

difference resides mainly on the nature of the membrane attachment of the protein 

(Campos-Silva et al. 2018). The allelic variant MICA*008, GPI-anchored, is resistant to 

proteolytic cleavage and is mostly released from cells in association with exosomes 

(Ashiru et al. 2010). In addition, ULBP1 and ULBP3 that are anchored to the membrane 

by GPI, are more resistant to cleavage and preferentially secreted like exosome vesicles. 

However, the type of membrane anchoring is not the only factor that determines 

NKG2DL release. In the case of ULBP2 and ULBP3, both proteins are GPI-anchored to 

the membrane but only ULBP2 is usually released as a soluble form because of an 

increased susceptibility to metalloprotease-mediated cleavage (Fernández-Messina et 

al. 2010). 
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Figure 4. Levels of regulation of NKG2DL expression. Transcriptional level: Transcription factors 
like P53, E2F or heat shock transcription factor 1 (HSF1) promote the transcription of NKG2DL 
genes; proliferative signals can also upregulate NKG2DL expression through ATM/ATR pathway. 
Translational level: miRNAs interact with NKG2DL mRNA affecting their expression. Post-
translational level: ADAMs and MMPs produce NKG2DL shedding as soluble forms or exosomes. 
Adapted from Duan et al. 2019. Created with BioRender.com. 

 

In addition to shedding and exosome secretion, alternative splicing and ubiquitination 

represents another way of generating soluble forms of some ligands (Cao et al. 2008; 

Fernández‐Messina, Reyburn, and Valés‐Gómez 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

1.4.3. NKG2D-CAR T cells for cancer treatment. 
 

Due to the fact that the NKG2D receptor-ligand axis provides a specific system for 

immune cells to recognize tumor cells, NKG2D-based CAR T cells have recently 

emerged as a potential strategy to redirect T cells against different tumors. This novel 

therapeutic approach has important advantages: 1) it is based on the natural occurring 

NKG2D-NKG2DL tumor immunosurveillance pathway; 2) NKG2D-CAR construct is fully 

human, avoiding immunogenicity produced by CARs based on mouse-derived 

antibodies; 3) NKG2D-CAR T cells recognize 8 different NKG2DL, avoiding tumor 

immunoescape by antigen loss; and 4) NKG2D-CAR T cells target the tumor 

microenvironment (TME) (Spear, Wu, et al. 2013). 

The first NKG2D-based CAR therapy was reported in 2005 (Zhang, Lemoi, and Sentman 

2005). These results stablished the first proof of concept for the use of NKG2D-CAR T 

cells in human cancer. After this first publication, many authors have demonstrated the 

efficacy of NKG2D-CAR T cells against different human tumor types including multiple 

myeloma, ovarian carcinoma, lymphoma, Ewing’s sarcoma and osteosarcoma both in 
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vitro and in vivo (Barber et al. 2008; Fernández et al. 2017; Lehner et al. 2012; Spear, 

Barber, et al. 2013). In addition, NKG2D CAR can recognize NKG2DL expressed on 

immunosuppressive cells, such as myeloid-derived suppressor cells (MDSC), regulatory 

T cells, and tumor vasculature cells within the TME support tumor survival and 

progression (Barber, Rynda, and Sentman 2009; Zhang and Sentman 2013).  

Regarding the constructs, different designs for NKG2D CARs have been proposed. On 

the one hand, constructs based on the full-length NKG2D receptor fused with the CD3ζ 

have been developed. The full length NKG2D associates with the adaptor molecule 

DAP10, which is necessary for surface expression and signaling, allowing those first 

generation-like structures to function as a second generation CAR (Lonez et al. 2018; 

Raulet 2003; Zhang et al. 2005). Similarly, another NKG2D-DAP10-CD3ζ construct was 

designed by Campana et al. to engineer NK cells (Chang et al. 2013). On the other hand, 

several groups have been using second generation CARs combining the extracellular 

domain of NKG2D for ligand recognition fused with costimulatory domains CD28/4-1BB 

and the cytotoxic domain CD3ζ. (Fernández et al. 2017; Lehner et al. 2012; Song et al. 

2013). Effector cells that express DAP10-associating CARs produce IFN-γ, granulocyte 

macrophage colony-stimulating factor (GM-CSF) and tumor necrosis factor α (TNF-α) 

while second generations NKG2D CARs produce IL-2, IL-5, IFN-γ and TNF-α (Sentman 

and Meehan 2014). Moreover, NKG2D-CAR T cells carrying CD28/4-1BB costimulatory 

domains show a great expansion in vivo (Porter et al. 2011), while NKG2D CARs that 

associate with DAP10 do not persist long in vivo in animal studies (Barber, Meehan, and 

Sentman 2011). 

The expression of endogenous NKG2D receptor may be downregulated in the presence 

of immune regulatory cytokines, sNKG2DL or TGF-β. Consequently, the anti-tumor 

immunosurveillance of effector cells that relies in NKG2D-NKG2DL interactions would 

decrease. However, the activity of NKG2D-CAR T cell remains unimpaired after 

exposure to sNKG2DL (Groh et al. 2002; Zhang, Barber, and Sentman 2006). 

Importantly, these CARs designs include a full human receptor in contrast to usual scFv-

based CARs derived from mouse, thus reducing the immunogenicity of the chimeric 

receptor (Sentman and Meehan 2014).  
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1.5. Mechanisms of immunoescape.  
 

Despite the proven efficacy of CAR T cells for the treatment of cancer, specifically 

hematological malignancies, there are some patients that barely respond to CAR T cell 

therapy. Some limitations for CAR T cells application include the lack of tumor-specific 

target antigens, tumor heterogeneity and plasticity which can lead to tumor escape due 

to loss of antigen expression, T cell dysfunction driven by CAR-mediated tonic signaling 

or chronic antigen exposure, and inactivation of CAR T cells by the immunosuppressive 

TME (Rodriguez-Garcia et al. 2020).  

A common mechanism of resistance to CAR T cells is the onset of tumors with loss or 

downregulation of the target antigen. The CD19-loss is a specific tumor immunoescape 

mechanism linked to poor prognosis leukemia and observed in the treatment of 

hematological malignancies by CD19-directed immunotherapies. This is related with the 

cancer heterogeneity and its capability to evolve over time adapting to the environment 

(Ruella and Maus 2016). CD19-negative leukemia resulting after CD19-directed therapy 

show mutations in the CD19 gene and CD19 splicing variants. In particular, exon 2 of 

CD19 is frequently spliced out, lacking the CAR-recognized epitope (Sotillo et al. 2015). 

Furthermore, the induction of a long-term myeloid switch CD19 negative and the 

selection of a preexisting CD19-negative myeloid clone by CART19 treatment have also 

been proposed as mechanisms of escape (Gardner et al. 2016; Jacoby et al. 2016). In 

addition, tumors may develop mechanisms to evade NKG2D-mediated 

immunosurveillance as release of NKG2DL from the cell surface (Salih et al. 2002). This 

strategy has two different effects: on one hand the release of NKG2DL as soluble forms 

reduce their cell surface expression, avoiding tumor cell recognition by NKG2D-

redirected therapies; on the other hand, the presence of sNKG2DL causes 

downmodulation of the NKG2D receptor and impairs tumor clearance by immune cells. 

Although these effects on wild type NKG2D have been stablished, it has been shown 

that the anti-tumor potential of NKG2D-CAR bearing T cells remained unimpaired after 

exposure to a high concentrations of soluble MICA (Zhang et al. 2006). Moreover, CARs 

can provoke reversible antigen loss through trogocytosis, an active process in which the 

target antigen is transferred to T cells, thereby decreasing target density on tumor cells 

and abating T cell activity by promoting fratricide T cell killing and T cell exhaustion 

(Hamieh et al. 2019). Furthermore, it has been demonstrated that in chemotherapy-

resistant leukemic stem cells from AML patients, the expression of NKG2DL is lost thus 

enabling their immune evasion (Paczulla et al. 2019). 
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The bone marrow microenvironment (BMM) has been shown to participate in resistance 

of acute leukemia to chemotherapy and immunosuppression (Ayala et al. 2009; Zanetti 

et al. 2020). The BMM is a well-established site of sanctuary for hematological 

malignancies. In leukemia, the BMM serves as the site of initiation and progression of 

the disease (Moses et al. 2016). Two non-mutually exclusive contributions for 

hematopoietic niches to leukemogenesis have been proposed: the acquisition of 

mutations or functional alterations by niche cells that predispose for malignancy 

development, and niche remodeling by transformed hematopoietic cells that facilitates 

disease manifestation and/or progression (Méndez-Ferrer et al. 2020). The BM is also 

the primary site where residual leukemic cells survive during standard chemotherapy 

and is the most frequent location of leukemia relapse (Zanetti et al. 2020). 

The leukemia microenvironment contains several cell types which can dampen T cell 

responses. These include leukemia blasts, myeloid-derived suppressor cells (MDSCs), 

regulatory T cells (Tregs), tumor-associated macrophages (TAMs), and dendritic cells. 

Additionally, structural elements also compound the BMM, including hematopoietic, 

endothelial, osteoblastic, and stromal components. Mesenchymal stem cells (MSCs) are 

stromal cells that highly express indoleamine 2,3-dioxygenase (IDO), which correlates 

with expansion Tregs and could inhibit CAR T cell effector function. Furthermore, Tregs 

secret immunosuppressive cytokines such as IL-10 or TGF-β and mediates suppression 

of antigen presenting cells (APC) by CTLA-4, which in turn suppresses antigen-specific 

CD8+ T cell cytotoxicity (Liyanage et al. 2002; Togashi, Shitara, and Nishikawa 2019). 

TGF-β itself reduces the surface expression of NKG2D in NK and T cells (Lazarova and 

Steinle 2019). Moreover, TAMs contribute to suppression of effective adaptive immunity 

by producing IL-10 and TGF-β, immunosuppressive prostaglandins and IDO, resulting 

in metabolic starvation of T cells. (Mantovani et al. 2017; Zhang et al. 2012). Myeloid-

derived suppressor cells (MDSCs) also accumulate in the tumor niche, supporting 

leukemia progression, and are associated with poor prognosis (Zhang et al. 2016). 

Similar to TAMs, MDSCs have also seen to be implicated in limiting the effects of CAR 

T cell therapy by elimination of nutrients needed for T cell proliferation such as arginine, 

cysteine, or tryptophan, production of IL-10 and TGF-β, and induction of Tregs 

(Gabrilovich and Nagaraj 2009). 

Finally, many suppressive effects of the leukemia microenvironment are mediated 

through soluble environmental factors, including secreted anti-inflammatory cytokines 

(IL-10 and TGF-β) and alteration of chemokine-mediated trafficking (CCL4, CXCL10). In 

addition, metabolic changes could drive the BMM to support leukemic cell growth and 

survival while limiting immune responses (Epperly, Gottschalk, and Velasquez 2020).
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2. HYPOTHESIS 
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Based on the importance of NKG2D/NKG2DL axis in the anti-tumor immunosurveillance, 

we hypothesize that leukemic blasts from pediatric patients could overexpress NKG2DL 

and would thus represent an interesting target for NKG2D CAR T cells.  

In this regard, engineering CD45RA- T cells with a second generation NKG2D-41BB-

CD3ζ CAR cells could efficiently eliminate leukemic blasts and become a novel 

therapeutic approach for pediatric acute leukemia.  

Additionally, we hypothesize that GMP-like manufacturing of clinical-grade allogenic 

CD45RA- NKG2D-CAR T cells (hereinafter NKG2D-CART, unless otherwise specified) 

could be feasible and reproducible allowing translation of this therapy to the clinical 

setting. 
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3. OBJECTIVES 
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The main objectives of this research project were to: 

 Explore the suitability and the efficacy of using NKG2D CAR T cells as therapeutic 

approach for pediatric acute leukemia. 

 Optimize a GMP-compliant manufacturing protocol to produce NKG2D-CAR T cells 

for clinical use. 

Additionally, the secondary objectives of this project were to: 

 Determine the expression of NKG2DL in pediatric acute leukemia samples and cell 

lines. 

 Optimize the production of NKG2D CAR encoding lentiviral particles. 

 Analyze the cytotoxicity of NKG2D-CART against pediatric acute leukemia primary 

samples and cell lines. 

 Explore the anti-tumor ability of NKG2D-CART in a murine model of human T-ALL. 

 Study the effects of different immunoescape mechanisms such as sNKG2DL, TGF-

β and leukemia-initiating cells (LICs) in NKG2D-CART. 

 Analyze NKG2D-CAR T cell products to comply with the specifications derived from 

the quality and complementary controls carried out in accordance with the 

instructions of the Spanish Regulatory Agency of Medicines and Medical Devices 

(AEMPS) for the manufacture of investigational advanced therapy medicinal 

products (ATMPs). 
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4. MATERIALS AND 
METHODOLOGY 
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4.1. Materials 
 
4.1.1. Cell lines. 

 

All human cell lines used in this project are summarized in Table 1. Jurkat cells 

expressing green fluorescent protein (GFP) and luciferase (Luc) were kindly provided by 

Dr. Pablo Menéndez, from Josep Carreras Leukemia Research Institute (Barcelona, 

Spain).  Dulbecco's Modified Eagle's Medium with GlutaMAX™ (DMEM; Gibco, NY, 

USA, 61965-026), Iscove's Modified Dulbecco's Medium (IMDM; Gibco, 12440-046) and 

Roswell Park Memorial Institute medium-1640, (RPMI; Sigma-Aldrich, MO, USA, R8758) 

were employed as cell culture media, supplemented with Fetal Bovine Serum (FBS; 

Cytiva, WA, USA, 16SV30160.03).  The specific cell culture medium and percentage of 

FBS used for each cell line are specified in Table 1. 

 

4.1.2.  Antibodies and dyes. 
 

All antibodies and dyes used in this project are compiled in Table 2.  
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Table 1. Summary of cell lines according to disease/tissue subtypes and culture method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Disease/tissue Culture method Reference 

B-ALL 
NALM-6 Acute lymphoblastic 

leukemia RPMI, 10% FBS ATCC, VA, USA, 
CRL-3273 

REH Acute lymphocytic 
leukemia (non-T; non-B) RPMI, 10% FBS ATCC, CRL-8286 

RS4;11 Acute lymphoblastic 
leukemia RPMI, 10% FBS ATCC, CRL-1873 

TOM-1 Acute lymphoblastic 
leukemia RPMI, 10% FBS DSMZ, Germany, 

ACC 578 
T-ALL 

CEM Acute lymphoblastic 
leukemia T RPMI, 10% FBS ATCC, CRL-2265 

JURKAT Acute T cell leukemia RPMI, 10% FBS ATCC, TIB-152 

MOLT-3 Acute lymphoblastic 
leukemia T RPMI, 10% FBS ATCC, CRL-1552 

MYELOID 
KASUMI-1 Acute myeloblastic 

leukemia RPMI, 20% FBS ATCC, CRL-2724 

K562 Chronic myelogenous 
leukemia (CML) IMDM, 10% FBS ATCC, CCL-243 

ME-1 Acute myeloid leukemia RPMI, 20% FBS DSMZ, ACC 537 
BIPHENOTYPIC 

MV4;11 
Biphenotypic B 
myelomonocytic 

leukemia 
IMDM, 10% FBS ATCC, CRL-9591 

SEM Acute lymphoblastic 
leukemia IMDM, 10% FBS DSMZ, ACC 546 

OTHERS 
HEK293T Human embryonic 

kidney 
DMEM, 10% 

FBS ATCC, CRL-11268 
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Table 2. Characteristics of Fluorochrome-conjugated antibodies and dyes in FCM experiments. 
PE, phycoerythrin; APC, allophycocyanin; PerCP, peridinin chlorophyll protein; Cy5.5; cyanine 
5.5; Cy7, cyanine 7; FITC, fluorescein Isothiocyanate; DAPI, 4′,6-Diamidino-2-phenylindole 
dihydrochloride; 7-AAD, 7-Aminoactinomycin D.  

 

Reactivity Antigen/ 
dye Clone Flurochrome Reference 

Human MICA 159227 PE R&D systems, MN, 
USA, FAB1300P 

Human MICB 236511 APC R&D systems, 
FAB1599A 

Human ULBP-1 170818 PE R&D systems, 
FAB1380P 

Human ULBP-
2,5,6 165903 APC R&D systems, 

FAB1298A 

Human ULBP-3 166510 PE R&D systems, 
FAB1517P 

Human ULBP-4 709116 APC R&D systems, 
FAB6285A 

Human CD45RA HI100 APC Biolegend, CA, USA, 
304111 

Human NKG2D 1D11 PE Biolegend, 320806 
Mouse CD45 30F11 APC Biolegend, 103112 
Human CD45 2D1 PerCP-Cy5.5 Biolegend, 368504 
Human CD3 HIT3a PE-Cy7 Biolegend, 300316 
Human CD8 SK1 FITC Biolegend, 344703 
Human CD4 OKT4 APC-Cy7 Biolgend, 317418 
Human CD4 OKT4 PerCP Biolgend, 31743125 
Human PD-1 EH12.2H7 APC Biolegend, 329907 
Human TIM-3 F38-2E2 APC-Cy7 Biolegend, 345025 
Human CD25 BC96 APC Biolegend, 302610 
Human CD127 A019D5 PE-Cy7 Biolegend, 351320 

Human CCR7 3D12 PE BD Biosciences, NJ, 
USA, 552176 

Human CD45 HI30 FITC BD Biosciences, 
555482 

Human CD3 OKT3 FITC Biolegend, 317306 
Human CD4 OKT4 PerCP-Cy5.5 Biolegend, 317428 
Human CD8 SK1 PE-Cy7 Biolegend, 344712 

- DAPI - - Sigma-Aldrich, D8417 
- 7AAD - - BD Bisciences, 559925 

- CellTrace 
Violet™ - - Thermo Fischer, MA, 

USA C34557 
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Figure 5. Procedure to obtain PBMCs from buffy coat by Ficoll centrifugation. Created with 
BioRender.com.  

4.2. Methodology: preclinical studies. 
 

4.2.1. Primary cells. 
 
Primary cells were obtained from La Paz University Hospital (Madrid, Spain). All donors 

(or their guardians) gave their written informed consent in accordance with the 

Declaration of Helsinki protocol, and the study was performed according to the guidelines 

of the local ethics committee (code PI-3374). All donors complied with the requirements 

regarding quality and safety for donation, obtaining, storage, distribution, and 

preservation of human cells and tissues under the Spanish specific regulation. Peripheral 

blood mononuclear cells (PBMCs) were isolated from buffy coats from healthy volunteers 

by using Ficoll-Paque Plus (Cytiva, 17-1440-02) through gradient centrifugation (as 

described in Figure 5). Samples were diluted 1:1 with phosphate buffered saline (PBS) 

and added 3:1 over Ficoll-Paque Plus. After centrifugation at 300x g for 30 minutes 

without brake, PBMC layer was collected for subsequent procedures. PBMCs were 

cultured in RPMI 10% FBS. Buffy coats were obtained from the Transfusions Centre of 

the Comunidad de Madrid upon institutional review board approval.  

 

 

 

 

 

 

 

 

BM or PB samples from pediatric leukemia patients were obtained at the time of 

diagnosis prior to therapy, at follow up and/or in complete remission (CR), as indicated. 

PBMCs were obtained after gradient centrifugation as described above. For 

cryopreservation, cells were resuspended in freezing medium comprising FBS with 10% 

dimethyl sulfoxide (DMSO; Sigma-Aldrich, D2650). Vials were then placed in a Nalgene 

Cryo 1ºC Freezing Container (Bio-Rad, CA, USA, 5100-0001) and stored at -80°C. After 

24-48 h at -80°C, vials were kept in a liquid nitrogen tank for long term storage.  

All cell lines were routinely tested for mycoplasma. A DNA-binding dye-based qPCR 

system was employed for the detection of mycoplasma DNA in cell cultures. The assay 
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was developed by the Genomics Unit in collaboration with the Monoclonal Antibodies 

Unit, both from the Spanish National Cancer Research Centre (CNIO), to detect 16s 

ribosomal RNA (rRNA) gene sequences from up to 70 Mollicutes species. 

 

4.2.2. Flow cytometry. 
 

 FCM analysis: 

The different cell populations were determined in a FACSCanto II flow cytometer (BD 

Biosciences) or Gallios flow cytometer (Beckman Coulter, CA, USA) using the 

fluorochrome-conjugated antibodies and viability exclusion dyes summarized in Table 2. 

Discrimination of single cells from aggregates or doublets is typically performed at the 

beginning of the gating strategy using a Forward Side Channel‐Aria (FSC‐A) versus 

Forward Side Channel‐Height (FSC‐H) bivariate plot. In single cells, these two 

measurements increase proportionally, whereas aggregates will show a clear deviation 

from the linearity. Once single cells were selected, alive cells were identified as 

DAPI/7AAD negative. To exclude debris from cell analysis, a plot showing side scatter 

area (SSC-A) versus FSC-A was used. Finally, multicolor FCM was performed to 

characterize cellular population of interest (Figure 6). To ensure a high quality analysis, 

at least 10.000 to 20.000 events of the population of interest were acquired.  

Between 2·105-5·105 cells were resuspended in 100-200 μl of staining/FCM buffer (PBS, 

2% FBS) and stained with the appropriate amount of the specific antibody, as previously 

determined by titration test. Samples were then incubated at 4°C in the darkness for 30 

minutes. After incubation, stained cells were washed using 2 ml of FCM buffer and 

centrifuged at 300x g for 5 minutes. Lastly, supernatants were discarded and remaining 

cells were resuspended in 150-300 μl of FCM buffer and 0,5 μl of viability dye DAPI at 

200 μg/ml were added per sample prior to being analyzed in the cytometer. 

 FCM controls: 

One consideration when performing multicolor fluorescence studies is the possibility of 

spectral overlap between fluorophores. Because the fluorophores used in flow cytometry 

emit photons of multiple energies and wavelengths, a mathematical method called 

compensation is needed to address the measurement of the photons of one fluorophore 

in multiple detectors. The definition of a compensation control is simple: for each 

fluorophore used in the experiment, a single-stained cell or bead sample must also be 

prepared. In order to compensate overlapping between fluorochromes and set the laser 

voltage, UltraComp eBeads (Invitrogen, MA, USA, 1-2222-42) were used. One drop of 
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Figure 6. Gating strategy to identify cells of interest in FCM analysis. 

beads was stained with an appropriate amount of individual antibodies and incubated at 

4°C in the darkness for 15 minutes. Stained beads were washed using 2 ml of PBS and 

centrifuged at 3100x g for 5 minutes, supernatants were discarded and stained beads 

were resuspended in 200 μl of PBS for data acquisition. 

Unstained samples were used to determine the level of background fluorescence or 

autofluorescence and set the laser voltages as well as to identify the negative population.  

Fluorescence minus one (FMO) controls were used to determine accurate gates and 

avoid spillover induced background. FMO controls are the experimental cells stained 

with all the fluorophores minus one fluorophore.  

Data analysis was performed using Kaluza 2.1.1 (Beckman Coulter), FlowJo 10 (BD 

Biosciences) or FCS Express 7 (De Novo Software, CA, USA) software. 

 

 

 

 

 

4.2.3. Production of LV particles carrying NKG2D-CAR construct. 
 

Viral vectors encoding for NKG2D-41BB-CD3ζ CAR construct (Figure 7) were 

manufactured following second or third generation-like CAR production and using 

different transfection reagents such as Polyethylenimine (PEI; Polysciences, PA, USA, 

23966-2) or Lipofectamine-2000 (Invitrogen, 11668027) as previously described 

(Martinez-Lage et al. 2020), in order to optimize the protocol. On the one hand, second 

generation lentiviral production is based on a three-plasmid system in which two helper 

plasmids, coding for gag, pol, rev and the envelope, and the transfer vector are required. 

This production system is easier to produce and usually leads to higher vector titer than 

the third generation systems. On the other hand, third generation production is a four-

plasmid system, consisting of three helper plasmids and the transfer vector plasmid 

(Merten, Hebben, and Bovolenta 2016). The third generation lentiviral vectors are 

considered to be replication incompetent and self-inactivating vectors. These third 
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Figure 7. Scheme of NKG2D CAR construct composed by NKG2D ectodomain as recognition 
domain; CD8 TM domain; 4-1BB costimulatory domain and CD3ζ cytotoxic domain. Created with 
BioRender.com. 

ζ

generation lentivector systems have a number of additional safety features over the 

second generation: the viral tat gene, which is essential for replication, has been deleted; 

vector packaging functions have been separated onto three separate plasmids instead 

of two, in order to reduce the risk of recombination during plasmid amplification and viral 

vector manufacture; an altered 3’ long terminal repeat (LTR) renders the vector self-

inactivating (SIN) in order to prevent integrated genes from being repackaged (Gándara, 

Affleck, and Stoll 2018). 

For second generation production, the following plasmids were used: envelope plasmid 

CAG-VSVG (VSVG pseudotyping), packaging plasmid psPAX2 (rev/gag/pol; Addgene, 

MA, USA, 12260) and transfer plasmid HL20i-4r-MND-NKG2D-CAR (CAR transgene). 

In the case of third generation protocol, the previous packaging plasmid was split into 

two different plasmids: CAG4-RTR2 (tat/rev) and CAG-kGP1-1R (gag/pol). Although this 

system still contained the tat gene, SIN sequences and functions separation into three 

plasmids allowed 3rd generation-like production. Maps of the plasmids can be found at 

the Annex section. Plasmids were kindly provided by Dr. Jean-Yves Metais (St. Jude 

Children’s Research Hospital, TN, USA). All plasmids were amplified by transforming 

One Shot Stbl3 competent Escherichia Coli (E. Coli; Invitrogen, C737303), spreading 

50-100 μl of bacteria on Ampicillin selective plates (Condalab, Spain, 0997) and 

incubating overnight at 37°C. Bacteria colonies were picked and precultured in 2,5 ml of 

Luria Broth (LB) with 2,5 μl of carbenicillin disodium salt antibiotic 100 mg/ml (Sigma-

Aldrich, C3416) for 6h at 37°C in the shaker. After that, preculture was inoculated in 250 

ml of LB with 250 μl of carbenicillin 100 mg/ml and culture was incubated overnight at 

37°C in the shaker. The following day, the culture was centrifuged at 6000g for 30 

minutes at 4°C and plasmid DNA was extracted from cell pellet using a Maxiprep Kit 

(Qiagen, Germany, 12662) and DNA quantity and quality was measured using a 

Nanodrop ND-1000 Spectrophotometer (Thermo Fischer). 
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Figure 8. Microscope image of HEK293T cells 
after transfection. Arrows point DNA-
complexes formed during the transfection 
process, identified as small dots. 

Table 3. Amount of plasmid required for LV production. 

 

 

 

 

 

 

For both LV production strategies, HEK293T cell line was used as packaging cells. A 

density of 4·106 cells were seeded in 10 ml of DMEM 10% FBS on P100 plates, using 5 

plates for each production. The following day, transfection mixings were prepared 

individually for each plate, when reached 70% cell confluency. Specifically, 25 μl of 

Lipofectamine or 22 μl of PEI were added to 600 μl of serum-free DMEM and incubated 

for 5 minutes at room temperature (RT). Meanwhile, 600 μl of DMEM serum-free media 

were mixed with plasmid DNA, as indicated in Table 3. Lipofectamine/PEI was added 

over DNA mixing drop by drop and making bubbles to produce smaller DNA complexes. 

Preparations were incubated for 25 minutes at RT. Cell culture medium of those cells 

plated the day before was changed for 4,5 ml serum-free DMEM. After incubation, DNA 

complexes were added over packaging cells drop by drop and homogeneously. Plates 

were incubated for 4h at 37°C, 5% CO2, when complexes can be observed at microscope 

as small dots along the plates (Figure 8). Medium was changed for 7 ml of DMEM 10% 

FBS and cells were incubated at 37°C, 5% CO2 for 48h.  

 

 

 

 

 

 

At 48h, supernatants were collected and centrifuged at 300x g for 5 minutes to discard 

cell debris, filtered using 0,45 μm sterile filters and concentrated by ultracentrifugation at 

89.500x g, 4°C for 2h (Optima XPN-100 Ultracentrifuge, Beckman Coulter). After that, 

supernatants were discarded and pellets were resuspended in 1 ml of infection medium, 

either X-VIVO (Lonza, Belgium BE02-060F). LV particles were finally aliquoted in 100 μl 

and stored at -80°C in 100 μl aliquots for later use. 

PLASMID 2nd generation/μg 3rd generation/μg 
CAG-VSVG 3,2 1 
psPAX2 5,9 - 
HL20i4r-MND-NKG2D-CAR 9 6 
CAG4-RTR2 - 1 
CAG-kGP1-1R - 3 
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Figure 9. Scheme of workflow of lentiviral particles production. 

 

  

 

 

 

 

 

 

 

 

Once LV particles were produced, titration was required to evaluate the concentration, 

measure as viral particles per ml (vp/ml). At day 0, 2·105 HEK293T cells/well were 

seeded into 6-well plate in 2 ml of DMEM 10% FBS. At day 1, cells were infected with 

concentrated LV particles using serial dilutions: 

 1 X: 2 µl of stock + 8 µl of medium ↔ 1 μl virus. 

 1/10 X: 1 µl of 1x + 9 µl of medium ↔ 0,1 μl virus. 

 1/100 X: 1 µl of 1/10x + 9 µl of medium ↔ 0,01 μl virus. 

 1/1.000 X: 1 µl of 1/100x + 9 µl medium ↔ 0,001 μl virus. 

 No virus. 

5 μl of each dilution were added in different wells of pre-plated cells and incubated at 

37°C, 5% CO2. One well was left uninfected and cells counted for titer calculation. 24h 

after viral infection, medium was replaced for fresh DMEM 10% FBS. At day 3, 48h after 

viral infection, cells were collected after trypsinization with TrypLE Express (Gibco, 

12604-013), followed by quenching with 2 ml of DMEM 10% FBS and washed with 2ml 

of FCM buffer by centrifugation at 300x g for 5 minutes. Cells were them stained with PE 

anti-human NKG2D antibody and analyzed in a FACSCantoII flow cytometer (Figure 9). 

FCSExpress 7 software was used to analyze NKG2D expression. For titer calculation, 

we applied the following mathematical formula:  

 

 

 

𝑽𝒊𝒓𝒂𝒍 𝒕𝒊𝒕𝒆𝒓 (
𝒗𝒑

𝒎𝒍
) =  

[(𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 𝒊𝒏𝒇𝒆𝒄𝒕𝒆𝒅)  ·  (
% 𝑭𝑪𝑴 𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔

𝟏𝟎𝟎
)]

µ𝒍 𝒐𝒇 𝒗𝒊𝒓𝒖𝒔 𝒖𝒔𝒆𝒅
·  𝟏𝟎𝟎𝟎 

µ𝒍

𝒎𝒍
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Infection efficiency between 2-20% was used for calculation in order to maintain titration 

linearity and ensure that at most one viral particle infect each cell, avoiding titer 

underestimations. 

 

4.2.4. NKG2D-CART production. 
 

 Isolation of CD45RA negative cells: 

NKG2D-CART were produced by LV transduction of CD45RA- cells. To isolate CD45RA- 

T cells, PBMCs were pelleted and resuspended in 80 μl of buffer PBS 0,5% bovine serum 

albumin (BSA; Sigma-Aldrich, A7906) per 107 total cells. Then, PBMCs were labeled with 

20 μl of CD45RA MicroBeads (Miltenyi Biotec, 130-045-901) per 107 total cells and 

incubated at 4ºC for 15 minutes. After that, cells were washed with 1-2 ml of buffer PBS 

0,5% BSA per 107 total cells, centrifuged at 300x g for 5 minutes and resuspended in 

500 μl of buffer PBS 0,5% BSA per 108 total cells. Non-labeled cells, corresponding to 

CD45RA- fraction, were collected using AutoMACS separator (Miltenyi Biotec) and 

selecting “Depletes” program in the device settings (Figure 9). Isolated CD45RA-  cells 

were then washed to eliminate depletion buffer, counted and plated at a 2x106 cells/ml 

in 12-well plates. 

 Activation and transduction of CD45RA- T cells. 

T cells have to be activated before genetic engineering because resting T lymphocytes 

are not susceptible to transduction with VSV-LVs (Amirache et al. 2014). For activation, 

cells were cultured in X-VIVO 15 media (Lonza, BE02-060Q) supplemented with 5% of 

human AB serum (Sigma-Aldrich, H4522), 250 IU/ml of IL-2 premium grade (Miltenyi 

Biotec, 130-097-748) and 10 ng/ml CD3 (OKT3) (Biolegend, 317325)/CD28 (Biolegend, 

302933). Cells were seeded at density of 2·106 cells/ml in 12-well plates (SPL Life 

Sciences, Korea 30012), using 1ml/well, and incubated for 24h at 37°C, 5% CO2. 

Following activation, cells were washed and media was changed to eliminate human AB 

serum from supplemented X-VIVO 15 medium. CD45RA- T cells were transduced with 

LV particles encoding for NKG2D CAR using a multiplicity of infection (MOI) ranging from 

2 to 5 LV particles per cell. Then, 500 μl of cells were seeded in 12-well plates at a 

density of 4·106 cells/ml and incubated at 37°C, 5% CO2 for 4-6h. Afterwards, 500 μl of 

supplemented X-VIVO 15 with 5% human AB serum were added to transduced cells to 

achieve a cell density of 2·106 cells/ml. NKG2D-CART were expanded for 10-14 days in 

vitro until they were used for further experiments (Figure 10). CAR transduction was 

checked by FCM at day 4-6 using PE anti-human NKG2D, FITC anti-human CD8, APC-
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Figure 10. Workflow of CD45RA- T cells isolation and NKG2D-CAR transduction. Created with 
BioRender.com. 

Cy7 anti-human CD4, PE-Cy7 anti-human CD3 and APC anti-human CD45RA 

antibodies, FACSCantoII flow cytometer and FCSExpress 7 software. 

 

 

 

 

4.2.5. In vitro cytotoxicity of NKG2D-CART. 
 

Cytotoxicity of NKG2D-CART against leukemia cell lines and primary leukemia blasts 

was evaluated in vitro by performing conventional 4 h Europium-TDA assays at 20:1, 

10:1, 5:1 and 2,5:1 effector to target (E:T) ratios. In these experiments, 2·106 target cells 

(either leukemia cell lines or primary blasts), were labeled with 3,5 μl DELFIA BATDA 

labeling reagent (Perkin Elmer, MA, USA, C136-100) at 37°C for 30 minutes. Labeled 

cells were then washed twice with cell culture medium by centrifugation at 300x g for 5 

minutes. Pellet was resuspended and viable cells were manually counted by using 

Trypan blue staining 0,4% (Gibco, 15250-061) and an improved Neubauer cell counting 

chamber. Cell dilution was adjusted to a concentration of 5·104 cells/ml in X-VIVO 15 

medium. This dilution was used to set up the experiment and the different experimental 

controls, including: 1) background (BCK) of labeling process, which was established by 

centrifugation of 25·104 cells at 300x g for 5 minutes and keeping the supernatant; 2) 

spontaneous lysis (SP) of target cells, obtained by seeding target cells without effector 
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cells; 3) maximum lysis (MAX) of target cells, established by adding 100 μl of Triton X-

100 1X (VWR Life Sciences, OH, USA, 0694) to 700 μl of target cells and pipetting up 

and down vigorously for one minute followed by vortexing for another minute to ensure 

cell lysis. Dilutions of effector cells (NKG2D-CART) associated to different E:T ratios 

were prepared starting from a concentration of  1·106 cells/ml, corresponding to the 20:1 

ratio. Subsequent ratios were established by serial 1/2 dilutions. Total volume was 200 

μl/well. For the experimental controls, 100 μl of each control condition plus 100 μl of X-

VIVO 15 medium were seeded per well. For the different E:T ratios, 100 μl/well of the 

appropriate effector cells dilution were co-cultured along with 5·103 of target cells. 

Experimental and control conditions were plated in triplicates in a U bottom 96 well plate 

(Corning, 3598) (Figure 11). Plates were then incubated for 4 h at 37°C and 5% CO2. 

After 4 h incubation, plates were centrifuged at 300x g for 5 minutes, and 20 μl of 

supernatant from each well were transferred to its corresponding well of a 96 well 

DELFIA yellow reading plate containing 200 μl/well of Europium solution. Reading plates 

were incubated for 5-10 minutes in the darkness and time-resolved fluorescence was 

measured in a 1420 Victor Plate Reader (Perkin Elmer) using the excitation and emission 

filters D340 and D615, respectively. Reproducibility of the assay was calculated using 

the following formula: 

% 𝑹𝒆𝒑𝒓𝒐𝒅𝒖𝒄𝒊𝒃𝒊𝒍𝒊𝒕𝒚 =
𝑺𝑷 − 𝑩𝑪𝑲

𝑴𝑨𝑿 − 𝑩𝑪𝑲
· 𝟏𝟎𝟎 

 

To consider the assay as reproducible, the result from this formula must be less than 

50%. 

Specific lysis was calculated using the formula: 

% 𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝒍𝒚𝒔𝒊𝒔 =  
𝑬𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 𝒍𝒚𝒔𝒊𝒔 − 𝑺𝑷

𝑴𝑨𝑿 − 𝑺𝑷
· 𝟏𝟎𝟎 
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Figure 11. Scheme of in vitro Europium-TDA cytotoxicity assays using different E:T ratios. 
Controls: Background (BCK); culture media (M); spontaneous lysis (SP); maximum lysis (MAX). 
Created with BioRender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.6. In vivo efficacy and safety of NKG2D-CART. 
 

 Experimental design: 

All the procedures were approved by the CNIO Animal Care and Use Committee, by the 

ethics committee of the Instituto de Salud Carlos III (ISCIII) and the Comunidad de 

Madrid (CAM) (approved under the PROEX173/17) and according to the EU Directive 

2010/63/EU and the spanish Royal Decree RD53/2013. Immunodeficient NOD.Cg-

Prkdcˢᶜⁱᵈ Il2rgᵗᵐ¹ᵂʲˡ / SzJ (NSG) mice were bred at the Animal Facility Unit of CNIO. 

Initially, 5-to-8 week old mice were engrafted with 1·106 of Jurkat-GFP-Luc cells by 

intravenous (IV) injection through the tail vein at day -3. At day 0, mice were randomized 

in 4 groups: untreated control group receiving IV infusions of PBS (n = 4), mice receiving 

multiple infusions of untransduced (UT) CD45RA- T cells (n = 4), mice receiving a single 

infusion of 1·107 NKG2D-CART/mouse (n = 5), mice receiving weekly infusions of 

NKG2D-CART, up to 3 infusions of 1·107 cells/mouse and 3 infusions of 2·107 

cells/mouse (n = 5). Cell therapy was infused IV at day 0 and stimulated with 

subcutaneous (SC) administration of IL-2 (250 IU/mice) every other day for 3 weeks. 

Multiple-dose mice were treated once a week with 1·107 cells for 3 weeks followed by IV 

infusions of 2·107 cells for 3 more weeks (Figure 12A).  

In a second experiment, a total of 10 mice were engrafted with 1·106 Jurkat-GFP-Luc 

cells. Mice were then divided into two groups, one receiving PBS injections (untreated 

control group; n = 5) and the other one receiving three weekly infusions of 1·107 NKG2D-

CART (Figure 12B). Mice receiving CAR T cells infusions also received IL-2 and were 
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monitored as previously described in the experiment 1. At humane end point, mice were 

sacrificed by CO2 asphyxiation. PB, BM and spinal cord samples were collected. 

 Monitoring of tumor progression:  

Tumor burden was monitored weekly by bioluminescence of Luc-expressing cells using 

Xenogen IVIS 200 Imaging System (Perkin Elmer) 10 minutes after intraperitoneal 

administration of 200 μl D-luciferin at 15 mg/ml concentration (Perkin Elmer). 

Bioluminescence images were analyzed using the Living Image 3.0 software (Perkin 

Elmer). Mice were euthanized in a CO2 chamber when displayed clinical symptoms of 

leukemia progression including leg paralysis. Necropsy was performed to collect mice 

samples, including PB, BM, spleen, brain and cerebrospinal fluid (CSF). The persistence 

of CAR T cells (CD45human+, GFP-, NKG2D+) and leukemia burden (CD45human+, 

GFP+) were analyzed by FCM in BM, spleen and PB using GFP fluorescence and APC 

anti-mouse CD45, PerCP-Cy5.5 anti-human CD45 and PE anti-human NKG2D 

antibodies. FACSCantoII flow cytometer and FCSExpress software were employed for 

FCM analysis. In addition, liver, brain and BM tissues were collected to evaluate CAR T 

cell infiltration and possible signs of treatment related toxicity by histopathology analysis 

through immunohistochemistry (IHC). Transcriptome sequencing (RNA-seq) and 

enzyme linked immunosorbent assay (ELISA) were performed to evaluate possible 

mechanism of immune escape. 
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Figure 12. Scheme of the first (A) and second (B) in vivo experiments. Created with 
BioRender.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.7. Histopathology analysis by IHC. 
 

Tissue samples were fixed in 10% neutral buffered formalin (4% formaldehyde in 

solution), then paraffin-embedded and cut at 3 µm thickness, mounted in superfrost™ 

plus slides and dried overnight. Slides were then deparaffinized in xylene and re-

hydrated through a series of graded ethanol until water. Consecutive sections were 

stained with hematoxylin and eosin (H/E) and used for immunohistochemistry (IHC). IHC 

reactions were performed in an automated immunostaining platform (AutostainerLink 48, 

Agilent, CA, USA). Antigen retrieval was first performed with the appropriate pH buffer, 

(High pH buffer, Agilent) and endogenous peroxidase was blocked (peroxide hydrogen 

at 3%). Then, slides were incubated with the primary antibody mouse monoclonal anti-

granzyme B (GrB-7; 1/10. Agilent, M7235).  After incubation, secondary antibody was 

added (host y tag anti-mouse, Abcam, ab133469) and a visualization systems (Novolink 

Polymer Linker, Leica, Germany) conjugated with horseradish peroxidase 

immunohistochemical reaction was developed using 3, 30-diaminobenzidine 

tetrahydrochloride (DAB) and nuclei were counterstained with Carazzi’s hematoxylin. 

Finally, the slides were dehydrated, cleared and mounted with a permanent mounting 

medium for microscopic evaluation. Control sections known to be primary antibody were 

included for each staining run. Whole slides were acquired with a slide scanner 

(AxioScan Z1, Zeiss, Germany), and images captured with the Zen Blue Software (V3.1 

Zeiss). 

B 
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4.2.8. Analysis of sNKG2DL in leukemia samples. 
 

The concentration sNKG2DL was measured in the supernatant of leukemia cell lines and 

in the serum of leukemia patients by ELISA. Confluent cultures of leukemia cells lines 

were centrifuged at 300x g for 5 minutes and supernatants were collected and stored at 

-80°C. PB samples from in vivo experiments were collected in non-

ethylenediaminetetraacetic acid (EDTA) tubes, incubated at RT for 1 h and centrifuged 

at 13400x g, 10 minutes, 4°C. to isolate the serum, which was kept at -80°C for further 

analysis. PB samples from leukemia patients were obtained by venipuncture, centrifuged 

twice at 2.000 rpm for 10 minutes and serums kept at -80°C. 

Flat-bottom 96-well plates were coated overnight at 4°C with 100 μl of 5 mg/ml of MICA 

(MAB1300), MICB (AF1599), ULBP1 (AF1380), ULBP2 (AF1298), ULBP3 (AF1517), or 

ULBP4 (MAB6285) antibodies (all from R&D Systems). Plates were then washed twice 

with 0,05% PBS-Tween and blocked with 2% PBS-BSA for 2-3 h at 37°C. Samples were 

centrifuged at 13400x g and 4°C for 5 min and diluted 1/2 with 2% PBS-BSA. We 

prepared calibration curves by serial dilution of the following recombinant human (rh) 

proteins: rhMICA (1300-MA), rhMICB (1599-MB), rhULBP1 (1380-UL), rhULBP2 (1298-

UL), rhULBP3 (1517-UL), and rhULBP4 (6285-UL) (all from R&D Systems). Thus, 100 

μl of sample/calibration curve preparations were added to each well and incubated 

overnight at 4 C. Plates were washed twice with 0,05% PBS-Tween and incubated for 1 

h at 37°C with the following secondary antibodies (100 μl, 0,4 mg/ml): biotin-conjugated 

MICA (BAF1300), MICB (BAF1599), ULBP-1 (BAF1380), ULBP-2 (BAF1298), ULBP-3 

(BAF1517); or goat-anti-ULBP-4 (AF6285) (all from R&D Systems). Plates were washed 

again three times with 0,05% PBS-Tween and then incubated with 100 μl of either 

horseradish peroxidase (HRP)-streptavidin (Biolegend, 405210; dil 1:2000) or donkey 

HRP anti-goat (Invitrogen, A16005; 1:5000) 1 h at room temperature. Lastly, protein 

detection was performed after washing the plates 4 times by adding 100 μl of 1-step Ultra 

TMB (Thermo Fischer, 34028) and reading the plates on a SUNRISE microplate reader 

(Tecan, Switzerland) at 405-492 nm. 

 

4.2.9. Effects of soluble NKG2D ligands on NKG2D-CART. 
 

 Effects of sNKG2DL on surface expression of NKG2D-CART: 

The downregulation of NKG2D CAR by sNKG2DL was assessed by culturing 5·104 

NKG2D-CART without or with 20 or 500 ng/ml of rhMICA, rhMICB, rhULBP1, rhULBP2, 

rhULBP3 and rhULBP4 proteins as sNKG2DL. To test the effects of IL-2 on NKG2D CAR 
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expression and proliferation in the presence of sNKG2DL, either 0, 20 or 100 IU/ml of IL-

2 were added to the cultures. Using 96 well U-bottom plates, cells were seeded with the 

different amounts of sNKG2DL and IL-2 in a final volume of 200 μl using X-VIVO 15 and 

cultured for 1 week. Plates were then centrifuged at 300x g, 5 minutes and cells were 

collected in FCM tubes, washed with PBA buffer (PBS, 1% BSA, 0,05% sodium azide) 

through centrifugation at 300x g for 5 minutes and stained with FITC anti-human CD3, 

PE anti-human NKG2D,  PerCP-Cy5.5 anti-human CD4 and PE-Cy7 anti-human CD8  

antibodies (see Table 2)for 30 minutes at 4°C in the dark. Stained cells were washed 

again with PBA, resuspended in 200 μl of buffer and analyzed in a Gallios flow cytometer. 

Data analysis was performed using Kaluza 2.1.1 software. 

 

 Effects of sNKG2DL on NKG2D-CART proliferation: 

CD45RA- NKG2D-CAR or UT T cells were firstly labeled with CellTrace Violet™ 1 μM 

for 20 minutes at RT in darkness. Cells were then washed with RPMI 10% by 

centrifugation at 300x g for 5 minutes and resuspended in RPMI 10%. Labeled NKG2D-

CART were incubated at 37°C, 5% CO2 for 1 week in the same conditions described 

above for NKG2D downregulation experiments. Plates were then centrifuged at 300x g, 

5 minutes and supernatants were collected, centrifuged at 13400x g for 5 minutes and 

stored at -80°C for cytokines analysis. Cells were collected in FCM tubes and washed 

with PBA buffer (PBS, 1% BSA, 0,05% sodium azide) by centrifugation at 300x g for 5 

minutes. Labeled cells were resuspended in 200 μl of the buffer and analyzed in a Gallios 

flow cytometer. Data analysis was performed using Kaluza 2.1.1 software. 

 

 Effects of sNKG2DL on NKG2D-CART anti-tumor activity:  

To evaluate the effects of sNKG2DL on NKG2D-CART cytotoxicity, two different types 

of experiments were carried out. First, 1·106 cells/ml of UT or NKG2D-CAR transduced 

CD45RA- cells were treated with sMICA and soluble ULBP2 (sULBP2) for 72 h at 

different concentrations (0 ng/ml, 20 ng/ml and 500 ng/ml). Following this, the cytotoxicity 

of treated T cells was tested by Europium-TDA assays using Jurkat or K562 cells at a 

10:1 E:T ratio. The effects of sNKG2DL on NKG2D CAR expression was analyzed in the 

72h treated cells by FCM, using PE anti-human NKG2D, FITC anti-human CD8, APC-

Cy7 anti-human CD4, PE-Cy7 anti-human CD3 and APC anti-human CD45RA 

antibodies. FACSCantoII flow cytometer and FCSExpress 7 software were used for this 

analysis. In different experiment, the sNKG2DL were added at the time of the Europium-
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TDA experiment to explore if this ligand could have an instant impact on the anti-tumor 

ability of NKG2D-CART. Specific lysis of treated or non-treated cells were compared to 

determine the downmodulation effect of sNKG2DL. 

 

4.2.10. Time lapse, epifluorescence and confocal microscopy. 
 
The effects of sNKG2DL in the immunological synapse formed between effector cells 

(NKG2D-CART) and target cells (Jurkat cells) were evaluated by time lapse and 

epifluorescence microscopy, as previously described (Bello-Gamboa et al. 2019). First, 

NKG2D-CART were incubated with 500 ng/ml of sMICA for 72 h while untreated NKG2D-

CART were used as a control. After that, an 8-microwell chamber slide (Ibidi, Germany, 

80826) was coated with 150 μl/well of 0,1 μg/ml fibronectin (Sigma, ECM001) and 

incubated at 37°C for 1 h. Fibronectin was aspirated and wells were washed twice with 

PBS 1X. In the meantime, Jurkat cells were labelled with 10 μM 7-amino-4-

chloromethylcoumarin (CMAC; Thermofisher, C2110) and 100.000 cells were seeded in 

200 μl/well in the chamber slide to be incubated at 37°C, 5% CO2 for 1 h. Then, medium 

was aspirated and CMAC-labelled Jurkat cells were challenged with 100.000 of treated 

or untreated NKG2D-CART (E:T ratio 1:1) in a total volume of 200 μl to form synaptic 

conjugates. Immediately, time lapse acquisition was performed during 4 h by using wide-

field, time-lapse microscopy with a stage incubator (Oko-lab, Italy) to maintain cell culture 

ambient (5% CO2, 37ºC, 100% humidity) on an Eclipse TiE microscope (Nikon, Japan) 

equipped with a DS-Qi1MC digital camera and a Plan Fluor ELWD 40x/0,6NA air 

objective (Nikon). For time-lapse imaging, simultaneous acquisition of both transmittance 

and UV (CMAC) channels was performed at 1 frame each 5 min, in at least 7 different 

microscopic fields, by using NIS-AR software (Nikon). 

In parallel, some microwells were fixed with 4% paraformaldehyde (PFA; Sigma, P6148) 

after 30 minutes in order to perform an end-point immunofluorescence. Quenching 

solution (PBS 1X, 50 mM NH4CL) was added to the microwells after fixation and blocking 

was performed by adding PBS 1X, 5% BSA, 0,1% saponin for 1 h at RT. Samples were 

then washed three times with PB buffer (PBS 1X, 15mM glycine, 0,5% BSA, 0,1% 

saponin, 10 mM HEPES) and stained with the following primary antibodies for 1h at RT: 

mouse monoclonal anti-NKG2D-PE (Biolegend, 320806; dilution 1/200); rabbit 

polyclonal anti-pericentrin (Abcam, UK, ab4448; dilution 1/2000) to label microtubule-

organizing center (MTOC), at 1/2000 dilution; and Phalloidin AF647 (Thermo Fisher, 

A22287; dilution 1/100) to localize F-actin, at 1/100 dilution. After incubation with the 

primary antibodies, we washed samples three times with PB buffer and incubated with 
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the secondary antibodies: goat-anti-rabbit IgG AF488 (Thermo Fisher, A-11034; dilution 

1/200) and goat-anti-mouse IgG AF546 (Thermo Fisher, A-11030; dilution 1/200). 

Finally, samples were washed again three times with PB, once with PBS and lastly water, 

before being mounted using Prolong Gold (Thermofisher, P10144). Epifluorescence 

imaging of fixed synapses was performed using a Nikon Eclipse TiE microscope 

equipped with a Prime BSI digital camera (Photometrics, CA, USA) and a PlanApo VC 

60x/1,4NA OIL objective (Nikon). Images were mounted using FIJI ImageJ software 

(National Institutes of Health, MD, USA). Confocal imaging was performed using a Leica 

SP5 confocal microscope (Leica) at 40 × magnification. The images were exported as 8-

bit.tif files for analysis using the software FIJI ImageJ. 

 

4.2.11. Effects of TGF-β and soluble factors on NKG2D-CART. 
 

To evaluate the effects of TGF-β on NKG2D-CART, we first measured the levels of 

secreted protein by leukemia cells in ELISA assays, following the manufacturer’s 

instructions (Elabscience, TX, USA, E-EL-0162). The effects of TGF-β in NKG2D-CART 

cytotoxicity was tested by Europium-TDA cytotoxic assays using 20:1, 10:1, 5:1 and 

2,5.1 E:T ratios, as previously described. Prior to the co-culture, we treated effector cells 

with 2,5 ng/ml or 8 ng/ml of TGF-β (Abcam, AB50036-2UG) in X-VIVO 15 medium for 

24h. CAR T cells in X-VIVO without TGF-β were used as control. As Jurkat cells may 

secrete other soluble factors different to sNKG2DL and TGF-β that could impair NKG2D-

CART function, we cultured CAR T cells in Jurkat conditioned medium for 24h and 

analyzed NKG2D CAR expression and cytotoxicity. NKG2D-CART cultured in RPMI 10% 

FBS were used as controls.  

 

4.2.12. Impact of NKG2D-CART on leukemia-initiating cells.  
 

One functional characteristic of LICs is their clonogenicity, evidenced by their ability to 

grow as colonies. Additionally, LICs can be identified by FCM as a side population that 

effluxes Vybrant™ DyeCycle™ Violet Stain dye (DCV; Thermo Fisher, V35003). Based 

on these two characteristics, we evaluated the anti-tumoral potential of NKG2D-CART 

against the LIC compartment of Jurkat cells by performing two different types of 

experiments. Firstly, the effect of NKG2D-CART in the colony forming unit (CFU) 

capacity of LICs was quantified by co-culturing UT and NKG2D-CART (effector cells) 

with Jurkat-GFP-Luc (target) at 20:1, 10:1 and 5:1 E:T ratios. In 96 well U-bottom plates, 
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2.000 Jurkat-Luc cells (4X) were seeded in 100 μl along with 100 μl of the different ratios 

of effector cells (4X) or RPMI as CFU control condition. Cells were incubated at 37°C, 

5% CO2 for 4 h. After incubation, co-cultures were mixed with 3,8 ml of methylcellulose 

MethoCult (Stemcell Technologies, Canada, 4230) by vortexing. Mixtures were let stand 

to remove bubbles and 1 ml was seeded in triplicates in P35 plates using a syringe. 

Calculations were made to seed approximately 500 target cells in the controls. Plates 

were incubated in a humidity chamber at 37°C, 5% CO2 for 1 week and colonies counted 

under the microscope. 

Secondly, the cytotoxic capability of NKG2D-CART against side population cells, which 

are enriched in tumor initiating cells, was assessed. In these experiments, NKG2D-CART 

were co-cultured with Jurkat GFP-luc cells at a 1:5 E:T ratio for 16h at 37°C and 5% CO2. 

After the incubation, cells were collected, counted and 5·106 cells were centrifuged at 

300x g for 5 minutes and resuspended in RPMI 2%, maintaining them at 4°C. Samples 

were prewarmed at 37°C and an aliquote was used as an inhibition control. This control 

consisted on the incubation with 50 μM ABC transporter inhibitor reserpine (RES; Sigma-

Aldrich, R0875-1G) for 20 minutes at 37°C prior to DCV addition, in order to leave the 

cells and loose fluorescence. Prewarmed samples were stained with 5 μM DCV and 

incubated at 37°C for 90 minutes. After incubation, samples were centrifuged at 400x g, 

4°C for 7 minutes. Supernatants were discarded and cells were resuspended in PBS + 

EDTA 3 mM + FBS 3% supplemented with 2mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES; Thermo Fisher, 15630080). Side population of 

GFP positive cells, associated to Jurkar-GFP-Luc cells, was detected after addition of 

viability marker 5 μg/ml propidium iodide (PI; Sigma-Aldrich, P4864) by FCM analysis in 

a FACSCanto II flow cytometer using FCSExpress 7 software. Furthermore, GFP 

positive cells were sorted using (FACSAria™ Fusion flow cytometer, BD Biosciences) 

and resuspended in 600 μl of lysis buffer RLT (Qiagen, 79216) with 6 μl of β-

mercaptoethanol (Sigma-Aldrich, M625) and stored at -80°C for later RNA extraction and 

analysis. 

 

4.2.13. Transcriptome analysis by RNA-seq. 
 

Sorted Jurkat-GFP-Luc cells remaining after an overnight exposition to NKG2D-CART 

were washed in PBS and pelleted in RLT lysis buffer supplemented with 1:1000 β-

mercaptoethanol. Total RNA was isolated using the RNeasy Mini kit (Qiagen, 74106) 

according to the manufacturer’s instructions. To remove residual genomic DNA, the RNA 

samples were digested with DNAse I. The RNA concentration was assessed by 
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fluorescence quantitation using Qubit 2.0 and the High Sensitivity RNA assay kit (Thermo 

Fisher, Q32852), the RNA purity by spectrophotometry using Nanodrop 2000 (Thermo 

Fisher) and the RNA integrity by electrophoresis using TapeStation 4200 RNA 

ScreenTape (Agilent). 

Reads from RNA-seq were analyzed to quantify genes through the RSEM (Li and Dewey 

2011) with hg19 as reference for annotation. The differential expression was carried out 

with edgeR (Robinson, McCarthy, and Smyth 2010) and the statistical cut-off point was 

set as FDR < 0,05 and logFC > 2. Genes were filtered based on a minimum expression 

of one Counts Per Million (CPM) in more than one sample. Normalization was performed 

by the TMM method (trimmed mean of M-values) (Robinson and Oshlack 2010). 

Functional enrichment of differentially expressed genes was carried out in PFAM (Mistry 

et al. 2021), GOTERM_BP_DIRECT (Ashburner et al. 2000) and KEGG REACTOME 

(Kanehisa, Sato, and Kawashima 2022) 
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4.3. Methodology: Translation to the clinic. 
 

4.3.1. Starting Material. 
 

Non-mobilized apheresis were obtained from healthy donors at the Bone Marrow 

Transplant and Cell Therapy Unit (BMTCT) of La Paz University Hospital (HULP) using 

the CliniMACS Plus device (Miltenyi Biotec). All donors gave their written informed 

consent in accordance with the Declaration of Helsinki protocol, and the study was 

performed according to the guidelines of the local ethics committee (code PI-3374). All 

donors complied with the requirements regarding quality and safety for donation, 

obtaining, storage, distribution, and preservation of human cells and tissues under the 

European EU Directive 2004/23/EC and Spanish Royal Decree 1716/2011. CD45RA+ 

cells were depleted by immunomagnetic separation using CliniMACS CD45RA Reagent 

(Miltenyi Biotec, 701-46) and CliniMACS Plus system, following manufacturer’s 

instructions. CD45RA- cells were either processed immediately or stored at 2–8°C for 

subsequent processing but no later than 24 h after depletion. The viability and purity of 

CD45RA- fraction were analyzed by FCM, as described above, before activation, 

transduction, and expansion. 

 

4.3.2. Manufacturing of Clinical-Grade NKG2D-CART. 
 

Activation, transduction, and expansion of CD45RA- cells were performed on the 

CliniMACS Prodigy™ (Miltenyi Biotec) using Tubing set TS520 (Miltenyi Biotec; 170-

076-600) and T cell transduction (TCT) process. Specifically, at day 0, cultivation was 

initiated with 108 CD45RA- cells in a total volume of 70 ml of TexMACs GMP medium 

(Miltenyi Biotec, 170-076-306) with 100 IU/ml of MACS GMP human recombinant IL-2 

(Miltenyi Biotec, 170-076-147). MACS GMP TransAct CD3/CD28 Kit (Miltenyi Biotec, 

170-076-156) was used for a 24 h activation at a final dilution of 1:17,5, as recommended 

by the manufacturer. The following day, cells were transduced with NKG2D-4-1BB-CD3ζ 

LV particles at MOI = 2. The vector was diluted in 10 ml of medium in a 150 ml transfer 

bag, which was attached to the CliniMACS Prodigy™ by sterile welding. The vector was 

automatically transferred in the culture chamber, and the vector bag was further rinsed 

with 20 ml of medium to bring the total culture volume to 100 ml. Residual TransAct was 

removed by an automated culture wash on day 4. Cells were then expanded for 10-13 

days before being harvested. Sampling was performed at days +6 and +8 for in-process 

controls including cell counts, cytotoxicity, and FCM. At the end of the expansion, cells 
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were automatically collected in 0,9% sodium chloride solution supplemented with 0,5% 

human serum albumin (Albutein 20%, Grifols, Spain, 670612) and transferred into a 

sterile bag. Release quality controls were performed at the end of the process. 

 

4.3.3. Analysis of viability and surface immunophenotype by FCM and 
Western Blot. 
 

At day +6 and between days +8 and +10, in the case of in-process controls, and at 

harvest, in the case of release controls, CD45RA- NKG2D-CAR T cell products were 

counted in a CELL-DYN Emerald hematology analyzer (Abbott, IL, USA) and their 

viability, immunophenotype, NKG2D-CAR expression, and activation status analyzed by 

FCM. The viability was tested using DAPI or 7AAD as dead cell exclusion markers. Cells 

were analyzed using FACS CANTO II and FlowJo 10 software. As NKG2D FCM antibody 

recognizes both endogenous NKG2D receptor and NKG2D CAR, we ensured NKG2D 

CAR expression on the transduced cells by performing Western Blot (WB) to detect 

CD3ζ, as the size band differs in TCR and NKG2D CAR. Total PBMCs, activated and 

expanded NK cells (NKAE), UT CD45RA-, and NKG2D-CART were pelleted and frozen 

at -80°C. Cell lysates were obtained by incubating cell pellets with RIPA buffer (Millipore, 

20188) supplemented with phosphatase inhibitors (PhosSTOP; Roche, Switzerland, 

4906845001) and protease inhibitors (cOmplete Mini; Roche, 11836153001). Proteins 

were quantified using Bradford reagent (Bio-Rad, 500-0205) and measuring absorbance 

at 595 nm in a Victor Plate Reader. Cell lysates were then mixed with the Laemmli 

sample buffer (Bio-Rad, 161-0747), and equal amounts of protein (20 μg) were loaded 

on 4-15% Mini-PROTEAN TGX Gels (Bio-Rad, 456-1086). Gels were transferred to 

Immun-Blot™ polyvinylidene fluoride (PVDF, Bio-Rad, 1620177) membranes and 

blocked to mask unspecific binding by 5% BSA/TBS. Blots were incubated with the 

mouse anti-human CD3ζ (BD Biosciences, 551033) or rabbit anti-human β-actin (Cell 

Signaling Technology, MA, USA, 4967S) primary antibodies at 4°C overnight. HRP-

conjugated anti-mouse (Agilent, P0447) and anti-rabbit (Agilent, P0448) were used as 

secondary antibodies. The membranes were developed by enhanced 

chemiluminescence with ClarityWestern ECL substrate (Bio-Rad, 170-5060) and acquire 

with a MACHINE. The immunoblotting images were analyzed using the Image Lab 

software 6.0.1 (Bio-Rad). 
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4.3.4. Effector function. 
 

To test the cytotoxicity of manufactured NKG2D-CART, 4 h Europium-TDA assays were 

performed as described above using a 20:1 E:T ratio. The NKG2DL-expressing cell lines 

Jurkat and 531MII were used as targets. Cytotoxicity assays were performed on days +6 

and +8 as well as at the end of the process. The 531MII primary osteosarcoma cell line 

was kindly provided by Dr. Patiño-García (Pediatrics Laboratory, Universidad de 

Navarra, Pamplona, Spain) and was cultured in minimum essential medium (MEM; 

Gibco, 22571-020) supplemented with 10% FBS and penicillin-streptomycin (P/S; Gibco, 

15140-122).  

 

4.3.5. Analysis of non-cellular impurities. 
 

The detection of non-cellular impurities was carried out in accordance with the 

methodology recommendations of Chapter 2.6.21 and 2.6.7 of the European 

Pharmacopeia (Eu Ph) for Mycoplasma sp and Chapter 2.6.14 for endotoxins. A DNA-

binding dye-based qPCR system was employed for the detection of Mycoplasma sp DNA 

in cell cultures, as previously described. The Clinical Microbiology and Parasitology 

Service of HULP carried out the endotoxin test Endosafe-PTS (Charles River, MA, USA) 

to quantify endotoxin levels at day +8 and in final products. 

 

4.3.6. Microbiological test. 
 

At day +6 and between days +8 and +10 as in-process controls and at the end of 

manufacturing protocol, CD45RA- NKG2D-CAR T cell products were tested for sterility 

according to Eu Ph 2.6.1. The microbiological tests were developed by the Clinical 

Microbiology and Parasitology Service of HULP by conventional microbiology 

techniques. In summary, sample tests were inoculated into separate culture media, and 

the growth of viable microorganisms was tested after several days.  

 

4.3.7. Genetic Tests, Genome Integrated Vector Copy Number, and 
determination of Replication Competent Lentivirus in the Supernatant. 
 

Genetic tests and determination of vector copy number (VCN) and replication competent 

lentivirus (RCL) in the supernatant were carried out at day +6 and between days +8 and 
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+10 as quality controls during process validation, and at the end of the manufacturing 

process between days 10 and 13. To rule out chromosomal aberrations caused by LV 

transduction, comparative genome hybridization (CGH) analysis was performed as 

previously described (Fernández et al. 2017). Genome integrated LV copy number and 

viral particles in supernatant were measured by qPCR according to Christodoulou and 

colleagues. (Christodoulou et al. 2016) using TaqMan Universal PCR Master Mix 

(Thermo Fisher, 4304437) and LightCycler 480 (Roche) after viral RNA extraction with 

RNeasy (Qiagen, 74104) and cDNA retrotranscription with Superscript II (Thermo Fisher, 

18064014). The lack of oncogenic effects of the NKG2D.CAR T cell products was verified 

using reverse transcriptase polymerase chain reaction (PCR) to detect c-myc and 

telomerase reverse transcriptase (tert) expression. Total RNA was isolated from the 

PBMCs using the RNeasy kit (Qiagen, 74104), followed by reverse transcription using 

SuperScriptTM IV First- Strand Synthesis System (Thermo Fisher, 18091050). The 

resulting cDNA was amplified with the following specific TaqMan probes: 

Hs00972650_m1 (tert), Hs00153408_m1 (myc), and Hs02800695_m1 (HPRT1, 

housekeeping) from Life Technologies and the LightCycler 480 System (Roche). Finally, 

the data were analyzed by the comparative Ct methods as previously described 

(Schmittgen and Livak 2008). The genetic tests were performed at the Institute of 

Medical and Molecular Genetics of HULP (INGEMM). 

 

4.3.8. Effects of cryopreservation on NKG2D-CART. 
 

As infusion of freshly manufactured CAR T cells is not always possible, the effects of 

cryopreservation on viability, NKG2D CAR expression, and cytotoxicity of NKG2D-CART 

were assessed. To this aim, harvested CAR T cells were frozen at a concentration of 

2,5-3·105 cells/μL either by using HypoThermosol (Sigma-Aldrich, H4416) , M199 media 

(PAN-Biotech, Germnay, P04-07500) supplemented with 10% human serum albumin 

and 5% DMSO, or in autologous plasma supplemented with 5% DMSO. One year after 

cryopreservation, NKG2D-CART were thawed and evaluated for viability, NKG2D 

expression, and CD45RA- purity by FCM and for cytotoxicity by Europium-TDA as 

described above. 
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4.4. Statistical analysis. 
 

All statistical analyses were performed using GraphPad Prism 8 software (GraphPad 

Software, CA, USA). D’Agostino/Saphiro column statistics analysis was performed to 

evaluate the normality of the data before conducting any further statistical test. Data are 

presented as mean ± Standard Error of Mean (SEM), except in Box and Whiskers graphs 

where median, minimum and maximum and quartile 1 and 3 are represented or 

otherwise stated in the figure legend. Further details of the statistical analysis performed 

are given in each figure legend. When comparing two parametric groups, paired or 

unpaired two-tailed Student t-tests were applied. In case of nonparametric data, 

Wilcoxon or Mann-Whitney two-tailed t-tests were performed for paired or unpaired 

values, respectively. When more than two groups were compared, one-way analysis of 

variance (ANOVA) following Dunn´s post-hoc test was carried out to these groups with 

only one variable. Friedman or Kruskal-Wallis test was applied for paired or unpaired 

nonparametric data, respectively. When analyzing more than two groups that had two 

different variables, a two-way ANOVA analysis was performed following Sidak´s or 

Tukey´s multiple comparison post-hoc test when two or more families were involved, 

respectively. To correlate two variables, Pearson correlation test was performed. Finally, 

the survival curves from the first in vivo experiments were analyzed by applying the 

Kaplan-Meier method. Statistical significance was considered when p values obtained in 

the different analysis remained lower than 0,05. The following significance levels were 

taken into account: p < 0.05 (*), p < 0,01 (**), p < 0,001 (***).
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5. RESULTS 
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Figure 13. Percentages of NKG2D-positive HEK293T packaging cells by FCM. Cells were infected 
using PEI-based manufactured LV particles and third generation method production. 

 

Figure 14. Percentages of NKG2D-positive HEK293T packaging cells by FCM. Cells were infected 
using Lipofectamine-2000-based manufactured LV particles and third generation method 
production. 
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5.1. Preclinical studies 
 

5.1.1. Lipofectamine and second generation production achieved higher 
LV titers. 
 

Manufacture of LV particles encoding for NKG2D CAR was optimized in an attempt to 

obtain a reproducible and reliable transduction process. 

Firstly, transfection reagent efficiency was tested using PEI or Lipofectamine-2000 

following third generation production. PEI-based production achieved viral titers close to 

106 vp/ml (Figure 13). However, LV production with Lipofectamine-2000 reached viral 

titer 10 times higher, close to 107 vp/ml (Figures 14, 15). Although Lipofectamine-2000-

based in combination with third generation procedure showed a tendency to increase 

the viral titer compared to PEI transfection, it remained too low to carry out the 

transduction of high amounts of CAR T cells. 
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Figure 15. Percentages of NKG2D-positive HEK293T packaging cells by FCM. Cells were infected 
using Lipofectamine-based manufactured LV particles and second generation method 
production. 
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Secondly, to improve LV production, second generation protocol was performed using 

the Lipofectamine-2000, as it previously gave better transfection results. Viral titer 

increased up to 108 vp/ml (Figure 15) compared to 107 vp/, which allowed us to obtain 

high quality batches of LV productions.  

  

 

 

 

 

 

 

 

 

 

 

 

5.1.2. LV transduction of CD45RA- T cells achieved robust expression of 
NKG2D while not affecting cell viability.  
 

After CD45RA depletion and transduction, immunophenotyping of total PBMCs and 

CD45RA- cells, both transduced and untransduced with NKG2D CAR, was performed by 

FCM. Cells were analyzed for viability, using DAPI staining, and CD45RA, CD3, NKG2D, 

CD4 and CD8 expression. In both PBMCs and CD45RA-  T cells, the transduction 

process using a MOI = 2 did not affect viability or the subpopulations analyzed, but it 

significantly increased the expression of NKG2D (p = 0,0006 for PBMCs; p < 0,0001 for 

CD45RA-), as shown in Figure 16. Based on this result we decided to stablish the MOI 

= 2 for all the NKG2D-CAR T productions we performed. 
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Figure 16. FCM Phenotype of UT and NKG2D-CAR T cells derived from PBMCs and CD45RA-  T 
cells. Nonparametric Mann-Whitney test was used to compare 2 groups. *p < 0,05; **p < 0,01; ***p 
< 0,001. 

 

 

Figure 17. FCM Phenotype of PBMCs and CD45RA- T cells transduced with NKG2D CAR. 
Nonparametric Mann-Whitney test was used to compare 2 groups. *p < 0,05; **p < 0,01; ***p < 
0,001. 

 

CD45RA- memory T cells

0

20

40

60

80

100

CD45
RA

-

Viab
ilit

y
CD3

CD4
CD8

NKG2D

Pe
rc

en
ta

ge
 (%

)

✱✱✱

UT CART
(N = 16)
NKG2D CART
(N = 18)

PBMCs

0

20

40

60

80

100

CD45
RA

-

Viab
ilit

y
CD3

CD4
CD8

NKG2D

Pe
rc

en
ta

ge
 (%

)
UT CART
(N = 7)
NKG2D CART
(N = 7)

✱✱✱

NKG2D-CAR T CELLS

0

20

40

60

80

100

CD45
RA

-

Viab
ilit

y CD3
CD4

CD8

NKG2D

Pe
rc

en
ta

ge
 (%

)

PBMC
(N = 7)

CD45RA-

(N = 18)

✱✱✱ ✱✱

✱✱

  

 

 

 

 

 

 

 

Viability ranged from 33,90 to 86,30% (56,73 ± 7,81%) in NKG2D-CAR PBMCs and from 

18,50 to 91,51% (54,83 ± 5,42%) for NKG2D-CAR CD45RA- T cells. No significant 

differences were observed when comparing the viability between both populations. 

However, CD45RA depletion achieved a CD45RA- purity of 93,81 ± 1,98%, significantly 

higher than the values for PBMCS, 57,89 ± 5,40% (p = 0,0003). Furthermore, regarding 

the CD4:CD8 ratio, we also observed significant differences between transduced PBMC 

and CD45RA- T cells. The expression of CD4 in PBMCs and CD45RA- T cells was 57,12 

± 7,39% and 79,80 ± 3,76%, respectively (p = 0,0085), while CD8 expression was 40,55 

± 6,98% in NKG2D-CAR PBMCs and 17,20 ± 3,3% NKG2D-CAR CD45RA- T cells (p = 

0,0049). In addition, efficacy of NKG2D transduction remained similar in both populations 

with values always higher than 60% (77,14 ± 4,33% expression of NKG2D for PBMCs 

and 86,61 ± 2,63% for CD45RA- T cells) (Figure 17). 
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Figure 18. Representative histograms showing NKG2DL expression of different leukemia cell 
lines by FCM. Filled histograms represent stained samples while blank histograms are related to 
unstained cells. 

5.1.3. NKG2DL are expressed in leukemia cell lines. 
 

The expression of NKG2DL was evaluated in representative acute leukemia cell lines as 

well as in primary leukemic blasts by FCM. Specific fluorescence intensity (SFI) of each 

ligand was obtained dividing median fluorescence intensity (MFI) of stained samples by 

the unstained ones. We considered a positive expression of a determined NKG2DL when 

SFI values were ≥ 2. We observed that NKG2DL were heterogeneously expressed in the 

different leukemia cells lines, as shown in Figure 18 and Table 4. 

  

 

 

Overall, all the leukemia cell lines showed upregulation of at least two different NKG2DL, 

and thus becoming a potential target for NKG2D-CART. ULBP2, MICA and ULBP1 were 

the NKG2DL most consistently expressed. More precisely, ULBP2 was expressed in all 

cell lines with SFI values ranging from 2,73 to 49,98. Except for TOM-1 cells, which 

showed an SFI = 1,82, MICA was upregulated in all cell lines as well. ULBP1 showed 

overexpression in all the analyzed leukemia cell lines but NALM-6 (1,78), RS4-11 (1,71) 

and SEM (1,91). ULBP3 was the less expressed NKG2DL, being upregulated in only 3 

out of the 12 leukemia cell lines (NALM-6, REH and MV4-11). Jurkat cells showed high 

values of ULBP2 (49,48 ± 4,52), ULBP1 (11,82 ± 3,06) and MICA (4,48 ± 0,53). 
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Table 4. SFI values of NKG2DL expression by FCM of different leukemia cell lines (N = 3). Color 
gradient represent SFI values from lower (green) to higher (red). 
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NKG2DL expression 
- + 

  MFI 
    MICA MICB ULBP1 ULBP2 ULBP3 ULBP4 

B-ALL 

NALM-6 2,57 1,4 1,78 27,95 5,84 1,8 
REH 3,74 1,89 2,85 5,82 5,28 2,45 

RS4;11 2,31 1,86 1,71 2,74 1,46 2,14 
TOM-1 1,82 1,21 6,93 2,73 1,48 1,69 

T-ALL 
MOLT-3 2,84 2,61 3,95 13 1,73 3,8 

CEM 2,31 1,72 2,55 4,8 1,36 2,12 
JURKAT 4,48 3,62 11,82 49,48 1,53 2,51 

AML 
K562 2,52 4,43 2,8 2,29 1,36 2,63 
ME-1 4,26 2,64 2,19 2,16 1,47 2,12 

KASUMI 2,76 7,77 3,09 2,16 1,28 2,26 

Biphenotypic MV4;11 1,77 1,4 3,71 3,15 4,6 2,02 
SEM 2,08 1,99 1,91 2,48 1,32 2,05 

 

  

 

 

 

5.1.4. NKG2DL are expressed in primary leukemic blasts of pediatric 
patients independently of the stage of the disease. 
 

As leukemia cell lines may differ significantly from primary leukemic blasts, we therefore 

used FCM to analyze the expression of NKG2DL in B-ALL, T-ALL and AML blasts from 

pediatric patients. As downregulation and release of NKG2DL by leukemic blasts is a 

well-known immunoescape mechanism, we ought to determine if the levels of NKG2DL 

expressed on cell surface correlated with disease progression. To this aim, we explored 

the expression of NKG2DL at diagnosis (Dx), relapse (R) or follow-up status. Overall, 

when we compared NKG2DL expression at diagnosis and relapse we found no 

significant differences. Moreover, the different leukemia entities showed similar NKG2DL 

expression patterns, with no significant differences among them (Figure 19). We next 

analyzed the expression of the different NKG2DL at Dx in B-ALL, T-ALL and AML. In B-

ALL, we found MICA showed higher expression than the rest of the NKG2DL, and this 

difference was statistically significant when compared with all the others NKG2DL, 

except for ULBP4. We observed no differences in NKG2DL expression at Dx in AML and 

T-ALL, as shown in Figure 20. Further clinical details of pediatric patients studied are 

compiled in the Annex section. 
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Figure 19. Expression of NKG2DL by FCM of B-ALL, T-ALL and AML pediatric patients blasts at 
diagnosis and relapse. Dotted line represents the expression of NKG2DL at follow-up status. 
Nonparametric Mann-Whitney test was used to compare 2 groups. *p < 0,05; **p < 0,01; ***p < 
0,001. 

 

 

Figure 20. Expression of NKG2DL by FCM of B-ALL (N = 28; except for MICB, N = 16), T-ALL (N = 
4; except for MICB, N = 1) and AML (N = 12; except for MICB, N = 6) pediatric patients blasts at 
diagnosis. Kruskal-Wallis one-way ANOVA following Dunn’s post-hoc test was performed. *p < 
0,05; **p < 0,01; ***p < 0,001. 
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5.1.5. NKG2D-CART target leukemic blasts in vitro. 
 

To evaluate the cytotoxic activity of effector cells, we first compared the specific lysis 

produced by NKG2D-CAR transduced CD45RA- T cells versus UT T cells against B-ALL, 

T-ALL, AML and biphenotypic leukemia cell lines (Figure 21). As expected, NKG2D-

CART produced higher lysis than UT T cells in all tested leukemia cells lines. While 

CARTs achieved lysis values between 15,65 and 75,34%, UT T cells only produced a 

cytotoxic effect below 20% (6,02 – 14,26%), which was considered unspecific. Significant 

differences were found when R4;11 (p = 0,042), Jurkat (p = 0,011), MOLT-3 (p = 0,033), 
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Figure 21. Specific lysis by EU-TDA assays of NKG2D-CART and UT T cells against leukemia cell 
lines at 20:1 E:T ratio. Student’s t test was used to compare 2 groups. Paired t test was applied 
in NALM6 (N = 3), REH (N = 3), CEM (N = 3) and MOLT-3 (N = 4) cell lines. Unpaired t test was 
applied in RS4;11 (N = 3), ME-1 (N = 3) and MV4;11 (N = 3) cell lines. Mann-Whitney test was 
applied in TOM-1 (N = 3), Kasumi (N = 4) and SEM (N = 4) cell lines. Welch’s t test was applied in 
Jurkat (N = 4) and K562 (N = 3) cell lines. *p < 0,05; **p < 0,01; ***p < 0,001; ns, not significant. 
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Kasumi (p = 0,009), K562 (p = 0,041), ME-1 (p = 0,006), MV4;11 (p = 0,002) and SEM 

(p = 0,016) were used as target cells. We also reported that specific lysis was very 

heterogeneous depending on the donor used to produce the NKG2D-CART and the 

experimental conditions, as shown in Figure 22A. As expected, the highest E:T ratio 

achieved the highest cytotoxic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When comparing the specific lysis against the different cell lines grouped by disease, we 

found that T-ALL and AML cell lines, reaching values around 70% of specific lysis, 

trended to be more sensitive to NKG2D-CAR T cytotoxicity than B-ALL cell lines, despite 

differences were not significant. On average, the percentage of specific lysis was: 48,9% 

for AML, 51,2% for T-ALL, 45,3% for bi-phenotypic and 37% for B-ALL at a 20:1 E:T 

ratio. (Figure 22B). Indeed, Jurkat cell line (T-ALL) resulted the more susceptible target 

to CART-mediated lysis, with 75,34% ± 13,24% specific lysis. 
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Figure 22. Specific lysis by Eu-TDA assays of NKG2D-CART produced from different donors 
against Jurkat cell line, at different E:T ratios (A). Summary of NKG2D-CAR T cells’ specific lysis 
against all different cells lines used at 20:1 E:T ratio (B). Kruskal-Wallis one-way ANOVA 
following Dunn’s post-hoc test was performed. 

Figure 23. Correlation analysis between NKG2DL expression of leukemia cell lines and their 
susceptibility to NKG2D-CART cytotoxicity. Parametric Pearson correlation analysis was applied 
between X and Y values. 
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Since we observed important differences in the cytotoxicity of NKG2D-CART against the 

multiple leukemia cell lines studied, we wondered if this could be associated with the 

heterogeneity of NKG2DL expression. We thus compared the expression of NKG2DL of 

leukemia cell lines versus the specific lysis produced by CAR T cells. However, we did 

not found a significant correlation between the percentage of lysis and the surface 

expression of any ligand (Figure 23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

When primary blasts were used as targets, AML showed the highest sensitivity (50,3% 

of specific lysis on average), followed by T-ALL (31%) and B-ALL (19,5%) at a 20:1 E:T 

ratio. These values, with the exemption of AML, remained lower than those achieved 

when leukemia cell lines were used as a target. Furthermore, the lytic capacity of 
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Figure 24. Specific lysis by Eu-TDA assays of NKG2D-CART against primary blasts of pediatric 
patients suffering from B-ALL, TALL or AML at different E:T ratios. 
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NKG2D-CART against both the different cell lines and primary blasts from patients was 

tremendously heterogeneous, as illustrated in Figures 22A and 24, respectively. The 

intrinsic differences between the healthy donors from which CAR T cells were produced 

and between patients, contributed to the observed heterogeneity. 

 

 

 

 

 

 

 

5.1.6. NKG2D-CART reduce tumor progression and prolong survival in a 
murine model of T-ALL. 
 

Having shown the ability of NKG2D-CART to target leukemia cell lines in vitro, we then 

moved a step forward and tested the efficacy of NKG2D-CART in a murine model of T-

ALL using Jurkat GFP-Luc as targets. In this experiment, a total of 18 T-ALL bearing 

mice were divided into 4 different groups: group A (control group) was left untreated, 

group B received multiple infusions of untransduced CD45RA- T cells, group C received 

a sole infusion of NKG2D-CART, and group D received multiple infusions of NKG2D-

CART. A scheme with the specific times and doses is shown in the Materials and 

Methods section (Figure 11). Leukemia progression was monitored weekly by 

bioluminescence. Mice that were left untreated or those receiving infusions of UT 

CD45RA- T cells showed more leukemia burden than the treated mice, as seen with 

significantly higher average dorsal and ventral bioluminescent signals 22 days after 

leukemia infusion (Figure 25A, B). Based on BLI, both control groups had a similar 

pattern of leukemia progression and showed no statistical differences in survival (p = 

0,18). Between days +18 and +22 post-infusion, mice from the control and UT groups 

showed massive tumor burden by BLI and leukemia clinical symptoms, and under ethical 

consideration they were euthanized by humane endpoint. On the contrary, those mice 

treated with either single or multiple doses of NKG2D-CART, showed a leukemia 

progression controlled until day +22 (Figure 25A, B). However, at day +29, mice treated 

with an only infusion of NKG2D-CART, showed an increased BLI. In the group receiving 

multiple infusions, leukemia progression remained controlled still at day +29. However, 

by day +36, an increment in BLI was measured, indicating leukemia progression. Kaplan-
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Figure 25. A) Bioluminescence imaging of mice engrafted with Jurkat-GFP-Luc. Mice were 
divided in four groups: Control, treated with PBS; UT, treated with three weekly infusions of 1·107, 
followed by three weekly infusions 2·107 of UT CD45RA- T cells; CAR single infusion, receiving 
one infusion of 1·107 NKG2D-CART; CAR multiple-infusion administered with three weekly 
infusions of 1·107, followed by three weekly infusions of 2·107 NKG2D-CART (A). B) Tumor burden 
monitoring of mice receiving the different treatments of dorsal or ventral acquisition. Control 
mice (blue line), UT (dashed line), CAR single (green line) and CAR multiple (bold black line). C) 
Kaplan–Meier survival curves for control mice (blue line), UT (dashed line), CAR single (dotted 
line) and CAR multiple (bold black line). *p < 0,05; **p < 0,01; ***p < 0,001. 
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Meier estimation demonstrated significant differences between treated and control 

groups (Figure 25C). These data indicate NKG2D-CART could control leukemia 

progression and prolong survival of the treated mice, but failed to completely eradicate 

the tumor and cure the animals. 
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Figure 26. Dot plots obtained by FCM analysis of BM, PB and spleen samples from mice engrafted 
with Jurkat-GFP-Luc cells and treated with single or multiple doses of NKG2D-CART. Leukemia 
cells were identified as GFP positive cells while CART cells were detected as NKG2D positive 
population. 

5.1.7. In treated mice, infused NKG2D-CART home to the bone marrow 
and respond against leukemia cells. 
 

As previously shown, we found that the control of leukemia progression was NKG2D-

CART dose dependent, as mice treated with several infusions performed better than 

those receiving a single infusion. FCM analysis of tumor burden (identified as 

humanCD45+ GFP+ cells) in PB, BM and spleen confirmed the BLI data. We also 

analyzed NKG2D-CAR T cell persistence (identified as humanCD45+ GFP-) in all 

hematopoietic tissues by FCM. In those mice which had received an only infusion of 

NKG2D-CART 32 days prior to sample collection, we observed no remaining NKG2D-

CART in BM, PB and spleen. However, mice receiving multiple infusions and whose 

samples were collected 4 days after the last infusion, showed presence of NKG2D-CART 

in PB, BM and spleen (Figure 26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FCM analysis revealed NKG2D-CART were homing to the BM when multiple doses were 

used. As the results from our in vivo experimentation were not as successful as we had 
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Figure 27. IHC staining of a BM sections of mice remained untreated (control), treated with single 
dose of NKG2D-CART (sample collected 32 days post CAR T cells infusion) or with multiple 
doses of NKG2D-CART (sample collected 4 days post CART cells infusion). Brown color 
correspond to granzyme B staining (arrows), which associates with the presence of 
degranulating NKG2D-CART in the sample. 

Control

Single dose

Multiple doses

expected taking into account the in vitro results obtained, we then wanted to explore if 

those NKG2D-CART infiltrating the BM kept their anti-tumor cytotoxic ability. To this aim, 

femur samples of treated mice were paraffin embedded, immunostained for granzyme B 

and H/E counterstained. IHC analysis revealed the presence of granzyme B positive 

human T cells (in brown) surrounding leukemia cells (small and disordered purple cells) 

in samples of treated groups, indicating NKG2D-CART were homing to the BM and 

secreting lytic granules in response to leukemic blasts (Figure 27). Furthermore, multiple 

infusion of NKG2D-CART promoted higher infiltration of effector cells in the BM, as the 

density of granzyme B positive cells was higher in this treatment group. Additionally, IHC 

confirmed the leukemia burden we had observed by FCM and BLI (Figure 27).  
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Figure 28. Expression of sNKG2DL in supernatants of representative leukemia cells lines 
by ELISA. 

5.2. Immunoescape mechanisms. 
 

5.2.1. Jurkat T-ALL cell line released sULBP2. 
 

Our previous data proved that NKG2D-CART were able to reach the BM and exert an 

anti-tumor response against leukemic blasts. However, they were still not able to 

completely eradicate the tumor and cure the animals. Release of sNKG2DL by tumor 

cells has been demonstrated to be an immune escape mechanism that can reduce 

surface expression of NKG2DL in the tumor cells thus inducing downregulation of 

NKG2D receptor on NK cells, blocking the immunosurveillance axis NKG2D/NKG2DL. 

Based on this, we next explored if this mechanism could be hindering the anti-tumor 

ability of NKG2D-CART in the murine model. To this aim, we measured the levels of 

sNKG2DL secreted by leukemia cell lines, in vivo samples or serum from patients 

suffering from acute leukemia by ELISA. While sNKG2DL levels were barely detected in 

the supernatant of leukemia cell lines, low levels of sULBP2 ligand were detected in the 

supernatant of NALM-6 and Kasumi cell lines (0,66 ng/ml and 0,02 ng/ml, respectively). 

However, in the supernatant of Jurkat-GFP-Luc cells, 3,11 ng/ml of sULBP2 and low 

levels of sULBP1 (0,60 ng/ml) were detected (Figure 28). 
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Figure 28. Expression of sNKG2DL measured by ELISA in samples of CSF (N = 5), BM (N = 1) and 
PB (N = 5) of leukemia-engrafted mice treated with multiple infusion of NKG2D-CART (11 days 
post last CART infusion; treated), remained untreated (20 days post engraftment; control) and 
healthy no-engrafted mice. Two-way ANOVA following Tukey´s post-hoc test was performed. *p 
< 0,05; **p < 0,01; ***p < 0,001. 
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To further confirm the possible mechanisms behind the inability of NKG2D-CART to 

eradicate the tumor in the in vivo model, we measured the levels of sNKG2DL in T-ALL 

bearing mice, either left untreated or treated with multiple infusions of NKG2D-CART. As 

human and murine NKG2DL present NKG2D-binding domains with maintained structural 

homology, healthy NSG mice were used as controls for basal detection of sNKG2DL. 

When analyzing the expression of sNKG2DL in samples from NKG2D-CART treated or 

untreated mice and comparing them with the expression of the engrafting Jurkat-GFP-

Luc cell line, we found that those mice bearing leukemia cells showed a significantly 

increased amount of sULBP2 compared to those measured in control NSG mice, 

indicating that T-ALL cells released NKG2DL in their soluble form. Additionally, sULBP2 

ligand was overexpressed in CSF samples of mice receiving CART treatment compared 

to those mice remained untreated (Figure 29), which could be an escape mechanism of 

leukemia against the treatment pressure. In BM samples, sULBP2 also seemed to be 

overexpressed in treated mice compared to untreated and healthy control mice, but due 

to the low number of samples, statistics could not be applied. 

 

 

  

 

 

 

 

 

 

5.2.2. sNKG2DL were found in the serum of patients suffering from acute 
leukemia. 
 

To explore if sNKG2DL could impact the efficacy of NKG2D-CART in the clinical setting, 

we analyzed the presence of sNKG2DL in the serum of B-ALL, T-ALL and AML pediatric 

patients. First, we explored across the different leukemia subtypes if the levels of 

sNKG2DL changed with the disease status. The levels of sNKG2DL measured in the 

serum of healthy donors were used as basal control. In B-ALL, we found that the 

expression of sMICA (p = 0,003), sMICB (p = 0,022) and sULBP2 (p = 0,004) were 

significantly higher at diagnosis compared with controls, while sULBP3 was upregulated 
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Figure 30. A) Expression of sNKG2DL measured by ELISA in the serum of pediatric B-ALL 
patients at diagnosis (Dx; N = 20), relapse (R; N = 4) and follow-up (F; N = 3) compared to healthy 
donors (control; N = 7). Control samples were collected from healthy donors. B) Comparison of 
different sNKG2DL expression at diagnosis for B-ALL samples. Kruskal-Wallis one-way ANOVA 
following Dunn’s post-hoc test was performed.  *p < 0,05; **p < 0,01; ***p < 0,001. 
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at diagnosis compared to follow-up samples (p = 0,047) (Figure 30A). Overall, the levels 

of sNKG2DL showed a tendency to be higher at diagnosis than at relapse, which could 

be attributed to the higher number of blasts at the moment of diagnosis. However, no 

statistically differences were observed. At the moment of diagnosis, sULBP2 and sMICB 

were the most expressed ligands for pediatric B-ALL (0,89 ng/ml and 1,49 ng/ml, 

respectively), as showed in Figure 30B.  

In the case of pediatric AML, sMICA (p = 0,035) and sMICB (p = 0,009) were 

overexpressed at diagnosis compared to the other disease stages (Figure 31A). 

Unfortunately, the levels of sNKG2DL at relapse and follow-up could not be statistically 

compared because of the lack of samples. At diagnosis, sMICB and sULBP2 resulted 

the more expressed sNKG2DL (1,11 ng/ml and 0,70 ng/ml, respectively) (Figure 31B). 

We also analyzed the expression pattern of sNKG2DL in pediatric T-ALL. However due 

to the low number of samples collected, we could not stablish comparisons amongst the 

different disease stages nor the individual ligands (Figure 32A, B). 
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Figure 31. A) Expression of sNKG2DL measured by ELISA in the serum of pediatric AML patients 
at diagnosis (Dx; N = 7), relapse (R; N = 1) and follow-up (F; N = 1) compared to healthy donors 
(control; N = 7). Control samples were collected from healthy donors. B) Comparison of different 
sNKG2DL expression at diagnosis for AML samples. Mann-Whitney test was applied to compare 
controls and diagnosis samples; Kruskal-Wallis one-way ANOVA following Dunn’s post-hoc test 
was performed. *p < 0,05; **p < 0,01; ***p < 0,001. 
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Figure 32. A) Expression of sNKG2DL measured by ELISA in the serum of pediatric T-ALL 
patients at diagnosis (Dx; N = 1), relapse (R; N = 1) and follow-up (F; N = 0) compared to healthy 
donors (control; N = 7). Control samples were collected from healthy donors. B) Comparison of 
different sNKG2DL expression at diagnosis for AML samples.  
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Figure 33. Expression of sNKG2DL measured by ELISA in the serum of pediatric patients of B-
ALL (N = 20), AML (N = 7) and T-ALL (N = 1) at diagnosis. Mann-Whitney test was applied to 
compare B-ALL and AML samples. *p < 0,05; **p < 0,01; ***p < 0,001. 

 

 

Finally, as the highest levels of sNKG2DL were measured at diagnosis, we next 

compared the expression of the sNKG2DL at this stage in the different leukemia entities. 

In general, B-ALL showed higher levels of sNKG2DL than AML and T-ALL, but these 

differences were only significant for sULBP2 (p = 0,003) and sULBP3 (p = 0,032). When 

looking at T-ALL cases, we could not establish statistical comparisons due to the scarcity 

of samples (Figure 33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3. Supraphysiological levels of sNKG2DL downmodulated chimeric 
NKG2D receptor and promoted CD45RA- NKG2D-CAR T cell proliferation. 
 

The negative impact of sNKG2DL in the endogenous NKG2D receptor is well established 

(Hilpert et al. 2012; Salih et al. 2003, 2002). However, the effects on NKG2D CARs have 

been studied at a lesser extent. In an attempt to explore how sNKG2DL could affect the 

efficacy of NKG2D-CART, we cultured NKG2D-CART with different concentrations of 

sNKG2DL for 7 days and analyzed NKG2D expression, proliferation and anti-tumor 

potential of NKG2D-CART. We also aimed to explore whether IL-2 added to the culture 

to explore if this cytokine could quench the effects of sNKG2DL on NKG2D-CART. Thus, 

we first evaluated the effects of IL-2 in NKG2D expression and cell proliferation. We 

found IL-2 enhanced NKG2D expression and promoted proliferation of NKG2D-CART in 

both CD4 and CD8 subsets in a dose-dependent manner. However, the differences 
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Figure 34. A. Relative expression of NKG2D receptor (A) and fold change proliferation (B) by FCM 
in CD4 and CD8 subsets of NKG2D-CART when culturing them with IL-2 at different 
concentrations (N = 5).  Friedman one-way ANOVA following Dunn’s post-hoc test was performed. 
*p < 0,05; **p < 0,01; ***p < 0,001. 
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observed in NKG2D were only significant in the CD4 subset and when 100 IU/ml of IL-2 

were used, where NKG2D expression was more than doubled in comparison with those 

cells cultured without IL-2 (Figure 34A). In addition, CAR T cells proliferation was 

significantly increased in both CD4 and CD8 subsets when 100 IU/ml of IL-2 were added 

to the culture (Figure 34B). 

 

 

 

 

 

 

 

 

 

 

Then, we analyzed the effects of sNKG2DL in the expression of NKG2D and cell 

proliferation of NKG2D-CART. As shown in Figure 35, The effects of sNKG2DL varied 

with each studied ligand. Additionally, inter-donor variability was also observed. High 

concentrations of sNKG2DL (500 ng/ml) decreased the expression of NKG2D receptor 

in both CD4 and CD8 populations compared to the untreated condition (Figure 35A). 

When treating the cells with physiological concentrations (20 ng/ml) we did not observe 

NKG2D downregulation but on the contrary, the expression levels of the receptor 

increased and this effect was enhanced by the addition of IL-2. However, we only 

obtained significant differences in downregulation with supraphysiological 

concentrations of sMICA and sMICB (500 ng/ml) for CD4 subset. For CD8 CAR T cells, 

downregulation of NKG2D was only observed when 500 ng/ml of sMICA were added to 

the culture. Regarding the proliferative stimulation by sNKG2DL, only high amounts of 

sULBP1 had a significant effect on CD4 cells compared to the untreated condition. 

Nevertheless, the treatment with supraphysiological concentrations of sMICA, sMICB 

and sULBP1 did increase the proliferation of CD8 CD45RA- CAR T cells, as represented 

in Figure 35B. 
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Figure 35. Effect of sNKG2DL on NKG2D-CART measured by FCM. Cells were cultured with 
different amounts of IL-2 and treated with sNKG2DL at physiological (20 ng/ml; 20; N = 3) or 
supraphysiological (500 ng/ml; 500; N = 6) concentrations. Relative expression of NKG2D 
receptor (A) and fold change proliferation (B) in CD4 and CD8 subsets. Friedman one-way 
ANOVA following Dunn’s post-hoc test was performed. *p < 0,05; **p < 0,01; ***p < 0,001. 
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Figure 36. sNKG2DL-mediated downmodulation of NKG2D-CART cytotoxicity mediated by 
performing Eu-TDA assays. Jurkat and K562 cell lines were used as a target. Effector cells were 
treated with sNKG2DL for 72 h or they were added in the moment of the assay (t = 0) at 
physiological (20 ng/ml) or supraphysiological (500 ng/ml) concentrations (N = 5). Two-way 
ANOVA following Tukey’s post-hoc test was performed. *p < 0,05; **p < 0,01; ***p < 0,001. 
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5.2.4. Cytotoxicity of NKG2D-CART remained unaltered upon exposure to 
sNKG2DL. 
 

As some sNKG2DL decreased the expression of NKG2D-CAR in our effector cells, we 

next investigated if sNKG2DL-mediated CAR downregulation could affect the cytotoxic 

capability of NKG2D-CART. In these experiments, sMICA and sULBP2 were used. We 

used sMICA, as it caused NKG2D downregulation in both CD4 and CD8 subsets. 

sULBP2 was used because it is the most secreted sNKG2DL by Jurkat cells, and thus, 

could be affecting NKG2D-CART cytotoxicity in our murine model. We observed that 

after incubating the NKG2D-CART with sNKG2DL for 72h, their cytotoxicity against 

Jurkat cells remained unaffected. Furthermore, when the K562 cell line was used as a 

target in the same conditions, we observed that only 500 ng/ml of sMICA significantly 

decreased the specific lysis of NKG2D-CART. Then, in order to try to mimic a 

hypothetical clinical situation, when a patient suffering from leukemia and with a certain 

amount of sNKG2DL in the plasma, is treated with NKG2D-CART, this time the different 

sNKG2DL were added to the co-cultures at the same moment of the cytotoxicity assay. 

, in which. In this case, no effects on anti-tumor activity were observed regardless of the 

sNKG2DL and the concentrations used (Figure 36). 
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Figure 37. Downregulation of NKG2D receptor by FCM in NKG2D-CART used in downmodulation 
experiments. CART cells were treated with sMICA, sULBP1 and sULBP2 at different 
concentrations for 72 h. A) Relative expression of NKG2D of treated NKG2D-CAR T cells treated 
with sMICA and sULBP2 (N = 3). B) Representative dot plots showing NKG2D positive 
percentages of CART cells treated with sULBP2. Two-way ANOVA following Tukey’s post-hoc 
test was performed. *p < 0,05; **p < 0,01; ***p < 0,001. 
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The effector cells used for these experiments were analyzed by FCM to correlate the 

downregulation and downmodulation effect produced by sNKG2DL treatment. We found 

that supraphysiological concentrations of the used ligands, sMICA, and sULBP2, 

produced a significant decrease in NKG2D expression on CAR T cells. We observed a 

decrease in NKG2D expression below 50% after sULBP2 treatment (Figure 37A). In 

spite of the decrease on NKG2D MFI, which is associated with the receptor density, the 

percentage of NKG2D positive cells barely changed (Figure 37B) which could explain 

the unaltered cytotoxic ability of NKG2D-CART. 

 

 

 

 

 

 

 

 

 

  

 

5.2.5. NKG2D-CART retained their capability to form productive immune 
synapses after treatment with high amounts of sMICA. 
 

Once we had shown that NKG2D-CART were resistant to sNKG2DL regulation, we 

aimed to study in more detail the immune synapsis between effector and target cells in 

the presence or absence of sMICA by epifluorescence and confocal microscopy 

techniques. For that, NKG2D-CART were treated with or without 500 ng/ml sMICA for 

72 h and co-cultured with CMAC labelled-Jurkat cells as target cells. As observed in a 4 

h-time lapse microscopy, both treated and untreated NKG2D-CART eliminated Jurkat 

target cells similarly, with no alteration of the killing capability produced by sMICA 

treatment (Figure 38). 

In another set of experiments, effector-target co-cultures were fixed and immunostained 

at end point upon synaptic conjugate formation (4h) to visualize F-actin (phalloidin), 

MTOC (anti-pericentrin) and NKG2D by performing epifluorescence and confocal 
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Figure 39. Time lapse microscopy of Jurkat cells co-cultured with NKG2D-CART at 1:1 E:T ratio 
for 4 h. NKG2D-CART were treated with sMICA 500 ng/ml for 72 h or remained untreated, as 
control. Sequential images represent the co-cultures’ state every two hours since the beginning 
of the experiment (0 h). Arrows represent Jurkat dying cells after encounter with NKG2D-CART. 
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microscopy. As shown in Figure 39, sMICA-treated NKG2D-CART formed productive 

immune synapses, characterized by F-actin reorganization at the synapse, that finally 

led to the elimination of target cells, to the same extension that untreated cells. For both 

conditions, we observed different synapsis stages: 1) emerging synapses, when F-actin 

(red) was very intense in the interface between Jurkat cells (CMAC+, blue) and NKG2D-

CART (gray) and MTOC (green) was not yet polarized, located far away from the 

synapsis; 2) polarized synapses, when MTOC was located close by to the synapse; 3) 

ending synapses, when F-actin intensity at the synapse decreased and MTOC was not 

polarized (Figure 39A, C). These observations were confirmed by confocal microscopy 

showing immune synapses imaging with more resolution (Figure 39 B, D). 
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Figure 38. Epifluorescence (A, C) and confocal (B, D) microscopy images of immune synapses 
when CMAC-labelled Jurkat cells (blue) were challenged with NKG2D-CART at 1:1 E:T ratio for 30 
minutes. NKG2D-CART remained untreated (control; A, B) or were treated with sMICA at 500 ng/ml 
for 72 h (C, D). Phalloidin were used to localize actin (red); anti pericentrin antibody were used to 
label MTOC (green); anti NKG2D antibody were used to localize NKG2D receptor (gray) of NKG2D-
CART. BF, bright field. 1, emerging synapses; 2, polarized synapses; 3, ending synapses.  
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5.2.6. The levels of TGF-β secreted by leukemia cells do not affect 
NKG2D-CART cytotoxicity. 
 

In our previous experiments using sNKG2DL, we could not find a robust explanation for 

the treatment failure in the murine model. It has been demonstrated that TGF-β released 

by tumor cells has an inactivating effect on NKG2D-NKG2DL immunosurveillance. For 

this reason, we next explored the impact of TFG-β on NKG2D-CART cytotoxicity. First, 

the concentration of TGF-β secreted by Jurkat-GFP-Luc cells cultured in vitro and in the 

plasma samples of CART-treated mice from the in vivo experiment was measured. To 

rule out TGF-β could also be released by effector cells, levels of TGF-β in the 

supernatant of NKG2D-CART was measured as well. Neither cultured T-ALL cells nor 

CARTs secreted significant amounts of the cytokine compared to basal levels found on 

supplemented RPMI culture media, with all measured values below 20 pg/ml. On the 

contrary, we found higher amounts of TGF-β in the serum of treated mice, reaching up 

to 1,496 ± 111 pg/ml levels(Figure 40A). Additionally, when we analyzed the expression 

of TGF-β in the serum of pediatric acute leukemia patients, we found a wide 

heterogeneity between samples, with values ranging from 0 to 1,385 pg/ml. Moreover, 

no significant differences were observed when comparing different leukemia entities. 

Strikingly, the levels of TGF-β measured in healthy donors were comparable to those 

from patients (Figure 40B). Furthermore, median values of healthy donor remained 

higher than those from leukemia patients. To further explore the effects of TGF-β, we 

treated NKG2D-CART with different concentrations of the cytokine for 24 h and 

evaluated their cytotoxicity against Jurkat-GFP-Luc cells. As shown in Figure 41A, 

specific lysis of NKG2D-CART remained unaltered after TGF-β treatment. Additionally, 

as leukemia cells may secrete soluble factors other than sNKG2DL and TGF-β that could 

be playing an inactivating role on NKG2D-CART, we evaluated the cytotoxic capability 

of NKG2D-CART after treatment with conditioned medium derived from Jurkat-GFP-Luc 

cultured for 24 h. Similarly, no changes on NKG2D-CART anti-tumor activity were 

observed (Figure 41A, B). 
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Figure 41. Effect of TGF-β on NKG2D-CART’ cytotoxicity. A) Specific lysis of NKG2D-CART after 
pretreatment with 2,5 or 8 ng/ml of TGF-β for 24 h (N = 4). Two-way ANOVA following Tukey’s post-
hoc test was performed. B) Specific lysis of NKG2D-CAR T cells after pretreatment with conditioned 
media derived from Jurkat-GFP-Luc cells for 24 h (N = 4). Two-way ANOVA following Sidak’s post-
hoc test was performed. *p < 0,05; **p < 0,01; ***p < 0,001. 

 

Figure 40. Concentration of TGF-β measured by ELISA. A)  TGF-β secreted by Jurkat-Luc cells 
and NKG2D-CART, cultured for 72h till saturation, along to serum samples from leukemia-
engrafted mice treated with NKG2D-CART (11 days post last CART infusion). RPMI culture 
medium supplemented with 10% of FBS was used as a control. B) Levels of TGF-β in the serum 
of healthy donors (N = 3) and pediatric acute leukemia patients suffering from B-ALL (N = 19), 
AML (N = 7) and T-ALL (N = 2). Kruskal-Wallis one-way ANOVA following Dunn’s post-hoc test 
was performed. 
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5.2.7. NKG2D-CART target leukemia-initiating cells compartment. 
 

It has been shown that LICs have self-renewal ability and are more resistant to treatment 

than other leukemia cells. Additionally, downregulation of NKG2DL in AML LICs and a 

consequent failure of NKG2DL directed therapy has been reported (Paczulla et al. 2019). 

To elucidate if NKG2D-CART could target this specific compartment in T-ALL, we 

performed colony forming assays and side population experiments using Jurkat GFP-
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Figure 42. Jurkat-GFP-Luc cells were co-cultured with NKG2D-CART at different E:T ratios for 4 
h. Remaining cells were used to evaluate CFU by colony formation assays (N = 3) (A) and the 
percentage of side population by FCM at E:T ratio = 1:5 (N = 6) (B). Expression of stemness 
markers, c-kit and PDL1 (C), and NKG2DL (D) in Jurkat-GFP-Luc in culture (blue histogram), 
Jurkat-GFP-Luc from a colony (green histogram) and Jurkat-GFP-Luc co-cultured with NKG2D-
CAR T cells at 20:1 E:T ratio (red histogram). Kruskal-Wallis one-way ANOVA following Dunn’s 
post-hoc test was performed for multiple comparisons. Unpaired t-test was applied for two 
columns comparison *p < 0,05; **p < 0,01; ***p < 0,001. 
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Luc cells. To do so, we co-cultured effector and targets cells at different E:T ratios for 4 

h. Cells were then seede in methylcellulose for 1 week, and CFU counted. As shown in 

Figure 42A, NKG2D-CART significantly decreased the number of CFU in a dose-

dependent manner. Furthermore, Jurkat-GFP-Luc cells were co-cultured overnight 

NKG2D-CART at 1:5 E:T ratio to analyze the percentage of survivor Jurkat-GFP-Luc 

cells within the side population. Jurkat-GFP-Luc cells cultured alone were used as 

controls. Compared to unexposed Jurkat-GFP-Luc cells, we observed a slight decrease 

in the side-population of those Jurkat-GFP-Luc cells that remained alive after co-culture 

with NKG2D-CART, however, these differences were not statistically significant (Figure 

42B). 

In addition, the expression of NKG2DL, c-kit and PD-L1 were explored in Jurkat-GFP-

Luc cells cultured in suspension, as colonies and after exposure to NKG2D-CART. As 

illustrated in Figure 42C, the expression of c-kit and PD-L1 were comparable in the three 

conditions. Likewise, NKG2DL expression remained stable in the different samples 

analyzed (Figure 42D). 
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5.2.8. Upon exposure to NKG2D-CART, Jurkat cells upregulate genes 
related to proliferation, stemness and survival. 
 

Because none of the previous studied factors seemed to affect NKG2D-CART cytotoxic 

activity in a way that could explain the moderate effect in the in vivo experiment, we 

decided to explore the transcriptome profile of Jurkat-GFP-Luc after being in contact with 

effector cells and compare it to normal cultured cells. To this aim, we co-cultured Jurkat 

cells with NKG2D-CART for 16h and RNA of sorted Jurkat cells was used to perform 

transcriptome analysis by RNAseq. We found out that, upon co-culture with NKG2D-

CART, Jurkat cells upregulated stemness, proliferation and survival genes like STAT1 

(proliferation), SMAD and LIF (promote self-renewal of hematopoietic cells) or L1CAM, 

a cancer stem cell marker. Furthermore, different gene clusters involved in immune 

response were upregulated in these cells, like IFN-γ mediated signaling pathways, MHC 

class II complex, antigen processing and presenting, T cell costimulation, or GvHD, 

where CD86 and HLA family genes are implied (Figure 43A). Based on this findings, and 

taking into account that Jurkat is a T-ALL cell line, we wondered if Jurkat cells could be 

striking back to NKG2D-CART by exerting a cytotoxic response against them. To 

elucidate this hypothesis, we performed cytotoxicity assays using Jurkat as effector cells 

and NKG2D-CART as a target. As represented in Figure 43B, specific lysis remained 

under 30% at E:T ratio 20:1, similarly than the basal value obtained when UT CD45RA- 

T cells were used as effector cells. 
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Figure 43. A) RNAseq heatmap. B) Specific lysis by Eu-TDA assays of Jurkat-GFP-Luc cells 
against NKG2D-CART at different E:T ratios (N = 3). 
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Figure 44. Schema of NKG2D-CART manufacturing process. The schema of CliniMACS 
Prodigy™ is Copyrighted © 2015 by Miltenyi Biotec GmbH, used with permission. 

 

 

Table 5. Viability and purity of CD45RA- starting cells. Percentages were obtained by FCM after 
staining with 7AAD for viability and anti-CD45RA antibody to discern CD45RA- subset. 
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5.3. Translation to the clinic. 
 

5.3.1. Manufacturing Process: activation, transduction, and expansion. 
 

CD45RA- cells from four different donors were activated, transduced, and expanded in 

CliniMACS Prodigy™ in four different experiments. In-process tests were carried out at 

days +6 and +8. At the end of culture, between days +10 and +13, cells were harvested, 

and quality/release assays performed. A schema of the different steps for NKG2D-CART 

manufacturing and the quality tests conducted along the process is shown in Figure 44. 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2. Purity of CD45RA- starting cells. 
 

CD45RA- cells were obtained after depletion of CD45RA+ subset from non-mobilized 

apheresis from four different healthy donors at CliniMACS Plus. Median of purity of 

CD45RA- population was 99,8 (range 99,7–99,9), and median of viability was 97,9 (range 

97,7–99,9). Data from each experiment are summarize in Table 5.  

 

 

 

 

 

 

Validation % Viability % CD45RA- 
#1 98,1 99,8 
#2 99,9 99,9 
#3 97,7 99,9 
#4 97,7 99,7 
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Table 6. Transduction efficiency and viability of NKG2D-CART during the manufacturing process.  
Data were collected at in-process controls (day +6, day +8) and at the end of process. Percentages 
were obtained by FCM after staining with anti-NKG2D antibody to identify NKG2D CAR and DAPI 
for viability. 

 

 

5.3.3. High Transduction efficiency was achieved by using low MOI. 
 

We transduced CD45RA- cells 1 day after cell activation. A LV construct encoding for 

NKG2D CAR was used at MOI = 2. As CD45RA- cells only have basal levels of NKG2D 

receptor expression, we considered that the expression of NKG2D observed by FCM in 

NKG2D-CAR T cell products corresponded to NKG2D CAR. Our target goal was to 

achieve ≥50% transduction of total cells. This goal was achieved for all four final 

products. Data from NKG2D CAR expression along the process are shown in Table 6. 

Representative dot plots of NKG2D staining at the different times are shown in Figure 

45A. The anti-NKG2D antibody that we use for FCM does not discriminate between the 

NKG2D endogenous receptor and the NKG2D CAR. In order to analyze the expression 

of NKG2D CAR in the transduced cells, we performed a western blot using an anti-CD3ζ 

antibody to detect the CAR protein. NKG2D CAR protein is 40 kDa, whereas 

endogenous CD3ζ is 16 kDa. As shown in Figure 45B, bands corresponding to the 

NKG2D CAR were only observed in those cell lysates from transduced CD45RA− cells, 

whereas they were absent in the different negative controls, including activated and 

expanded NK cells (NKAES), PBMC, and CD45RA− UT cells. 

 

 %NKG2D CAR expression Viability 
Validation Day +6 Day +8 Final Day +6 Day +8 Final 

#1 73 60,5 60,6 85 82,5 86,3 
#2 41 43 55 73 77 65 
#3 24 82 87,4 70 82 81,4 
#4 62 75 91 80 84 82 
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Figure 45. NKG2D CAR expression in CD45RA- cells after transduction. A) Representative FCM 
plots showing an increase in NKG2D-CAR expression along the manufacturing process. B) 
Analysis of NKG2D CAR expression in transduced cells and controls (PBMCs, NKAES and UT 
CD45RA- cells) by western blot detecting CD3ζ.  
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5.3.4. Manufacturing of NKG2D-CART achieved sufficient numbers for 
clinical use. 
 

After CD45RA+ depletion, 108 of CD45RA- cells were transferred into a sterile bag and 

connected to CliniMACS Prodigy™ for further processing. The number of cells recovered 

after CD45RA depletion exceeded this limit for all experiments. For the final products, 

the fold expansion ranged from 13,4 to 38,6; thus, in all cases, the total number of cells 

obtained was enough to perform a clinical treatment in a multiple-dose regimen. Data of 

cell expansion from each experiment are shown in Figure 46.  
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Figure 46. Fold expansion of NKG2D-CART along the manufacturing 
process of each validation. 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.5. Manufactured NKG2D-CART are enriched in CD4+ and mainly 
present an effector memory phenotype 
 

Starting and final CAR T cell products were analyzed for viability and CD3, CD4, and 

CD8 contents. Naïve and memory populations were also identified by using CD45RA 

and CCR7 markers. The activation/exhaustion status of starting and final cells was 

analyzed by CD25, PD-1, and TIM-3 markers. The presence of CD4+CD25+CD127low/neg 

(Tregs) was also analyzed in the starting and final products. Both starting CD45RA- cells 

and final NKG2D-CAR T cell products were CD3+ and showed an enrichment in CD4+ 

vs. CD8+ T cells. Both before and after the manufacturing process, T cells were negative 

for CD45RA and CCR7, indicating an effector memory (TEM) phenotype. TIM-3 and CD25 

activation/exhaustion markers were upregulated in final NKG2D-CAR T cell products 

compared to starting CD45RA- cells; however, PD-1 expression was downregulated at 

the end of the process (Figure 47). 
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Figure 47. Representative FCM data of CD45RA- starting cells at day 0 and NKG2D-CART at the 
end of the manufacturing process (day 12). Plots represent CD3, CD4 and CD8 subsets (A); naïve 
and memory phenotype(B); expression of activation/exhaustion markers (C). TEFF, effector T 
cells; TCM, central memory T cells; TEM, effector memory T cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.6. Manufactured NKG2D-CART are highly cytotoxic against T-ALL and 
osteosarcoma cell lines 
 

Lysis ability of NKG2D-CART was tested against the NKG2DL-expressing cell lines 

Jurkat (T-ALL) and 531MII (metastatic osteosarcoma) by performing conventional 4h 

Europium-TDA assays. Although donor variability was observed, all final NKG2D-CAR T 

cell products analyzed were able to target Jurkat and 531MII cells with a percentage of 

cytotoxicity ≥20%, therefore meeting the established requirements. For validation #1, 

owing to technical issues, cytotoxicity against Jurkat cells was only tested using 

cryopreserved NKG2D-CART. Cytotoxicity of final NKG2D-CART against Jurkat was 

higher (median 80%, range 28,2–100%) than against 531MII cells (median 42,3%, range 

20–74,6%) for all analyzed products, although this difference was not statistically 

significant. Data of cytotoxicity levels from each experiment are shown in Table 7.  
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Table 7. Cytotoxicity of NKG2D-CART at the end of the process by Europium-TDA assays at E:T 
ratio 20:1. Jurkat and 531MII cells were used as a target. 

 

 

Table 8. Results related to safety and genetic stability of NKG2D-CART at the end of the 
manufacturing process.  

 

 

 

 

  

5.3.7. NKG2D-CART comply with the regulatory specifications regrading 
safety and sterility 

 

To meet regulatory specifications (acceptable thresholds in parentheses), samples 

were taken at days +6, and between days +8 and +10 as in-process controls and at 

the end of process as release controls, and they were evaluated for VCN (≤5 copies/cell), 

free LV particles in the supernatant (LVPS) (≤0,05%), oncogenic gene expression (no 

overexpression), and genetic stability (normal CGH). A Gram stain (no organisms seen) 

as a quick method and microbiological tests (0 CFU) ensured no bacterial contamination. 

Other release controls performed included those relating to the purity of the final product: 

measurement of endotoxin levels, whose limits for administration depend on the product 

and the parenteral administration route, where the pyrogenic threshold dose of endotoxin 

per kilogram of body mass in a single hour in the case of transduced cells is 5 IU/kg/h. 

All final products analyzed fulfilled the specifications except for validation #3, which 

showed VCN of 12 instead of ≤5 copies/cell, and for validation #4, which showed 

overexpression of myc. Complete data regarding genetic tests are shown in Table 8. All 

samples showed no microbiological contamination. Endotoxin levels were below 5 

IU/kg/h, and the presence of mycoplasma was undetectable (Table 9). 

 

 

 

Validation % Cytotoxicity vs. Jurkat % Cytotoxicity vs. 531MII 
#1 NR 74,6 
#2 100 19,5 
#3 79,8 42,3 
#4 28,2 NR 

  

Validation VCN RCL CGH Tert expression Myc expression 

#1 NA Undetectable Normal No 
overexpression 

No 
overexpression 

#2 3,6 Undetectable Normal No 
overexpression 

No 
overexpression 

#3 12,3 Undetectable Normal No 
overexpression 

No 
overexpression 

#4 2,4 Undetectable Normal No 
overexpression 

Myc 
overexpression 



RESULTS 
 

116 
 

Table 9. Results obtained from sterility test of NKG2D-CART at the end of manufacturing process. 

 

 

Table 10. Stability of NKG2D-CART, produced in the manufacturing process, after 
cryopreservation. Percentage of viability, NKG2D expression and CD45RA- were obtained by 
FCM. Cytotoxicity of effector cells was measured by performing Europium-TDA assays. 

 

 

 

 

 

 

 

 

5.3.8. Cryopreserved NKG2D-CART maintain viability, expression of CAR 
and cytotoxicity. 
 

CliniMACS Prodigy™ allows the production of sufficient number of CAR T cells to be 

administered in multiple doses. Although the first dose could be administered right after 

harvesting, spare cells need to be cryopreserved for future infusions. To explore if 

cryopreservation could have a negative impact on manufactured CAR T cells, we tested 

three different freezing media and evaluated cell counts, viability CD45RA- purity, 

NKG2D expression, and cytotoxicity of cryopreserved NKG2D-CART 1 year after 

freezing. We observed that those NKG2D-CART cryopreserved in autologous plasma 

+5% DMSO showed the highest viability and cytotoxicity indicating that, whenever 

possible, this should be the freezing media of preference, followed by M199 + 10% 

albumin and 5% DMSO (Table 10). 

 

Validation Gram staining Mycoplasma Endotoxins EU/ml 
#1 Negative Negative NA 

#2 Negative Negative 0,019 

#3 Negative Negative 0,0035 

#4 Negative Negative 0,01 

Freezing 
medium 

Viability 
% 

NKG2D 
% 

CD45RA- 

% 

Cytotoxicity 
vs. Jurkat 

% 

Cytotoxicity 
vs. 531MII 

% 
M199 + ALB + 

DMSO v4 47,9 61,5 99,2 55,2 17,3 

Hypothermosol 
v4 14,1 61,5 99,2 NA NA 

Auto plasma + 
DMSO v5 74,6 69,9 97,1 78,6 60,3 
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Acute leukemia is the second leading cause of cancer-related death in children in 

developed countries. Despite the great progress in the traditional treatments and new 

approaches, where targeted therapies and immunotherapies have increased the OS, 

considerable numbers of patients continue dying of this disease (Wayne et al. 2008). 

Unfortunately, the clinical success of CAR T cell therapy for CD19-positive hematological 

malignancies, has not been replicated in T-ALL, AML or those B-ALL which relapse with 

undetectable CD19. For these leukemia entities, the development of CAR T cell options 

is particularly challenging for three main reasons: first, CARTs recognizing pan T-cell 

antigens can induce fratricide, impeding CAR T cell manufacturing; second, CARTs 

targeting pan T-cell/myeloid antigens will induce T-cell aplasia or myelosuppression, 

leading to a life-threating immunodeficiency; third, the difficulty of finding a TAA widely 

expressed in relapsied leukemia.  

For some patients the use of “off- the-shelf” allogeneic CAR T cells could ensure the 

access to this therapy. However, life-threatening GvHD and rapid elimination of CAR T 

cells by the host immune system must be avoided. CAR redirected CD45RA- T cells 

have demonstrated less alloreactivity while keeping potent anti-tumor effects (Chan et 

al. 2014, Fernández et al. 2017) representing an attractive source for allogeneic CART 

generation. Based on these previous findings, we explored if NKG2D CD45RA- cells 

could be a novel therapeutic approach to treat r/r pediatric acute leukemia. 

The main objectives of this thesis are 1) to explore suitability and the efficacy of NKG2D 

CAR T cells as a therapeutic approach for pediatric acute leukemia, with focus on T-ALL 

and AML, and 2) to optimize a GMP-compliant manufacturing protocol to produce 

NKG2D-CAR T cells for clinical use.  

Subsequently, this thesis is divided into two sections: to the first one developing 

preclinical evidence for the suitability of using NKG2D-CAR T cells to treat pediatric acute 

leukemia; and the second one validating the large scale production of NKG2D-CART for 

its use in patients.  
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6.1. NKG2D-NKG2DL axis represents a suitable strategy to target pediatric acute 
leukemia.  

 

It has been demonstrated that NKG2DL are expressed in different types of tumors, 

including leukemia (Salih et al. 2003). Indeed, the interactions between NKG2D receptor 

and NKG2DL have been shown to be essential for NK cell tumor immunosurveillance 

(Bauer et al. 1999; Raulet 2003). Many studies show the potent anti-tumor effects of NK 

cells both in vitro and in preclinical models. However, in the clinical setting NK cells 

present limitations such as the need to infuse a large number of cells due to, dispersion 

of therapy, absence of memory, and limited in vivo expansion (Bodduluru et al. 2015; 

Klingemann 2015; Pérez-Martínez et al. 2015). 

In an attempt to circumvent these hurdles, different groups -including ours, have taken 

advantage of this natural-occurring anti-tumor mechanism to design CARs with NKG2D 

specificity. Promisingly, their ability to target different hematological and solid tumors 

including multiple myeloma, osteosarcoma, ovarian and acute leukemia, among other, 

has been proven in preclinical studies, (Barber et al. 2008; Driouk et al. 2020; Fernández 

et al. 2017; Song et al. 2013). Supporting the hypothesis that T cells can be redirected 

against leukemia cells through NKG2D axis, we have explored the surface expression 

of NKG2DL in leukemia cell lines and primary leukemic blasts from pediatric patients. 

We found that all the evaluated cell lines and primary blasts showed upregulation of at 

least one ligand (SFI ≥ 2) (Salih et al. 2003), supporting the rationale for the use of 

NKG2D CAR based therapies to treat pediatric acute leukemia. That expression 

threshold was exceeded by not only most leukemia samples analyzed, but by healthy 

PBMCs as well, that even surpassed the level expression of each ligand. This is contrary 

to the established concept that NKG2DL are poorly expressed on normal cells so the 

safety of NKG2D-CAR T therapy could be in doubt (Zingoni et al. 2018). However, there 

are preclinical data supporting the use and safety of NKG2D CAR redirected CD45RA- 

T cells (Fernández et al. 2017). Most importantly, in vitro, NKG2D CAR redirected 

effector cells are innocuous against different healthy tissues, which may have a basal 

expression of NKG2DL such as CD34+ progenitor cells, PBMC or gut epithelial cells. 

According to previous reports, we observed a considerable heterogeneous NKG2DL 

expression among the different cell lines and individuals. Interestingly, MICA is 

significantly higher expressed than the rest of the ligands in B-ALL blasts although 

NKG2DL expression patterns did not correlate with particular leukemic subtype (Driouk 

et al. 2020; Salih et al. 2003). In general, expression levels of NKG2DL that we found in 

acute leukemia samples were higher than those previously reported for this disease 

(Hilpert et al. 2012). Notably, Hilpert et al. studied adult leukemia while our group is focus 



DISCUSSION 

121 
 

on pediatric cancer, therefore such differences could be attributed to this fact. Regarding 

leukemia cell lines, we found that B-ALL and T-ALL expressed higher levels of ligands 

than AML. However, we did not observe major differences between leukemia subtypes 

when analyzing patient blasts. Despite the lack of differences, ligands trended to be more 

expressed at diagnosis than at relapse, particularly MICA, both in B-ALL, AML and T-

ALL, which could be due to ligands being released as a tumor mechanism to evade 

NKG2D-mediated immunosurveillance (Hilpert et al. 2012; Salih et al. 2002). Due to the 

low prevalence of AML and T-ALL compared to B-ALL, we encounter difficulties to 

access these samples, thus making statistical analysis unfeasible.(Esparza and 

Sakamoto 2005). 

In addition, multiple infusion of NKG2D-CAR T cells achieved long term CR without CRS 

or neurotoxic effects in a patient suffering from r/r AML (Sallman et al. 2018), supporting 

our hypothesis of NKG2D-CAR T cells as therapy to treat pediatric leukemia. In contrast 

with other NKG2D CAR approaches, where NKG2DL expression on NKG2D CAR T cells 

leads to fratricide (CAR T-self antigen targeting) and hampers CAR T cell manufacturing 

(Breman et al. 2018; Song et al. 2013), generation of CAR T cells from CD45RA- subset 

avoids fratricide, since this T cell compartment have no surface expression of NKG2DL 

(Fernández et al. 2019).  

 

6.2. Transduction efficiency and characteristics of NKG2D-CART. 
 

Once we had proven that leukemic blasts upregulate NKG2DL and thus confirmed the 

suitability of using NKG2D CAR T cells to target pediatric acute leukemia, we next 

produced NKG2D-CART by LV transduction of effector cells derived from healthy donors’ 

PBMCs. Both γ-retroviral and LV vectors can be used to effectively produce stable 

transduction of T lymphocytes. However, despite both vectors integrate semi-randomly 

in the human genome, LV are less genotoxic, making them more attractive for gene 

therapy (Montini et al. 2009; Rivière and Sadelain 2017). The highest viral titer was 

achieved using Lipofectamine-2000 instead of PEI as a transfection reagent, along with 

second-generation LV vectors. Although third-generation vectors are required for clinical 

application due to their additional safety features, second-generation systems are 

preferentially used in a preclinical development in order to enhance viral titer (Gándara 

et al. 2018). In contrast with other studies using values close to 10, (Castella et al. 2019; 

Sánchez-Martínez et al. 2019) we transduced CD45RA- cells with a MOI as low as 2, 

which was enough to achieve an excellent transduction efficacy without affecting viability 

nor proliferation, as compared to untransduced CD45RA- cells. 
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Commonly, efficacy of adoptive cell therapy has been attributed to CD8 T cells subset 

while CD4 T cells are related to CD8 enhancing and helper function (Zhang, Zhao, and 

Huang 2020). Most CAR T cells products are derived from PBMCs or selected T cells, 

which comprise random composition of CD4:CD8 T cells (Castella et al. 2019; Sánchez-

Martínez et al. 2019). Others have reported a 1:1 ratio of CD4:CD8 CAR T cells, which 

allowed the identification of correlative factors production optimization and improved 

antitumor response due to a synergistic effect of both subsets (Sommermeyer et al. 

2016; Turtle et al. 2016). However, CD4 CAR T cells have demonstrated equivalent 

cytotoxic effect against tumor cells with less exhaustion both in vitro and in vivo (Agarwal 

et al. 2020; Yang et al. 2017). According to this, after CD45RA depletion our memory 

NKG2D CAR T cells were defined by a 4:1 ratio of CD4:CD8 and showed a high ability 

to recognize and eliminate leukemia cells comparable to PBMCs-derived CAR T cells. 

 

6.3. Evaluation of anti-leukemia efficacy of NKG2D-CART. 
 

Once we proved the upregulation of NKG2DL in acute leukemia, supporting the use of 

redirected NKG2D-CART-based therapy, we moved to investigate the in vitro ability of 

those effector cells. NKG2D-CART effectively lysed target leukemia cell lines, specially 

AML and T-ALL compared to B-ALL. For most CAR T cell therapies, a higher expression 

of TAA correlates with higher tumor-cell lysis. Contrary to this, we found no correlation 

between NKG2DL expression and NKG2D-CAR mediated cytotoxicity, and similar 

results have been reported for adult AML (Driouk et al. 2020) and osteosarcoma (Chang 

et al. 2013; Fernández et al. 2017). This suggests that other signals on the tumor cells 

besides NKG2DL expression, may be needed for triggering NKG2D-CAR T cells cytolytic 

activity. Additionally, this result points out that if a specific threshold of NKG2DL 

expression exists to predict the efficacy of NKG2D-CAR T cells, it is yet to be determined. 

Unfortunately, it was not possible for us to measure the levels of NKG2DL expressed by 

the primary blast used in our cytotoxic assays, so we could not establish a correlation 

between CART cytotoxicity and NKG2DL in acute leukemia patients. In this regard, the 

future establishment of routinely analysis of ligand expression along to susceptibility of 

primary blasts to NKG2D-CAR T lysis should be considered in order to predict the 

outcome of CART-treated patients and their chance to be enrolled in clinical trials. In 

addition, as it seems that no specific ligand itself enhanced CART-mediated lysis but that 

it is rather the expression of at least one ligand or the combination of some of them, we 

are interested in evaluating the expression of NKG2DL targeting all at once by using a 

NKG2D-Fc chimera antibody (Chang et al. 2013). In this way, we will characterize 
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samples by the expression of any ligand as a whole like a mark of susceptibility by 

NKG2D-CART. 

Importantly, CAR-transduced T cells clearly produced higher specific lysis than those T 

cells that remained untransduced. In addition, NKG2D-CART demonstrated to kill 

primary blasts derived from pediatric leukemia patients, although killing potential was 

lower against primary leukemia compared to cell lines, according to previous findings 

(Ruella et al. 2016; Sánchez-Martínez et al. 2019). We found that, when targeting 

leukemia cell lines, B-ALL blasts were less sensitive to NKG2D-CAR T lysis than those 

derived from AML and T-ALL patients. Altogether, our data point out that NKG2D-CART 

could be preferentially used to treat non-B cell malignancies.  

Importantly, due to the toxicity that BATDA reagent causes on target cells when used for 

times longer than 4h, we wonder if co-culturing NKG2D CART with leukemic blasts for 

longer periods could enhance the cytotoxic effects. To explore this possibility, and based 

on previous reports (Castella et al. 2019; Sánchez-Martínez et al. 2019) we are 

implementing other cytotoxicity assays that enable longer co-culture periods, including 

LDH release or FCM-based assays. Based on this, we are planning to set up a new 

protocol that will allow us to increase the time of cytotoxicity assays for future projects, 

so we will be able to further investigate more parameters regarding the activity of 

NKG2D-CART, such as similar E:T ratios, CART persistence, T cell exhaustion and 

escape mechanism.. 

 

6.4. NKG2D-CART effectively target leukemia cells in vivo. 
 

To further explore the anti-leukemia ability of NKG2D-CART, we developed a murine 

model of human T-ALL using Jurkat-GFP-Luc cells as targets. According to previous 

reports using CD45RA- CAR T cells, none of the treated mice displayed treatment-related 

toxicity nor GvHD signs (Chan et al. 2014; Fernández et al. 2017). Supporting our 

hypothesis, mice receiving NKG2D-CART treatment exhibited delayed disease 

progression and prolonged survival compared to control mice. Importantly, the therapy 

was more effective when weekly doses of NKG2D CART were administered, indicating 

that in a future clinical use, multiple infusions of CAR T cells may be needed to observe 

a clinical response. However, even in this case, NKG2D CART did not completely 

eradicate the tumor, and the mice finally died from leukemia progression. These results 

were somehow striking, as in the in vitro assays CAR T cells had shown great efficiency 

targeting Jurkat cells in just 4h. Several factors could explain the differences observed 
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in the in vitro and the in vivo experiments. The most obvious one is related to the 

experiment setting, as in the in vitro experiments, cells are co-cultured in U bottom P96 

plates, so CAR T cells can easily contact the target cells and exert their cytotoxic effect. 

However, in vivo, effector cells have to circulate through the circulatory system of mice 

where they can find different obstacles that may hinder their function. For this reason, 

we first analyzed the ability of CAR T cells to infiltrate the BM and contact the tumor cells. 

FCM data confirmed persistence of CAR T cells in hematopoietic tissues. CAR T cells 

were found in BM, spleen and PB at least up to 4 days after they were infused but not at 

day 32 post-infusion. Considering that exploring more time points would have been more 

appropriate, this finding suggests that a single infusion of NKG2D-CART do not achieve 

long-term persistence so multiple infusions should be established as a treatment protocol 

in order to assure the presence of effector cells in the tumor site. In addition, IHC analysis 

of Granzyme B revealed NKG2D-CART were able to infiltrate the BM and exert 

degranulation in response to leukemia cells. Thus, an impaired ability to contact the 

target cells or the inactivation of CAR T cells in BM TME/niche could be discarded as the 

main reason to the treatment failure.  

Another explanation for the limited efficacy of the in vivo treatment could be related to 

the use of CD45RA- T cells as effector cells, despite their proven efficacy in preclinical 

setting (Chan et al. 2014; Fernández et al. 2017). As previously described, CD1a-specific 

CAR T cells exhibit robust cytotoxicity against T-ALL in the same murine model of T-

ALL, although they used total PBMCs as effector cells instead of CD45RA- (Sánchez-

Martínez et al. 2019). To rule out that CD45RA- CAR T cells exerted less cytotoxic 

capability, we compared the cytotoxicity of NKG2D CAR T cells derived from CD45RA- 

T cells, PBMCs or CD45RA+ T cells against leukemia (data not shown) and 

osteosarcoma cells (Fernández et al. 2017). In this regard, we did not observe any 

difference between effector cells cytotoxicity in vitro, even though the limitation of co-

cultured time on assays could hinder it. Therefore, due to their different composition in T 

naïve, TEM and TCM, different in vivo behavior cannot be ruled out. Longer in vitro assays 

and developing an in vivo model treating mice with PBMCs-based NKG2D CAR T cells 

could give us more information about the role of CD45RA- cells in the failure of the 

therapy. 

Another important limitation is derived from the use of NSG immunodeficient mice for 

testing immunotherapies, since they lack a functional immune system and many cell 

components from the bone marrow niche like MDSC, regulatory T cells or NK cells, are 

missing. Therefore, they do not recapitulate the clinical scenario with human cancers 

and immunotherapy (Byrne et al. 2017; Epperly et al. 2020). In an attempt to better 
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simulate human conditions, we are planning to develop humanized mice models in which 

immunodeficient mice are reconstituted with human hematopoietic and immune 

systems. This humanized mouse models would permit the evaluation of antitumor 

responses in immunocompetent hosts, to test the efficacy of NKG2D-CART in different 

malignancies, and to study underlying mechanisms of resistance and toxicity. 

 

6.5. NKG2D-CART bypass the canonic tumor immunoescape mechanisms. 
 

Since we only observed a moderate response to NKG2D CAR T cells in the murine 

model, we ought to unravel the mechanisms behind this observation. It is well 

established that tumor cells can release ligands in their soluble form, reducing NKG2DL 

surface expression and causing downregulation and/or internalization of the NKG2D 

receptor. This mechanism has been widely reported for NKG2D endogenous receptor 

(Hilpert et al. 2012; Salih et al. 2003, 2002) however, the negative impact of sNKG2DL 

on NKG2D CAR is less studied. In this regard, moderate levels of ULBP2 were found in 

the supernatant of Jurkat cells, and this ligand was the most widely expressed in the 

surface of this cell line. According to this, ULBP2 was the most abundant sNKG2DL 

measured in the serum of the T-ALL bearing mice, suggesting an intrinsic characteristic 

of Jurkat cells. In addition, we found increased sNKG2DL in those mice engrafted with 

T-ALL, compared to healthy control mice, indicating release of sNKG2DL from Jurkat 

cells. Furthermore, higher levels of sNKG2DL were measured in the treated mice, 

suggesting that leukemia increased the release of ligands as a defense mechanism 

against CART pressure. Moreover, pediatric acute leukemia patients released more 

sNKG2DL than healthy volunteers, which emphasize the potential relevance of this 

mechanism of escape. We also found that levels of sNKG2DL at diagnosis were higher 

than at relapse, although significant differences were not found. Importantly, this 

expression differences could be explained by the different percentage of blasts at 

diagnosis and relapse, having the diagnosis samples, may be enriched in ligands-

releasing cells. Overall, the concentration of sNKG2DL that we obtained was in the range 

previously reported (Salih et al. 2003).  

Different mechanism could explain the fact that sNKG2DL levels were higher in treated 

than in untreated mice: 1) NKG2D CART may release sNKG2DL and thus increase their 

concentration measured in CART treated mice. In our experience, NKG2D-CART have 

no surface expression of NKG2DL (Fernández et al. 2019) and thus, the shedding of 

sNKG2DL from NKG2D-CART seems unlikely. However, the expression and release of 

NKG2DL are subjected to many post-transcriptional and post-translational regulation 
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steps (Campos-Silva et al. 2018; Spear, Wu, et al. 2013), and we did not measure the 

levels of sNKG2DL secreted by NKG2D-CART cultured alone, therefore, this possibility 

cannot be completely ruled out. 2) Tumor lysis caused by NKG2D CART could release 

sNKG2DL to the serum, boosting the detection of sNKG2DL.  3) A defense mechanism 

of the Jurkat cells in response to the attack of NKG2D CART could intensify the release 

of sNKG2D in order to avoid CAR T cells recognition, thus explaining the increased levels 

of sNKG2DL in the treated mice. Unfortunately, since none of these hypotheses were 

proved they cannot be completely discarded.   

 

Once we had shown that sNKG2DL can be found in the supernatant of Jurkat cells, in 

the serum of T-ALL bearing mice and in the serum of pediatric patients suffering from 

leukemia, we ought to evaluate the effects of sNKG2DL on NKG2D CAR expression, 

proliferation and cytotoxicity, since the suppressive role of sNKG2DL in the endogenous 

NKG2D receptor has been widely reported (Groh et al. 2002; Matusali et al. 2013; Salih 

et al. 2003). Supraphysiological concentrations of sNKG2DL stimulated CART 

proliferation. Interestingly, CD4+ subset showed more susceptibility to NKG2D 

downregulation while CD8+ cells proliferation was more affected, suggesting that 

CD45RA- NKG2D-CAR T cell, more enriched in CD4 subpopulation, could be more 

affected by sNKG2DL regulation. However, when exploring the effect of sNKG2DL in the 

NKG2D-CART’s cytotoxicity ability, we found that CARTs retained their capability to lyse 

Jurkat cells, even after treating with supraphysiological concentrations of sNKG2DL. 

Interestingly, although sNKG2DL decreased the density of NKG2D receptor expression 

(measured as SFI) on CAR T cells, the percentage of NKG2D positive cells remained 

unchanged, and the cytotoxic ability of NKG2D CARTs was also intact. Moreover, upon 

exposure to sMICA, the formation of functional immunological synapses between 

NKG2D CART and Jurkat cells, leading to the elimination of target cells, was also 

unaltered. These data taken together suggest that NKG2D CAR is more resistant to the 

immunosuppressive impact of sNKG2DL than endogenous NKG2D receptor, and similar 

observations had been previously reported by Zhang and colleagues (Zhang et al. 2006). 

Taking into account that the highest concentration of sNKG2DL measured in the sera of 

mice remained quite lower than the supraphysiological amounts used in the assays, it 

does not seem very likely that sNKG2DL are a major cause of treatment failure in the in 

vivo model. However, since the levels of sNKG2DL at local tumor areas (BM niche) could 

be higher than in the serum, and we did not measure sNKG2DL in the BM, we cannot 

completely rule out some immunosuppressive effect. Further experiments to measure 

sNKG2DL at specific tumor sites could help us to decipher this possibility. Additionally, 
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it is well known that NKG2DL can also be released in tumor-derived exosomes (Campos-

Silva et al. 2018). Measuring the amounts of NKG2DL-exosomes secreted by leukemia 

cells and evaluate the effect in NKG2D CART may contribute to discern their implication 

as immunosuppressive mechanism of pediatric acute leukemia.  

TGF-β is another well-known soluble factor that can affect NKG2D expression and anti-

tumor immunity (Lazarova and Steinle 2019). Very low levels of TGF-β were found in the 

supernatant of Jurkat-Luc cells and in the serum of T-ALL-engrafted mice that had been 

treated with NKG2D-CART. We also determined the levels of TGF-β in the serum of 

patients suffering from pediatric acute leukemia and in healthy donors. When different 

leukemia subtypes were compared, no significant differences were found. Strikingly, 

TGF-β levels resulted higher in healthy donors than in patients. TGF-β is not only 

involved in tumor surveillance and immune evasion, but also in several physiological 

pathways, like cell proliferation, gene expression, cell differentiation and wound healing 

(Morikawa, Derynck, and Miyazono 2016), therefore an activation of some of these 

processes could account for the differences observed. Nevertheless, a higher number of 

samples from healthy donors are needed to obtain a more robust conclusion. 

Importantly, in vitro, we observed that even levels of TGF-β far above than those 

measured in mice and patients were enough to decrease the cytotoxicity of NKG2D-

CARTs against leukemia cells, and this result contrasts with previous reports showing 

immunosuppression of immune cells. (Dahmani and Delisle 2018; Thomas and 

Massagué 2005). Overall, with our results, inactivation of NKG2D-CAR T cells by TGF-

β can be discarded as a main mechanism for treatment failure in the in vivo model. 

Additionally, treatment of NKG2D-CAR T cells retained specific lysis after incubation with 

conditioned medium of Jurkat cells, thus discarding that other soluble factors than 

NKG2DL or TGF-β) secreted by Jurkat cells, could be accounting for inactivation of CAR 

T.  

In AML, LICs show reduced expression of NKG2DL, and this confers resistance to NK 

cell mediated killing (Paczulla et al. 2019). We then explored if Jurkat cells also contained 

a LIC subset with enhanced resistance to NKG2D-CART. A functional characteristic of 

LICs is their clonogenicity or the ability of a single cell to grow into a colony, as well as 

the capability of releasing Hoechst dye through ABC transporters forming a side 

population that can be identified by FCM (Zhou et al. 2001). Upon incubation with 

NKG2D-CART, Jurkat cells showed impaired ability to grow of as colonies, and this 

observation was further confirmed by FCM analysis of the side population contained in 

Jurkat cells before and after co-culture with NKG2D CAR T cells. It is important to note 

that, in our experiments, NKG2D-CAR T cells reduced the LIC subset, but they were not 
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capable of totally eliminating this compartment since some colonies still achieved to grow 

and a small percentage of cells within the side population remained after exposition to 

NKG2D-CART. Additionally, no differences in NKG2DL expression were observed in 

Jurkat cells either cultured in suspension (bulk) or forming colonies (LICs), suggesting 

that those remaining LICs are still targetable by NKG2D CAR T cells regardless of the 

previous incubation or not with CAR T cells. Therefore, an immunoescape mechanism 

of LICs from NKG2D-CART mediated by reduced expression of NKG2DL could be ruled 

out, as LICs remained targetable by NKG2D-CART. We then further explored if upon co-

culture with NKG2D-CART, the remaining Jurkat cells had different expression patterns 

compared to unexposed Jurkat cells. At transcriptional level, we found that after being in 

contact with NKG2D-CART, Jurkat cells upregulated the expression of genes involved 

in proliferation, survival, migration and stemness. These results could indicate that 

despite the results obtained from the colony formation assays and the unchanged 

expression of NKG2DLs in the LICs, the culture of Jurkat cells with NKG2D CAR may 

select tumor cells with a more immature and stem phenotype and an increased ability to 

proliferate, and these results could explain, at least partially, the inability of the therapy 

to completely eradicate the leukemia in the murine model. 

 

In summary, we provide preclinical evidence of the efficacy evidence of the anti-tumor 

activity of CD45RA- NKG2D-CAR T cells against pediatric acute leukemia and enhanced 

resistance to well established tumor immunoescape mechanisms affecting NKG2D. 

Based on our results, the use of NKG2D-CAR T cells as single agent may not be 

sufficient to cure the patients. Instead, we propose using NKG2D-CAR T cells in 

combination with other therapeutic approaches, e.g. as an induction agent and bridge to 

HSCT or as adoptive cell therapy after HSCT. In particular, there are early signs that 

subsequent transplantation of patients who have achieved remission with CAR-T may 

be a potentially viable and successful strategy (Appelbaum and Milano 2018; Ghosh, 

Politikos, and Perales 2017). However, further studies are needed in order guarantee 

the safety and efficacy of this approach. 
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6.6. Manufacturing of clinical-grade large-scale NKG2D-CART is feasible and 
reproducible. 

 

Based on clinical success of CAR T cells we have validated and provided detailed 

description of a GMP-like manufacturing protocol and the characteristics of NKG2D-

CART. A total of four manufacturing processes were completed, and the CAR T cell 

products obtained were analyzed to discern if CD45RA- NKG2D-CAR T cell products 

met release criteria.  

The cell expansion data we achieved were in line with other manufacturing protocols 

using CliniMACS Prodigy™ (Mock et al. 2016; Zhang et al. 2018). Additionally, according 

to the number of CAR T cells that have been infused in other clinical trials (Baumeister 

et al. 2019; Geyer and Brentjens 2016), the number of NKG2D-CART we achieved would 

have been enough to treat patients in a multiple-dose regimen. During the process, a 

decrement in viability was observed on day +6. This temporary drop on cell viability is 

attributed to LV transduction and has been already reported by other groups (Lock et al. 

2017; Tumaini et al. 2013). Some authors have reported that NKG2D-CART may induce 

fratricide, hindering the expansion and the viability of cultured cells (Breman et al. 2018). 

The fold NKG2D-CAR T cell expansion observed in this study, along with the viability of 

the final cell products, suggests that no NKG2D-CAR T cell-mediated fratricide is 

occurring during the manufacturing protocol. To further explore if fratricide could be 

taking place in our experiments, the expression of NKG2DL on NKG2D-CART expanded 

at small scale was analyzed by FCM. No upregulation of NKG2DL was observed in these 

cells (data not shown). Nevertheless, we only analyzed the expression of NKG2DL at 

day +8 post-activation, and it has been described that activated T cells upregulate 

NKG2DL in a temporal manner, specially between days 2 and 5 upon activation (Breman 

et al. 2018). Thus, with our data, we cannot totally rule out an upregulation of NKG2DL 

and, consequently, a fratricide phenomenon in other moments of the culture. A more 

detailed study of NKG2DL expression kinetics on NKG2D-CART along the 

manufacturing procedure would provide more information on this regard.  

Activated CD45RA- cells were transduced with LV particles at MOI = 2 according to 

preclinical data using the same vector, which achieved transduction efficiencies higher 

than 95% (Fernández et al. 2017). This MOI is lower compared to other research works 

where MOIs up to 10 are reported (Castella et al. 2019; Zhang et al. 2018). Interestingly, 

the lower expression values we obtained are comparable with those reported in other 

publications (Castella et al. 2019; Lock et al. 2017) and were enough to efficiently 

eliminate Jurkat and primary osteosarcoma cells (531MII) at a 20:1 effector to target 
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ratio. Due to technical issues, some cytotoxicity assays were non-reproducible, and thus, 

potency of NKG2D-CART could not be evaluated at some time points either during 

manufacturing procedure or at the end of culture. Nevertheless, those cytotoxicity assays 

that were reproducible also fulfilled the specification for potency, indicating manufactured 

NKG2D-CART were cytotoxic against the target cells. 

At the end of the expansion protocol, different quality tests were need to be performed 

in order to ensure safety and purity of manufactured CAR T cells prior to the 

administration in patients. Three out of four validations showed lower than 5 genome 

integrated vector copies, fulfilling the specifications required. However, in validation #3, 

up to 12,3 genome integrated vector copies were detected. These data are striking, as 

a MOI of 2 was used in all experiments and does not match the hypothesis that one viral 

particle is able to infect one cell. Despite that higher-than-expected VCN was found in 

these cells, the percentage of NKG2D CAR positive cells in this validation was 87%, 

indicating transduction efficiency was not above the usual levels. Additionally, CGH and 

expression of myc and tert oncogenes were normal in this batch, suggesting that even 

though more than five copies were integrated, they caused no genetic alterations. Finally, 

to rule out a potential oncogenic effect of NKG2D-CART, the expression of myc and tert 

oncogenes was analyzed. All validations showed no overexpression of these genes 

except for validation #4, which presented overexpression of myc, and consequently did 

not fulfill the specifications required. Although myc overexpression in NK cell products 

has been previously demonstrated to be safe and to induce no complications nor 

secondary neoplasia in patients (Leivas et al. 2016), it is important to be aware of this 

and to increase the monitoring of these cell products to ensure safety before being 

administered to patients. The percentage of RCL in the supernatants remained under 

the specification limit, indicating that there is no potential risk of virus infection after 

infusion. It is important to note that specifications of the final products were set up by the 

manufacturer to assure a safety and high-quality products, but there is not a mandatory 

regulation that must be fulfilled. In this regard, specific results that did not meet the 

release criteria did not mean that the manufactured cells were unsafe or unusable. 

 

In summary, we demonstrated the feasibility and reproducibility of a manufacturing 

protocol to obtain clinical-grade large-scale NKG2D-CART in CliniMACS Prodigy™ 

system. Most importantly, the manufacturing process described here shows flexibility 

and admits further improvements for future NKG2D-CAR T cell trials.
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7.1. Preclinical studies. 
 

1. NKG2D-CART target leukemic blasts and leukemia cell lines in vitro. 
 

2. NKG2D-CART reduce tumor progression and prolong survival in a murine model of 
human T-ALL. However, they are not sufficient to cure the animals 
 

3. NKG2DL are expressed by leukemia cell lines and primary leukemic blasts of 

pediatric patients at different stages of the disease, and are suitable targets for 

NKG2D CAR therapy. 

 

4. LV production by lipofectamine and second generation production achieve higher LV 

titers. 

 

5. LV transduction of CD45RA- T cells achieve robust expression of NKG2D while did 
not affect cell viability.  
 

6. NKG2D-CART are resistant to the immunosuppressive effects exerted by sNKG2DL. 

Downregulation of NKG2D expression in NKG2D CAR T cells upon exposure to 

sNKG2DL is insufficient to impair NKG2D CAR T cells cytotoxicity. 

 

7. NKG2D CAR T cells are resistant to the immunosuppressive effects exerted by TGF-

β. 

 

8. Jurkat LICs maintain NKG2DL expression and are targeted by NKG2D CAR T cells. 

 

9. Jurkat cells upregulate genes involved in immune response, survival, proliferation 

and stemness, upon exposure to NKG2D-CART. 

 

7.2. Translation to the clinic. 
 

1. Manufacturing of clinical-grade large-scale NKG2D-CART by CliniMACS Prodigy™ 

system is feasible and reproducible. 

 

2. NKG2D-CART met the release criteria for expansion, NKG2D CAR expression, 

cytotoxicity, and sterility. 
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8.1. Estudios preclínicos. 
 

1. Las células T CAR NKG2D eliminan líneas celulares de leucemia y blastos 
primarios in vitro. 
 

2. Las células T CAR NKG2D NKG2D-CART reducen la progresión tumoral y alargan 
la supervivencia en un modelo murino de LLA-T aunque no consiguieron erradicar 
completamente el tumor. 
 

3. Las líneas celulares de leucemia, así como los blastos de pacientes pediátricos de 

leucemia aguda expresan NKG2DL en los distintos estadíos de la enfermedad, 

siendo una diana adecuada para las células T CAR NKG2D  

 

4. La producción de partículas lentivirales con Lipofectamina y métodos de segunda 

generación consigue elevados títulos lentivirus. 

 

5. La transducción de células T CD45RA- T con partículas lentivirales produce una 
elevada expresión de NKG2D sin afectar a la viabilidad celular.  
 

6. Las células T CAR NKG2D NKG2D-CART son resistentes al efecto inmunosupresor 

mediado por sNKG2DL. La modulación de la expresión del receptor NKG2D tras la 

exposición a sNKG2DL es insuficiente para impedir el efecto citotóxico de las células 

T CAR NKG2D. 

 

7. Las células T CAR NKG2D son resistentes a la inmunosupresión por TGF-β. 

 

8. Las células stem iniciadoras de leukemia de las células Jurkat mantienen la 

expresión de NKG2DL y son reconocidas y eliminadas por las células T CAR 

NKG2D. 

 

9. Las células Jurkat sobreexpresan genes implicados en la respuesta inmune, 

supervivencia y proliferación tras ser expuestas a células T CAR NKG2D. 
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8.2. Investigación traslacional. 
 

1. La producción en grado clínico a gran escala de células T CAR NKG2D mediante el 

sistema CliniMACS Prodigy™ es factible y reproducible. 

 

2. Las células T CAR NKG2D producidas a escala clínica cumplieron los criterios de 

aprobación para la expresión del CAR NKG2D, citotoxicidad y esterilidad. 
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10.1. Maps of plasmids used for LV particles production  
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10.2. Table showing characteristics of B-ALL pediatric patients. 
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10.3. Table showing characteristics of T-ALL pediatric patients. 
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10.4. Table showing characteristics of AML pediatric patients. 
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Simple Summary: Natural Killer cells have shown promise to treat different malignancies. Several
methods have been described to obtain fully activated NK cells for clinical use. Here, we use different
cell culture media and different artificial antigen presenting cells to optimize a GMP compliant
manufacturing method to obtain activated and expanded NK cells suitable for clinical use.

Abstract: Natural killer (NK) cells represent promising tools for cancer immunotherapy. We report
the optimization of an NK cell activation–expansion process and its validation on clinical-scale.
Methods: RPMI-1640, stem cell growth medium (SCGM), NK MACS and TexMACS were used as
culture mediums. Activated and expanded NK cells (NKAE) were obtained by coculturing total
peripheral blood mononuclear cells (PBMC) or CD45RA+ cells with irradiated K562mbIL15-41BBL or
K562mbIL21-41BBL. Fold increase, NK cell purity, activation status, cytotoxicity and transcriptome
profile were analyzed. Clinical-grade NKAE cells were manufactured in CliniMACS Prodigy. Results:
NK MACS and TexMACs achieved the highest NK cell purity and lowest T cell contamination.
Obtaining NKAE cells from CD45RA+ cells was feasible although PBMC yielded higher total cell
numbers and NK cell purity than CD45RA+ cells. The highest fold expansion and NK purity were
achieved by using PBMC and K562mbIL21-41BBL cells. However, no differences in activation and
cytotoxicity were found when using either NK cell source or activating cell line. Transcriptome profile
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showed to be different between basal NK cells and NKAE cells expanded with K562mbIL21-41BBL or
K562mbIL15-41BBL. Clinical-grade manufactured NKAE cells complied with the specifications from
the Spanish Regulatory Agency. Conclusions: GMP-grade NK cells for clinical use can be obtained
by using different starting cells and aAPC.

Keywords: NK cell immunotherapy; NK cell activation and expansion; NKAE cells; clinical-grade
manufacturing; CliniMACS Prodigy

1. Introduction

Development of new donor lymphocyte infusions products with antitumor reactivity
and reduced graft-versus-host disease (GvHD) risk represents a challenging issue in cancer
immunotherapy. Natural killer (NK) cells are lymphocytes from the innate immunity with
the ability to recognize and target tumor cells without prior sensitization, making them
ideal therapeutic agents to treat cancer [1]. In fact, NK cell infusions are well tolerated,
do not cause GvHD or autoimmunity and have been associated with complete remission
in poor-prognosis patients with acute myeloid leukemia (AML) [2,3]. One limitation of
using NK cells as a therapeutic tool is that they have to be fully activated and have to be
infused in large numbers to observe a clinical benefit. However, activation status and NK
cell numbers are low in the main sources of NK cells: PBMCs or umbilical cord blood units.
To overcome this limitation, different protocols have been designed to expand and activate
NK cells ex vivo before transfer to the patient. They may differ in the addition of different
cytokines [4–7], the source of NK cells used [8,9], or the coculture with distinct irradiated
feeder or artificial antigen presenting cells (aAPC) [10–12], among others. Nevertheless, ex
vivo activated and expanded NK cells (NKAE) share some common features [13]. In general,
ex vivo NKAE cells show an increased activation status and increased cytotoxicity, even
responding against tumor targets apparently resistant to NK cell lysis [10,14,15].

Several groups have developed aAPC by engineering the K562 cell line to express
the membrane-bound form of interleukin (IL)-15 (mIL-15) or IL21 and CD137 ligand.
The combination of activating signals provided by the K562 cell line, costimulation via
4-1BBL (CD137L) and survival signals provided by cytokines such as IL15 or IL21 can
mediate NK cell proliferation and the expansion of highly cytotoxic NK cells [11,12].

Besides, the transfer of these protocols to the clinical scale in a manageable, good
manufacturing practice (GMP)-compliant way is still challenging. The multitude of neces-
sary hands-on steps complicates the routine use of these scaled-up manual approaches as
standard therapy. Recently, Miltenyi Biotec has allowed the automated clinical-scale man-
ufacturing of NK cells using centrifugation, magnetic cell separation and cell cultivation
within a closed system, namely the CliniMACS Prodigy [16]. By using this device, different
groups have designed and optimized successful NK cell expansion protocols [17–19].

In parallel, improvements are also in development concerning T-cell depletion of the
allogeneic hematopoietic stem cell transplantation (HSCT) graft, as it may lead to increased
graft failure, relapse and infections due to delayed immune recovery. The selective de-
pletion of the CD45RA+ subset can reduce GvHD through removal of naïve T cells [20].
This fraction, usually discarded, contains NK cells and potentially could be used as a
starting material in the ex vivo activation and expansion of NK cell products.

The objective of this study was to optimize a protocol to activate and expand NK cells
by comparing different cell culture media, different aAPC and using different starting cells.
The most suitable expansion protocols have been further validated within the CliniMACS
Prodigy system to obtain clinical-grade NKAE cells for cancer immunotherapy. In summary,
automated manufacturing clinical grade NK cells in CliniMACS Prodigy is feasible and
NK cell products met the requirements established for the clinical use of this product by
the Spanish Regulatory Agency.
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2. Results
2.1. Optimization of Cell Growth Culture Media
2.1.1. NK Cells Fold Expansion and Purity Using Different Culture Media

In order to compare fold increase and purity of NK cell expansion using different
growth media, we performed a total of 21 expansion experiments with buffy coats from five
different healthy donors. In these experiments, PBMCs were cocultured with previously
irradiated K562-mb15-41BBL (from now on, K562mbIL15) cells in a 1:1.5 ratio in the
following media: RPMI, Stem cell growth medium (SCGM), NK MACS, TexMACS GMP,
all of them supplemented with 5%AB human serum and IL-2.

Fold increase of total cells and NK cells, after 21 days culture with the different media
is shown in Figure 1. Although we did not observe statistically significant differences in
the number of total cells or NK cells expanded; NK MACS yielded the highest NK cells
fold increase (903 ± 576.3) and RPMI medium the lowest (388 ± 292.7) (p = 0.45) (Figure 1).
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Figure 1. Fold increase of total cells and natural killer (NK) cells after the 21 days’ culture with the
different media. Error bars show mean ± SEM. RPMI, SCGM and NK MACS n = 5. TexMACS n = 6.
Geometrical symbols represent individual data of expanded cells from different donors by using
RPMI (dots), SCGM (squares), TexMACS (triangles), NKMACS (inverted triangles).

Regarding purity, TexMACS GMP medium yielded the highest NK cell purity at day
21 (92.93% ± 2.8%), followed by NKMACS (91.75% ± 1.82%), with no significant differ-
ences between them. SCGM showed modest NK cell purity (81.79% ± 4.05%). Those cells
cultured with RPMI showed the lowest NK cell purity (72.97% ± 3.6%), and the dif-
ference was statistically significant when compared to TexMACS (p < 0.05). NKMACS
medium and TexMACS showed similar percentages of residual T cells (3.5% ± 0.96%)
and (4.21% ± 2.08%), respectively, and lower than those obtained with SCGM (7.33% ±
2.62%). The highest T cell contamination was observed in those NKAE cells cultured with
RPMI (10.86% ± 1.47%) although the difference with the other media was not significant
(Figure 2).
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Figure 2. NK cell purity and T cell contamination on activated and expanded NK cells (NKAE)
expanded with different culture media. Error bars show mean ± SEM. RPMI, SCGM and NK MACS
n = 5. TexMACS n = 6. * p < 0.05. Geometrical symbols represent individual data of expanded
cells from different donors by using RPMI (dots), SCGM (squares), TexMACS (triangles), NKMACS
(inverted triangles).

Additionally, percentages of the different subpopulations, including NK bright and
NK dim, and cell viability at different time points during the culture are indicated in
Table S1. We did not observe differences in viability in the different NKAE cell products
obtained with the different media. The percentage of bright NK cells was statistically
significantly higher when RPMI was used for the expansion, compared to the other three
media. Consequently, the percentage of dim NK cells was lower in those NKAE cells;
however, only statistically significant differences were observed when these NKAE cells
were compared to those obtained using TexMACS. No statistically significant differences
were observed in the percentage of NKT or B cells expanded at day + 21.

2.1.2. Expression of Activating and Inhibitory Receptors on NKAE Cells

The phenotype of NKAE cells was evaluated by flow cytometry (FCM) at baseline
and at day 21 following ex vivo expansion with K562mbIL15 cell line in RPMI, SCGM, NK
MACS or TexMACS medium. We found that the surface expression of the functionally
relevant receptors CD25, CD69, NK group-2 member D receptor (NKG2D), NKp30, NKp44,
NKp46 and DNA accessory molecule 1 (DNAM-1) was upregulated in NKAE cells cultured
with all media when compared with resting NK cells. However, significant differences
were only observed in NKG2A and NKp46 receptors when comparisons were established
between basal NK cells and NKAE cultured with TexMACS (p = 0.01) basal NK cells vs.
NKAE RPMI, respectively (p = 0.013) (Figure 3).
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2.1.3. Cytotoxicity of NKAE Cells

We next evaluated the cytolytic activity of NKAE cell products obtained using the
different growth media against K562 target cells and we observed no significant differences
in their lytic activity (Figure 4).

Cancers 2021, 13, x FOR PEER REVIEW 5 of 24 
 

 

established between basal NK cells and NKAE cultured with TexMACS (p = 0.01) basal 
NK cells vs. NKAE RPMI, respectively (p = 0.013) (Figure 3). 

  
Figure 3. Expression of activating and inhibitory receptors on NKAE cells expanded with different 
culture media. The different receptors were upregulated on NKAE cells compared to basal NK cells. 
No differences in the expression of the analyzed receptors on NKAE cells were found when using 
different cell growth media. Error bars show mean ± SEM. n = 3 for each condition. (* p = 0.013, ** p 
= 0.01). 

2.1.3. Cytotoxicity of NKAE Cells 
We next evaluated the cytolytic activity of NKAE cell products obtained using the 

different growth media against K562 target cells and we observed no significant 
differences in their lytic activity (Figure 4). 

 

Figure 4. Cytotoxicity of NKAE cells expanded with different culture media against K562 cells. 
The NKAE cells expanded with the different culture media did not show differences in their 
cytolytic ability against K562 cells. Error bars show mean ± SEM. n = 3 for each condition. 

  

Figure 4. Cytotoxicity of NKAE cells expanded with different culture media against K562 cells.
The NKAE cells expanded with the different culture media did not show differences in their cytolytic
ability against K562 cells. Error bars show mean ± SEM. n = 3 for each condition.

2.2. Use of CD45RA+ Cells as a Source of NK Cells to Obtain NKAE

CD45RA+ cells are enriched in naïve T cells and NK cells. This fraction is depleted
and discarded in some HSCT procedures to remove alloreactive T cells and reduce the risk
of GvHD. On the contrary, CD45RA– memory T cells show decreased alloreactivity and
lack naïve T cells, thus improving engraftment and protecting the recipient from infections.
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CD45RA– cells can be infused into patients undergoing haploHSCT either as part of the
graft, along with the mobilized CD34+ cells, or as donor lymphocyte infusions (DLI).
CD45RA+ depleted grafts are usually obtained from healthy donors after pharmacologic
mobilization of hematopoietic stem cells using G-CSF [21], although some other protocols
use non-mobilized apheresis [22]. CD45RA+ depleted fractions for DLI are obtained after
non-mobilized apheresis [23]. To evaluate the feasibility of expanding NK cells using the
CD45RA+-wasted fraction, we performed expansions from CD45RA+ cells obtained after
mobilized and non-mobilized apheresis and compared them with expansions using PBMCs.
According to the NK cell purity data previously obtained, we used TexMACS growth
medium for these expansions. The basal (preculture) composition of the different starting
cell products is shown in Figure 5. CD45RA+ cells from mobilized apheresis showed
the lowest percentage of initial NK cells purity (1.7% ± 0.6%) followed by CD45RA+

cells from non-mobilized apheresis (7.5% ± 2.5%) and PBMCs that had the highest basal
percentage of NK cells (16.9% ± 2.7%). Total cells at the beginning of the expansion are
shown in Figure S1. Fold expansion of NK cells, NKT cells, T cells and B cells after 21
days are shown in Figure 6. CD45RA+ mobilized fraction showed the lowest NK cells fold
expansion (7.6 ± 4.2 fold); (p = 0.011 compared to PBMC) and the highest B cells expansion
this difference was statistically significant when compared to PBMCs (306.3 ± 79.9 fold);
p = 0.014.
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Figure 5. Cell subsets contained in PBMC, CD45RA+ cells from mobilized apheresis (mob) and
CD45RA+ cells from non-mobilized apheresis (non-mob) before NK cell expansion. Mobilized
CD45RA+ cells contain less NK and more B cells compared to PBMC p = 0.03 and p = 0.01 respectively.
PBMC (n = 5), non-mob (n = 3) and mob (n = 3). Error bars show mean ± SEM. * p < 0.05.
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Figure 6. Fold increase of the different cell subsets in NKAE cells obtained from PBMC, CD45RA+

mobilized apheresis and CD45RA+ non-mobilized apheresis at day + 21. Those NKAE cells expanded
from mobilized apheresis had less NK cells at the end of the expansion compared to NKAE cells
from PBMC and non-mob apheresis. PBMC (n = 5), non-mob (n = 3) and mob (n = 3). Error bars
show mean ± SEM. * p < 0.05.

2.3. Expansion of NKAE Cells by Using Different aAPC

Once we had determined the best suited cell culture media and proven the feasibility
of expanding NK cells from CD45RA+ fraction, we next wanted to explore if there were
differences in those NKAE cells expanded with K562mbIL15 or K562-mb21-41BBL (from
now on K562mbIL21) stimulatory cell lines. In these experiments, we expanded NK
cells from six different donors, using PBMCs or CD45RA+ cells as starting material and
TexMACS as expansion medium. At 21 days of culture, we evaluated total cell expansion,
NK cell purity (percentage), cytotoxicity against four different pediatric tumor cell lines:
A673 (sarcoma), RH30 (rhabdomyosarcoma), Jurkat (T-ALL), LAN-1 (neuroblastoma) and
K562 cells as control. PBMC tended to yield higher total cell numbers and NK cell purity
compared to CD45RA+ (2.34 × 108 ± 5.04 × 107 vs. 1.08 × 108 ± 4.38 × 107, p = 0.004)
and (72.26% ± 25.54% vs. 65.06% ± 22.68%, p = 0.015) respectively. When PBMC were
used as starting cells, expansion with K562mbIL21 yielded higher total cell numbers than
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using K562mbIL15 (3.36 × 108 ± 6.63 × 107 and 1.3 × 108 ± 5.03 × 107, respectively,
p = 0.03) and tended to achieve higher NK cell purity (84.67 ± 4.82 vs. 59.85 ± 12.42 p
= 0.09). When CD45RA+ cells were used, those expansions using K562mbIL21 tend to
show higher total cells (7.31 × 107 ± 2.18 × 107 vs. 1.32 × 108 ± 8.7 × 107) and NK
cell purity (73.91% ± 5.82% vs. 56.2% ± 11.11%) than those using K562mbIL15, although
these differences were not statistically significant (p = 0.0.53 and p = 0.19 respectively).
NKAE cells obtained after coculture with K562mbIL15 tended to yield lower cell numbers
(1.02 × 108 ± 2.75 × 107 vs. 2.34 × 108 ± 6.07 × 107, p = 0.023) and achieved less NK
cell purity (58.03% ± 7.97% vs. 79.29% ± 3.95%, p = 0.003) than those expanded with
K562mbIL21, no matter the source of NK cells that were used (PBMC or CD45RA+) (Figure
7). Representative data of NK cell purity analyzed by FCM along the expansion procedure
in the different conditions are shown in Figure S2. The flow cytometry analysis showed
a comparable expression of surface markers in all NKAE cell products regardless of the
NK cell source and the aAPC used for the expansion (Figure 8). Representative data of NK
cell receptors expression in PBMC and CD45RA+ cells in basal conditions and in NKAE
cells at day + 21 of expansion are shown in Figure S3. Consequent with the expression of
activating receptors, the different NKAE cells had similar cytolytic ability against the five
different tumor cell lines tested (Figure 9).
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Figure 7. Total cell numbers, NK cell purity and fold expansion of total and NKAE cells using
different NK cell sources and different artificial antigen presenting cells (aAPC) (n = 6 in each
condition). Error bars show mean ± SEM. * p < 0.05, ** p < 0.01. Geometrical symbols represent
individual data of NKAE obtained from different donors in the conditions specified in the X axis. Dots:
PBMC+K562mbIL15; Squares: PBMC+ K562mbIL21, triangles: CD45RA+ K562mbIL15, inverted
triangles: CD45RA+ K562mbIL21.
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Figure 9. Cytotoxicity of NKAE cells expanded from PPBMC or CD45RA+ cells using K562mbIL15
or K562mbIL21 as aAPC. No differences in antitumor ability were observed among the different
NKAE cell products. Error bars show mean ± SEM. E:T ratio was 2:1. Geometrical symbols represent
individual data of NKAE obtained from different donors in the conditions specified in the X axis. Dots:
PBMC+K562mbIL15; Squares: PBMC+ K562mbIL21, triangles: CD45RA+ K562mbIL15, inverted
triangles: CD45RA+ K562mbIL21.
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2.4. Transcriptome Analysis of Basal NK Cells and Different NKAE Cell Products

To further explore the differences in gene expression of basal NK cells obtained from
PBMC or CD45RA+ and their respective NKAE cell products expanded with different
aAPC (K562mbIL15 or K562mbIL21), RNAseq analysis of two representative donors was
performed.

Unsupervised hierarchical clustering of the 15,919 genes remaining after filtering di-
vided the samples into two groups: basal NK cells and NKAE cell products
(Figure 10A). NKAE cells were in turn separated into IL21 and IL15-stimulated cells,
but no cluster of PBMC and CD45RA+-derived NKAE cells was observed. We found a
total of 2185 differentially expressed genes (DEGs) in unstimulated and stimulated NK
cells. Of the 2185 DEGs, 1178 were upregulated and 1007 were downregulated in stim-
ulated NK cells at a false discovery rate (FDR) of 0.05 and log fold change (log FC) of 2
(Figure 10B). A comprehensive list of the top DEG is provided in Table S2. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis showed that the DEGs were
concentrated in 30 pathways, most of them related to cell growth, cell death and metabolism
(cell cycle, hematopoietic cell lineage, p53 signaling pathway, pyrimidine metabolism, etc.)
(Table 1). In addition, the DEG was grouped according to their associated gene ontology
(GO) terms. While overexpressed genes clustered to biological processes such as cell divi-
sion, DNA replication and cell proliferation, under expressed genes were involved in cell
adhesion and cell migration.

Comparison of IL21 and IL15-stimulated NKAE cells led to the identification of
609 DEGs, 29 of them showing upregulation and 580 showing downregulation in IL21-
stimulated NKAE cells (Figure 10C and Table S3). The number of DEGs between IL21 and
IL15-stimulated NKAE cells was larger when the cell source was PBMC compared with
CD45RA (547 vs. 381 DEGs). The 22 enriched pathways were related to the inflammatory
response and the immune system (cytokine–cytokine receptor interaction, hematopoietic
cell lineage, asthma, inflammatory bowel disease (IBD), primary immunodeficiency, IL-17
signaling pathway, etc.) (Table 1). GO term enrichment analysis showed cluster to biological
processes such as immune response, inflammatory response, phagocytosis, complement
activation, B cell receptor signaling pathway and cell adhesion.

Many cytokines and cytokine receptors involved in cell differentiation and activation
were overexpressed under IL15 stimulation when compared with IL21 stimulation (CD5,
CD4, CD8B, CD3G, CD19, CD22, CD24, CD20, CD23, CD35, IL4, IL5, CD116, CD123,
CD33, CD126, CD13, IL1A, IL1B, CD121, IL9R, CD125, CD36 and CD41). Regarding
the expression of NK activating and inhibitory receptors, we only identified one killer-
cell immunoglobulin-like receptor (KIR) gene differentially expressed between IL21 and
IL15-expanded NK cells, KIR2DL3, which was overexpressed in IL-21-expanded NK
cells. Differences in the expression of leukocyte immunoglobulin like receptor B1 (LIR1),
natural-killer group 2 member A (NKG2A), C (NKG2C) and D (NKG2D) and natural
cytotoxicity receptors (NCRs) were not found. Concerning inhibitory checkpoint receptors,
programmed cell death 1 (PD1) was overexpressed in IL15-expanded NK cells. We did not
find significant changes in the expression of markers of apoptosis and proliferation such as
caspase 3 (CASP3), caspase 8 (CASP8), BCL2 apoptosis regulator (BCL2), BCL2 associated X
apoptosis regulator (BAX), BCL2-Like 14 apoptosis facilitator (BCL2L14), cyclin dependent
kinase inhibitor 2A (CDKN2A), telomerase reverse transcriptase (TERT), MYB proto-
oncogene like 2 (MYBL2), BUB1 mitotic checkpoint serine/threonine kinase (BUB1), polo
like kinase 1 (PLK1), cyclin E1 (CCNE1), cyclin D1 (CCND1) and cyclin B1 (CCNB1).
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Figure 10. Gene expression profiles of basal NK cells and NKAE cell products. (A) Unsupervised
hierarchical clustering of NK cells using the 15,919 genes remaining after filtering. (B) Heat map
of normalized expression values for 2185 genes that are differentially expressed between basal
NK cells and NKAE cell products. (C) Heat map of normalized expression values for 609 genes
that are differentially expressed between IL21 and IL15-stimulated NKAE cells. (D) Heat map of
normalized expression values for 48 genes that are differentially expressed between PBMC and
CD45RA+-derived NKAE cells. Heat map colors correspond to gene expression as indicated in the
color key: red (overexpressed) and blue (underexpressed). Each row in the heatmap represents a gene
and each column, an individual sample. Deep red line: basal NK cells, green line: IL15-stimulated
PBMC-derived NKAEs, yellow line: IL15-stimulated CD45RA-derived NKAEs, light blue line: IL21-
stimulated CD45RA-derived NKAEs, emerald green line: IL21-stimulated PBMC-derived NKAEs.

Finally, a small number of DEGs was observed between PBMC and CD45RA+-derived
NKAE cells. Of the 48 DEGs, 37 showed upregulation and 11 downregulation in PBMC-
derived NKAE cells (Figure 10D and Table S4). No KEGG pathways or GO terms were
significantly enriched for the DEG genes. Nevertheless, among the IL21-stimulated NKAE
cells, two pathways were enriched when comparing PBMC and CD45RA-derived NKAE
cells: hematopoietic cell lineage and arachidonic acid metabolism.
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Table 1. KEGG pathways enrichment analysis by differentially expressed genes (DEGs).

Nº of Differentially Expressed
Genes KEGG Significant Pathways

NKAE vs. basal NK cells 2185 DEG
(1178 UP + 1107 DOWN)

Cell cycle, Cytokine-cytokine
receptor interaction, Viral protein
interaction with cytokine and
cytokine receptor, Hematopoietic
cell lineage, p53 signaling
pathway, Cell adhesion molecules
(CAMs), Inflammatory bowel
disease (IBD), Pyrimidine
metabolism, Transcriptional
misregulation in cancer,
Biosynthesis of amino acids,
Glycine, serine and threonine
metabolism, Prostate cancer,
PI3K-Akt signaling pathway,
Antifolate resistance, Asthma,
Small cell lung cancer, MAPK
signaling pathway, Oocyte
meiosis, Human T-cell leukemia
virus 1 infection, Chemokine
signaling pathway, Leishmaniasis,
Cellular senescence, Starch and
sucrose metabolism, Tryptophan
metabolism, One carbon pool by
folate, Carbon metabolism,
Glioma, JAK-STAT signaling
pathway, Melanoma, HIF-1
signaling pathway

IL21 vs. IL15-stimulated NKAE
cells

609 DEG
(29 UP + 580 DOWN)

Cytokine-cytokine receptor
interaction, Hematopoietic cell
lineage, Asthma, Inflammatory
bowel disease (IBD), Primary
immunodeficiency, IL-17
signaling pathway, Viral protein
interaction with cytokine and
cytokine receptor, Leishmaniasis,
Fc epsilon RI signaling pathway,
Osteoclast differentiation,
Transcriptional misregulation in
cancer, Rheumatoid arthritis,
Protein digestion and absorption,
Chemokine signaling pathway, T
cell receptor signaling pathway,
Th17 cell differentiation,
JAK-STAT signaling pathway,
Arachidonic acid metabolism,
Malaria, NF-kappa B signaling
pathway, Cell adhesion molecules
(CAMs), Ether lipid metabolism

PBMC vs. CD45RA+ derived
NKAE cells

48 DEG
(37 UP + 11 DOWN) -

2.5. Production of Clinical Grade NKAE Cells in CliniMACS Prodigy

After the optimization of the conditions to better expand NK cells, we wanted to test
the feasibility of manufacturing these NKAE cells for clinical use. To this aim, we performed
a clinical-scale completely automated expansion procedure using the CliniMACS Prodigy®

device (Miltenyi Biotec, Bergisch Gladbach, Germany). According to our previous results,
we used non-mobilized apheresis as a starting material and TexMACS GMP-compliant
medium (Miltenyi Biotec, Bergisch Gladbach, Germany). For the clinical manufacturing,
GMP-compliant additional steps of CD3 depletion and CD56 selection were performed to
abbreviate NK cell expansion times. Either irradiated K562mbIL15 or K562mbIL21 cells
were used as aAPC.
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A total of 2–2.5 × 106 of purified CD56+ cells were cocultured with 40 × 106 of
irradiated K562mbIL15 or K562mbIL21 cells, at an approximate ratio of 1:20. Viability,
number of total cells, percentage and number of NK cells of starting CD56+ cells at days
+7 and +14 of coculture are shown in Table 2. FCM data showing NK cell purity along the
manufacturing process are shown in Figure S4.

Table 2. Characteristics of CD56 starting cells and expanded NKAE cells a day +7 and +14 (end of
culture). (*) Viability measured in CD45+ cells. (**) At day 0, analysis was performed in CD56+ cells
before coculture with K562mbIL15 cells.

K562mbIL15 % Viability
(*) % NK Cells % T Cells Total Cells Total NK

Cells
Day 0 (**) 96 87 22.8 2.9 × 106 2.5 × 106

Day +7 95 87.1 1 80 × 106 76 × 106

Day +14 97 97.1 1.2 654 × 106 635 × 106

K562mbIL21 % Viability
(*) % NK Cells % T Cells Total Cells Total NK

Cells
Day 0 (**) 96 77 14.8 3.4 × 106 2 × 106

Day +7 99.3 90.7 3.5 107.5 × 106 97.5 × 106

Day +14 97 93 1.6 1498 × 106 1393 × 106

On day 0, before the expansion, both CD56+ cells and aAPC met the acceptance criteria
(sterility, mycoplasma negative and viability ≥70%).

At the end of coculture (Day +14), NKAE cells expanded in CliniMACS Prodigy
showed an upregulation of all the receptors analyzed (Figure 11).
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The acceptance criteria for the manufactured NKAE cells at the end of the process
included: viability ≥70%, cytotoxicity against K562 cells at an 8:1 E:T ratio ≥50%, my-
coplasma negative, sterility (0 colony forming units, CFU), endotoxins ≤0.25 EU/mL,
undetectable bcr/abl (absence of residual aAPC) and no overexpression of oncogenic genes
C-MYC and TERT. As shown in Table 3, the manufactured NKAE cell products complied
with the specifications and met the release criteria and, thus, were suitable for clinical use.

Table 3. The manufactured NKAE cells met the established acceptance criteria.

aAPC Sterility Mycoplasma Endotoxins c-myc/tert Bcr/abl Cytotoxicity

K562mbIL15 0 CFU Negative <0.01
EU/mL

No
expression 0% 79%

K562mbIL21 0 CFU Negative <0.03
EU/mL

No
expression 0% 100%
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3. Discussion

Natural killer cells can rapidly kill tumor cells, and have been used in clinical trials
to treat patients with different malignancies [24]. In this context, significant progress has
been made in NK-cell based therapies, both in haploidentical stem cell transplantation
(haploSCT) [25–27] or the non-transplant setting [28–30], since NK cells contribute to the
graft versus leukemia/tumor (GvL/GvT) effect with no signs of GvHD [26,27,31].

The clinical use of NK cells as therapeutic weapons against cancer has some limitations:
(1) these cells represent a small fraction of peripheral white blood cells and large numbers
are needed to achieve clinical benefits and (2) NK cells need to be fully activated to
induce tumor cell killing. Overcoming these limitations rely on the development of GMP-
compliant manufacturing methods. Several protocols to obtain fully activated NK cells
for clinical use have been developed. They may differ (among others) in the source of NK
cells used: PBMC [32], umbilical cord blood [33] and NK-92 cell line [34]; the addition of
different activating cytokines [7,35] or in the use or not of stimulating feeder cells [14,34–36].

The aims of this study were (1) to optimize in small scale NK cell activation and
expansion protocol, (2) to test the feasibility of large-scaling this procedure to manufacture
NKAE cells emulating a clinical application and (3) to demonstrate that the manufactured
NKAE cell products met the requirements established by the Spanish Regulatory Agency
for clinical use. To optimize the best cell culture growth media, we expanded NK cells
by coculturing PBMC with irradiated K562mbIL15 in four different GMP-grade growth
media (RPMI, SCGM, TexMACs and NK MACS). We found all the cell culture media
used yielded similar numbers of total cells and NK cells. Although RPMI expanded lower
numbers of cells, the differences with the rest of the media were not statistically significant.
TexMACS and NK MACS showed the highest percentage of NK cells and the lowest T cell
contamination, indicating they should be the preferred growth culture media to obtain the
purest NKAE cell products. These results are similar to those published by Klöß et al. [19],
showing NK MACs as the best culture medium when compared with X-VIVO-10, SCGM
and TexMACS. However, in this publication, compared to the NK cell proliferation in the
NK MACS medium, cell expansion rates in the other cell cultures containing X-VIVO-10,
SCGM or TexMACS media were significantly lower. These differences could be explained
by the continued use of higher concentrations of IL-2 in their experiments (1000 IU/mL vs.
10–100 IU/mL), or the use of different starting cells (purified CD56+CD3+ cells instead of
total PBMC), and the coculture of starting cells with irradiated aAPC in our experiments.
The lowest total cell and NK cells fold expansion that we observed in those cultures
containing RPMI are in line with the observations of Duck et al. who described a better
activation and expansion of NK cells when using SCGM compared to RPMI-1640 [37].

Once we had optimized the cell culture medium, we tested the feasibility of obtaining
NKAE cells from CD45RA+ fraction. CD45RA− cells were enriched in the central memory
and effector memory T cells and had the ability to target previous pathogens or vaccines.
Additionally, CD45RA– cells decreased alloreactivity and lacked naïve T cells, responsible
for GVH reactions. One way to protect the host from infections after HSCT is to infuse
CD45RA– cells as DLI [38]. CD45RA– cells are obtained upon depletion of CD45RA+ cells.
This fraction is enriched in naïve T cells and NK cells, and thus, could be a potential source
of NK cells to obtain NKAE cells. When CD45RA+ cells from G-CSF mobilized apheresis
were used to obtain NKAE cells, no expansion of either total or NK cells was observed.
However, those CD45RA+ cells from non-mobilized apheresis yielded similar numbers
of total and NK cells to those obtained from total PBMC, proving the feasibility of using
this cell fraction as a source of NK cells to obtain NKAE. The inability to expand NK cells
from G-CSF mobilized apheresis that we observed could be somehow expected, as the
negative impact of G-CSF on NK cells mobilization and cytotoxicity has been previously
reported [39,40]. In the future, if mobilization of progenitor hematopoietic cells is needed,
we could consider the use of plerixafor, as it has been proved to effectively mobilize NK
cells to the peripheral blood [41].
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After we proved the feasibility of expanding NK cells from CD45RA+ fraction, we
analyzed potential differences in NKAE cells obtained from total PBMC or CD45RA+ cells
after coculture with irradiated K562mbIL15 or K562mbIL21 cells. Taking into account
only the source of NK cells used, we observed a higher fold increase of total and NK cells
when PBMC were used compared to CD45RA+ cells. Additionally, when K562mbIL21 cells
were used as aAPC larger numbers of total cells and higher NK cell purity were achieved,
regardless of the NK cell source used. All these data taken together suggest that coculture
of PBMC with K562mbIL21 cells should be the method of choice to achieve large numbers
of purified NKAE cells. The enhanced proliferation ability of K562mbIL21 expanded NK
cells was demonstrated before [42]. In this report, Denman C J et al. observed that those
NK cells that expanded with K562mbIL21 presented less senescence and longer telomeres
than those expanded with K562mbIL15, suggesting this could be a possible mechanism
to explain their sustained proliferation. Nevertheless, the NKAE cells obtained by using
different NK cell sources or aAPC, showed a similar expression of NK cell receptors and
comparable antitumor cytotoxicity in vitro against different tumor cell lines.

When transcriptome was analyzed, marked differences were observed in the gene
expression profile of stimulated and unstimulated NK cells, with DEGs mostly related
to cell growth and metabolism. These changes in gene expression reflect the activation
and expansion taking place during NK stimulation. Some of these DEGs have been
previously identified with high fold change when comparing expanded and unstimulated
NK cells [11,43] such as ubiquitin conjugating enzyme E2 C (UBE2C), thymidine kinase
1 (TK1), aurora kinase B (AURKB), ribonucleotide reductase regulatory subunit M2 (RRM2)
and ficolin 1 (FCN1), and many of them are involved in cell cycle progression.

A high number of DEG was identified between IL21 and IL15-stimulated NKAE cells,
especially when the cell source was PBMC. These results indicate that IL21 and IL15 had
different effects on NK cell expansion, producing changes in the expression of different
cytokines and cytokine receptors. Most of the DEG were downregulated in IL21-stimulated
NKAE cells when compared with IL15-stimulated NKAE cells. Since these genes were
involved in pathways such as hematopoietic cell lineage, chemokine signaling pathway,
JAK-STAT signaling pathway and PI3K-Akt signaling pathway, the differential expression
of these genes could promote a more undifferentiated phenotype of NK cells under IL21
stimulation, while a more activating phenotype could be associated to IL15 stimulation.

When comparing IL21 and IL15-expanded NK cells, Denman et al. [42] found similar
expression profiles, with CD160 as the only differentially expressed gene. Nevertheless,
only 96 genes were assessed by these authors in contrast to the 15,919 genes analyzed in this
work, which explains the lack of overlap between both studies. In addition, these authors
observed an increase in the proliferation of IL21-expanded NK cells, which was associated
with an increased in telomere length. In the present study, although we observed a
more proliferative phenotype of IL21-expanded NK cells, we did not find an increase in
the expression of telomerase reverse transcriptase (TERT) and other genes involved in
telomere length regulation. However, the decrease in cytokines and cytokine receptors
related to cell differentiation could explain a more proliferative phenotype. The similar
expression of cytotoxicity receptors observed in the transcriptome analysis between IL21
and IL15-expanded NK cells is in accordance with the comparable surface expression of
NK cell receptors observed in FCM, and the functional experiments, where no significant
differences in cytotoxicity were observed.

In sum, we observed a similar gene expression profile between PBMC and CD45RA+-
derived NKAE cells, which suggests that stimulation of both cell sources give rise to NKAEs
with similar phenotypes, and this hypothesis was confirmed at least in part through the
analysis of the surface expression of NK cell receptors by FCM. Nevertheless, when IL21-
stimulated, PBMC-derived NKAE cells showed downregulation of the hematopoietic
cell lineage pathway, suggesting a more proliferative phenotype than CD45RA+-derived
NKAE cells. These results were in accordance with the cell culture experiments, where
PBMC-derived NKAE cells expanded more than CD45RA+-derived NKAE cells.
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Once we had optimized the cell culture growth medium and the preferred NK cells
source, we moved a step further to translate these protocols to the clinical and we manufac-
tured clinical-grade NKAE cells in GMP-compliant conditions. We ran two manufacturing
processes in CliniMACS Prodigy coculturing CD56+ cells with irradiated K562mbIL15 or
its counterpart aAPC with IL21. In the clinical setting is critical to consider two important
issues (1) the need to infuse the patients as early as possible and (2) to avoid undesirable
GvH reactions caused by residual T cells. Thus, in an attempt to shorten the NK cell
expansion times and minimize the risk of T cell contamination in the final NKAE cell
products, we used already purified CD56+ cells instead of total PBMC as starting cells.
Both protocols using either K562mbIL15 or K562mbIL21 achieved large numbers of fully
activated and highly cytotoxic NKAE cells, and these manufactured NK cell products
met the release criteria and complied with the specifications from the Spanish Regulatory
Agency for manufacturing under aseptic conditions. However, co-culture of CD56+ cells
with K562mbIL21 cells yielded an NK cell fold increase 2.7 times higher, and the NKAE
cells showed a more potent cytolytic capacity against K562 cells than those expanded with
K562mbIL15 cells. Indicating that, as we had observed in the small-scale research-grade
experiments, the use of K562mbIL21 cells as aAPC could be advantageous. Nevertheless,
it is important to note that only one GMP-grade large-scale manufacturing process with
each cell line and using two different healthy donors was performed, for this reason, the
differences that we observed could also be explained, at least in part, by the interdonor
variability. In previous clinical trials carried out in our group, clinical-grade NKAE cells
were obtained by manual coculture of PBMC and irradiated K562mbIL15 in IL-2+AB
serum-supplemented RPMI [32]. By these means, the total cells, total NK cells and the NK
cell purity (639.78 × 106 ± 435.81, 515.23 × 106 ± 345.03 and 79.93% ± 17.43%, respectively)
were lower than those we obtained in the present study. Thus, the results reported in this
manuscript could demonstrate that the use of CD56+ cells as the starting cells, K562mbIL21
as aAPC, TexMACS as the cell culture growth medium and the CliniMACS Prodigy device
constitute a much more advantageous strategy to obtain clinical-grade NKAE cells.

In summary, we optimized a protocol to expand large numbers of fully functional NK
cells from different sources, culture media and aAPC, and we demonstrated the feasibility
of clinical-scale this procedure by using the CliniMACs Prodigy device, a semiautomated
closed system. The NKAE cells manufactured by these means are suitable for direct
infusion to the patient or cryopreservation and could also serve as a platform for more
advanced NK cell therapies such as a combination with BiKes or genetic modification to
express chimeric antigen receptors (CARs).

4. Materials and Methods
4.1. Source of NK Cells and aAPC

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from
healthy volunteers by using Ficoll–Paque gradient centrifugation. CD45RA+ fractions
were obtained after magnetic enrichment using CD45RA microbeads and running “Possel”
program in the AutoMACS device (both from Miltenyi Biotec) following manufacturer
instructions. As the CD45RA+ fraction is a commonly discarded material from haploiden-
tical transplantation procedures, in some cases, CD45RA+ cells were obtained from the
Hematology Service at Hospital La Paz after written informed consent, in accordance with
the Declaration of Helsinki and La Paz University Hospital Ethics Committee (ethical code
4917), and this study is part of an approved clinical trial with EudraCT: 2016-003578-42.
Buffy coats were obtained from the Transfusions Centre of the Comunidad de Madrid upon
institutional review board approval. All donors complied with the requirements regarding
quality and safety for the donation, obtaining, storage, distribution and preservation of
human cells and tissues under the Spanish specific regulation.

K562mbIL15 and K562mbIL21 cells were kindly provided by Prof. Campana (Na-
tional University Hospital, Singapore) and Prof. Lee (Nationwide Children’s Hospital,
Ohio, EEUU), respectively and irradiated with 100 Gy before coculture.
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4.2. Expansion Procedure

For the culture medium optimization, PBMCs were cocultured with irradiated K562mbIL15
cells in a 1:1.5 ratio in the indicated growth medium: RPMI-1640 (RPMI, Lonza, Basel, Belgium),
stem cell growth medium (SCGM, Cellgenix, Freiburg, Germany), NK MACS (Miltenyi Biotec,
Bergisch Gladbach, Germany) or TexMACS GMP medium (TexMACS, Miltenyi Biotec, Bergisch
Gladbach, Germany). All media were supplemented with 10% human AB serum (Sigma, St.
Louis, MO, USA) and IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany) at 10 IU/mL for
the first week and 100 IU/mL thereafter. Fresh medium was added every 2 days to a final
concentration of 1–2 × 106 cell/mL.

To explore the feasibility of expanding NK cells from the CD45RA+ fraction, PBMCs or
CD45RA+ cells from mobilized or non-mobilized apheresis were cocultured with irradiated
K562mbIL15 in a 1:1.5 ratio, using complete TexMACs.

To determine the best NK cell source and aAPC, either PBMC or CD45RA+ cells were
cocultured with irradiated K562mbIL15 or K562mbIL21 in a 1:1.5 ratio, using complete
TexMACs.

Total cell expansion, percentage of NK cells and other lymphocyte subpopulations
and viability of the cultures were monitored every week by flow cytometry. Cytotoxicity
of expanded NK cells was tested against different tumor target cells between days 14 and
21 of NK cell expansion.

4.3. Antibodies and Flow Cytometry

Lymphocyte subpopulations were determined in a Navios flow cytometer (Beckman
Coulter, Brea, CA, USA) using the conjugated antibodies listed in Table S5. T lympho-
cytes were defined as CD45+CD3+CD56−, B lymphocytes as CD45+CD19/CD20+, NKT
as CD45+CD3+CD56+ and NK cells as CD45+CD56+CD3− and further subdivided in dim
(CD56dimCD16+) and bright (CD56brightCD16-) subsets.

Expression of functionally relevant receptors was evaluated within the NK population.
FlowJo v10.0.7 software (BD, San Jose, CA, USA) was used for data analysis.

4.4. In Vitro Cytotoxicity Assays

Cytotoxicity of NKAE cells was assayed between days 13 and 20 of expansion by
performing conventional 4 h Europium-TDA assays. K562, Jurkat, A673, RH30 and LAN-
1 cell lines were used as targets. K562, Jurkat, A673 and LAN-1 cells were purchased
from American Type Culture Collection (ATCC). RH30 was kindly provided by Dr. Roma
(Vall D’Hebron Institute of Research, VHIR). All cell lines were cultured following ATCC’s
recommendations and routinely tested for mycoplasma. Conventional 4-h europium-TDA
release assays (Perkin Elmer, Waltham, MA, USA) at different effector:target ratios (starting
at 8:1) were performed as previously described [44].

The following formulas were used to calculate spontaneous and specific cytotox-
icity: % specific release = (experimental release − spontaneous release)/(maximum
release − spontaneous release) × 100%, spontaneous release = (spontaneous release-
background)/(maximum release-background)× 100.

4.5. Gene Expression Profiling
4.5.1. Library Preparation and Sequencing

NK cells from two representative donors (1 and 2) were obtained pre and post-
expansion. Total RNA was isolated using the RNeasy Mini kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions. To remove residual genomic DNA,
the RNA samples were digested with DNAse I. The RNA concentration was assessed
by fluorescence quantitation using Qubit 2.0 and the HS RNA assay kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA), the RNA purity by spectrophotometry using Nanodrop
2000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and the RNA integrity by elec-
trophoresis using TapeStation 4200 RNA ScreenTape (Agilent Technologies, Santa Clara,
CA, USA). Library preparation and RNA sequencing were performed at Nimgenetics Com-
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pany (Madrid, Spain). Library samples were prepared with the TruSeq Stranded mRNA
Library Prep kit (Illumina, San Diego, CA, USA) as recommended by the manufacturer.
Paired-end sequencing (2 × 100 pb) was performed with NovaSeq 6000 system (Illumina,
San Diego, CA, USA), with a minimum of 25 million reads per sample and read quality of
90% > Q30.

4.5.2. RNA Sequencing Analysis of NK Cells

The resulting reads were aligned using HISAT2 and hg19 as a reference. Transcript
assembly and quantification were achieved with StringTie and the differential gene expres-
sion analysis between the different conditions was performed with edgeR [45] using log
fold change (log FC) ≥ 2 and false discovery rate (FDR) < 0.05 as the threshold. Clustered
heatmaps were done with genes that have at least one count per million reads in more
than one sample. The functional analysis was performed with clusterProfiler [46] using the
enrichKEGG function.

4.6. Manufacturing of Clinical-Grade NKAE Cells

In an attempt to shorten the times to obtain clinical-grade NKAE cell products with
highest NK cell purity and less T cell contamination, ready to infuse into the patients with
no further processing, we purified the CD56+ fraction before the expansion. The ex vivo
immunomagnetic purification procedure comprised CD3 depletion followed by CD56
cell selection as previously described [47]. Automated activation and expansion process
were performed in CliniMACS Prodigy instrument using the CliniMACS T520 tubing set
and T cell transduction (TCT) protocol. In detail, at day 0, the coculture was initiated by
using 2 × 106–2.5 × 106 NK cells and 4 × 107 K562mbIL15 or K562mbIL21 cells previously
irradiated with 100 Gy. Cells were cultured in 70 mL of GMP-grade TexMACs medium
supplemented with 5% human AB serum (Sigma) and 100 IU/mL of IL-2 (Miltenyi Biotec).
NK cells were incubated in the culture chamber (37 ◦C and 5% CO2) in a static culture for
the first week. At day +7, agitation was started and 70 mL of fresh complete medium were
added to the culture. Cells were expanded for 14 days before being harvested. Sampling
was performed at day +7 for process controls, including cell counts, viability, analysis of
CD56+/CD3− cell content by FCM, mycoplasma and sterility. At the end of the expansion,
cells were automatically collected in 0.9% sodium chloride solution supplemented with
0.5% human serum albumin (Albutein 20%, Grifols, Barcelona, Spain), in a sterile bag.
Release quality controls: total cell counts, viability, analysis of CD56+/CD3-, CD3+/CD56-
and CD56+/CD3+ cell content by FCM, cytotoxicity against K562 cells, Gram staining,
endotoxins, cell impurities (K562mbIL15 or K562 mbIL21) by qPCR, mycoplasma and
sterility were performed at the end of the process.

4.6.1. Analysis of Cell Count, Viability and NK Cell Purity

NKAE cells were counted in a CELL-DYN Emerald hematology analyzer (Abbott) and
analyzed for their viability, immunophenotype and activation status by FCM as previously
described.

4.6.2. Cytotoxicity

Potency of manufactured NKAE cells was tested by performing Europium-TDA
conventional assays against K562 cells at 8:1, 4:1, 2:1 and 1:1 E:T ratios.

4.6.3. Microbiological Tests

The expansion cell products were tested for sterility, according to Eu Ph 2.6.21. The mi-
crobiological tests were developed by the Clinical Microbiology and Parasitology Service
of HULP by conventional microbiology techniques. In summary, sample tests were inocu-
lated into separate culture media and the growth of viable microorganisms was tested after
several days.
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4.6.4. Analyses of Non-Cellular Impurities

The detection of non-cellular impurities was carried out in accordance with the
methodology recommendations of Chapter 2.6.21 and 2.6.7 of the European Pharmacopeia
(EuPh) for mycoplasma and Chapter 2.6.14 for endotoxins. A DNA-binding dye-based
qPCR system was employed for the detection of mycoplasma DNA in cell cultures. In the
final products, the levels of endotoxins were quantified by the endotoxin test Endosafe-PTS
(Charles River). Both assays were developed by the Clinical Microbiology and Parasitology
Service of HULP.

4.6.5. Analysis of Cellular Impurities

Given that the aAPC used for NK cell activation and expansion is a tumor cell line is
necessary to ensure the absence of residual K562mbIL15 or K562mbIL21 cells in the final
NKAE cells products. Both aAPC contain the fusion gene BCR/ABL, so the presence of
residual cells was analyzed by performing a real-time PCR (RT-PCR) for the Mbcr transcript
as previously described [48].

4.6.6. Genetic Tests

Genetic tests were carried out at the end of the manufacturing process.
The expression of oncogenes c-Myc and telomerase reverse transcriptase (TERT) by

RT-PCR. Briefly, the total RNA was isolated using the RNeasy kit (Sigma), and reverse
transcription was performed with SuperScript IV (Invitrogen, Thermofisher Scientific Inc.,
Waltham, MA, USA). The qRT-PCR was performed on the ABI Prism 7900HT sequence
detection system (Applied Biosystems, Thermofisher Scientific Inc., Waltham, MA, USA),
using the TaqMan universal PCR master mix and TaqMan gene expression assay probes
(Applied Biosystems), according to the manufacturer’s specifications. The assay identifica-
tion numbers were as follows: c-Myc, Hs00153408_m1; TERT, Hs00972656_m1 and GUSβ,
Hs00939627_m1. The thermal cycler conditions were: 10 min at 95 ◦C and 40 cycles of
95 ◦C for 15 s followed by 60 ◦C for 1 min. All the reactions were performed in triplicate.
The amplification data were analyzed with ABI Prism sequence detection software 2.1
(Applied Biosystems) and the relative c-MYC and TERT expression was calculated by
normalization against human GUSβ expression.

To rule out chromosomal aberrations, comparative genomic hybridization (CGH)
was performed in NKAE cells. DNA from the NKAE cell products was isolated using
the AllPrep DNA/RNA Micro Kit (Qiagen, Hilden, Germany) and hybridized with male
reference DNA (Promega Biotech, Alcobendas, Madrid, Spain) on a 60,000 oligonucleotide
CGH-SNP platform (Agilent, Santa Clara, CA, USA). The data were analyzed with Agilent
CGH analytics 3.4 software (Santa Clara, CA, USA), using the statistical algorithm ADAM-2
according to a sensitivity threshold of 6.0 and an average window of 0.5 Mb. Alterations in
the DNA copy number were considered when at least 5 consecutive probes were altered.
Probes were annotated against the human assembly GRCh37 (also known as hg19).

4.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software. Results are shown
as mean ± standard error of the mean (SEM). Data sets were analyzed for Gaussian
distribution by using Kolmogorov–Smirnov, D-Agostino and Pearson and Shapiro–Wilk
tests. Those data without normal distribution were compared with non-parametric tests.
Two-tailed Student’s paired t test was used when cells from the same donor in different
conditions were compared. For comparisons between three or more groups, a one-way
ANOVA test was used to determine statistical significance. Dunn’s multiple comparisons
post hoc tests were run in conjunction with one-way ANOVAs and all groups were com-
pared with one another. When two or more variables were compared, two-way ANOVA
tests followed by Bonferroni pot hoc tests to compare replicates were run. In all cases,
a p value of <0.05 was deemed to be statistically significant.



Cancers 2021, 13, 577 20 of 23

5. Conclusions

In this report, we optimized a protocol to obtain NKAE cells by using four different
culture growth media (RPMI, SCGM, TexMACs and NKMACs), two different NK cell
sources: PBMC or CD45RA+ cells and two distinct irradiated aAPC (K562mbIL15 or
K562mbIL21). We determined that TexMACs was the most suitable cell culture medium
to expand NK cells. NK cells could be activated and expanded from those CD45RA+

cells obtained from non-mobilized apheresis, although the use of PBMC as the NK cell
source yielded the highest numbers of purified NKAE cells. When K562mbIL21 was
chosen as aAPC, the highest numbers of NKAE cells with less contamination of T cells
were achieved regardless of the NK cell source used. All NKAE cells obtained from either
PBMC or CD45RA+ expanded with K562mbIL15 or K562mbIL21 showed comparable
antitumor ability against sarcoma, T-ALL, CML, neuroblastoma and rhabdomyosarcoma
cells. Finally, we fulfilled clinical manufacturing of NKAE cells in an automated closed
system CliniMACS Prodigy by using CD56+ cells and either irradiated K562mbIL15 or
K562mbIL21. In both processes, sufficient numbers of NKAE cells with high purity and low
T cell contamination were manufactured after 14 days of culture. The different release tests
performed showed that manufactured NKAE cells met the requirements and specifications
from the regulatory agency, and thus were suitable for clinical use.
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Natural killer group 2D (NKG2D) is a natural killer (NK) cell-activating receptor that

recognizes different stress-induced ligands that are overexpressed in a variety of

childhood and adult tumors. NKG2D chimeric antigen receptor (CAR) T cells have

shown potent anticancer effects against different cancer types. A second-generation

NKG2D CAR was generated by fusing full-length human NKG2D to 4-1BB costimulatory

molecule and CD3ζ signaling domain. Patient-derived CAR T cells show limitations

including inability to manufacture CAR T cells from the patients’ own T cells, disease

progression, and death prior to return of engineered cells. The use of allogeneic T cells

for CAR therapy could be an attractive alternative, although undesirable graft vs. host

reactions may occur. To avoid such adverse effects, we used CD45RA− memory T

cells, a T-cell subset with less alloreactivity, as effector cells to express NKG2D CAR.

In this study, we developed a protocol to obtain large-scale NKG2D CAR memory T

cells for clinical use by using CliniMACS Prodigy, an automated closed system compliant

with Good Manufacturing Practice (GMP) guidelines. CD45RA+ fraction was depleted

from healthy donors’ non-mobilized apheresis using CliniMACS CD45RA Reagent and

CliniMACS Plus device. A total of 108 CD45RA− cells were cultured in TexMACS media

supplemented with 100 IU/mL IL-2 and activated at day 0 with T Cell TransAct. Then,

we used NKG2D-CD8TM-4-1BB-CD3ζ lentiviral vector for cell transduction (MOI = 2).

NKG2D CAR T cells expanded between 10 and 13 days. Final cell products were

analyzed to comply with the specifications derived from the quality and complementary

controls carried out in accordance with the instructions of the Spanish Regulatory

Agency of Medicines andMedical Devices (AEMPS) for the manufacture of investigational

advanced therapy medicinal products (ATMPs). We performed four validations. The

manufacturing protocol here described achieved large numbers of viable NKG2D CAR

memory T cells with elevated levels of NKG2D CAR expression and highly cytotoxic

against Jurkat and 531MII tumor target cells. CAR T cell final products met release
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criteria, except for one showing myc overexpression and another with viral copy number

higher than five. Manufacturing of clinical-grade NKG2D CAR memory T cells using

CliniMACS Prodigy is feasible and reproducible, widening clinical application of CAR

T cell therapies.

Keywords: NKG2D CAR, memory T cells, automated production, large-scale, clinical-grade, CliniMACS prodigy

INTRODUCTION

Redirected chimeric antigen receptor (CAR) T cells (CART)
have shown effective potency against hematologic tumors (1, 2).
Second-generation CARs are hybrid receptors comprising a
recognition domain, normally derived from a single-chain
antibody fragment (scFv), fused to costimulatory, and cytotoxic
signaling domains that enhance T cell function (3, 4). This
restricts CAR T cells to recognize a single tumor antigen in
a defined set of tumors, such as CD19 in B-cell malignancies.
CD19-specific CAR T cell therapy for the treatment of CD19-
positive B cell malignancies such as B-cell acute lymphoblastic
leukemia (B-ALL), B-cell non-Hodgkin lymphoma (NHL),
or chronic lymphocytic leukemia (CLL) has had remarkable
success (5–8), resulting in their recent US Food and Drug
Administration (FDA) approval. However, relapse of leukemia
through CD19 loss variants in leukemia/lymphoma patients
and immunosuppressive microenvironment or lack of tumor-
associated antigens (TAAs) in solid tumors (9–11) represents
major challenges for CAR T cell therapies. These inconveniences
along with antigen-loss escape make it necessary to focus in other
possible TAAs (9).

Natural killer group 2D (NKG2D) is an activating receptor
expressed on different immune effector cells [natural killer
(NK), CD8, and γδ T cells], although is in the NK cells
where it has a main role in tumor surveillance. Ligands for
NKG2D receptor, namely, MIC-A, MIC-B, and the UL-16
binding proteins, are expressed in 70% of human cancers
including leukemia, osteosarcoma, or Ewing sarcoma (11–13),
whereas their expression in healthy tissues is rare. We have
produced a second-generation NKG2D CAR by fusing the full-
length extracellular domain of human NKG2D to 4-1BB, which
provides a costimulatory signal, and CD3ζ signaling domain.
Thus, through the expression of this CAR, T cells acquire NK
cell anti-tumor specificity while maintaining T-cell ability to
expand and persist in vivo. The main advantages of this CAR
are (1) the recognition of different ligands, widening clinical
application, and potentially avoiding tumor immune escape by
single antigen loss, and (2) it is a fully human CAR, causing
less immunogenicity.

Most clinical trials use autologous T cells to express CARs;
however, owing to low T-cell numbers, poor quality, or rapid
disease progression, manufacturing of patient-derived CAR T
cells is not always possible. To overcome these limitations, we
propose here the use of allogeneic CAR T cells. Allogeneic
cells expressing CARs have been infused into patients after a
hematopoietic stem cell transplantation (HSCT) from the same

healthy donor (14, 15). Nevertheless, the universal availability

of large numbers of healthy donor T cells to express CARs

and their infusion into patients without the requirement of
a prior HSCT would be major challenges of CAR T cell
immunotherapy. One potential risk of the use of allogeneic
T cell-based therapies is the T-cell response against normal
tissue: graft-vs.-host disease (GvHD). To avoid undesirable
GvH reactions, T-cell products lacking an alloreactive T-cell
receptor (TCR) are needed. Several methods have attempted
to intensify graft-vs.-tumor (GvT) effects while minimizing
GvH responses to lower toxicity and improve the outcome of
treatment (14, 16, 17). One approach to enrich non-allogeneic T
cells is by using antigen-experienced memory T cells for CAR
transduction (16, 18). Predictably, the vast majority of T cells
with amemory phenotype are likely to have encountered antigens
other than the allogeneic type. Thus, selection for memory
phenotype cells should enrich for a non-alloreactive repertoire.
Indeed, memory T cells showed less potential to generate GvHD
in murine models (19, 20), in part owing to non-alloreactive
TCR enrichment along with the evidence that memory T
cells are less likely to traffic to GvHD organs such as the
gastrointestinal tract. Different extracellular markers can be used
to differentiate naïve from memory T cells. Commonly, naïve T
cells are CD45RA+CD45RO−CCR7+CD62L+, central memory
T cells (TCM) are CD45RA−CD45RO+CCR7+CD62L+, effector
memory T cells (TEM) are CD45RA−CD45RO+CCR7−CD62L−,
and effector cells are CD45RA+CD45RO−CCR7−CD62L− (21).
Thus, one marker to roughly distinguish naïve from memory T
cells is CD45RA (22). CD45RA is expressed on naïve T cells and
a minor population of T memory stem cells (TSCM) (21), whereas
CD45RO is expressed on memory T cells (22). CD45RA+

naïve T cells have high potential for alloreactivity against
recipient-specific antigens upon adoptive transfer, causing
clinical GvHD (23, 24). In contrast, CD45RA−CD45RO+

T cells exert a memory response to prior pathogens or
vaccines and can mediate GvT effects without inducing
GvHD (19, 25).

In the present study, we describe the manufacturing process
to produce large-scale NKG2D CAR memory T cells from
healthy donors for clinical use. In CAR T cell therapies, besides
the designing of genetic constructs, the choice of effector cells
to transduce, and the clinical trial design, the methods used
to produce CAR T cells are key for clinical success. Thus,
detailed description of each step along themanufacturing process
and the full analysis of CAR T cell products composition at
every step are essential. In fact, and according to the Good
Manufacturing Practice (GMP) manufacturing standard, during
the manufacturing procedure, in-process controls are carried out
at different times. Optimization of manufacturing protocols to
improve reproducibility, cost-effectiveness, and scalability will
enable a broad application of CAR T cell therapies.
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The NKG2D CAR memory T cells showed in this study were
manufactured after 10–13 days of ex vivo processing, described
in detail below, including activation with TransAct and IL-2,
transduction with an NKG2D-CD8TM-4-1BB-CD3ζ lentiviral
vector at multiplicity of infection (MOI) = 2, and expansion
in CliniMACS Prodigy device. The NKG2D CAR memory T
cells collected after this process fulfilled the release criteria
with respect to safety, purity, and potency established in the
protocols adhered to the guidelines of the current GMP (26–28).
The manufacturing process developed in this study allows the
automated GMP-compliant production of large doses of clinical-
grade NKG2D CAR T cells in a short time and provides a
robust and flexible base for further optimization of NKG2D CAR
T cells manufacturing for their clinical application in different
tumor types.

MATERIALS AND METHODS

Starting Material
Non-mobilized apheresis was obtained from healthy donors at
the BoneMarrow Transplant and Cell Therapy Unit (BMTCT) of
Hospital Universitario La Paz (HULP) by using CliniMACS Plus
device (Miltenyi Biotec). All donors gave their written informed
consent in accordance with the Declaration of Helsinki protocol,
and the study was performed according to the guidelines of the
local ethics committee. All donors comply with the requirements
regarding quality and safety for donation, obtaining, storage,
distribution, and preservation of human cells and tissues under
the Spanish specific regulation. CD45RA+ cells were depleted
by immunomagnetic separation using CliniMACS CD45RA
Reagent (701-46) and CliniMACS Plus system, both from
Miltenyi Biotec, following manufacturer instructions. CD45RA−

cells were either processed immediately or stored at 2–8◦C for
subsequent processing no later than 24 h after depletion. The
viability and purity of CD45RA− fraction were analyzed by flow
cytometry (FCM) before activation, transduction, and expansion.

Construction and Production of Lentiviral
Vector
The HL20i4r-MNDantiCD19bbz lentiviral vectors were derived
from the clinical vector CL20i4r-EF1a-hgcOPT27 but expressed
an NKG2D CAR. The anti-CD19-4-1BB-CD3ζ CAR designed
by Imai et al. (29) was used as backbone to build the NKG2D
CAR construct. It contained the extracellular domain of NKG2D
(designed by Wai-Hang Leung and Wing Leung), the hinge
region of CD8a, and the signaling domains of 4-1BB and CD3ζ.
The cassette was driven by a prMND. The viral supernatant was
produced according to GMP guidelines by transient transfection
of HEK293T cells with the vector genome plasmid and lentiviral
packaging helper plasmids pCAGG-HIVgpco, pCAGG-VSVG,
and pCAG4-RTR2. Lentiviral plasmids were kindly provided by
Dr. Byoung (St. Jude Children’s Research Hospital). The virus
supernatants were harvested and filtered through 0.22µm filters.
Virus supernatant was concentrated by ultracentrifugation and
titrated on HeLa cells by serial dilution followed by a quantitative
polymerase chain reaction (qPCR) to determine vector genome
copy number.

Manufacturing of Clinical-Grade NKG2D
CAR T Cells
Activation, transduction, and expansion of CD45RA− cells were
performed on the CliniMACS Prodigy using Tubing set TS520
(170-076-600) and T-cell transduction (TCT) process. In detail,
at day 0, cultivation was initiated with 108 CD45RA− cells in a
total volume of 70mL of TexMACs GMPmedium (170-076-306)
+ 100 IU/mL of MACS GMP human recombinant IL-2 (170-
076-147). MACS GMP TransAct CD3/CD28 Kit (170-076-156)
was used for a 24-h activation at a final dilution of 1:17.5, as
recommended by the manufacturer. At the following day, cells
were transduced with NKG2D-4-1BB-CD3ζ lentiviral particles at
MOI = 2. The vector was diluted in 10mL of medium in a 150-
mL transfer bag, which was attached to the CliniMACS Prodigy
by sterile welding. The vector was automatically transferred in
the culture chamber, and the vector bag was further rinsed with
20mL of medium to bring the total culture volume to 100mL.
Residual TransAct was removed by an automated culture wash
on day 4. Cells were then expanded for 10–13 days before being
harvested. Sampling was performed at days +6 and +8 for in-
process controls including cell counts, cytotoxicity, and FCM. At
the end of the expansion, cells were automatically collected in
0.9% sodium chloride solution supplemented with 0.5% human
serum albumin (Albutein 20%, Grifols) and transferred into a
sterile bag. Release quality controls were performed at the end
of the process.

Analysis of Viability and Surface
Immunophenotype by FCM
At day +6 and between days +8 and +10, as in-process
controls, and at harvest, as release controls, NKG2D CAR
memory T cell products were counted in a CELL-DYN Emerald
hematology analyzer (Abbott) and analyzed for their viability,
immunophenotype, NKG2D CAR expression, and activation
status by FCM. The following anti-human fluorochrome-labeled
monoclonal antibodies (mAb) were purchased from BioLegend:
CD45RA-APC (Clone H100, 304111), CD3-PE/Cy7 (Clone
HIT3a, 300316), CD4-APC/Cy7 (Clone OKT4, 317417), CD8
FITC (Clone KK1, 344703), NKG2D-PE (Clone 1D11, 320806),
CD4 PerCP (Clone OKT4, 31743125), PD-1 APC (Clone
EH12.2H7, 329907), Tim-3 APC Cy7 (Clone F38-2E2, 345025),
CD25 APC (Clone BC96, 302610), and CD127 PE/Cy7 (Clone
A019D5, 351320). Anti-human CD45RO-APC-Vio770 (Clone
REA611, 130-114-083) was purchased from Miltenyi Biotec.
Anti-human CCR7 PE (Clone 3D12, 552176) was purchased
from BD Biosciences. The viability was tested by using DAPI
or 7AAD as dead cell exclusion markers. Cells were analyzed
using FACS CANTO II (BD Biosciences) and FlowJo v10.5.3
software (TreeStar). To ensure the expression of NKG2D CAR in
the manufactured NKG2D CAR T cell products, we performed
western blot with an antibody detecting CD3ζ. Total peripheral
blood mononuclear cells (PBMC), activated and expanded NK
cells (NKAE), untransduced CD45RA−, and NKG2D CAR T
cells were pelleted and frozen at −80◦C. Cell lysates were
obtained by incubating cell pellets with RIPA (Millipore,
20188) supplemented with phosphatase inhibitor (PhosSTOP,
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04906845001) and a cocktail of protease inhibitors (cOmplete
Mini, 11836153001), both from Roche. Proteins were quantified
using Bradford reagent (Bio-Rad Laboratories, 500-0205) and
measuring absorbance at 595 nm in a Victor Plate Reader. Cell
lysates were then mixed with the Laemmli sample buffer (Bio-
Rad Laboratories, 161-0747), and equal amounts of protein (20
µg) were loaded on 4–15%Mini-PROTEAN TGX Gels (Bio-Rad
Laboratories, 456-1086). Gels were transferred to polyvinylidene
difluoride (PVDF) membranes. Blots were incubated with the
mouse anti-human CD3ζ (BD Biosciences, 551033) or rabbit
anti-human β-actin (Cell Signaling Technology, 4967S) primary
antibodies at 4◦C overnight. Horseradish peroxidase (HRP)-
conjugated anti-mouse (Agilent, P0447) and anti-rabbit (Agilent,
P0448) were used as secondary antibodies. The membranes
were developed by enhanced chemiluminescence and exposed on
ClarityWestern ECL substrate (Bio-Rad Laboratories, 170-5060).
The immunoblotting images were analyzed using the Image
Lab software.

Effector Function
The mechanism of action of CAR cells is complex, and there
are no standardized methods to determine the degree of
action. Although methods are available to determine potency,
comparison of results is not easy owing to the absence of
standardization (26). In our study, to test the cytotoxicity
of manufactured NKG2D CAR T cells, conventional 4-h
europium-TDA assays (PerkinElmer, AD0116) were performed
as previously described (30) using a 20:1 effector to target ratio.
The NKG2DL-expressing cell lines Jurkat and 531MII were
used as targets. Cytotoxicity assays were performed on days +6
and +8 and at the end of the process. The 531MII primary
osteosarcoma cell line was kindly provided by Dr. Patiño-García
(Centro de Investigación Médica Aplicada (CIMA), Universidad
de Navarra, Spain) and was cultured in minimum essential
medium (MEM; GIBCO, 22571-020) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; GIBCO, 10270-098)
and penicillin–streptomycin (P/S; GIBCO, 15140-122). The T-
ALL Jurkat cell line was acquired from American Type Culture
Collection (ATCC) and kept in culture in Roswell Park Memorial
Institute (GIBCO, 61870-010) and 10% FBS and P/S. Both cell
lines were routinely tested for mycoplasma.

Analyses of Non-cellular Impurities
The detection of non-cellular impurities was carried out
in accordance with the methodology recommendations of
Chapter 2.6.21 and 2.6.7 of the European Pharmacopeia (Eu
Ph) for mycoplasma and Chapter 2.6.14 for endotoxins. A
DNA-binding dye-based qPCR system was employed for the
detection of mycoplasma DNA in cell cultures. The assay
was developed by the Genomics Unit in collaboration with
the Monoclonal Antibodies Unit, both from CNIO, to detect
16s rRNA gene sequences from up to 70 Mollicutes species.
Both specificity and sensitivity were extensively tested through
benchmarking with established commercial systems (MTC-NI
System, Millipore/GEN-PROBE Cat. No. 4573 and MycoAlertTM

PLUSMycoplasma Detection Kit, Lonza Cat. No. LT07-705). The
Clinical Microbiology and Parasitology Service of HULP carried

out the endotoxin test Endosafe-PTS (Charles River) to quantify
endotoxin levels at day+8 and in final products.

Microbiological Tests
At days +6 and between days +8 and +10 as in-process
controls and at the end of manufacturing protocol, NKG2D
CAR memory T cell products were tested for sterility according
to Eu Ph 2.6.1. The microbiological tests were developed by
the Clinical Microbiology and Parasitology Service of HULP by
conventional microbiology techniques. In summary, sample tests
were inoculated into separate culture media, and the growth
of viable microorganisms was tested after several days. When
a rapid result was required, Gram staining was used as a non-
culture method, although it is a less sensitive technique than
techniques based on culture (26).

Genetic Tests, Genome Integrated Vector
Copy Number, and Determination of
Replication Competent Lentivirus in the
Supernatant
Genetic tests and determination of vector copy number (VCN)
and replication competent lentivirus (RCL) in the supernatant
were carried out at days +6 and between days +8 and
+10 as quality controls during process validation and at the
end of the manufacturing process between days 10 and 13.
To rule out chromosomal aberrations caused by lentiviral
transduction, comparative genome hybridization (CGH) analysis
was performed as previously described (30). Genome integrated
lentiviral copy number and viral particles in supernatant were
measured by qPCR according to Christodoulou et al. (31)
using TaqMan Universal PCR Master Mix (Thermo Fisher;
4304437) and LightCycler 480 (Roche) after viral RNA extraction
with RNeasy (Qiagen, 74104) and cDNA retrotranscription
with Superscript II (Thermo Fisher, 18064014). The lack of
oncogenic effects of the NKG2D CAR T cell products was
verified using reverse transcriptase (RT)-PCR to detect c-MYC
and telomerase (TERT) expression. Total RNA was isolated from
the PBMCs using the RNeasy kit from Qiagen (PN 74104),
followed by reverse transcription using SuperScriptTM IV First-
Strand Synthesis System from Thermo Fisher (PN 18091050).
The resulting cDNA was amplified with the following specific
TaqMan probes: Hs00972650_m1 (TERT), Hs00153408_m1
(MYC), and Hs02800695_m1 (HPRT1, housekeeping) from
Life Technologies and the LightCycler 480 System from
Roche. Finally, the data were analyzed by the comparative Ct
methods as previously described (32). The genetic tests were
performed at the Institute of Medical and Molecular Genetics of
HULP (INGEMM).

Effects of Cryopreservation on NKG2D
CAR T Cells
As infusion of freshly manufactured CAR T cells is not always
possible, we wanted to determine if cryopreservation could have
a negative impact on viability, NKG2D CAR expression, and
cytotoxicity of NKG2D CAR T cells. To this aim, spare CAR
T cells were frozen at a concentration of 2.5–3 × 105 cells/µL
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either by using HypoThermosol, M199 media supplemented
with 10% human serum albumin and 5% dimethyl sulfoxide
(DMSO), or in autologous plasma supplemented with 5%DMSO.
One year after cryopreservation, NKG2D CAR T cells were
thawed and evaluated for viability, NKG2D expression, and
CD45RA− purity by FCM and for cytotoxicity by europium-
TDA as described above.

Statistics Analyses
All statistical analyses in this study were performed using
GraphPad Prism. Except indicated in another way, results are
shown as median and interquartile range.

RESULTS

Manufacturing Process: Activation,
Transduction, and Expansion
CD45RA− cells from four different donors were activated,
transduced, and expanded in CliniMACS Prodigy in four
different experiments. In-process tests were carried out at days
+6 and +8. At the end of culture (between days +10 and
+13), cells were harvested, and quality/release assays performed.
A schema of the different steps for NKG2D CAR T cells
manufacturing and the quality tests conducted along the process
is shown in Figure 1.

Purity of CD45RA− Starting Cells
Non-mobilized apheresis from four different healthy donors
were obtained and depleted for CD45RA+ cells at CliniMACS
Plus. After depletion of CD45RA+ cells, median of purity of
CD45RA− population was 99.8 (range 99.7–99.9), and median
of viability was 97.9 (range 97.7–99.9). Data of CD45RA− purity
and viability from each experiment are shown in Table 1.

Transduction Efficiency
We transduced CD45RA− cells 1 day after cell activation.
A lentiviral construct encoding for NKG2D CAR was used
at MOI = 2. As CD45RA− cells only have basal levels of
NKG2D receptor expression, we considered that the expression
of NKG2D observed by FCM in NKG2D CAR T cell products
corresponds to NKG2D CAR. Our target goal was to achieve
≥50% transduction of total cells. This goal was achieved for all
four final products. Data from NKG2D CAR expression along
the process are shown in Table 2. Representative dot plots of
NKG2D staining at the different times are shown in Figure 2A.
The anti-NKG2D antibody that we use for FCM does not
discriminate between the NKG2D endogenous receptor and the
NKG2D CAR. In order to analyze the expression of NKG2D
CAR in the transduced cells, we performed a western blot using
an anti-CD3ζ antibody to detect the CAR protein. NKG2D
CAR protein is 40 kDa, whereas endogenous CD3ζ is 16 kDa.
As shown in Figure 2B, bands corresponding to the NKG2D
CAR were only observed in those cell lysates from transduced
CD45RA− cells, whereas they were absent in the different
negative controls (activated and expanded NK cells, PBMC, and
CD45RA− untransduced cells). Additionally, PCR analysis using
specific primers for endogenous NKG2D and NKG2D CAR
genes further confirmed these results (Supplementary Figure 1).

TABLE 1 | Purity and viability of CD45RA− starting cells.

Validation % Viability % of CD45RA−

#1 98.1 99.8

#2 99.9 99.9

#3 97.7 99.9

#4 97.7 99.7

FIGURE 1 | Schema of NKG2D CAR memory T-cell manufacturing process. NKG2D, Natural Killer Group 2D; CAR, chimeric antigen receptor. The schema of

CliniMACS Prodigy is Copyrighted © 2015 by Miltenyi Biotec GmbH, used with permission.
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Expansion
After CD45RA+ depletion, 108 of CD45RA− cells were
transferred into a sterile bag and connected to CliniMACS
Prodigy for further processing. The number of cells recovered
after CD45RA depletion exceeded this limit for all experiments.
For the final products, the fold expansion ranged from 13.4
to 38.6; thus, in all cases, the total number of cells obtained
was enough to perform a clinical treatment in a multiple-dose
regimen. Data of cell expansion from each experiment are shown
in Figure 3.

TABLE 2 | Data from transduction efficiency and viability.

% NKG2D CAR expression Viability

Validation Day +6 Day +8 Final Day +6 Day +8 Final

#1 73 60.5 60.6 85 82.5 86.3

#2 41 43 55 73 77 65

#3 24 82 87.4 70 83 81.4

#4 62 75 91 80 84 82

NKG2D, natural killer group 2D; CAR, chimeric antigen receptor.

Immunophenotype
Starting and final CAR T cell products were analyzed for
viability and CD3, CD4, and CD8 contents. Naïve and memory
populations were also identified by using CD45RA and CCR7
markers. The activation/exhaustion status of starting and
final cells was analyzed by CD25, PD-1, and TIM-3 markers.
The presence of CD4+CD25+CD127low/neg (Tregs) was also
analyzed in the starting and final products. Both starting

FIGURE 3 | Fold expansion of cells along the time in each manufacturing

validation.

FIGURE 2 | NKG2D CAR expression in CD45RA− cells after transduction. (A) Representative FCM data showing an increase in NKG2D CAR expression along the

manufacturing process. (B) Analysis of NKG2D CAR expression in transduced cells by western blot detecting CD3ζ. NKG2D, natural killer group 2D; CAR, chimeric

antigen receptor; FCM, flow cytometry.
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CD45RA− cells and final NKG2D CAR memory T cell products
were CD3+ and showed an enrichment in CD4+ vs. CD8+

T cells. Before and after manufacturing process, T cells were
negative for CD45RA and CCR7, indicating an effector memory
(TEM) phenotype. Tim-3 and CD25 activation/exhaustion
markers were upregulated in final NKG2D CAR memory T
cell products compared to starting CD45RA− cells; however,
PD-1 expression was downregulated at the end of the process
(Figure 4). Additionally, only a low proportion of Tregs

(CD4+CD25+CD127low/neg) was found on starting CD45RA−

cells and final NKG2D CAR T cells compared with total
PBMC (Supplementary Figure 2).

Effector Function
Lysis ability of NKG2D CAR T cells was tested against the
NKG2DL-expressing cell lines Jurkat (T-ALL) and 531MII
(metastatic osteosarcoma) by performing conventional 4-h
europium-TDA assays. Although donor variability was observed,
all final NKG2DCART cell products analyzed could target Jurkat
and 531MII cells with a percentage of cytotoxicity ≥20%, thus
meeting the established requirements. For validation #1, owing
to technical issues, cytotoxicity against Jurkat cells was only
tested using cryopreserved NKG2D CAR T cells. Cytotoxicity

of final NKG2D CAR T cells against Jurkat was higher (median
80%, range 28.2–100%) than against 531MII cells (median
42.3%, range 20–74.6%) for all analyzed products, although this
difference was not statistically significant. Data of cytotoxicity
levels from each experiment are shown in Table 3. Additionally,
the cytotoxicity of manufactured NKG2D CAR T cells against
Jurkat cells is shown in Supplementary Video 1.

Safety and Purity Tests
To meet regulatory specifications (acceptable thresholds in
parentheses), samples were taken at days +6 and between days

TABLE 3 | Cytotoxicity of NKG2D CAR memory T cells against Jurkat and 531MII

target cells.

Validation % Cytotoxicity vs. Jurkat % Cytotoxicity vs. 531MII

#1 NR 74.6

#2 100 19.5

#3 79.8 42.3

#4 28.2 NR

NKG2D, natural killer group 2D; CAR, chimeric antigen receptor; NR, non-reproducible

experiment.

FIGURE 4 | Representative FCM data of starting CD45RA− cells (day 0) and NKG2D CAR memory T cell products at the end of manufacture process (day +12). (A)

CD3, CD4, and CD8 contents. (B) Naïve/memory phenotype. (C) Expression of activation/exhaustion markers. FCM, flow cytometry; NKG2D, natural killer group 2D;

CAR, chimeric antigen receptor.
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+8 and +10 as in-process controls and at the end of process as
release controls and were evaluated for VCN (≤5 copies/cell),
free lentiviral particles in the supernatant (LVPS) (≤0.05%),
oncogenic gene expression (no overexpression), and genetic
stability (normal CGH). A Gram stain (no organisms seen) as
a quick method and microbiological tests [0 colony-forming
unit (CFU)] ensured no bacterial contamination. Other release
controls performed included those relating to the purity of the
final product: measurement of endotoxin levels, whose limits
for administration depend on the product and the parenteral
administration route, where the pyrogenic threshold dose of
endotoxin per kilogram of body mass in a single hour in
the case of transduced cells is 5 IU/kg/h. All final products
analyzed fulfilled the specifications except for validation #3,
which showed VCN of 12 instead of ≤5 copies/cell, and for
validation 4#, which showed overexpression of myc. Complete
data regarding genetic tests are shown in Table 4. All samples
showed no microbiological contamination. Endotoxin levels
were below 5 IU/kg/h, and the presence of mycoplasma was
undetectable (Table 5).

Stability of Cryopreserved NKG2D CAR T
Cells
CliniMACS Prodigy allows the production of sufficient number
of CAR T cells to be administered in multiple doses. Although
the first dose could be administered right after harvesting,
spare cells need to be cryopreserved for future infusions. To
explore if cryopreservation could have a negative impact on
manufactured CAR T cells, we tested three different freezing
media and evaluated cell counts, viability CD45RA− purity,
NKG2D expression, and cytotoxicity of cryopreserved NKG2D
CAR T cells 1 year after freezing. We observed that those
NKG2D CAR T cells cryopreserved in autologous plasma +5%
DMSO showed the highest viability and cytotoxicity indicating
that, whenever possible, this should be the freezing media

TABLE 4 | Results from genetic tests.

Validation VCN LVPS CGH tert expression myc expression

#1 NA Undetectable Normal No overexpression No overexpression

#2 3.6 Undetectable Normal No overexpression No overexpression

#3 12.3 Undetectable Normal No overexpression No overexpression

#4 2.4 Undetectable Normal No overexpression myc overexpression

VCN, vector copy number; LVPS, free lentiviral particles in the supernatant; CGH,

comparative genome hybridization.

TABLE 5 | Results from sterility tests.

Validation Gram staining Mycoplasma Endotoxins EU/mL

#1 Negative Negative NA

#2 Negative Negative 0.019

#3 Negative Negative 0.0035

#4 Negative Negative 0.01

of preference, followed by M199 + 10% albumin and 5%
DMSO (Table 6).

DISCUSSION

In the last decades, CAR T cell-based immunotherapies have
demonstrated to be an effective and safe approach for cancer
treatment. The clinical success of two CART19 cell products
(KymriahTM and YescartaTM) for the treatment of B cell
malignancies has led to their recent FDA and European
Medicines Agency (EMA) approval, emphasizing the great
potential of this technology. Targeting myeloid and non-
B lymphoid cell hematological malignancies such as T-ALL,
biphenotypic, and infant leukemia or solid tumors has been
much harder, owing to the lack of specific antigens and
the immunosuppressive tumor microenvironment (33–36). We
present data on NKG2D CAR, which has the ability to recognize
multiple ligands that are overexpressed in different tumor
types including AML, T-ALL, and sarcomas (12, 13, 37–39).
In fact, D. Sallman et al. have recently reported a case of
remission in a patient suffering from relapsed/refractory AML
after multiple infusions of autologous T cells redirected with
a first-generation CAR recognizing NKG2DL (40). Aside from
CAR specificity, choice of signaling domains and selection of
effector cell subset to transduce, manufacturing process, and
full characterization of final CAR T cell products are essential
for clinical success. In the present study, we validate and
provide detailed description of our manufacturing protocol
and the characteristics of NKG2D CAR T cells. We show the
feasibility of producing large numbers of allogeneic NKG2DCAR
memory T cells using a 10–13 days’ protocol, which includes
activation with TransAct reagent, transduction with an NKG2D-
4-1BB-CD3ζ lentiviral vector and expansion with rhIL-2 in
CliniMACS Prodigy, an automated closed system compliant with
GMP guidelines.

The main objectives of this study were (1) to show the
feasibility and reproducibility of automated manufacturing of
GMP-grade NKG2D CAR T cells in an academic institution and
(2) to demonstrate that manufactured NKG2D CAR T cells meet
the requirements established by the Spanish Regulatory Agency
for clinical use. A total of four manufacturing processes were
completed, and the CAR T cell products obtained were analyzed

TABLE 6 | Stability of manufactured NKG2D CAR memory T cells after

cryopreservation.

Freezing

medium

% Viability % NKG2D % CD45RA− % Cytotox

vs. Jurkat

% Cytotox

vs. 531MII

M199 + ALB

+ DMSO V4

47.9 61.5 99.2 55.2 17.3

Hypothermosol

v4

14.1 61.5 99.2 NA NA

Auto plasma

+ DMSO V5

74.6 69.9 97.1 78.6 60.3

NKG2D, natural killer group 2D; ALB, albumin; DMSO, dimethyl sulfoxide.
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at three different time points: day +6 and between days +8 and
+10, as in-process controls, and at the end of culture, between
days 10 and 13, when quality tests were performed to analyze if
NKG2D CAR memory T cell products met release criteria.

We used CD45RA− cells from healthy donors to produce
our NKG2D CAR T cells in order to develop a safe allogeneic
therapy. The lack of alloreactivity of CD45RA− cells has been
explored before in preclinical studies from our group and others
(18, 30). Furthermore, Maschan et al. have described the safety
of low-dose infusions of CD45RA− lymphocytes in mismatched-
related HSCT (41). Recently, our group has reported the safety
of high-dose infusions of donor-derived CD45RA−CD45RO+ T
cells after haploidentical transplantation (42).

The manufacturing process starts with a non-mobilized
apheresis from a healthy donor followed by depletion of
CD45RA+ cells in CliniMACS Plus device. Although CD45RA+

cells can be currently depleted at CliniMACS Prodigy, at the
moment when these experiments were carried out, the software
to do so was unavailable. After depletion, CD45RA− cells were
tested for viability and purity. All CD45RA− cell products
showed viability >95%. Purity of CD45RA− cells after depletion
of CD45RA+ subset was at least 99.7%, indicating that carryover
of naïve T cells was minimal and meets the established criteria
for further processing to obtain NKG2D CAR T cells. Activation,
transduction, and expansion were conducted in CliniMACS
Prodigy. Median of fold expansion was 24.4 (range 13.5–38.6),
and the mean of total cells obtained was 2.44 × 109 (range 1.35
× 109-3.86 × 109). These expansion data are in line with other
manufacturing protocols using CliniMACS Prodigy (43, 44).
Additionally, according to the number of CAR T cells that have
been infused in other clinical trials (45, 46), the number of
NKG2D CAR T cells we achieved would have been enough to
treat patients in a multiple-dose base. Over the manufacturing
procedure, viability of the harvested cells has shown to be
robust and above 80% except for validation 2, which showed a
viability of 65%. During the process, a decrease in viability was
observed on day +6 compared with that observed in starting
cells, and this temporary drop on viability after transduction
has been already reported by other groups (44, 47, 48). Some
authors have reported that NKG2D CAR T cells may induce
fratricide, hindering the expansion and the viability of cultured
cells (49, 50). Additionally, a CD4/CD8 ratio bias and enhanced
effector memory differentiation have been described when using
PBMCs as starting cells to express NKG2D CAR. The fold
NKG2D CAR T cell expansion observed in this study, along
with the viability of the final cell products, suggests that no
NKG2D CAR T cell-mediated fratricide is occurring during the
manufacturing protocol. This observation could be related to the
T-cell subset used as starting cells, as CD45RA− compartment
is already enriched in CD4+ T cells with an effector memory
and central memory phenotypes. However, more experiments
need to be performed to explore the susceptibility of different
T-cell subsets to NKG2D CAR T cell-mediated fratricide to
confirm this hypothesis. To further explore if fratricide could
be taking place in our experiments, the expression of NKG2DL

on NKG2D CAR T cells expanded at small scale was analyzed
by FCM. No upregulation of NKG2DL was observed in these
cells (data not shown). Nevertheless, we only analyzed the
expression of NKG2DL at day +8 post-activation, and it has
been described that activated T cells upregulate NKG2DL in
a temporary manner, specially between days 2 and 5 upon
activation (49, 50). Thus, with our data, we cannot totally rule
out an upregulation of NKG2DL and, consequently, a fratricide
phenomenon in other moments of the culture. A more detailed
study of NKG2DL expression kinetics on NKG2D CAR T
cells along the manufacturing procedure would shed light on
this question.

Activated CD45RA− cells were lentivirally transduced with
MOI = 2 because small-scale preclinical data using the same
vector achieved transduction efficiencies higher than 95% (30).
This MOI of 2 is low compared with that of other works where
MOIs of 5–10 are reported (43, 48). We used a fluorochrome-
labeled anti-NKG2D mAb for CAR detection by FCM, as
untransduced CD45RA− cells only have basal expression of the
NKG2D receptor, and then we can consider that the NKG2D
expression observed in manufactured cells comes from the
CAR (30). The expression of NKG2D CAR in transduced
CD45RA− cells was further confirmed by western blot and PCR
analysis. As previously observed in small-scale experiments, the
expression of NKG2D increased during the expansion of cells.
In two out of four batches, NKG2D CAR expression was over
80%, whereas the other two achieved an expression of 55 and
60.6%. These expression values (55–60.6%) are comparable with
those reported in other publications (43, 51) and were enough
to efficiently eliminate Jurkat and primary osteosarcoma cells
(531MII) at a 20:1 effector to target ratio. Owing to technical
issues, some cytotoxicity assays were non-reproducible, and thus,
potency of NKG2D CAR T cells could not be evaluated at
some time points either during manufacturing procedure or at
the end of culture. Nevertheless, those cytotoxicity assays that
were reproducible also fulfilled the specification for potency,
indicating manufactured NKG2D CAR T cells are cytotoxic
against the target cells.

At the end of the activation–transduction–expansion
protocol, different quality tests need to be performed to ensure
safety and purity of manufactured CAR T cells before they
are administered in patients. Sterility tests were negative, and
no mycoplasma was detected. The concentration of bacterial
endotoxins was within the limits set by Eu Ph for intravenous
injectable products in all validations. Genetic stability of
NKG2D CAR T was confirmed by normal CGH, indicating no
chromosomal aberrations are caused by lentiviral transduction.
Three out of four validations showed <5 genome integrated
vector copies, fulfilling the specifications required. However,
in validation #3, up to 12.3 genome integrated vector copies
were detected. These data are striking, as a MOI of 2 was used
in all experiments and does not match the hypothesis that one
viral particle is able to infect one cell. Despite that higher-
than-expected VCN was found in these cells, the percentage
of NKG2D CAR positive cells in this validation was 87%,
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indicating transduction efficiency was not above the usual levels.
Additionally, CGH and expression of myc and tert oncogenes
were normal in this batch, suggesting that even thoughmore than
five copies were integrated, they caused no genetic alterations.
To rule out a potential oncogenic effect of NKG2D CAR T
cells, the expression of myc and tert oncogenes was analyzed.
All validations showed no overexpression of these genes except
for validation #4, which presented overexpression of myc, and
consequently did not fulfill the specifications required. Although
myc overexpression in NK cell products has been previously
demonstrated to be safe and to induce no complications nor
secondary neoplasia in patients (52), it would be important to be
aware and increase monitoring of these cell products to ensure
safety before being administered to patients. The specification
of the percentage of RCL in the supernatants is established at a
maximum of 0.05%. All NKG2D CAR T cell products remained
under that limit, indicating that there is no potential risk of virus
infection after infusion.

In summary, the data here reported demonstrate the feasibility
and reproducibility of a manufacturing protocol to obtain
clinical-grade large-scale NKG2D CAR CD45RA− T cells
in CliniMACS Prodigy system. NKG2D CAR T cells met
the release criteria for expansion, NKG2D CAR expression,
cytotoxicity, and sterility, although grade of expansion and
product characteristics showed variability. Most importantly,
the manufacturing process described here shows flexibility
and admits further improvements for future NKG2D CAR T
cell trials.
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