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Abstract

Natural killer cells are innate immune cells that are naturally involved in tumour immunosurveillance. These cells
have direct cytotoxic activity and also secrete proinflammatory cytokines upon activation. The activation of natural
killer cells’ cytolytic activity is dependent on a balance between inhibitory signals and activating signals provided by
the host cells. Natural killer cells do not exert their activity on healthy cells, due to interactions of inhibitory receptors
with self major histocompatibility class I. Inhibition may be overcome when the cell binds tumour-associated antigens
on the surface of tumour cells, resulting in the polarized release of cytolytic granules toward the target cell. Natural
killer cells demonstrate particular promise for cellular therapy, as they can identify and eliminate tumours that have
altered major histocompatibility class I expression. Central nervous system tumours are the second most common
paediatric cancer and are associated with a high mortality rate. Many of these high-grade paediatric brain tumours
have very dismal prognoses, despite standard treatment regimens, and patients would substantially benefit from a
novel type of therapy. Natural killer cells have been shown to be effective against many human malignancies;
however, less is known about their efficacy against brain tumours. Treatment of medulloblastoma and adult
glioblastoma with natural killer cells has been investigated previously and yielded promising results. Natural killer
cells represent a small fraction of peripheral blood, which poses a limitation for their widespread use in adoptive cell
therapy. Current research is focussed on establishing an optimal protocol for the ex vivo expansion and activation of
natural killer cells. In the future, paediatric brain tumours such as glioblastoma multiforme, ependymoma and
atypical teratoid/rhabdoid tumours should be examined for their susceptibility to natural killer cells.

Keywords: Natural killer (NK) cells; Immunotherapy; Paediatric
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Introduction
Tumours of the central nervous system (CNS) are the second most

frequent childhood malignancy following leukaemia, and are
associated with a high mortality rate [1, 2]. Contrary to the belief that
the incidence of paediatric CNS tumours has reached a plateau, they
are increasing in frequency annually [1]. The amelioration and
development of novel diagnostic techniques cannot fully explain this
trend [1,3]. Per 100,000 children worldwide per year, 11 new CNS
tumour diagnoses are made [1]. For many high-grade malignant brain
tumours there is no permanent cure and there can be harmful side
effects from treatment including surgery, chemotherapy and/or
radiation therapy [4-7]. It is difficult to establish one effective
treatment for all brain tumours because of their histological
heterogeneity and therefore their susceptibility to different forms of
therapy may be highly variable. For example, glioblastomas are
frequently chemotherapy-resistant [7]. It is clear that significant
research efforts need to be focussed on novel cancer therapeutics for
brain tumour patients. Cell-based therapies are becoming increasingly
popular for the treatment of human malignancies. Natural killer (NK)
cells are particularly promising for use in adoptive cellular therapies
due to their natural involvement in tumour immunosurveillance, their
broad target cell range, and the added benefit that they do not cause
the debilitating Graft versus Host Disease [8-10]. In this review, we
discuss the function of NK cells and their potential for use in the
treatment of paediatric brain tumours.

Paediatric Brain Tumours
Medulloblastoma is the most common malignant brain tumour of

childhood, comprising 18% of all cases [11,12]. It is a highly aggressive
small blue cell tumour occurring in the posterior fossa [13,14].
Medulloblastoma is the most prevalent tumour of the CNS that causes
extraneural metastasis [11]. With standard of care, survival is 60-80%
at 5 years following initial diagnosis [15]; however, younger patients
do not see such a good prognosis [14]. Recently, four distinct
subgroups have been identified on the basis of demographics,
transcriptomes, somatic mutations and clinical outcomes [13]. The
Wnt and Sonic Hedgehog (Shh) subgroups are so named due to the
involvement of their respective signalling pathways [13]. The Wnt
subgroup is uncommon in infants, but is more common in children
and adults [13]. This subgroup has a good long-term prognosis with
survival rates surpassing 90% [13]. The Shh subgroup is often seen in
infants younger than 3 years of age and adults over 16 years of age, but
not in children [13]. Shh tumours have a similar prognosis to Group 4
tumours, between the Wnt (good prognosis) and Group 3 (poor
prognosis) subgroups [13]. Less is understood about the pathways
involved in Group 3 and Group 4 medulloblastoma tumours [13].
Group 3 tumours are found almost exclusively in infants and children
and Group 4 tumours occur mostly in children [13]. There is
significant harm associated with current treatment regimens for
medulloblastoma and the patients’ quality of life is particularly poor
[11,15]. Radiation therapy is especially harmful, having significant
effects on neurological, cognitive and endocrine function [15].
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Glioblastoma multiforme accounts for 7-9% of all paediatric
intracranial tumours [16], although it is the most common tumour of
the CNS in adults [4, 17]. The tumour is made up of glial cells and is
particularly malignant [18,19]. Paediatric glioblastoma tumours are
histologically identical to adult tumours; however, the underlying
genetic mutations differ and therefore should be considered unique
[20,21]. Based on morphology and clinical outcomes, there are at least
2 subtypes of glioblastoma multiforme [22]. Patients are diagnosed
with primary glioblastoma if the onset of disease is quick and there
were no pre-existing malignancies [22]. Secondary glioblastoma
develops from an existing astrocytoma, progressing to secondary
glioblastoma over a longer period of time [22]. The survival rate is
grim for glioblastoma patients of all ages, having a median survival of
15 months [4], although some reports suggest that the survival rate
may be slightly higher in children [22, 23]. Complete surgical resection
is difficult to achieve due to the infiltration of glioblastoma cells into
normal brain tissue [24]. The tumour is often resistant to therapy and
the recurrence rate is high, demonstrating the need for additional
forms of treatment [17].

Ependymoma tumours comprise ~10% of paediatric brain tumours,
occurring predominantly in children under 3 years of age [6,25].
Ependymoma tumours primarily occur in the posterior fossa and are
composed of radial glial cells [6, 26]. There are two subgroups of
posterior fossa (PF) tumours: group B (PFB) tumours that occur in
older children and adults and generally have a very good prognosis,
and PFA tumours, which occur in infants and have a particularly
dismal prognosis [26]. Ependymomas are typically chemotherapy
resistant; therefore, the primary course of treatment includes maximal
surgical resection of the tumour, followed by radiation therapy
[5,26,27]. Survival rates are relatively high if the entire tumour can be
removed during surgery; however, if complete surgical resection fails,
long-term survival rates drop significantly from 50-75% to less than
30% [2]. Although many treatment protocols for childhood brain
tumours have improved over the course of the past few decades,
ependymoma therapy has not made such significant progress [26].

Atypical teratoid/rhabdoid tumour (AT/RT) is an aggressive
malignancy that occurs most often in the posterior fossa [28]. AT/RT
was first described in the 1980s, before which it was commonly
misdiagnosed as a primitive neuroectodermal tumour [28, 29]. AT/RT
is rare, and comprises only 1-2% of paediatric brain tumour cases,
with higher incidence in children less than 2 years of age [28,30,31].
The tumour is composed primarily of rhabdoid cells with or without
primitive neuroepithelial, epithelial and/or mesenchymal cells [30].
Based on preliminary data, there are four major molecular subgroups
of AT/RT that have recently been identified by gene expression
profiling and hierarchical clustering [32]. Patient survival significantly
differs between these four clusters, and the bone morphogenetic
protein (BMP) pathway has been implicated in the clusters that are
associated with a shorter survival time [32]. AT/RT has a particularly
poor prognosis; the majority of patients succumb to the tumour within
1 year of diagnosis despite efforts of surgery, aggressive chemotherapy
and/or radiation therapy [29,31]. Due to a lack of effective treatment
regimens and very poor prognoses, there is a great necessity for novel
therapies for paediatric brain tumours.

Challenges of Current Treatments
Surgery, chemotherapy and/or radiation therapy are the standard

treatments for paediatric brain tumours; however, there are multiple
challenges associated with the use of these therapies. Many cancer

patients are immunocompromised due to the release of
immunosuppressive factors from tumour cells, and chemotherapy/
radiation therapies further deplete the body of healthy blood cells
[9,33]. Brain tumour patients in particular also experience a unique set
of obstacles when considering current treatment protocols.

Surgery plays an important role in treating brain tumours; however,
the intracranial location of many CNS tumours heightens the risk
associated with attempts at surgical resection [7]. As a consequence, it
is often not possible to completely remove the primary tumour mass,
and some brain tumours are not operable [7].

The blood-brain barrier (BBB) is the interface between the blood
and the brain that separates the circulating blood from the brain
extracellular fluid in order to maintain homeostasis [34]. Due to the
presence of this barrier, the ability of therapeutic drugs to enter the
brain from the blood needs to be considered and often limits the
effective chemotherapeutic options [9]. As of 2001, only one drug,
temozolomide, had been approved for use in the treatment of primary
brain tumours [3].

Unfortunately, many brain tumours are highly resistant to radiation
and chemotherapy, and relapse is common [35]. The neurotoxicity of
chemotherapeutic agents significantly limits the administered dose to
patients [36]. Radiation therapy is an important part of treatment for
older children and adults; however, it is particularly harmful for
infants, having severe neurotoxic effects on the developing brain [2,6].
For example, effects on cognitive function have been observed in
children treated with radiation for CNS tumours at young ages [37].
The use of aggressive chemotherapy can be effective to control the
tumour until radiation therapy can be used; however, survival rates are
much lower than older children treated early with radiation therapy
[37].

Chemotherapeutic drugs target rapidly dividing cells and tumour
cells often develop resistance to anti-cancer drugs [38]. Cancer stem
cells (CD133+) have a slow turnover rate and have a propensity to give
rise to tumour cells [38]. These cells demonstrate a high resistance to
standard treatment, particularly radiation, owing to the fact that their
DNA damage repair system is extremely efficient compared to CD133-
tumour cells [39]. These cancer stem cells should be regarded as a
crucial target of future cancer therapeutics, since they are substantial
players in the maintenance of the tumour [11]. Cell-based therapies
such as adoptive NK cell transfer are not dependent on the target cell
cycle and therefore may be an effective means to target cancer stem
cells [38].

NK Cell Function in Tumour Immunosurveillance
The immune system functions to eliminate cancerous/precancerous

cells before they can divide and create disease in the host [40]. Many
tumours, however, are able to develop even in the presence of an
efficient host immune system. How the tumour can evade immune
surveillance and establish itself is a question that is important to
consider when designing cancer therapeutics.

Some cells of the adaptive immune system have natural anti-
tumour activity [41]. Cytotoxic T lymphocytes (CTLs) become
activated by recognition of tumour-specific peptides, presented in the
context of host major histocompatibility complex class I (MHC-I)
molecules on the surface of tumour cells [41]. Many advanced
tumours undergo the process of immunoediting and downregulate
surface expression of MHC-I as a mechanism of immune escape [41].
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NK cells are able to detect and kill tumours that have altered MHC-I
expression [42]. Due to the natural involvement of the immune system
in cancer surveillance, there is on-going research into using
therapeutic drugs that can increase cancer cell immunogenicity [40].
Furthermore, many studies are looking into the direct use of immune
cells for targeted cellular therapy.

NK cells are major innate immune cells involved in tumour
immunosurveillance. These cells have direct cytolytic activity and also
secrete pro-inflammatory cytokines to recruit additional immune cells
to the site [8,40]. Unlike CTLs, NK cells recognize a broad range of
antigens and do not require previous exposure or immunization to
initiate effector function [9]. The killing mechanism is similar to CTLs

in that it involves the polarized release of cytolytic granules containing
perforin and granzyme toward the target cell, causing the cell to
undergo apoptosis [43].

NK cells do not attack healthy cells due to the interactions of
inhibitory receptors such as killer immunoglobulin-like receptors
(KIRs) with MHC-I on the surface of the cell [8,9,40]. The cytoplasmic
tail of inhibitory receptors contains immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) that activate downstream targets [8]. These
targets interfere with signalling from immunoreceptor tyrosine-based
activating motifs (ITAMs) from activating receptors [8]. It is therefore
a balance of inhibitory and activating signals that determines the
activity of NK cells.

Figure 1: Mechanisms of autologous NK cell activation by paediatric brain tumour cells. Activation of NK cells results in the release of
proinflammatory cytokines and cytolytic granules. In a healthy cell, interactions of self MHC-I with NK cell inhibitory receptors result in self-
tolerance. A Self MHC-I expression can be downregulated in some tumour cells, the absence of which lifts the natural inhibition of
autologous NK cells, resulting in tumour cell lysis. B Activating ligands upregulated on tumour cells provides a strong activating signal to
autologous NK cells, allowing the NK cell to overcome inhibition. Adapted from Vivier et al. and Kumar & McNerney [42, 44].

NK cells have evolved a mechanism to recognize advanced tumours
that have reduced MHC-I expression, a concept known as the ‘missing
self’ hypothesis (Figure 1A) [40-42,44]. Tumour cells are also known
to upregulate the surface expression of death receptors, TRAILR and
Fas, on their surface, the ligands of which can be provided by NK cells
to trigger apoptosis [43].

Cytotoxic activity can be stimulated by cytokines binding to
cytokine receptors on NK cells, or through the interaction of activating
receptors with antigen on the surface of transformed cells [40, 45].
Cytokine receptor stimulation is known to increase the surface
expression of activating receptors on NK cells [46]. The crosslinking of
several activating receptors allows the NK cell to overcome its natural

inhibition and initiate effector function [47]. Major activating
receptors on NK cells are the natural cytotoxity receptors (NCRs),
NKp46, NKp30 and NKp44, which are specific to NK cells [24]. Other
important NK cell activating receptors are NKG2D and DNAM-1,
which are also expressed on CTLs [24]. The ligands of these receptors
are tumour-associated antigens (TAAs), which are often up-regulated
on the cell membrane of many human malignancies (Figure 1B)
[8,9,42,44]. It is clear that NK cells play an important role in the
elimination of tumour cells. For example, depleting NK cells in mouse
models results in an increased incidence of cancer [47]. In addition,
inactivating major activating receptors such as NKG2D and DNAM-1
in mouse models is correlated with an increased incidence of tumours
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and particular NKG2D gene polymorphisms have been linked with
susceptibility to cancer [48, 49]. The natural role of NK cells in tumour
surveillance demonstrates their promise as a form of therapy for
cancer patients.

The Immunotherapeutic Potential of NK Cells
Immunotherapy for human tumours has been a focus of many

research groups because it allows for cancerous cells to be targeted and
killed, while sparing normal cells [50]. The ability of immune cells to
invade the tumour site appears to be tumour specific; therefore, it is
likely that the susceptibility of various brain tumours to
immunotherapeutic approaches may vary [51]. A common caveat of
immunotherapy comes from the idea that the CNS is immune-
privileged due to the presence of the BBB that limits the entry of
immune cells into the brain [35,50]; however, recent research suggests
that lymphocytes may be able to access the brain under pathological
circumstances due to changes in the physical structure of the BBB [52].

Anti-tumour vaccines, such as peptide and cell-based vaccines are
the most established among immunotherapies for cancer [35].
Dendritic cell (DC) vaccines involve the use of tumour-antigen-loaded
DCs to activate host lymphocytes, since antigen presenting cells are
often dysfunctional in cancer patients [35]. DC therapy integrated
with radiation and chemotherapy for glioblastoma has been reported
to have promising results with only mild toxicity and has been
implemented in recent clinical trials [53-56]. Adoptive targeted cell
therapy is a more recent strategy for treating cancers. Lymphokine-
activated killer (LAK) cells are isolated from peripheral blood
lymphocytes cultured with interleukin-2 (IL-2) and are composed of
both CTLs and NK cells [57]. A combination of low-dose IL-2 with ex
vivo IL-2 activated LAK cells infused into the surgical resection cavity
of glioma patients has proven to be safe, with some toxicity to the
patient including fever, headache and neurological irritation [3]. Due
to the toxicity associated with IL-2 administration, CTLs that have
been activated ex vivo against specific CNS tumour antigens has been
examined as an alternative strategy [50]. CTL adoptive therapy has
been shown to be effective, but may only be temporary for advanced
cases [58]. Previous research has therefore demonstrated promise for
brain tumour immunotherapy; however, most of the research to date
has focussed on the use of DC, LAK cell and CTL therapy. The
immunotherapeutic potential of NK cells is less well understood.

There have been a number of studies reporting the involvement of
NK cells in the eradication of tumours in vivo. For example, CpG
oligodeoxynucleotide (CpG-ODN) administration has been reported
to augment NK cell activity in non-Hodgkin’s lymphoma [59]. CpG-
ODN therapy also resulted in a tumour-reduction response for acute
lymphoblastic leukaemia and gliomas in mouse models [60,61]. The
cytolytic function of NK cells against many human cancers in vitro has
also been demonstrated. Ex vivo expanded and activated NK cells have
been shown to be significantly more cytotoxic than freshly isolated NK
cells, as seen for tumours such as Ewing sarcoma and
rhabdomyosarcoma [62]. IL-15 activated NK cells have been shown to
be effective at killing both chemotherapy sensitive and resistant
osteosarcoma cell lines in vitro [46]. Adoptive NK cell therapy is
therefore becoming a promising candidate for the treatment of many
human tumours, with the added benefit that NK cells do not cause
Graft versus Host Disease [10].

There are numerous potential uses of NK cells for immunotherapy.
Systemic administration of cytokines can activate autologous NK cells;
however, this method is correlated with severe side effects [63]. Ex
vivo cytokine activation of autologous NK cells followed by adoptive
transfer back into the patient has proved to be more successful [64].
Ishikawa et al. reported the earliest human clinical trial of autologous
NK cell therapy for brain tumours and showed that autologous ex vivo
activated NK cells given as both intravenous and focal injections were
partially effective against adult gliomas [64]. The efficacy of these ex
vivo expanded and activated NK cells against gliomas was similar to
high-dose IL-2 and LAK cell therapies that see a reduction in tumour
mass; however, there was no severe neurotoxicity associated with NK
cell therapy [64]. Unfortunately, the efficacy of autologous NK cell
transfer is limited, as it is more difficult for NK cells to overcome the
inhibition provided by ‘self’ MHC-I molecules on the surface of the
tumour cells (Figure 1B) [42,44,65].

Allogeneic NK cells have inhibitory KIR receptor/ligand mismatch
due to the absence of ‘self’ inhibitory ligands on tumour cells,
rendering them a more desirable therapeutic candidate compared to
autologous NK cells (Figure 2) [42,44,63]. Adult glioblastoma
multiforme stem-like cells have been reported to be resistant to resting
NK cells, but are highly susceptible to both autologous and allogeneic
ex vivo IL-2 and IL-15 activated NK cells [24]. Castriconi and co-
workers refuted previous reports that glioblastoma cells are resistant to
NK cell-mediated killing; however, NK cell lines and resting NK cells
were commonly used in place of ex vivo cytokine-activated NK cells
[24]. Glioblastoma cells have low-density surface expression of MHC-I
and highly express ligands of NK cell activating receptors, particularly
for DNAM-1 [24]. DNAM-1 and NKp46 appear to be major players in
the cytolysis of glioblastoma cells by NK cells [24].

Thirdly, NK cells participate in antibody-dependent cell-mediated
cytotoxicity (ADCC) through the CD16 receptor, which binds to
antibodies on target cells [63]. For example, non-Hodgkin’s
lymphoma is treated with the monoclonal antibody, rituximab, the
elimination of which is in part mediated by NK cells [59]. In vitro,
treatment of osteosarcoma patient samples with the anti-EGFR
antibody, cetuximab, was found to increase the activity of NK cells by
encouraging ADCC [66].

NK cell lines such as NK-92 are easily maintained in vitro and
eliminate the need for donors for adoptive NK cell transfer [63].
NK-92 has proven to be safe for use in humans with mild toxicity and
the cells remain in the circulation for up to 48 hours [38,67]. NK-92 is
a popular cell line that lacks most inhibitory receptors while
expressing a large variety of activating receptors, making the cells
especially cytotoxic [38]. The NK-92 cell line has been used in clinical
trials for treatment of advanced, treatment-resistant cancers. In a
phase I clinical trial, Tonn et al. used NK-92 to treat 15 patients of a
wide age range with both solid tumours/sarcomas and haematological
malignancies such as leukaemia [38]. Infusions of NK-92 of up to 1010

cells/m2 were tested in these patients, and no major infusion-related
short or long-term side effects were observed, suggesting that NK-92 is
well tolerated in cancer patients [38]. NK-92 infusions demonstrated
partial efficacy in some patients with end-stage cancer such as
advanced renal cell cancer and melanoma [38].
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Figure 2: Allogeneic NK cells do not recognize non-self MHC-I and may easily become activated by activating ligands on paediatric brain
tumour cells. Adapted from Vivier et al. and Kumar & McNerney [42,44].

Lastly, technology such as siRNA has allowed for the manipulation
of NK cell gene expression such as the downregulation of inhibitory
receptors and the upregulation of activating receptors [63]. NK-92 has
been genetically modified to express a chimeric antigen receptor for
CD20 on previously determined NK cell-resistant lymphoma and
leukaemia cells, rendering them susceptible to cytolysis [68].

Many in vitro studies have demonstrated the susceptibility of brain
tumour cells to NK cells. For example, IL-2 activated NK cells are
proficient in killing medulloblastoma cell lines and a primary
medulloblastoma cell culture in vitro [11]. The major activating
receptors involved were the natural cytotoxicity receptors, NKp46 and
NKp30, as well as DNAM-1 and NKG2D, whose ligands were found to
be present on the tumour cells [11]. According to Castriconi and
colleagues, there were minimal inhibitory interactions between the NK
cells and the medulloblastoma cells [11]. In contrast, Fernández et al.
reported high MHC-I expression on 54 medulloblastoma patient
tumour samples that may result in a natural resistance to NK cells
[14]. The same group reported that blocking MHC-I on a
medulloblastoma cell line and incubation with IL-15 activated NK
cells resulted in efficient cytolysis [14]. The susceptibility of both
CD133- medulloblastoma cells and CD133+ cancer stem cells to NK
cell-mediated killing in vitro has been reported [11]. This observation
provides an exceptional rationale for the further investigation of cell-
based therapies for human malignancies. Sivori et al. showed that
glioblastoma cell lines are susceptible to NK cell killing and involves
the activation of natural cytotoxicity receptors [69]. Previously, it was
suggested that CD16 is also involved in direct target cell recognition
and activation of NK cells in addition to its role in ADCC [70]. Sivori
and co-workers, however, found no difference between the
cytotoxicity of CD16+ and CD16- NK cells against glioblastoma cell
lines and therefore concluded that CD16 does not play a direct cell-
recognition/activation role in the clearance of neural tumour cells [69].

To date, there have been a limited number of completed clinical
trials for NK cell therapy; however, there are many on-going clinical
trials for their use in the treatment of various human malignancies
(Table 1). Although NK cells demonstrate promise for use in cellular
cancer therapy, there are limitations to its widespread use. For

adoptive autologous/allogeneic NK cell therapy, NK cells must be
acquired from the peripheral blood of the patient or donor
respectively. Up to 1011 lymphocytes are required for cell therapy, and
a significant challenge in developing an NK cell-based immunotherapy
is the struggle to achieve a sufficient quantity of cells [10,71]. NK cells
represent only a small fraction (up to 15%) of peripheral blood
lymphocytes and are difficult to expand ex vivo [10,47]. Current
research is focused on discovering an optimal ex vivo expansion/
activation protocol to achieve maximal expansion rates, cytotoxicity
and long-term survival of NK cells.

IL-2, IL-15 and IL-21 are all γ chain receptor family ligands and
have been demonstrated to be particularly important for NK cell
activation [45]. IL-15 and IL-21 activated NK cells have similar
cytotoxicity; however, IL-21 is far more effective at stimulating NK cell
expansion [10]. IL-21 is the most recently described and most potent
cytokine for NK cell expansion thus far [10]. Recent studies suggest
that the combination of IL-12, IL-15 and IL-18 can induce long-term
survival and memory in NK cells, which is desirable in the case of
cancer relapse [72]. Feeder cells such as irradiated Epstein-Barr virus-
transformed lymphoblastic cells have been shown to induce an in vitro
NK cell expansion of up to 100-fold after 15 days, a yield far superior
to cytokine-induced expansion [73]. Recently, the use of particles
derived from the plasma membrane of K562 feeder cells expressing
IL-15 and 4-1BBL on their surface, in addition to a low concentration
of IL-2 was found to induce a ~200-fold NK cell expansion of 95%
purity after 12-13 days of culture [74]. This particle-based method was
found to yield more reproducible results between different donors
compared to live feeder cell-based protocols and resulted in highly
cytotoxic NK cells [74]. Currently, trials in NSG mice are being carried
out [74]. The use of artificial antigen presenting cells such as an
irradiated K562-derived clone genetically engineered to express a
membrane bound variant of IL-21 resulted in a ~2300-fold NK cell
expansion with 83% purity after 14 days [75]. There is an on-going
pursuit for an ex vivo NK cell expansion and activation protocol that
will provide maximal NK cell yield, cytotoxicity, survival and memory
for adoptive therapy.
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Condition Ex vivo NK Cell Activation NK Cell Source Trial Phase Participant age range ClinicalTrials.gov
Identifier

AML/MDS IL-15 activated Haploidentical Phase 1 > 18 years NCT01385423

AML Cytokine-induced memory-like NK
cells

Haploidentical Phase 1 > 18 years NCT01898793

AML IL-21 activated Haploidentical Phase 1/2 18 – 59 years NCT01787474

AML/MDS; T-cell ALL Irradiated K562-mb15-41BBL cells
and low dose (10 IU/mL) IL-2

Family member with at
least 3 of 6 HLA match to
recipient

Phase 1 6 – 80 years NCT02123836

B-lineage ALL K562-mb15-41BBL and IL-2;
transduced with chimeric antigen
receptor (anti-CD19-BB-zeta)

Family member with at
least 3 of 6 HLA match to
recipient

Phase 2 6 – 80 years NCT01974479

MM IL-2 activated Umbilical cord blood-
derived

Phase 1/2 18 – 75 years NCT01729091

Neuroblastoma post anti-
GD2 antibody

IL-2 activated Partly matched HLA family
member

Phase 1 < 21 years NCT01576692

Non-small cell lung
cancer stage IIIA/B

Hsp70-peptide TKD/IL-2 activated Autologous Phase 2 18 – 75 years NCT02118415

Leukaemia; Lymphoma;
MM; HD

N/A NK-92 cell line Phase 1 > 18 years NCT00990717

Various IL-15 activated Autologous Phase 1 2 – 25 years NCT01875601

Table 1: On-going clinical trials of NK cell therapy for human malignancies. Information obtained from http://www.clinicaltrials.gov/. AML:
Acute Myeloid Leukaemia; MDS: Myelodysplastic Syndrome; ALL: Acute Lymphoblastic Leukaemia; MM: Multiple Myeloma; HD: Hodgkin’s
Disease.

Future Studies
Paediatric brain tumour patients would benefit considerably from a

novel type of therapy. It is clear that NK cells have enormous
therapeutic potential for human cancers; however, research on their
use for paediatric brain tumours is inadequate. Therefore, future
research should be focused on discovering the immunotherapeutic
potential of NK cells for paediatric brain tumours.

To the best of our knowledge, there have not been any studies to
date describing the susceptibility of paediatric brain tumours,
glioblastoma multiforme, ependymoma and AT/RT to NK cells. Since
the prognosis of these tumours can be especially poor, these patients
would benefit substantially from a novel form of therapy. NK cell
ligand expression on cell lines and primary brain tumour tissue
samples should be analyzed in order to determine if they may be
candidates for NK cell therapy. Additionally, in vitro cytotoxicity
assays should be performed in order to assess their susceptibility to
NK cell-mediated killing.

As there are conflicting results as to whether or not NK cells are
able to infiltrate brain tumours, humanized mouse models harbouring
intracranial paediatric brain tumours should be examined, monitoring
tumour size as well as NK cell localization to the brain following NK
cell therapy [9].
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