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Study of Natural Killer Cells and Their Therapeutic Role in Pediatric Cancer

Abstract

NK cells are known to play an important role in the natural defense against viral infections and tumor
immune surveillance. Through complex interactions between NK cell receptors and target cell ligands,
transformed or unhealthy cells are identified and rapidly eliminated. NK cells have been used for
therapeutic purposes in pediatric oncology, for example by harnessing the mechanisms of NK cell
surveillance in acute myeloid leukemia (AML) or intervention-augmented antibody-dependent cell-
mediated cytotoxicity (ADCC) in neuroblastoma. However, the underlying cellular mechanisms in these
processes are not fully understood. In my thesis research, | sought to gain a deeper understanding of the
molecular and cellular changes within NK cells that occur in the tumor microenvironment and with
immunotherapy. | discovered that NK cells have attenuated natural cytotoxicity in children with
neuroblastoma that correlates with clinical tumor response to chemoimmunotherapy. Compared to age-
matched reference data in healthy children, the studied patients had higher proportions of CD56bright NK
cells, suggestive of immaturity of the NK cell compartment. Although preactivation with cytokines did not
entirely overcome the hyporeactivity in patient NK cells, the therapeutic use of interleukin (IL)-2 or -15
significantly enhanced the natural cytotoxicity and ADCC of tested NK cells against neuroblastoma in
vitro and in vivo and therefore warrants further investigation. To provide a suitable animal model for
future studies of NK cell dysfunction and immunotherapy, | developed a humanize MISTRG
neuroblastoma model. Human NK cells that arise in this model after hematopoietic progenitor cell
transplantation were functionally intact and capable of suppressing neuroblastoma growth with
chemoimmunotherapy in vivo. Despite the discovered molecular differences of NK cell subsets in these
mice compared to patient NK cells, the humanized MISTRG neuroblastoma model is a valuable tool to
study NK cell biology in neuroblastoma and test whether therapeutic interventions, such as cytokine
supplementation, can overcome impaired NK cytotoxicity. Collectively, results from this work are
important because they link the cellular capacity of a key effector cell involved in ADCC to antibody-
mediated tumor shrinkage in the clinic, revealing potential mechanisms for therapy failure in patients who
receive chemoimmunotherapy for neuroblastoma.
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ABSTRACT

NK cells are known to play an important role in the natural defense against viral
infections and tumor immune surveillance. Through complex interactions between NK
cell receptors and target cell ligands, transformed or unhealthy cells are identified and
rapidly eliminated. NK cells have been used for therapeutic purposes in pediatric
oncology, for example by harnessing the mechanisms of NK cell surveillance in acute
myeloid leukemia (AML) or intervention-augmented antibody-dependent cell-mediated
cytotoxicity (ADCC) in neuroblastoma. However, the underlying cellular mechanisms in
these processes are not fully understood. In my dissertation research, I sought to gain a
deeper understanding of the molecular and cellular changes within NK cells that occur in
the tumor microenvironment and with immunotherapy. I discovered that NK cells have
attenuated natural cytotoxicity in children with neuroblastoma that correlates with clinical
tumor response to chemoimmunotherapy. Compared to age-matched reference data in
healthy children, the studied patients had higher proportions of CD56*¢" NK cells,
suggestive of immaturity of the NK cell compartment. Although preactivation with
cytokines did not entirely overcome the hyporeactivity in patient NK cells, the
therapeutic use of interleukin (IL)-2 or -15 significantly enhanced the natural cytotoxicity
and ADCC of tested NK cells against neuroblastoma in vitro and in vivo and therefore
warrants further investigation. To provide a suitable animal model for future studies of
NK cell dysfunction and immunotherapy, I developed a humanize MISTRG
neuroblastoma model. Human NK cells that arise in this model after hematopoietic
progenitor cell transplantation were functionally intact and capable of suppressing
neuroblastoma growth with chemoimmunotherapy in vivo. Despite the discovered
molecular differences of NK cell subsets in these mice compared to patient NK cells, the
humanized MISTRG neuroblastoma model is a valuable tool to study NK cell biology in
neuroblastoma and test whether therapeutic interventions, such as cytokine
supplementation, can overcome impaired NK cytotoxicity. Collectively, results from this
work are important because they link the cellular capacity of a key effector cell involved
in ADCC to antibody-mediated tumor shrinkage in the clinic, revealing potential
mechanisms for therapy failure in patients who receive chemoimmunotherapy for
neuroblastoma.
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CHAPTER 1. INTRODUCTION

Natural Killer Cells

Physiologic role of natural Kkiller cells in innate immunity

Natural killer (NK) cells are large granular lymphocytes of the innate immune
system and broadly divided into two main phenotypic subgroups based on the cell surface
expression of CD56 [1]. CD56%™NK cells predominate in the peripheral blood, spleen,
and bone marrow and co-express CD16, the receptor that recognizes the F. (fragment,
crystallizable) region of immunoglobulin G (IgG) antibodies [2, 3]. They are putatively
regarded as the main effector cells in natural and antibody-dependent cell-mediated
cytotoxicity (ADCC), whereas CD56"¢" CD16° NK cells, enriched in secondary
lymphoid tissues, produce and secrete cytokines and chemokines to orchestrate an
inflammatory response [2, 4, 5].

NK cells account for about 5-15% of the peripheral blood lymphocytes and have
an average life span of approximately two weeks [6]. Compared to cells with adaptive
immunity that can clonally expand and retract, mature NK cells have a very limited
ability to proliferate. Even during infection, such as acute mononucleosis, when overall
NK cell numbers are significantly elevated, NK cell kinetics remain largely unchanged
[6, 7]. The primary site of human NK-cell production is in the bone marrow, while NK
cell maturation occurs in secondary lymphoid tissues, such a lymph nodes and tonsils [2].
It has been previously hypothesized that CD56"€" CD16™ NK cells are developmental
precursors to the terminally differentiated CD56%™ CD16" sub-group [8]. This is because
lymph nodes and tonsils are enriched for CD56*¢" CD16™ NK cells, and because these
cells up-regulate the expression of natural cytotoxicity receptors (NCRs), CD16, and
perforin following co-culture with interleukin (IL)-2, thereby attaining a CD56%™-like
phenotype [9, 10]. However, a more recent study has challenged this assumption using an
autologous bone marrow transplantation model in the rhesus macaque with quantitative
genetic barcoding to track the clonal evolution of hematopoiesis including NK cell
development over time [11]. At 3 and 6.5 months following transplantation, the clonal
composition of peripheral blood CD56" CD16" NK cells was distinct from other blood
lineages, whereas blood and lymph node-derived CD56" CD16~ NK cells accounted for
clones that converged towards T/B cells and granulocytes, suggesting both populations to
be ontologically distinct.

Despite the wealth of studies that have phenotypically and molecularly
characterized CD56¢" and CD56%™ NK cells [12], advances in understanding their
physiologic role in health and disease have been limited by the differences of NK cell
markers in mice compared to humans and the diversity of NK cell receptors in the
population, impeding the development of preclinical animal models [13]. In this regard,
fundamental insight was gained through patients with rare NK cell immunodeficiency
syndromes characterized by quantitative (classical) or qualitative NK cell defects



(functional) [14]. In classical NK cell deficiency that is caused by mutations in GATA2,
IRF8, MCM4, or RTEL1, peripheral blood NK cells account for <1% of lymphocytes and
the proportion of NK cell subsets is skewed [15-18]. As an example, in patients with
GATA2 deficiency, the CD56"€" sub-population is virtually absent. But apart from NK
cytopenia, CD56%™NK cells are also functionally impaired in these individuals. This
could be due to a dual functional role of GATAZ2 in both subpopulations or
interdependence of both subsets upon each other for intact cytotoxicity [19]. Functional
NK cell deficiency is caused by biallelic mutations in FCGR34 that encodes CD16 [20,
21]. Patients with the pathognomonic L66H mutation have adequate development and
distribution of NK cell subsets and normal ADCC, yet profoundly impaired natural
cytotoxicity [22]. Because this mutation localizes to the distal Ig-like domain, there is no
interference with binding to the F. portion of IgG antibodies that usually occurs through
the proximal domain. However, the distal Ig-like domain stabilizes CD2 which is an
important co-stimulatory signal for natural cytotoxicity in NK cells. Therefore, patients
with functional NK cell deficiency have intact ADCC, yet impaired natural cytotoxicity
[22]. Despite the molecular differences between the NK cell deficiency syndromes,
affected individuals share an increased susceptibility to life-threatening infections with
cytomegalovirus or herpes viruses that also pose an increased risk for virus-related
malignancies [23].

To date, the largest population-based study that assessed the association of innate
immunity with risk for cancer was conducted in Japan [24]. In a total of 3625 self-
selected individuals who completed a detailed lifestyle questionnaire, cytotoxic activity
of peripheral blood lymphocytes against major histocompatibility complex (MHC) I-
deficient K562, an erythroleukemia cell line, was measured ex vivo, and participants
were followed for 11 years with respect to the occurrence of cancer. Categorized by
tertials, individuals with medium and high cytotoxic activity had a 0.6-fold lower risk for
the development of primary cancers than did those with low cytotoxicity when adjusted
for age and cancer-promoting lifestyle behaviors. Because the cytotoxic activity was
determined in peripheral blood lymphocytes, the investigators conducted a sub-group
analysis with 52 participants to delineate the relative contribution of NK cells in this
process. They demonstrated that low cytotoxic activity of lymphocytes was associated
with decreased numbers of NK cells in the peripheral blood, decreased expression of the
NK cell-specific activation receptor, killer cell lectin-like receptor subfamily B, member
1 (KLRB1), and increased levels of tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFN-y), concluding that NK cells are mainly responsible for ex vivo cytolysis of
K562 in their experiments. Collectively, the clinical hallmarks of NK cell deficiency
syndromes and the findings of this study infer that NK cells are indispensable for the
containment of viral infections and immune surveillance of cancer.

Unlike T cells that gain receptor diversity and specificity through somatic VDJ
rearrangements [25], NK cell diversity is determined by germline-encoded inhibitory and
activating receptors that are expressed in various combinations and in multiple
overlapping NK cell sub-populations [13]. These receptors are highly polymorphic and
engage with cognate ligands in the body and allow the NK cell to select its appropriate
target [26, 27]. Among the NK cell receptor family, CD94-NKG2 receptors and the



killer-cell immunoglobulin-like receptors (KIRs) can recognize “self” by binding to
human leukocyte antigen (HLA) class I molecules with differing affinities [28-30].
Because KIRs and HLAs map to different chromosomes and therefore are inherited
separately, individuals may lack the HLA class I molecule corresponding to a KIR that is
expressed on their own NK cell (autologous KIR-HLA-mismatch) [31]. Nevertheless,
these individuals do not experience autoimmunity due to a complex “licensing” process
that promotes the development of functional and self-tolerating NK cells [32—-34]. In this
process, inhibitory KIRs must engage HLA for the licensing of NK cells to occur.
Conversely, NK cells whose KIRs never interacted with HLA during development
remain in a quiescent unlicensed state, unless this hyporeactivity is later overcome
through the engagement of activating receptors in the periphery. The KIR-HLA-
interaction is regarded as the primary mechanism responsible for NK cell tolerance to
self.

NK cell-mediated cytotoxicity is a tightly regulated process that enables licensed
NK cells to identify and eliminate infected or transformed cells and spare normal tissue,
thereby avoiding the devastating consequences of autoimmunity. Early experiments in
murine models of bone marrow rejection demonstrated that NK cells do not require prior
sensitization but mediate cytotoxicity against target cells that lack MHC class |
expression (“missing self”’) as shown in Figure 1-1 [35, 36]. However, further
investigations have also revealed that the mere absence of MHC class I molecules is
necessary but not sufficient for cytolysis [37]. As such, in cases of f2 microglobulin—
deficiency in mice or TAP—deficiency in humans and mice, NK cells are self-tolerant and
can attenuate their cytotoxic activity [38—41]. Rather, it is understood now that NK cells
induce target cell death based on the balance of inhibitory and activating signals from the
multiple NK cell surface receptors after binding to their ligands [26]. Classic examples of
inhibitory ligands and receptors are listed in Table 1-1 and include HLA class I
molecules Group 1 and Group 2, HLA-Bw4, and the ubiquitously expressed HLA-E for
inhibitory ligands. Activating ligands are HLA class I chain-related (MIC) molecules,
MICA and MICB, and UL16-binding proteins [42—44]. The corresponding NK cell
surface receptors for the above mentioned ligands are KIRs and receptors of the
CDY94/NKG?2 family and KIRs with intracytoplasmic tails that confer NK cell activation
rather than inhibition [26]. Normal healthy cells have a balance of inhibitory and
activating ligands. As such, NK cell-mediated killing occurs when the activating ligand
is up-regulated (“induced self”) or the inhibitory ligand down-regulated (missing self)
[28, 44, 44]. Both mechanisms can be found in cancer. For example, missing self is
thought to occur in a variety of malignancies including neuroblastoma by down-
regulation of HLA class I molecules by which the tumor cell escapes T cell recognition
but may be more susceptible to NK cell-mediated cytotoxicity [45]. In contrast, induced
self is increased after cell damage or stress following chemotherapy or radiation therapy
[46]. Once the NK cell has determined its target, it kills by releasing cytotoxic granules
that contain granzymes and perforin, activating the death-receptor pathways on the target
cell (e.g. TRAIL, Fas), or secreting IFN-y to upregulate MHC class I by activating
JAK/STAT]I signaling as shown in Figure 1-1 [47]. In the clinic, oncologists have tried to
harness the regulatory mechanisms of NK cells for cancer-directed immunotherapy.



Self-recognition = No killing

Missing self = Killing

Induced self = Killing

ADCC = Killing

Figure 1-1. Mechanisms of target cell recognition and elimination by NK cells

Notes: (A) Receptor-ligand interactions are shown that determine the fate of target cells
encountered by NK cells. (B) Mechanisms of NK cell killing. F, fragment, crystallizable;
HLA, human leukocyte antigen; IFN-y, interferon gamma; KIR, killer-cell
immunoglobulin-like receptor; MIC, HLA class I chain-related; NK, natural killer.

Modified with permission from Springer Nature. Nguyen, R, et al. (2018). " The role of
interleukin-2, all-trans retinoic acid, and natural killer cells: surveillance mechanisms in
anti-GD2 antibody therapy in neuroblastoma." Cancer Immunol Immunother 67: 615-26.



Table 1-1. Inhibitory and activating NK cell receptors and cognate ligands

NK cell receptor Target cell ligand Functional role
KIR2DL2/3 (CD158b)  HLA-C, group 1 Inhibitory
(Cwl, Cw3, Cw7, Cw8, Cw9, Cw10,
Cwl2, Cwl4, Cwle6, B46, B73)
KIR2DL1 (CD158a) HLA-C, group 2 Inhibitory
(Cw2, Cw4, Cw5, Cwo, Cwl5, Cwl7,
Cwl18)
KIR3DL1 (CD158el) HLA-Bw4 Inhibitory
(B13, B27, B37, B44, B47, B38, B49,
B51, B52, B53, B57, B58, B59, B63,
B77, A23, A24, A32)
CDY94/NKG2A HLA-E Inhibitory
KIR3DL2 HLA-A3, A1l Inhibitory
CD94/NKG2D MICA, MICB, ULBP16 Activating
NKp44 PCNA Activating
NKp30 BAT-3 Activating
KIR2DS1/2 HLA-C, group 1 and 2 Activating
KIR2DL4 HLA-G Activating
CD94/NKG2C HLA-E Activating

Notes: HLA, human leukocyte antigen; KIR, killer-cell immunoglobulin-like receptors.



Natural Killer cells for cancer-directed therapy

Decades of research have improved our understanding of the interactions between
the immune system and tumors. Consequently, numerous therapeutic advances for adult
cancers have made their way into the clinic in the past 30 years, including interventions
to modulate immune system-mediated ablation of tumor cells with antibodies that target
tumor-specific antigens for ADCC and complement-dependent cytotoxicity [48]. Other
strategies are geared towards chimeric antigen receptor (CAR) T cells [49] and immune
check-point inhibitors to exploit T cell-mediated tumor cell ablation [50]. In addition,
antibodies that abrogate cell receptor signaling (e.g., human epidermal growth factor
receptor 2 [51]) or interfere with the tumor microenvironment (e.g., neutralizing
antibodies against vascular endothelial growth factor [52]) are routinely used to provide
therapeutic benefit.

During tumorigenesis and therapeutic selection pressure, tumor cells adopt
strategies to evade effective host defense by the adaptive and innate immune system [53].
Mechanisms are summarized in Figure 1-2. To escape NK cell-mediated recognition and
killing, classic mechanisms include the upregulation of MHC class I expression and
downregulation of NK cell-activating ligands, such as MICA and MICB [54]. In addition,
tumors can shed soluble MIC factors that disable NKG2D-mediated NK cell recognition,
or they secrete inhibitory cytokines, such as transforming growth factor beta 1 (TGF-1),
that directly inhibit NK cell function [55]. In the context of ADCC, downregulation of the
target epitope can prevent antibody binding [56]. Newer studies have explored the role of
CD155 in immune evasion. CD155, also known as polio virus receptor, is found on
antigen-presenting cells and a variety of adult and pediatric cancers, including high-risk
neuroblastoma, and is correlated with poor prognosis [57]. This molecule serves as a dual
ligand for an activating (CD226) and inhibitory NK cell receptor (T cell immunoglobulin
and immunoreceptor tyrosine-based inhibitory motif domain [TIGIT]) [58]. Despite dual
recognition, the inhibitory signal from TIGIT overrides CD226 signaling and induces
immune tolerance by blocking the PI3K/NF«B pathway [59]. This is because CD226 is
downregulated and internalized after binding to CD155 [60], whereas TIGIT levels are
maintained [61, 62]. TIGIT-blocking antibodies can restore NK cell function and
suppress tumor growth in preclinical models [58]. Therefore, the CD155-TIGIT-axis
constitutes a possible future target for immunotherapeutic development. Aside from
modulating the direct cellular interaction with NK cells, solid tumors may prohibit
homing of NK cells to the tumor microenvironment and support the development of
immunosuppressive tumor stroma [63, 64]. Collectively, approaches to replace
dysfunctional NK cells or restore NK cell function may prove essential to reverse
immune evasion of cancer cells.

The first evidence for the therapeutic benefit of NK cells in cancer was
established in a study of 57 adult patients with acute myeloid leukemia (AML), in which
none of the 20 individuals who received haploidentical progenitor and stem cell
transplantation from a KIR-HLA-mismatched donor experienced disease relapse [65].
Those findings have been replicated in preclinical experiments as well as in adult clinical
trials [66, 67], without causing graft-versus-host disease. This has led to the development



Figure 1-2. Mechanisms of tumor cell detection and evasion to escape NK cell
recognition

Notes: (A) Interactions between NK cell receptors and tumor ligands are shown that lead
to tumor cell recognition by NK cells. (B) Loss of specific receptor-ligand interaction can
result in tumor immune evasion. AB, antibody; GD2, disialoganglioside; HLA, human
leukocyte antigen; IFN-y, interferon gamma; KIR, killer-cell immunoglobulin-like
receptors; MIC, HLA class I chain-related; NK, natural killer; TGF-p, transforming
growth factor beta 1; TIGIT; T cell immunoglobulin and immunoreceptor tyrosine-based
inhibitory motif domain; UL-BP16, UL16-binding proteins.

Sources: Groth A, Kloss S, Pogge von Strandmann E, et al (2011) Mechanisms of Tumor
and Viral Immune Escape from Natural Killer Cell-Mediated Surveillance. J Innate
Immun 3:344-354 [54]. https://doi.org/10.1159/000327014

Groh V, Wu J, Yee C, Spies T (2002) Tumour-derived soluble MIC ligands impair
expression of NKG2D and T-cell activation. Nature 419:734-738 [55].
https://doi.org/10.1038/nature01112
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of two therapeutic approaches to harness the antileukemic effect of alloreactive NK cells
for patients with AML. Patients may receive myeloablative chemotherapy followed by
allogeneic hematopoietic progenitor and stem cell transplantation to induce permanent
engraftment of donor KIR-HLA-mismatched NK cells [65]. Patients may alternatively
receive lympho-depleting chemotherapy followed by adoptive transfer of purified NK
cells from an alloreactive donor, resulting in homeostatic lymphocyte proliferation with
transient donor NK cell expansion in vivo [68—70]. Because the allogeneic donor pool is
limited, and because the donor selection process is very rigorous, there may not be an
allogeneic KIR-HLA-mismatched donor available for all patients. However, due to the
inheritance pattern of HLAs and KIRs, the likelihood of finding a KIR-HLA-mismatch is
greatest among haploidentical donors. Using a haploidentical donor is ideal for pediatric
patients because they are often accompanied by a parent who is commonly willing to
undergo testing and donate NK cells; thus, allowing a timelier intervention.

Pediatric leukemias are the most common childhood malignancies, of which
AML accounts for about 15-20% [71, 72]. Although the survival of children with AML
has significantly improved over the past three decades and now approximates 90% with
chemotherapy alone, one-third of children with AML experience disease relapse despite
risk-adapted intensive multiagent chemotherapy with or without hematopoietic progenitor
and stem cell transplantation [72]. These children have either intermediate or high-risk
cytogenetic features; therefore, regimens are urgently needed to achieve higher cure rates
while limiting therapy-related toxicities for this sub-group of patients. Based on previous
clinical trials [65, 67], adoptive transfer of haploidentical NK cells were tested as a
therapeutic option in a phase I trial in children with AML by Rubnitz ez al. [69]. Ten
patients (4 with low and 6 with intermediate-risk AML) participated in the study, all of
whom were in first complete remission after four or five cycles of standard
chemotherapy. Because previous clinical trials have demonstrated that a non-
myeloablative conditioning regimen facilitates NK cell persistence and expansion in
vivo, children on this study received cyclophosphamide and fludarabine prior to NK cell
infusion [68]. NK cells were isolated from the parental apheresis product in a two-step
purification process consisting of a CD3" T cell depletion followed by a CD56" NK cell
enrichment. Patients were infused with an average of 29 x 10kg NK cells, and all
participants tolerated the NK cell infusion without significant toxicity. In nine of 10
patients, KIR-HLA-mismatched NK cells expanded in vivo over the course of four
weeks of observation. Additionally, all patients remained in complete remission at
approximately 32 months, suggesting that adoptively transferred NK cells from a
haploidentical KIR-HLA-mismatched donor may be beneficial as consolidative
intervention to prolong the event-free survival in children with intermediate-risk AML
[69]. Apart from these encouraging results, several other landmark trials have been
published in adult and pediatric hematological malignancies and solid tumors [73—79].
These studies reported adoptive NK cell infusions to be safe and feasible but clinical
benefit varied among the trials and was inferior in solid tumors than in leukemias [73—
79].

Although several successful immunotherapy trials have been conducted for
pediatric leukemias and lymphomas, far fewer have been completed for pediatric solid



tumors. To date, the most significant immunotherapy study for pediatric solid tumors
investigated the efficacy of anti-disialoganglioside (GD2) antibody, IL-2, and
granulocyte-macrophage colony-stimulating factor (GM-CSF) for neuroblastoma [80].
GD2 is a suitable target for monoclonal antibody therapy because it is abundantly
expressed in most neuroblasts and restricted in normal cells (e.g., peripheral nerves) [81].
Because GD2 is a marker of mature neurons, anti-GD2 antibody is currently administered
in combination with cis-retinoic acid that induces neuronal differentiation [82]. To
enhance the anti-tumor effect, IL-2 and GM-CSF are added simultaneously to this
regimen [83—85]. Neuroblastoma is the most common extracranial solid tumor of
childhood with an incidence of 11 per million children under the age of 15 years [86]. It
is the most common cancer in infants and toddlers, affecting patients at a median age of
17 months. Neuroblastoma is a developmental tumor that originates from primitive cells
of the autonomic system. The heterogeneous biology of this tumor is reflected by
disproportionate survival rates among patients. For example, among children with
disseminated disease (stage 4), infants with stage 4S (special) may have spontaneous
tumor regression and cure rates greater than 90% with very limited medical intervention
[87]. However, infants with MYCN amplification and those aged 18 months or older with
stage 4 disease, irrespective of MYCN status, have dismal survival rates and account for
15% of childhood cancer deaths [88, 89]. These patients are classified as high-risk and
receive multi-modal therapy, consisting of multi-agent chemotherapy, surgery, radiation
therapy, tandem autologous bone marrow transplantation, and immunotherapy in
combination with cis-retinoic acid [80, 90, 91]. The incorporation of immunotherapy into
the standard of care for high-risk neuroblastoma occurred after Yu et al. reported in their
landmark article that children who received immunotherapy with cis-retinoic acid had a
20% 2-year event-free survival benefit compared to patients treated with cis-retinoic acid
alone [80]. Children enrolled on this trial had completed induction chemotherapy,
surgery, radiation therapy, and consolidation therapy before being randomized to the
respective therapy arm for maintenance treatment. Despite this achievement, one third of
children still experience treatment failure within the first two years of intervention and/or
are unable to tolerate anti-GD2 antibody and IL 2-related side effects, respectively. Most
common toxicities are antibody-induced neuropathy and systemic inflammatory response
syndrome-like reactions due to IL-2 [80, 92]. The need for optimization of immune-
related therapeutic modalities is therefore crucial to overcome such toxicities, while
maximizing disease response and survival. In an attempt to do so, clinicians have tried to
engage immune surveillance and ADCC of NK cell killing by administering anti-GD2
antibody with an NK cell infusion from a haploidentical KIR—-HLA-mismatched donor
[93]. However, the cellular mechanisms of intervention-augmented ADCC are not fully
understood, although they may directly affect treatment. For example, insight into the
relative contribution of ADCC versus NK cell surveillance could determine whether and
when adoptive transfer of NK cells is useful during treatment. In addition, although IL-2
activates NK cells and leads to more effective ADCC in preclinical testing [83], it
remains unclear if continuous exposure to IL-2 is necessary to maintain this effect in
immunotherapy for neuroblastoma. More knowledge in this regard may help define
criteria for donor selection and help better understand the differential and combined
effects of IL-2, retinoic acid, and anti-GD2 antibody in ADCC.
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Preclinical Animal Models for Immunotherapy Testing

In contrast to adult oncology, a relatively small number of children are diagnosed
each year with pediatric malignancies and available to participate in clinical research
[86]. But despite the highly effective infrastructure of clinical trials, conducting clinical
studies in pediatric oncology has been inherently challenging because of low disease
incidence, insufficient preclinical testing programs, and different perspectives on therapy
success (i.e., striving for cure versus prolonged survival). The heterogeneous clinical
behavior of the various disease entities adds yet another layer of complexity. In this
context, preclinical animal models have become indispensable for advancing our
understanding of the underlying biology and for drug development. However, due to
genetic, molecular, and immunologic differences between mice and humans, these
models have intrinsic limitations to reliably translate findings and predict outcomes in
future human clinical trials [94]. For example, mouse models commonly replicate certain
pathologic processes but fail to recapitulate the global spectrum of physiologic changes
with therapeutic intervention [95]. Because negative findings often remain unreported,
preclinical studies may overestimate actual response rates in humans by about 30% [96,
97]. Consequentially, only a third of compounds tested in preclinical in vivo studies
advance into human trials, of which as little as 8% of compounds successfully complete
phase I testing [98]. Importantly, the interspecies differences may also mask the
occurrence of potential side effect. For example, Melanoma-associated antigen 3
(MAGE-A3)/HLA-AT1 T cell receptor (TCR) gene-engineered T cells caused cardiogenic
shock and death in two adult patients with multiple myeloma and metastatic melanoma
within two weeks of cellular infusion [99, 100]. Autopsy revealed extensive cardiac T-
cell infiltrate and diffuse myocyte necrosis, and death was attributed to cardiotoxicity in
these cases. MAGE-A3 is not expressed in myocytes but detailed studies in the laboratory
with contracting live myocytes in culture identified cross-reactivity of the MAGE-A3
TCR with the unrelated muscle-specific protein, Titin, that was not apparent in preclinical
testing [101]. Collectively, understanding the limitations of preclinical animal modeling
is critical to design preclinical experiments, interpret research findings, and translate
discoveries into the clinic.

Mouse models for preclinical testing of cancer immunotherapies have complex
variables that require thoughtful consideration during the process of experimental design.
These variables are summarized in Figure 1-3 by the example of neuroblastoma. In
general, murine models are divided into syngeneic and partially of fully xenogeneic
transplantation models. When humanizing animals for experimental purposes, it is
important to understand that the immunological response in mice may not occur in the
same way in humans. For example, CmvI, a susceptibility locus for cytomegalovirus
infection, encodes the Ly49 family of proteins that are expressed on murine NK and NKT
cells. They serve as inhibitory receptors for MHC I molecules but do not exist in humans
[102]. Instead, KIRs fulfill an equivalent role but are structurally divergent from the Ly49
family. As such, the extracellular domain of KIRs contains immunoglobulin rather than
C-type lectin domains. Similarly, the ligands for NKG2D in humans (MICA, MICB, and
UL16-binding proteins) are replaced by H-60 and Raelf} in mice [43, 102]. The
physiological significance of these interspecies differences in NK cell response to
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cytomegalovirus infection is not fully understood but may apply in similar ways to tumor
surveillance.

Patient-derived xenografts (PDXs) have become a useful tool for preclinical
testing because the tumor histology and microenvironment of engrafted PDXs more
closely resemble that of human tumors than immortalized cell lines [103]. In addition,
PDXs maintain genetic characteristics that are consistent with the genetic landscape of
primary tumors. Pediatric PDX models have been used for drug discovery and
development based on which successful clinical trials have been launched [104].
Integrating PDXs in mouse models of immunotherapy requires replacement of the murine
immune system with human cells. This can be achieved by transplanting human
hematopoietic progenitor and stem cells that will give rise to human effector cells [105,
106], or by adoptively transferring mature effector cells to humanize the animal [107].
Alternative ways to link the mouse and human system is by using a murine antibody that
can recognize the epitope on the human tumor but allows the F. portion of the antibody to
interact with murine effector cells. The sources of donor-unrelated CD34" hematopoietic
stem and progenitor cells are umbilical cord blood [108, 109], human bone marrow [110],
human peripheral blood [111], or fetal liver [110]. For successful reconstitution, recipient
mice must be immunocompromised and undergo a conditioning regimen to further
lympho-deplete the animals and make space for the donor cells to engraft. Thus, transfer
of human CD34" cells into irradiated Rag2™"/II2Ry.™" (RG) or NOD/scid/lI2Ry.™"
(NSG) pups supports the basic development of human immune cells [111]. However, due
to poor inter-species cross-reactivity of mouse and human cytokines, the composition of
engrafted CD45" immune cells usually lacks functional NK and CD8" T cells and has
insufficient amounts of granulocytes and monocytes/macrophages [112]. Researchers
have tried to address this problem by creating transgenic mice that physiologically
express human cytokines under the respective murine promotor. For example,
transplanted SY™RG-15"™ mice that express human IL-15 and signal regulatory protein
alpha (SIRPA) on an RG background have higher numbers of functional circulating and
tissue-resident human NK and CD8" T cells compared to NSG mice [112]. Importantly,
these immune cells can perform tumor surveillance and mount an appropriate response to
infection. The NSG-Tg(CMV-IL3,CSF2,KITLG) (SGM-3) mouse contains the three co-
injected transgenes, /L3, CSF2, and SCF under a cytomegalovirus promoter/enhancer
sequence that render the hematopoietic progenitor and stem cells capable of engrafting
without the need for irradiation and support hematopoiesis of innate immunity [113, 114].
Specifically, transplanted NSG-SGM-3 mice have proportionally higher amounts of
CD33" myeloid cells than control NSG mice. Due to the unique cytokine environment,
primary AML PDXs reportedly engraft in these animals as well. Lastly, M-CSF" [L-
3/GM-CSF" SIRPAM™ TPOM® Rag2™/112Ry.™" (MISTRG) mice are a humanized mouse
strain that foster a cytokine environment supportive of the development of human
myeloid cells, functional NK cells, granulocytes, and dendritic cells [115].

Humanized mice that reconstituted their human immune system from CD34"
hematopoietic progenitor and stem cells should not develop xenogeneic graft-versus-host
disease (GVHD) in the absence of human thymus. Xenogeneic GVHD is a T cell-
mediated process, whereby human donor T cells attack murine cells due to HLA
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mismatch [116]. However, in xenograft models that lack human thymus, T cell education
takes place in the mouse thymus, resulting in a T cell tolerant to mouse MHC but
simultaneously incapable of mounting a human HLA-restricted immune response. This is
problematic if the study of T cells in the context of tumor immunology is desired. To
overcome this hurdle, human CD34" cells were injected into NSG recipient mice and
human fetal thymus and liver tissue were implanted under the kidney capsule of the
animals [117]. These bone marrow-liver-thymus (BLT) mice supported the long-term
reconstitution of an almost complete human immune system that includes immune
competent T cells, B cells, NK cells, dendritic cells, and macrophages. However, only a
few research programs have the privilege of utilizing BLT mice for their research due to
the scarce availability of fetal donor tissue and the logistic and regulatory hurdles in
obtaining such tissues.

NK cells that differentiate from human CD34" cells in mice and express mature
NK cell receptors can reject human tumor. This is because the allogeneic hematopoietic
stem and progenitor cell donor may be KIR-HLA-mismatched to the tumor which can
trigger a rejection-type immune response [28, 31]. In this case, the use of effector cells
from the same patient who donated the tumor constitutes an alternative way to engraft the
mice with tumor-matched effector cells. Although peripheral blood mononuclear cells
(PBMCs) are the easiest way to obtain such cells, differentiation and large-scale
expansion of NK cells from CD34" hematopoietic stem and progenitor cells may yield a
larger amount of NK cells for preclinical testing, especially when dealing with pediatric
patients who in some cases are too small to donate larger amounts of blood for
experimental purposes [118, 119]. In the future, further advances in science may allow
the ex vivo generation of hematopoietic stem cells from renewable sources, such as
tumor-matched patient-derived induced pluripotent stem cells. As for now though, the
use of allogeneic donors will remain the mainstay for humanized transplantation and
tumor models of immunotherapy.

The ability to predict the pharmacokinetics of a drug prior to first-in-human
studies is critical to advance passed phase I clinical trials [98]. Therefore, preclinical
pharmacokinetic studies are conducted in the process of drug discovery and development
to ensure that patient-equivalent doses are tested in the laboratory and that respective
response rates can be later reproduced in clinical trials with physiologically achievable
drug concentrations. Preclinical testing of monoclonal antibodies in mice bears the risk of
low antigen sequence homology, differing binding affinity to the neonatal F. receptor
(FcRn), and lack of cross-reactivity with healthy tissue when compared to humans. This
does not only affect the antibody clearance and efficacy but also potentially masks off-
target effects that later become apparent in humans [120—-122]. Due to their large size and
specific binding properties, monoclonal antibodies generally have a long half-life and are
eliminated by means of two major routes [123]. The first order clearance occurs through
endocytosis and resembles linear IgG clearance. In this process, the monoclonal antibody
is endocytosed and undergoes intracellular proteolytic degradation via the ubiquitin-
proteasome pathway. FcRn prevents IgG and IgG-based antibodies from rapid
intracellular catabolism and is the reason for the long half-life of these proteins. The
second order pathway is non-linear and target-mediated. Following specific binding of
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the monoclonal antibody to its pharmacological target, the antibody-antigen complex is
internalized for lysosomal degradation. Unlike the first order pathway, this route of
catabolism saturates easily and is subject to antibody concentration and distribution,
epitope expression, and rate of internalization. Lastly, it is important to acknowledge that
the tissue and tumor distribution of monoclonal antibodies is very slow because it occurs
through the process of diffusion. Altogether, preclinical testing of monoclonal antibody
therapy is inherently complicated due to tissue-dependent clearance mechanisms. With
the occurrence of novel Fc-fusion proteins, antibody-drug conjugates as well as bispecific
antibodies, deeper knowledge of the pharmacokinetic properties of these proteins will
allow more accurate translation of research findings.

Specific Aims

NK cells are known to play an important role in the natural defense against viral
infections and elimination of transformed cells. Through complex interactions between
NK cell receptors and target cell ligands, pathologic target cells are identified and rapidly
eliminated. In pediatric oncology, NK cells have been used for for AML-directed therapy
or to treat neuroblastoma. However, the cellular mechanisms in this process are not fully
understood. Hence, the first objective of this dissertation work was to elucidate the
cellular processes underlying ADCC in neuroblastoma. The second objective was to
develop a humanized mouse model and validate its use for preclinical immunotherapy
testing. The third objective aimed at relating preclinical findings to correlative biology
studies in children with AML and neuroblastoma. I accomplished these objectives
through the following specific aims:

Objective 1: To elucidate the cellular mechanism underlying ADCC in
neuroblastoma

Sub aim 1-1: To distinguish the relative contribution of IL-2—augmented ADCC or NK
cell-mediated natural cytotoxicity to neuroblastoma cell death

Sub aim 1-2: To compare the effect of IL-15 with IL-2 to enhance ADCC in
neuroblastoma

Objective 2: To develop a humanized mouse model and validate its use for
preclinical immunotherapy testing
Sub aim 2-1: To characterize human NK cells in a novel humanized tumor mouse model

Sub aim 2-2: To describe the anti-tumor response to chemoimmunotherapy in a
humanized tumor mouse model
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Objective 3: To relate preclinical findings to correlative biology studies in children
with AML and neuroblastoma

Sub aim 3-1: To determine the efficacy of haploidentical KIR-HLA mismatched NK
cells for consolidative therapy in a phase II study of children with
intermediate-risk AML

Sub aim 3-2: To examine the quantitative and qualitative changes of NK cells in children
with neuroblastoma before and during chemoimmunotherapy
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CHAPTER 2. METHODOLOGY!

Tumor Cells

Neuroblastoma cell lines were maintained in Roswell Park Memorial Institute
1640 medium (Lonza, Walkersville, MD; CHLA90, NBLS, SK-N-BE2, SK-N-JCI, SK-
N-MM), Dulbecco’s modified eagle medium (Lonza; NB-1691, SK-N-AS, SK-N-FI),
Eagle’s minimum essential medium (EMEM; American Type Culture Collection
[ATCC], Manassas, VA; IMR32, SK-N-SH), and EMEM/Kaighn’s modification of
Ham’s F12 media (ATCC; SH-SYS5Y) supplemented with 10% heat-inactivated fetal
bovine serum (Biowest, Kansas City, MO), 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 2 mM L-glutamine if base medium did not contain L-glutamine (all
Gibco media, Grand Island, NY). The PDX lines SINBL108 X, SINBL047443 X, and
SINBL013761 X1 were grown orthotopically in CD1-FoxnI™ immunodeficient mice
(Charles River Laboratories, Wilmington, MA) and approved by the IACUC of St. Jude
Children’s Research Hospital. Palpable tumors were harvested and further processed into
single-cell suspensions for ex vivo plating, as previously described.

Animals

CD1-FoxnI™ mice were used for propagation of PDXs and in vivo cytokine
studies. NSG and MISTRG mice (both Jackson Laboratory, Bar Harbor, ME) served as
animal strains for transplantation experiments with human effector and tumor cells. NSG
mice were used for antibody saturation studies.

NK Cell Preparation and Isolation

NK cells from residual peripheral whole blood were collected from heparinized
apheresis rings obtained from healthy de-identified blood donors. Each experiment in
culture was performed with a new donor. Each mouse experiment that required NK cells
for adoptive transfer was performed with one donor whose NK cells were frozen in small
aliquots and thawed as needed. PBMCs were isolated via density-gradient centrifugation
(GE Healthcare Ficoll-Paque PLUS, Marlborough, MA), and red blood cells were
removed with lysis buffer (Qiagen, Hamburg, Germany). NK cells were isolated with
RosetteSep Human NK Cell Enrichment Cocktail (Stem Cell Technologies, Cambridge,

! Portions of chapter from previously published article; final submission modified with permission of
Springer Nature. Nguyen R, Houston J, Chan WK, et al. (2018) The role of interleukin-2, all-trans retinoic
acid, and natural killer cells: surveillance mechanisms in anti-GD2 antibody therapy in neuroblastoma.
Cancer Immunol Immunother, 67: 615-26 [134]. https://doi.org/10.1007/s00262-017-2108-6.

Portions of chapter from final submission modified with open access permission from Springer Nature.
Nguyen R, Wu H, Pounds S, et al. (2019) A phase II clinical trial of adoptive transfer of haploidentical
natural killer cells for consolidation therapy of pediatric acute myeloid leukemia. J. Immunother. Cancer. In
press. Authors retain the copyright.
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MA) and human MACSxpress NK Cell Isolation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). IL-2 and IL-15 were provided by the Biological Resource Branch
at the National Cancer Institute for preactivation of NK cells.

Hematopoietic Stem and Progenitor Cells

CD34" hematopoietic stem and progenitor cells were isolated from commercially
available apheresis products from granulocyte colony-stimulating factor (G-CSF)
mobilized healthy adult donors using the CliniMACS system (Miltenyi) and provided by
Dr. Mitchell J. Weiss at St. Jude Children’s Research Hospital.

Transplantation Procedures

For bone marrow transplantation procedures in newborn mice, pups were exposed
to sub-lethal irradiation (X-ray irradiation with Cesium irradiator) with 1 x 100 cGy
(NSG) or 1 x 150 cGy (MISTRG) within the first two days of life and subsequently,
100,000 CD34" cells in 10 pl of phosphate-buffered saline (PBS) were injected into the
liver with a 30-gauge needle (Hamilton Company, Reno, NV). For bone marrow
transplantation in adult mice, 4—6-week-old animals underwent irradiation with 1 x 100
cGy (NSG) or 1 x 250 ¢Gy (MISTRG). Then, 100,000 CD34" cells in 200 ul of PBS
were injected intraperitoneally with a 27-gauge hubless tuberculin syringe (Becton
Dickinson, Franklin Lakes, NJ). Transplanted mice were bled 7-9 weeks later and the
levels of human CD45" cells was measured in the peripheral blood by flow cytometry
and calculated as engraftment (%) = (CD45" cells/[CD45" cells + Cd45" cells]). PDX
was resuspended as a single-cell solution in Matrigel (Corning Inc., Corning, NY) at a
concentration of 10,000 cells/ul. Under ultrasound guidance, mice were injected with 10
ul in the paraadrenal region at 5—6 weeks of life. Animals who underwent adult bone
marrow transplantation had a 72-hour recovery period in between procedures. Male or
female animals with tumor measuring >10 mm? by ultrasound were separated randomly
into the experimental groups. All animal experimentations were performed in compliance
with the IACUC of St. Jude Children’s Research Hospital.

Monoclonal Therapeutic Antibodies

The anti-GD2 antibody Hul14.18K322A was provided to St. Jude Children’s
Research Hospital and Children’s GMP, LLC (Memphis, TN) by Merck Serono
(Darmstadt, Germany) and was manufactured by Children’s GMP, LLC. Hul4.18K322A
was used in all in vivo and in vitro experiments with human neuroblastoma and NK cells.
For experiments with murine effector cells and human neuroblastoma cells, the
monoclonal antibody 14.G2a provided by the Biological Resource Branch at the National
Cancer Institute was used instead. The anti-HLA antibody W6/32 (Biolegend, San Diego,
CA) recognizes a monomorphic epitope on the 45 kDa polypeptide products of HLA-A, -
B, and -C and was used at a concentration of 1.5 pg/mL to block HLA.
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ADCC and NK Cytotoxicity Assays and Confluence Analysis

For the ADCC and NK cytotoxicity assays, neuroblastoma cells were cultured on
96-well flat-bottom plates (Corning Inc.) at 37° in 5% CO?2 incubators. The effector cell-
to-target cell (E:T) ratio was determined by performing a semiautomated nuclear cell
count after 4',6-diamidino-2-phenylindole (DAPI) stain with Fiji (Curtis Rueden and
Image J, Madison, WI) and manual count of neuroblastoma cells. To induce ADCC,
different dilutions of Hul4.18K322A were added to the culture wells one hour prior to
co-incubating effector cells with tumor cells. NK cytotoxicity assays were performed
with effector cells and target tumor cells using the conditions and quantification
described above for the ADCC assay; however, no Hul4.18K322A was added. Calcein-
AM (Thermo Fisher, Waltham, MA) was used at a concentration of 2 nM to perform
live-cell staining. Images of calcein-AM-stained cells were acquired with a C2 Nikon
confocal microscope (Nikon, Melville, NY). Images were further processed with the Fiji
plugin Trainable Weka Segmentation that combines machine-learning algorithms with
selected image features to conduct pixel-based segmentations. Segmented areas were
quantified and represented confluence. Specific lysis was calculated with the following
formula: specific lysis (%) = (1 — (confluence untreated — confluence treated)/confluence
untreated) x 100. For ADCC assays with PDXs, the CellTiter-Glo luminescent cell
viability assay (Promega, Madison, WI) was used to quantify specific lysis. To determine
the NK cell-mediated cytotoxicity of peripheral blood NK cells from patients, NK cells
were co-cultured with yellow fluorescent protein-expressing K562 for four hours. The
E:T ratio was 5—1. At the end of the incubation time, residual tumor cells were
quantitated by flow cytometry and results were normalized with particles for absolute cell
counting (Spherotech, Lake Forest, IL).

CD107a Degranulation Assay

NK cells were incubated with neuroblastoma cells, in addition to anti-CD107a
antibody (clone H4A3, Biolegend). After one hour, GolgiStop solution (BD Biosciences,
San Jose, CA) was added, and cells were incubated for another three hours before
staining for flow cytometry analysis.

Sphere Formation and Infiltration Assay

Yellow fluorescent protein-expressing PDX were processed into a single-cell
suspension and resuspended in Dulbecco’s modified eagle medium (Lonza)
supplemented with 10% heat-inactivated fetal bovine serum (Biowest, Kansas City, MO),
100 IU/mL penicillin, 100 pg/mL streptomycin, and 10 uM rho kinase pathway inhibitor
Y-27632 (Stemcell Technologies). Tumor cells were plated at a density of 50,000 cells
per well into a 96-well low-attachment plate, spun down at 100 RCF for five minutes,
and maintained at 37° in 5% CO2 incubators. On day 3 after plating, when spheroid
formation had occurred, single spheres were transferred into a 24-well plate and cultured
for another 24—48 hours before using them for infiltration assays. To determine NK cell
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infiltration into the spheres, NK cells were first labeled with CellTracker™ Orange
(Thermo Fisher Scientific) as directed by the manufacturer’s instructions. Then, 100,000
NK cells were co-incubated with spheres for 12 hours. Spheroids were washed in PBS,
fixed in paraformaldehyde (4% in PBS) for two hours, washed again, and placed in 30%
sucrose in PBS before proceeding with cryosectioning. Cryosections were stained with
DAPI and imaged with a C2 Nikon confocal microscope (Nikon). Tumor-infiltrating NK
cells were counted manually on each section and results were normalized by the
sectioned area of tumor.

Differentiation Assay

To induce neuronal differentiation, neuroblastoma cells were incubated with 10
uM all-trans retinoic acid (ATRA; Sigma Aldrich, St. Louis, MO) for 72 h.

Bulk RNA Sequencing

Trizol (Invitrogen, Carlsbad, CA) RNA extraction was used to isolate total RNA,
which was prepared by TruSeq and sequenced with an Illumina HiSeq 2500 (San Diego,
CA). Resultant stranded paired-end 100-bp sequences were mapped to the hgl9 reference
genome with the STRONGARM pipeline and counted with HTSeq (Simon Anders and
EMBL Heidelberg, Germany). Fragments per kilobase of transcript per million mapped
reads were calculated and then log2-transformed after the addition of a small variance
stabilizing bias of 2 and logFC calculated for the ATRA treatment within each cell line.
Differential gene expression was defined as fold change of > 2 or <0.5.

Single-Cell RNA Sequencing Data Processing and Analysis

Approximately 10,000 FACS-purified CD45" CD56" CD3™ NK cells (> 90%
viability) were combined into droplets with barcoded beads by using the Chromium
single-cell gene expression platform (10x Genomics) with the Chromium controller. The
barcoded libraries were generated according to manufacturer specifications. The
individual samples were sequenced to an average depth of 250,000,000 reads with an
Illumina Hiseq sequencer.

CellRanger software (v1.3.1) was used to align raw FASTQ files with the
GRch38 genome (http://cf.10xgenomics.com/supp/cell-exp/refdata-cellranger-GRCh38-
1.2.0.tar.gz) and to generate a raw digital gene expression matrix (unique molecular
identifier counts/gene per cell). For comparison among MISTRG, patient, and healthy
control NK cells, the respective samples were pooled with the CellRanger aggregate
function and analyzed individually. The data were filtered in R (https://www.R-
project.org/) with Seurat v3 [124]. The initial quality control step removed genes that
were detected in less than 50 cells (unique molecular identifier count > 0). The cells were
filtered out if they contained a small library size (< 200 gene counts) with a
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mitochondrial-to-genome transcript ratio of greater than 0.5. Cells with a high gene count
(> 2,500) were also removed. Cell cycle or mitochondrial regression was not performed.
Data were normalized and scaled before further analysis. Unsupervised hierarchical
clustering was performed with the FindClusters function by using Seurat v3. Principal
component analysis was used to reduce the number of dimensions, and the number of
used components was selected based on the elbow of a scree plot. T-distributed stochastic
neighbor embedding of the principal components was applied for two-dimensional
visualization. Upregulated markers were identified with the FindMarkers function in
Seurat with an adjusted P value < 0.05. Known NK cell subsets were assigned to the
respective cluster according to previously published transcriptional signatures [125].
Other contaminating cell types were identified with MS4A7 (i.e., macrophages) and
CD79A (i.e., B cells). Functional annotations of the most differentially expressed genes
were retrieved from public databases (Uniprot and Genecards). Gene Ontology
enrichment analysis was performed with the top 20 upregulated genes for each cluster.
Scores were calculated with a threshold of significance of 0.05 and plotted as -log10 of
the P value according to Benjamini and Hochberg correction (http://geneontology.org/).

HLA Genotyping and Definition of KIR-HLA Mismatch

All neuroblastoma cell lines used in this work were HLA-genotyped and
expression was confirmed by flow cytometry. CD158a (2DL1) was defined to be specific
for HLA-C allotypes with lysine at position 80 (HLA-CLys80), CD158b1/b2
(2DL2/2DL3) to be specific for B*4601 and HLA-C allotypes with asparagine at position
80 (HLA-CAsn80), and CD158el (3DL1) to be specific for HLA-B allotypes expressing
the Bw4 epitope (HLA-Bw4).

Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS)

Expression of KIRs was determined by flow cytometry. The following antibodies
were used: CD158a (clone 143211; R&D systems, Minneapolis, MN), CD158b1/2
(DX27; Biolegend), CD158el (DX9; Biolegend), and CD159a (REA110; Miltenyi
Biotec). For analysis, CD3™ (UCHT1) and CD56" NK cells (NCAM16.2; BD) were
gated. KIR phenotype analysis was conducted with WinList, v9.0 (Verity Software
House, Topsham, ME). For analysis of expression of natural cytotoxicity receptors and
NKG2D, the following antibodies were used: NKp30 (p30-15), NKp44 (P44-8), NKp46
(9E2), and NK cell G2D (1D11; all Biolegend). HLA status was recognized by W6/32
(Biolegend). For phenotypic analysis of murine immune cells, the following antibodies
were used: Cdl1c (N418), Cd49b (DXS5), Ly-6C (1A8), Ly-6G (HK1.4), MHC II
(M5/114.15.2; all Biolegend), B220 (RA3-6B2; Tonbo Bioscience, San Diego, CA),
Cd45 (30-F11), Cd11b (M1/70), Cd27 (LG 3A10; all BD Biosciences, San Jose, CA).
For blocking, the purified human FcR binding inhibitor (Thermo Fisher) and anti-mouse
CD16/CD32 (2.4G2; Tonbo Bioscience, San Diego, CA) were used.
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Preclinical Immunotherapy Testing In Vivo

All in vivo testing was performed with tumor-bearing mice whose tumor volume
measured >10 mm? by ultrasound (established tumor model). Animals were then
randomized to respective therapy groups. Across all experiments, chemotherapy was
given during week 1 of each cycle and consisted of daily intraperitoneal irinotecan (1.6
mg/kg) and oral temozolomide (16.5 mg/kg) for five days. The immunotherapy regimen
in experiments utilizing MISTRG mice after hematopoietic progenitor cell
transplantation or adoptive NK cell transfer was administered on week 2 of each cycle
and comprised of daily Hul4.18K322A (100 pg per animal per day) via tail vein and
daily intraperitoneal recombinant human IL-2 (10,000 IU per animal per day) for five
days.

To test the efficacy of IL-15/IL-15 receptor a-subunit (IL-15Ra) complex in
CD1-FoxnI™ mice, animals were randomized to four treatment groups: chemotherapy
alone (group 1); chemotherapy followed by anti-GD2 antibody and GM-CSF (group 2);
chemotherapy followed by anti-GD2 antibody, GM-CSF, and IL-2 (group 3);
chemotherapy followed by anti-GD2 antibody, GM-CSF, and IL-15/IL-15Ra-complex
(group 4). Precomplexing of IL-15/IL-15Ra was performed with recombinant mouse IL-
15 (Peprotech, Rocky Hill, NJ) and mouse IL-15Ra Fc chimera (R&D) as such that 2.5
ug of [L-15 and 12 ug of IL-15Ra were incubated at room temperature for 30 min to form
the complex. The IL-15/IL-15Ra-complex was administered intraperitoneally to group 4
mice on day 1 of week 2 of treatment together with 50 ug /kg/day of intraperitoneal GM-
CSF. Mice that were randomized to group 3 were given daily 10,000 IU of recombinant
mouse IL-2 (Peprotech) intraperitoneally and daily GM-CSF for five days of week 2.
Animals assigned to group 2 received daily GM-CSF. All animals in group 2, 3, and 4
received 100 ug of 14G2a anti-GD2 antibody on day 2—5 of week 2. Each therapy cycle
lasted for three weeks and a total of two cycles were administered to animals.

GD2 Detection in Tumor Tissue

NSG animals were injected via tail vein with 4 ng/kg Hul4.18K322A. Animals
were sacrificed at pre-determined time points and perfused with PBS. Tumor tissue was
removed and mechanically processed through a 40-micron cell strainer (Becton Dickson).
The single-cell suspension was counterstained with an anti-human IgG F. antibody
(HP6017; Biolegend) and then analyzed by flowcytometry.

Patient Enrollment Criteria for NB2012 Study

All patients with neuroblastoma that were examined in this work were enrolled in
an institutional phase II trial (NCT01857934). The study was approved by the
institutional review board, and informed consent was obtained from parents or guardians,
and assent from the patients, as appropriate.
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NK Cell Collection and Treatment Regimen of the NB2012 Study

Children with newly-diagnosed, high-risk neuroblastoma were enrolled to receive
induction chemotherapy identical to that described in the ANBLO0532 trial combined with
Hul4.18K322A (40 mg/m?; days 2—5), subcutaneous IL-2 (1 x 10 units/m?; days 6, 8,
10, 12, 14, and 16), and daily subcutaneous GM-CSF (250 pug/m?; day 7 until neutrophil
count > 2,000 mm3). The consolidation regimen consisted of myeloablative busulfan and
melphalan, followed by autologous hematopoietic progenitor cell infusion. During
consolidation, consenting patients received haploidentical CD56" CD3" NK cells purified
in a two-step procedure with the CliniMACS system (Miltenyi Biotec) as preciously
described. NK cells were infused any time between day 2 to 5 after autologous
hematopoietic progenitor cell infusion and four additional doses of immunotherapy with
daily intravenous GM-CSF (250 ng/m2; beginning day 10 after NK cell infusion until
neutrophil count > 2,000 mm3). Maintenance therapy was administered as described in
the ANBLO0032 trial with Hul4.18K322A substituting ch14.18. Patients were stratified
according to the International Criteria for Neuroblastoma Response into responders (i.e.,
complete, very good partial, and partial response) and those with stable disease at the
time of completion of two induction therapy courses. There were no patients with
progressive disease.

Correlative Biology Studies on the NB2012 Study

Peripheral blood NK cell phenotyping was performed on days 0, 7, and 21 of
induction courses 1, 3, and 4; 7 and 21 days after haploidentical NK cell infusion during
consolidation; and before maintenance therapy courses 1, 3, and 6 by flow cytometric
analyses of cell surface receptor expression. Prior and following each course of therapy,
NK cells were isolated from the peripheral blood as described above and cultured for 12—
18 hours in media alone or supplemented with IL-2 (50 U/mL) or IL-15 (10 or 1 ng/mL).
Cultured NK cells were then subjected to a K562 kill assay to determine NK cell—-
mediated cytotoxicity.

Patient and Donor Enrollment Criteria for AML-NK Trial

Children with intermediate-risk AML who were in first complete remission after
completion of four or five courses of chemotherapy as part of the randomized controlled
phase III clinical trial (NCT00703820) and who had a KIR—HLA-mismatched parent
were eligible for adoptive transfer of haploidentical NK cells. No other criteria were
considered for eligibility. Intermediate risk was defined by (1) presence of core binding
factor leukemia with minimal residual disease of > 0.1% but <5% on Day 22 of therapy
or rising levels of fusion transcript, (2) presence of FLT3-ITD fusion and negative
minimal residual disease on Day 22 of therapy, or (3) absence of low-risk or high-risk
features as previously defined. HLA and KIR genotyping, was performed for every
patient and donor in a laboratory at St. Jude Children’s Research Hospital. Potential
donors underwent clearance procedures to determine eligibility. The study was approved
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by the institutional review board of St. Jude Children’s Research Hospital, and informed
consent was obtained from parents or guardians, and assent from the patients, as
appropriate. Patients were monitored for 4five days after NK cell infusion for absolute
neutrophil (> 500 cells/uL and rising) and platelet count recovery (> 20,000 cells/uL and
rising), graft-versus-host disease, and adverse events > grade 3. Patients with
intermediate-risk AML who did not receive NK therapy but had completed at least four
courses of chemotherapy as part of the randomized controlled phase III clinical trial
(NCT00703820) were used as control cohort for survival analysis.

NK Cell Collection and Treatment Regimen of the AML-NK Trial

Patients with rising absolute neutrophil counts > 300/uL and platelet counts
>30,000/uL received the following conditioning regimen: Cyclophosphamide (60
mg/kg) was intravenously (IV) administered on Day —7, and fludarabine (25 mg/m? per
day) was IV administered on Days —6 through —2. Patients received interleukin-2 (1 %
106 units/m?) subcutaneously on Days —1, 1, 3, 5, 7, and 9. Donors underwent apheresis
on Day —1, and mononuclear cells were purified in a two-step procedure for CD56"/CD3~
NK cells with the CliniMACS system (Miltenyi Biotec) as preciously described, allowing
for a CD567/CD3" cell dose of <0.05 x 10° cells/kg. Purified, unmanipulated NK cells
were infused on Day 0 at a desired dose of >2 x 10° CD56"/CD3~ NK cells/kg recipient
body weight.

Correlative Biology Studies on the AML-NK Trial

NK cell chimerism and phenotyping from peripheral blood were performed on
Days 7, 14, 21, and 28 after NK cell infusion. While blood for phenotype analysis was
collected on time, there was up to a 48-hour deviation from these time points when blood
was sampled for NK cell chimerism studies due to clinical care considerations (e.g.
maximum blood draw limit). Chimerism studies of NK cells purified by fluorescence-
activated cell sorting were performed by standard variable number tandem repeats
techniques. NK cell phenotyping was determined by flow cytometric measurement of cell
surface receptor expression and antibodies are listed above. Alloreactive NK cells were
defined as the fraction of CD56"/CD3" cells that expressed the HLA-mismatched KIR by
flow cytometry analysis but was negative for the NKG2A and KIRs corresponding with
patient expressed HLAs. A rise in donor NK cell chimerism or KIR-HLA mismatched
NK cell number after Day 7 was defined as NK cell expansion.
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Statistical Analysis

Objective 1

Student’s paired t test, one-way ANOVA, and multiple regression analysis were
used to calculate statistical significance between groups (defined as P < 0.05). All
analyses were conducted with JMP Pro 12 (SAS Institute Inc., Cary, NC).

Objective 2

I applied D’ Agostino-Pearson omnibus and Shapiro-Wilk normality tests to test
all data for normal distribution of variables. I compared normally distributed groups with
the two-tailed Student’s t test for paired and unpaired data (two groups) and the one-way
analysis of variance and Tukey’s multiple comparison for post-hoc analysis (multiple
groups). If data was not normally distributed, I applied the unpaired Mann-Whitney test
(two groups) and the unpaired Kruskal-Wallis test with Dunn’s multiple comparison
(multiple groups). Parametric Pearson test was used for correlation analysis. All
statistical analyses were performed with GraphPad Prism 8. A P value < 0.05 was
considered statistically significant.

Objective 3 (AML study)

Summary statistics were used to report clinical information. Both trend effects
and time points difference in mean white blood cell and NK cell counts over time were
examined by using linear mixed-effects models. Spearman correlation was performed to
test the relation between NK cell chimerisms and NK cell dose. In analysis of event-free
survival, an event was defined as relapse or death. Survival analysis was performed by
comparing patients who received NK cell therapy with those who also had intermediate-
risk AML and did not receive NK therapy but had completed at least four courses of
chemotherapy in the AMLOS clinical trial (NCT00703820). A linear Cox hazard
proportional regression model was applied to logarithmically transformed NK cell
receptor expression and NK cell counts to assess their association with survival. Data
were analyzed using R (https://www.R-project.org/).

Objective 3 (neuroblastoma study)

Patient characteristics were summarized by descriptive statistics (mean £ SD,
median [range]). The distribution of cell counts and cell surface receptor counts and
percentages over time was illustrated by summary statistics and box-and-whisker plots
using a logarithmic scale. Zeros were assigned a value of 10 prior to logarithmic
transformation for improved visual display based on common practice; however,
statistical calculations were performed on untransformed data. Wilcoxon’s signed rank
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test was used for pairwise comparison of NK cell counts. Two-sample t-tests were used
to determine differences for remaining continuous variables between patient subgroups.
The association between continuous variables were assessed by the Pearson correlation
coefficient. Statistical analyses were conducted by using SAS version 9.4 (SAS Institute,
Cary, NC). A two-sided significance level of P <0.05 was used for all statistical tests.
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CHAPTER 3. RESULTS?

Objective 1

Development and validation of an assay for NK cell-mediated cytotoxicity against
neuroblastoma cells

Most assays of NK cell-mediated killing of tumor cells use purified peripheral
blood NK cells and target tumor cells in suspension [126, 127]. The advantage of this
approach is that flow cytometry-based quantification of target-cell viability and studies of
NK-cell properties can be conducted at the same time. However, these methods are
suboptimal for neuroblastoma cells because they are adherent, and their dissociation from
culture plates can lead to cell death. Therefore, an assay was developed in which purified
NK cells were added to neuroblastoma cells in a 96-well plate, and NK cell-mediated
cytotoxicity was analyzed in situ. Following co-incubation of effector and target cells,
viable neuroblastoma cells were stained with calcein-AM and quantified by
semiautomated confluence analysis. Residual NK cells were excluded from the analysis
by their smaller size. The assay is schematically depicted in Figure 3-1.

Nine neuroblastoma cell lines were selected that span the spectrum of GD2 and
HLA expression. HLA expression of neuroblastoma cells was studied by flow cytometry
and compared to the HLA-negative cell line K562 and peripheral blood to classify HLA
expression as low, intermediate, or normal. Purified peripheral blood NK cells from
healthy donors were used as effector cells, and the expression of CD158a, CD158b,
CD158el, NKp30, NKp44, NKp46, and NKG2D was determined by flow cytometry. IL-
2 at a concentration of 50 IU/mL was used for NK cell activation. ADCC was induced by
Hul4.18K322A, which is 98% humanized and contains an alanine substitution at lysine
322 to decrease allodynia and complement-dependent cytotoxicity [128]. Concentrations
of 10 pg/mL of Hul4.18K322 were used as described in previous studies [129]. The
incubation times and E:T ratios were optimized across all neuroblastoma cell lines for
ADCC, which were 12 hours and 5 to 1, respectively because it was the shortest time to
achieve statistically significant differences in normalized relative cell killing across
multiple neuroblastoma cell lines as shown in Figure 3-1.

Live-cell imaging was used as an independent method for assay validation. In a
co-culture experiment, the specific lysis by allogeneic NK cells against two

2 Portions of chapter from previously published article; final submission modified with permission of
Springer Nature. Nguyen R, Houston J, Chan WK, et al. (2018) The role of interleukin-2, all-trans retinoic
acid, and natural killer cells: surveillance mechanisms in anti-GD2 antibody therapy in neuroblastoma.
Cancer Immunol Immunother, 67: 615-26 [134]. https://doi.org/10.1007/s00262-017-2108-6.

Portions of chapter from final submission modified with open access permission from Springer Nature.
Nguyen R, Wu H, Pounds S, et al. (2019) A phase II clinical trial of adoptive transfer of haploidentical
natural killer cells for consolidation therapy of pediatric acute myeloid leukemia. J. Immunother. Cancer. In
press. Authors retain the copyright.
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Figure 3-1. Development and validation of an assay to quantify NK cell-mediated
cytotoxicity and ADCC in neuroblastoma cells

Notes: (A) Isolation of NK cells from peripheral whole blood yielded a highly purified
CD56+/CD3— population (98%) compared with that of the buffy coat (13%). (B) Images
produced in DIC microscopy are shown. For the ADCC assay, neuroblastoma cells were
plated into a 96-well plate and incubated with NK cells (solid arrow) £Hu14.18K322A (¢
= 0 h). The number of neuroblastoma cells per well was counted to calculate the E:T
ratio. After 12 hours (¢ = 12 h), most NK cells were washed off with a small amount
aggregated on neuroblastoma cells (dashed arrow). Viable cells were stained with
calcein-AM and imaged by semiautomated microscopy. (C) Binary segmentation of the
original image was performed with Fiji to determine cell confluence. (D) The effect of
NK cell-mediated ablation (dark gray bars) and ADCC with Hul4.18K322A (light gray
bars) was compared in resting and IL-2—activated NK cells (50 I[U/mL) across nine
neuroblastoma cell lines. The E:T ratio was 5:1 with a 12 hour incubation time. (E) Two
neuroblastoma cell lines were studied in co-culture by live-cell imaging. The E:T ratio
was 5:1. The number of dead cells with ADCC and NK cell-mediated cytotoxicity was
determined over time for NB-1691 (red line) and SK-N-SH (black line). Most significant
differences between cell lines were seen with a 12-hour incubation time. AB, antibody;
DIC, differential interference contrast; E:T, effector-to-tumor.
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neuroblastoma cell lines with low (SK-N-SH) and high GD2 expression (NB-1691) was
quantitated. Specific lysis induced by Hul4.18K322A was significantly higher in NB-
1691 than in SK-N-SH at 12 hours (both P <0.001). In absence of Hul4.18K322A, this
difference was statistically greater at 12 hours (P <0.001) than at four hours (P =0.042).
These conditions were used for all subsequent experiments.

Because dissociated cells from PDXs tend to grow in aggregates, confluence
analysis by quantitative microscopy was not ideal to assess cell viability. Instead, the
CellTiter-Glo luminescent cell viability assay was used to determine viability relative to
the confluence of cells growing in two dimensions (Figure 3-2).

IL-2 improves ADCC and NK cell-mediated cytotoxicity

Previous studies used PBMCs to demonstrate the enhancing effect of IL-2 on
ADCC induced by anti-GD2 antibody against neuroblastoma [130]. Although it is
known that IL-2 specifically augments NK-cell function [131, 132], the reported ADCC
effect in these studies cannot unambiguously be attributed to NK cells. Purified human
NK cells were prestimulated with physiologic and supraphysiologic doses of recombinant
IL-2 for 24 hours before conducting ADCC assays. Stimulated NK cells expressed higher
levels of NKp30 (P =0.037), NKp44 (P <0.001), and NKG2D (P <0.001), relative to
that of resting NK cells. The cell line SK-N-MM has normal expression of HLA and
inhibitory KIR ligands of KIR2DL1, KIR2DL2/3, and KIR3DL1, and has high levels of
GD2. This cell line should be least susceptible to KIR-HLA mismatch and therefore most
suitable to assess specific lysis due to ADCC by resting and IL-2 activated NK cells at
different time points. IL-2 increased ADCC in a dose-dependent manner, and the
cytotoxic effect of Hul4.18K322A was most apparent when NK cells were preactivated
with 50 [U/mL IL-2. To quantify ADCC with Hul4.18K322A under these conditions,
NK cells from three donors were tested with the nine neuroblastoma cell lines by three
serial 1000-fold dilutions of Hul4.18K322A. In resting NK cells, the highest antibody
concentration of Hul4.18K322A (10 pg/mL) improved ADCC, compared with that of
lower concentrations. The specific lysis was highest with IL-2 IL-2—preactivated NK
cells and antibody doses of Hul4.18K322A of >10 ng/mL. As expected, specific lysis in
the GD2-deficient cell line SH-SYSY did not improve with the addition of
Hul4.18K322A. All results are shown in Figure 3-3.

ADCC is more effective than “Missing-self” for NK cell degranulation

The role of HLA-KIR interactions was examined ex vivo by using two
neuroblastoma cell lines that were matched by HLA genotype and GD2 expression but
had normal (SK-N-JCI) and low/absent levels of HLA expression (SK-N-SH) compared
to white blood cells from buffy coat (normal) and K562 (absent). The ADCC assay was
conducted with two concentrations of Hul4.18K322A (10 ng/mL and 10 ng/mL) and NK
cells from 15 allogeneic donors that were prestimulated with 50 IU/mL of IL-2. As
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Figure 3-2. Development of an assay to quantify NK cell-mediated cytotoxicity
and ADCC in PDXs

Notes: (A) Dissociated tumor cells from PDXs were plated for the ADCC assay. [L-2—
activated or resting NK cells were added = Hu14.18K322A (# = 0 h) and incubated for 12
hours. The CellTiter-Glo luminescent cell viability assay was used to quantify ADCC.
(B) ADCC results are plotted as relative light units (RLU) correlate with confluence in
cells that are growing in two dimensions. DIC, differential interference contrast; RLU,
relative light unit.
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Figure 3-3. IL-2 enhances NK cell-mediated ADCC in neuroblastoma cells

Notes: (A) NK cells were prestimulated with IL-2 concentrations ranging from 0 to 5000
IU/mL for 24 hours and tested with the SK-N-MM neuroblastoma cell line at different
E:T ratios. The assays were conducted with (gray bar) and without Hul4.18K322A
(black bar). The cytotoxic effect of Hul4.18K322A was statistically significant across
multiple E:T ratios when NK cells were preactivated with 50 IU/mL IL-2. (B) NK cells
from three allogeneic donors were tested in nine neuroblastoma cell lines. Three serial
dilutions of Hul4.18K322A were used [High (H): 10 pg/mL, Med (M): 10 ng/mL, and
Low (L): 10 pg/mL] to induce ADCC. The highest antibody concentration yielded better
median cytolysis (black bar) in resting NK cells, but a reduced concentration (10 ng/mL)
was equally efficacious when administered with IL-2. (C) Results for individual
neuroblastoma cell lines are shown in which IL-2—preactivated NK cells showed
equivalent cytotoxicity with lower antibody doses. The highest antibody concentration
yielded better median cytolysis in NB-1691 with resting and IL-2—preactivated NK cells.
ADCC was comparable to NK cell-mediated cytotoxicity in the GD2-deficient cell line
SH-SYS5Y. AB, antibody; E:T, effector-to-tumor; IL-2, interleukin-2; NK, natural killer.
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expected, specific lysis by IL-2—activated NK cells was higher in both cell lines,
compared with the specific lysis mediated by resting NK cells (P < 0.001 for both cell
lines). When the effect of ADCC was directly compared between the neuroblastoma cell
lines, IL-2—stimulated NK cells induced lysis in more of the HLA-expressing
neuroblastoma cells (SK-N-JCI) than in the HLA low-expressing cells (SK-N-SH). The
mechanisms leading to higher specific lysis in the presence of IL-2 are unclear. It is
possible that other receptor-ligand interactions not measured in this study accounted for
these differences. To control for these variables, future experiments could use one cell
line with conditional HLA knock-out to assess the effect of HLA-KIR interactions on
ADCC. The results are presented in Figure 3-4.

Because the ADCC assay only quantitates tumor cell death, CD107a expression
was measured in NK cells from three donors to study the impact of HLA-KIR interaction
on NK cell degranulation. Using the KIR and HLA genotype information from each
donor, the licensed (expressing KIR that corresponds to donor HLA) and unlicensed
(expressing KIR which the donor did not express HLA for) NK cell populations were
determined. Subsequently, IL-2—activated NK cells were co-incubated with
neuroblastoma cells that genotypically lacked the HLA class I molecules corresponding
to CD158a (SK-N-AS), CD158b (NBLS), or CD158el (NB-1691), and HLA-KIR ligand
mismatch was recreated this way. HLA expression was induced by IFN-y treatment for
72 hours. A blocking anti-HLA antibody was used to recreate the state of missing self
(lack of HLA-KIR interaction), and Hul4.18K322A was used to induce ADCC. The
highest levels of CD107a expression was present in NK cells expressing CD158b (P
<0.001), harboring KIRs that were mismatched against HLA expressed by the respective
neuroblastoma cells (P = 0.016), in the presence of antibody (P <0.001), and in licensed
NK cells (P <0.05). KIR expression and KIR-HLA mismatch status remain statistically
significant in a multiple regression analysis. Collectively, these data suggest that higher
NK cell-mediated activity may be achieved via recruitment of the licensed NK cell
population and in the setting of anti-GD2 antibody and KIR-HLA mismatch aside from
other signals as shown in Figure 3-4.

Neuronal differentiation enhances ADCC

Because neuroblastoma tumors comprise neuroblastic cells (N-type), GD2-
negative Schwann cell-like stroma cells (S-type), or both cell types (I-type), the
expression of the neuronal marker GD2 can vary between and within tumors [133]. To
determine what effect neuronal differentiation may have on susceptibility to ADCC,
neuroblastoma cells were cultured in ATRA for 72 hours before being subjected to the
ADCC assay. GD2 expression was determined by flow cytometry, and gene expression
of differentiated neuroblastoma cells were compared with that of untreated cells. All cells
were assigned a cell type designation (N-, S-, or I-type) according to their morphology.

N-type and I-type cells increased neurite outgrowth, which did not occur in S-type
cells. This morphologic change was associated with an up-regulation of genes involved in
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Figure 3-4. Comparison of ADCC and missing-self recognition for neuroblastoma
cell ablation

Notes: (A) The SK-N-SH neuroblastoma cell line demonstrated downregulation of HLA
(red) surface expression, whereas the SK-N-JCI cell line expressed characteristic HLA
levels. Isotype is shown in gray. K562 served as negative control and white blood cells
from buffy coat as positive control. (B) Head-to-head comparison of susceptibility to NK
cell-mediated cytotoxicity and ADCC. Activated NK cells induced more tumor cell death
in SK-N-JCI than in SK-N-SH cells. Resting NK cells did not affect tumor cell death
levels. (C) HLA expression was induced by IFN-y treatment for 72 hours and comparable
to buffy coat. Degranulation of NK cells from three donors was assessed by quantifying
CD107a expression in single KIR-positive NK cell sub-populations after co-incubation
with neuroblastoma cells that genotypically lacked the HLA class I molecules
corresponding to CD158a (SK-NAS), CD158b (NBLS), or CD158el (NB-1691). When
stratified by KIR sub-population (D), presence of HLA-KIR mismatch between NK cells
and tumor cells (E), use of antibody Hul4.18K322A (F), or licensing status and HLA—
KIR mismatch (G), the greatest level of NK cell degranulation was noted in CD158b-
expressing NK cells (D), in NK cells harboring KIRs that were mismatched against HLA
expressed by the respective neuroblastoma cells (E), in the presence of antibody (F), and
in licensed NK cells (G). KIR expression and HLA—KIR mismatch status remain
statistically significant in a multiple regression analysis. AB, antibody; HLA, human
leukocyte antigen; IL-2, interleukin-2; IFN-y, interferon gamma; KIR, killer-cell
immunoglobulin-like receptor.
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ATRA metabolism (CYP26A1/B1, DHRS3; Fig. 5b) and binding (CRABP1/2, RARB,
RBP1; Fig. 5¢). Other genes that were found to be differentially expressed in ATRA-
treated cells encode for proteins involved in cell structure, the MAPK and NOTCH1
signaling pathway, neuronal differentiation, and angiogenesis.

A high percentage of GD2-positive cells were present among the neuroblastoma
cell lines (median, 83.9%:; range, 44.0%-98.9%) with exception of SH-SYSY cells
(mean, 2.9% =+ 0.7; Fig. 5d). The percentage of GD2-positive cells did not change after
ATRA treatment (median, 78.5%; range, 1.3%—-98.5%). The mean fluorescence intensity
for GD2 ranged broadly (median, 1001; range, 189-32,461) but did not significantly
change after neuronal differentiation (median, 1332; range, 203-16,402; P > 0.05).
ADCC was higher in differentiated neuroblastoma cells when induced by resting NK
cells (P=0.004). For all other conditions, specific lysis of ATRA-treated cells was not
different than that in untreated cells. The results from these experiments are shown in
Figure 3-5.

Individualized testing of ADCC is possible with PDXs and matched NK cells from
individual patients with neuroblastoma

To test ADCC of individual patients in the laboratory, ADCC assays were
conducted with PDXs and NK cells matched from the same donor. The PDX
SINBLI108 X expressed high levels of GD2, as detected by flow cytometry, and a second
PDX SJNBLO13761 X1 was deficient in GD2 as shown in Figure 3-6. CD158b-
expressing NK cells were the predominant KIR-expressing NK-cell population in the
peripheral blood of the SINBL108 X donor, and CD158a-expressing NK cells were
predominant for the SINBL0O13761 X1 donor. Both PDXs were susceptible to ADCC
when induced with Hul4.18K322A, which was unexpected for SINBL013761 X1
because it did not express any appreciable levels of GD2. This could be due to expression
of other compensatory surface molecules, such as HLA class I, although this was not
tested. The SINBL013761 X1 PDX was resistant to NK cell-mediated cytotoxicity
without antibody, even when the NK cells were stimulated with IL-2. Live-cell imaging
supported this observation (data not shown).

IL-15 enhances natural cytotoxicity and ADCC in neuroblastoma

Previous studies and these investigations [134] have highlighted the supporting
role of IL-2 in increasing NK cell survival and cytotoxicity in neuroblastoma. However,
the therapeutic administration of IL-2 has been limited in the clinic because of
considerable toxicities, especially at high doses [135]. Previous studies have established
the positive effects of IL-15 on NK cell function and development [136—138]. Therefore,
IL-15 may be as effective as or more effective than IL-2 in enhancing ADCC against
neuroblastoma and has the added benefit of reduced toxicity. This is because GM-CSF
which is administered in the existing immunotherapy regimen for neuroblastoma can
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Figure 3-5.  Effect of neuroblastoma differentiation on NK cell-mediated ADCC

Notes: (A) After exposure to ATRA for 72 hours, neurite outgrowth was present in N-type and I-type cells (solid arrows). No changes
in morphology were noted in some I-type cells and most S-type cells (dashed arrows). (B) Differential gene expression of ATRA-
binding proteins (B) and enzymes involved in ATRA metabolism (C) after differentiation of neuroblastoma cells. (D) For all but two
cell lines (SK-NSH and SH-SY5Y), the percentage of GD2-expressing cells after ATRA-induced differentiation was unchanged,
compared with that in untreated cells. (E) ADCC assays using two allogeneic donors against 10 neuroblastoma cell lines were
conducted. Each dot refers to the average specific lysis per cell line for the respective experimental condition. Significantly (***)
higher median specific lysis (black bar) by resting NK cells and Hul4.18K322A was noted after differentiation with ATRA. AB,
antibody; ATRA, all-trans retinoic acid; IL-2, interleukin-2.
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Figure 3-6. ADCC assays with matched O-PDXs and patient NK cells

Notes: Flow cytometry plots are shown depicting GD2 expression (A) and KIR
phenotype (B) in the SINBL108 X and SINBL013761 X1 PDXs. (C) ADCC assay
results for SINBL108 X and SINBL0O13761 X1 are plotted as RLU. AB, antibody; GD2,
disialoganglioside; NK, natural killer; RLU, relative light unit.
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induce the mobilization of IL-15 to the plasma membrane of monocytes (trans-
presentation) [139], thereby increasing its bioavailability.

To compare the differential effect of IL-2 with IL-15 on NK cell-mediated lysis of
neuroblastoma cells in culture, NK cells were preactivated with decreasing
concentrations of IL-2 ranging from 1 to 50 [U/mL and IL-15 ranging from 1 to 10
ng/mL for 24 hours. These concentrations were chosen because they correspond
approximately to steady-state levels in humans treated with less than or equivalent to the
maximum tolerated dose of IL-2 [140] and IL-15 [141]. Preactivated NK cells were
tested with the PDX SINBL046 X at multiple E:T ratios and generally yielded higher
tumor cell death than resting NK cells at similar E:T ratios. Preactivation with IL-15
increased natural cytotoxicity in a dose-dependent manner that was superior to IL-2 at the
highest concentration across all E:T ratios. This effect was maintained with the next
lower dose level at an E:T ratio of 5 to 1. In the presence of Hul4.18K322A, ADCC was
equivalent between IL-15 and IL-2—activated NK cells. Results are shown in Figure 3-7.

To confirm these findings, testing was extended to include four donors and two
PDX lines, SINBL046 X and ATRX-mutant SINBL047443 X. NK cells were
stimulated with intermediate doses of both cytokines (i.e., 10 [U/mL of IL-2 and 5 ng/mL
of IL-15), and an E:T ratio of 5 to 1 was used in the assay. Resting NK cells showed the
least cytotoxic activity, whereas NK cell-mediated tumor ablation appeared highest with
Hul4.18K322A (10 pg/mL) and IL-15. IL-15 is a chemoattractant for NK cells and
augments the binding of NK cells to endothelial cells and fibroblast [142]. Whether IL-15
alters the contact between neuroblastoma and NK cells is unknown. However, to examine
the possibility that IL-15 increases NK cell mobility and tumor cell contact, thereby
increasing tumor lysis, live-cell imaging was applied to visualize the interaction of NK
cells with tumor. Two donors were tested with the neuroblastoma cell lines, CHLA-90
and SK-N-AS. The number of contacts between tumor and effector cells as well as cell
death were determined over time and found to be highly correlated with each other
(Spearman r = 0.6; P = 0.005). Although time (P <0.001), donor (P <0.001), and tumor
cell line (P <0.001) were significantly associated with tumor and effector cell contact, the
type of cytokine stimulation was not (P = 0.248). Collectively, these results suggest that
the enhanced cytotoxicity induced by IL-15 compared to IL-2—preactivated NK cells
against neuroblastoma is not due to differences in cell-to-cell contact but other biologic
factors that warrant further investigations.

IL-15 increases the number of tumor-infiltrating NK cells in neuroblastoma spheres

Neuroblastoma is associated with repressed immunity. This is consistent with the
low tumor mutational burden and number of tumor-infiltrating T lymphocytes (TILs)
reported in the literature [143—145]. The lack of immune infiltration in the tumor can be a
major obstacle when using immunotherapeutic approaches but may be overcome with
tumor-specific interventions, like monoclonal antibodies or CAR-T cells targeting the
tumor directly. Alternatively, agents that promote generalized immune activation and
improved chemotaxis, such as cytokines, may be useful. To test whether IL-15 and IL-2
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Figure 3-7.  Effects of IL-2 and IL-15 on natural cytotoxicity against
neuroblastoma and tumor-NK cell contact

Notes: (A) NK cells were prestimulated with several concentrations of IL-2 and IL-15 for
24 hours and subsequently tested with the PDX SINBL046 X at different E:T ratios. The
assays were conducted with and without Hu14.18K322A. (B) NK cells from four donors
were tested in two PDX lines using an E:T ratio of 5 to 1 and intermediate concentrations
of IL-2 (10 IU/mL) and IL-15 (5 ng/mL). In all comparisons by donor, IL—15-
preactivated NK cells with antibody induced the highest cytolysis than resting and 1L—2-
activated NK cells with or without antibody. No difference to IL-15 alone was found in
three comparisons and marked accordingly (NS). (C) In this tumor-effector cell contact
assay, the contact between neuroblastoma cells and NK cells was determined and
correlated with tumor lysis. The assay was conducted with two allogeneic donors and two
neuroblastoma cell lines (CHLA-90 and SK-N-AS). IL, interleukin; NK, natural killer;
NB, neuroblastoma; NS, not significant.
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can enhance tumor invasion by NK cells in neuroblastoma, a PDX sphere model was
applied. The following experiments were conducted with the immune “cold” PDX line,
SINBL046 X, that, despite visible splenic infiltration, lacks the presence of TILs and
tumor-infiltrating NK cells when subjected to multiple different allogeneic effector cells
in vivo. Purified NK cells and an estimated E:T ratio of 5:1 were used in the assay. When
preactivated with cytokines, sphere-infiltrating NK cells (SPHINKSs) were detectable
within four hours of culture. Higher numbers of SPHINKSs were noted after
prestimulation with IL-15 compared to media alone or supplemented with IL-2.
SPHINKSs expressed lower levels of NKG2D and TIGIT and higher levels of CD69 than
non-infiltrating NK cells. Despite an increased proportion of CD69" cells, SPHINK had
attenuated cytotoxic activity. Altogether, these findings support that the neuroblastoma
microenvironment has an immune-suppressive effect on NK cells, compromising tumor
invasion and proper cytotoxic function in culture. Tumor cell-mediated immune
suppression can be partially reversed with IL-15 which increases NK cell invasion into
the tumor. These results are summarized in Figure 3-8.

The IL-15/IL-15Ra-complex suppresses growth of neuroblastoma PDX in vivo

IL-2 and IL-15 mediate through the same IL-2/IL-15fy receptor and have
overlapping biologic effects [146]. But unlike IL-2 that can exist as a soluble and
unbound molecule in the blood, IL-15 requires IL-15Ra to form a complex for trans-
presentation on the cell surface of activated monocytes [147]. This interaction supports
the development and homeostasis of CD8" T cells and NK cells through STATS
signaling [ 148, 149]. Stimulation with GM-CSF can induce mobilization of IL-15 to the
plasma membrane of monocytes [150], and this becomes clinically relevant because GM-
CSF is currently used with anti-GD2 antibody and IL-2 to treat high-risk neuroblastoma
[151]. Although some pre-clinical studies have demonstrated enhanced ADCC in the
presence of IL-15 [152—-154], the supportive role of IL-15 in neuroblastoma therapy is
unclear. To test if IL-15 can substitute IL-2 in immunotherapy for neuroblastoma, an in
vivo efficacy experiment was conducted that evaluated the anti-tumor effect in four
experimental groups with PDX-bearing CD1-FoxnI™ mice. Mice either received
chemotherapy alone (group 1), or chemotherapy followed by 14G2a antibody and GM-
CSF (group 2), and IL-2 (group 3) or IL-15/IL-15Ra-complex (group 4). Although CD1-
FoxnI™ mice are immunocompromised, they have decreased but functional levels of
endogenous monocytes/macrophages and NK cells.

Animals who received chemoimmunotherapy with IL-15/IL-15Ra had the most
suppressed tumor response among all 4 therapy groups (Figure 3-9). In direct
comparison, mice in group 4 had smaller tumors than those treated with chemotherapy
alone (P =0.01), chemotherapy followed by 14G2a antibody and GM-CSF (P = 0.02),
and chemotherapy followed by 14G2a antibody, GM-CSF, and IL-2 (P = 0.007).
Analysis of spleen and tumor tissue by flow cytometry revealed that the percentage of
immature murine NK cells was marginally lower in the group 4 mice compared to all
other therapy groups (P = 0.064) and untreated animals (P = 0.039). No differences were
found in the profile of tumor or spleen-infiltrating monocytes and macrophages.
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Figure 3-8.  Phenotype and function of tumor-sphere—infiltrating NK cells
(SPHINKS)

Notes: (A) Yellow fluorescent protein—expressing PDX cells (green) were used to form
tumor spheres. NK cells (orange) are capable of infiltrating tumor spheres (red arrows).
DAPI stain was performed for nuclear discrimination. (B) Phenotypic characterization of
SPHINKSs show a decreased expression of NKG2D and TIGIT and higher proportions of
CD69-expressing cells compared to non-infiltrating NK cells. (C) Isolated SPHINKSs
have decreased cytotoxicity against K562 compared to non-infiltrating NK cells. (D) The
number of SPHINKSs is higher when NK cells are activated with IL-15 than IL-2 or media
alone. E:T, effector-to-tumor; NK, natural killer; SPHINKSs, tumor-sphere—infiltrating
NK cells.
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Figure 3-9. Comparison of IL-15/IL-15Ra-complex with IL-2 as immunoadjuvant
agent in immunotherapy for neuroblastoma

Notes: (A) Tumor growth over time in all 4 therapy groups. (B) Gating strategy to
identify CD11b" Ly6G™ Ly6C" MHC II' and CD11b* Ly6G™ Ly6C" MHC II" monocytes
and macrophages. (C) Percentage of CD11b" Ly6G cells of all CD45" cells in spleen
(blue) and tumor (red). Percentages of CD11b" Ly6G™ Ly6C"MHC II" and CD11b*
Ly6G™ Ly6C MHC II" in spleen (D) and tumor (E). (F) Gating strategy to identify Ly6C-
DX5" CD27" CD11b” immature NK cells and Ly6C DX5" CD27 CD11b* mature NK
cells. (G) Percentage Ly6C DX5" NK cells of all CD45" cells in spleen (blue) and tumor
(red). Percentages of immature and mature NK cells in spleen (H) and tumor (I).

43



Ly6C MHC I

Group 4
AB + GM-CSF
+ IL-15/L-15Ra

Group 3
AB + GM-CSF +1L-2 |

Week on therapy

Group 2
AB + GM-CSF

Group 1

Chemo

co1ip —

621
96,6
1311

€——— y-054 —

LyBC MHC |I*

Ly&C* MHC II

LyC MHC II*
-

LyBC* MHC I

.

o

e

L Fd
g 8 8 R

0O 9947,9110040 %

Spleen
Tumar

.
.

.

:

&

.
o

i

i
Cd

#

g

£

o
£
Ci

£
&

&

o
Mature

CD27 CDb"

it

A

o

o

43

ka
.

o

*,

¥
N

&

0.039
T
L

&

o
&

]

S

P

L
o
c«}"g
=0.064

L]
o

8
T

ifs

Immature

co27* Cco11b”

&

",

[<;
P

~

L

L3 Q"y
S

0

20

-

| sy oo e — ——

Mature
NiKs
ar 10
L cotth —m — —

Mature
cp27 coe’

5

21
Immature
co27° coNMb’

44

1966

131.1

H

55

A0
0

L FSC-A —ep

uwy
>
o




Objective 2

Engraftment and function of MISTRG-derived NK cells

In the original report of MISTRG mice, transplantation procedures were
conducted in newborn pups [115]. Accordingly, to study the engraftment and function of
MISTRG-derived NK cells, newborn MISTRG mice received sublethal doses of radiation
within 48 hours after birth and hepatic injections of human peripheral blood—derived
CD34" hematopoietic progenitor cells from G-CSF-mobilized human donors [111]
(Figure 3-10). Littermates lacking the SIRPA transgene (i.e., MITRG and NSG mice)
served as control strains. I performed the experiment with four allogeneic donors. I
detected human hematopoiesis in the peripheral blood at 6 weeks and increased
hematopoiesis at 9 weeks after transplantation. At 9 weeks, blood engraftment of human
CD45" cells was higher in MISTRG mice than in MITRG (P = 0.001) and NSG mice (P
= 0.003). The percentage of human CD56" CD3™ NK cells, as a fraction of all CD45"
cells, was also higher in MISTRG mice than in MITRG (P = 0.003) and NSG (P = 0.042)
mice at that time. The NK cells that developed in these animals expressed mature NK cell
surface markers, such as CD16 and NKp46.

To test the cytotoxic activity of human NK cells from neuroblastoma-bearing
MISTRG mice, FACS-isolated NK cells from spleens were prestimulated with IL-2 (50
IU/mL) and tested with K562 cells ex vivo. Animals were euthanized 4 to 8 weeks post
transplantation when they appeared pale and tumor status was noted. Specific lysis of
K562 cells ranged from 2% to 91%. Marked variability in cytotoxicity was seen among
donors, as well as within littermates reconstituted with CD34" cells from the same donor.
Cytotoxicity was similar in animals with and without tumor (P > 0.05). Therefore,
MISTRG mice provide a human cytokine environment that is permissive for efficient
reconstitution with human CD45" cells after bone marrow transplantation. Although this
observation validates the findings of the original report [115], I also provide evidence that
cytokine levels may be insufficient to render intact cytotoxic function in NK cells in the
presence of neuroblastoma.

Double-transplantation protocol in adult MISTRG mice

Although MISTRG mice tolerated hematopoietic progenitor cell transplantation
as pups and tumor injections as adults, their longevity was limited by the development of
severe anemia at approximately 10 weeks, as previously reported [115]. In my
experience, some animals succumbed to anemia before appreciable tumor growth, and of
those that were tumor-bearing, the anemia was exacerbated by experimental
manipulations, such as by administration of cytotoxic chemotherapy. To test extend the
life span of mice in this model, I developed a modified transplantation protocol, in which
I performed consecutive hematopoietic transplantation and tumor injections in 4-week
adult mice (Figure 3-11). This schedule yielded engraftment with a human immune
system and human tumors by approximately 8 to 10 weeks. To compare early
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Figure 3-10. NK cell engraftment and function in MISTRG mice after perinatal
transplantation

Notes: (A) For the perinatal transplantation protocol, newborn pups were sublethally
irradiated within 48 hours after birth and subjected to hepatic injection with CD34+
hematopoietic progenitor cells. At 4 weeks, PDX cells were orthotopically injected into
the para-adrenal space. At 8 to 10 weeks, double-transplanted animals developed human
hematopoiesis, and the tumors can be used for short-term experimental procedures. (B)
Human engraftment levels in the peripheral blood are shown for MISTRG, MITRG, and
NSG mice after perinatal transplantation with four donors. At 9 weeks, blood engraftment
of human CD45+ cells was higher in MISTRG mice than in MITRG (P = 0.001) and
NSG mice at 7 weeks (P = 0.003; Kruskal-Wallis and Dunn test). (C) The proportions of
CD56+ CD3— NK cells of all human CD45+ cells are plotted by mouse strain and are
higher in MISTRG mice at 9 weeks post transplantation than in MITRG (P = 0.003) and
NSG (P =0.042; Kruskal-Wallis and Dunn test). (D) Human NK cells derived from
MISTRG mice have a mature phenotype and express CD16, NKp46, and the nonspecific
activation marker CD69. (E) FACS-isolated NK cells from the spleens of transplanted
MISTRG mice were stimulated with IL-2 (50 IU/mL) for 12 to 18 hours and tested in a
natural cytotoxicity assay against K562 cells. Each bar represents one animal. Tumor
bearing mice are marked by dark grey and tumor-free animals by light grey bars.
Variability of cytotoxic activity is observed between donors and among NK cells from
littermates that were reconstituted with the same donor
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Figure 3-11. Modified transplantation protocol to induce double-engraftment with
human hematopoiesis and tumor in adult MISTRG mice

Notes: (A) As per the adult mouse transplantation protocol, animals aged 4 weeks were
sublethally irradiated and injected with mobilized peripheral blood CD34" hematopoietic
progenitor cells intraperitoneally. Para-adrenal PDX cell injection occurred 72 hours after
transplantation. (B) Engraftment levels are exemplarily shown for MISTRG and MITRG
mice who underwent perinatal (pups) and adult transplantation with CD34" cells derived
from the same donor. Early engraftment levels at four weeks after transplantation were
significantly higher in MISTRG compared to MITRG mice. This difference was
marginally higher when compared to adult MISTRG animals. (C) Three groups of
animals were reconstituted with CD34" cells from three different donors and reconstituted
with the same PDX SINBL046 X as per the adult transplantation protocol. Early
engraftment levels at four weeks in blood and late levels at 16 weeks in blood, spleen,
and tumor are shown. These results demonstrate that adult MISTRG mice can sustain
long-term engraftment after double-transplantation. (D) Peripheral blood CD45" cells at
16 weeks post transplantation were comprised of monocytes, B cells, and NK cells. MO,
monocytes/macrophages, NK, natural killer; wks, weeks.
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engraftment efficiency at 4 weeks in both transplantation protocols, a cohort of mice
received CD34" cells from the same donor either as pups (MISTRG and MITRG mice) or
as adults (MISTRG mice). The percentage of peripheral blood human CD45" cells
reached significantly higher levels after perinatal transplantation in MISTRG mice than
in MITRG mice (P = 0.022). Marginally higher engraftment levels occurred in perinatal
transplantations than in the adult transplantations (P = 0.072). However, mice that were
transplanted as adults exhibited increased and sustained peripheral blood and organ-
specific engraftment at 20 weeks. The human CD45" cells comprised monocytes, NK
cells, and B cells but lacked substantial numbers of T cells because of the absence of a
thymus or secondary human lymphoid tissues in these animals that are sites for T cell
development.

Tumor-infiltrating CD45™" cells were barely detectable, but I expected levels of
these cells to be low in this PDX line because immune cells from several donors are
incapable of infiltrating this PDX tumor in vivo (data not shown). Although reconstituted
animals were hemodynamically stable and tolerated therapeutic interventions, a higher
mortality rate occurred during procedures requiring anesthesia or blood sampling, which
was most likely due to subclinical anemia. Taken together, the humanized MISTRG
neuroblastoma model with modified transplantation time line permits long-term human
hematopoiesis and concomitant human tumor engraftment.

Molecular and functional analyses of NK cells derived from MISTRG mice with
neuroblastoma

To validate the MISTRG neuroblastoma model, I performed detailed molecular
and functional analyses of human NK cells from MISTRG mice that received
transplantation as adults and as pups. The four mice received CD34" cells from two
donors (MISTRG 1 and MISTRG 2A, B, C) as adults (MISTRG 1, 2A, and 2C) and pup
(MISTRG 2B). MISTRG 2B and 2C received hematopoietic progenitor cell injections
from the same cell aliquot. Neuroblastoma tumor-bearing mice with hematopoietic
progenitor cell transplantation and tumor injections as adults were euthanized when their
tumors measured 10 mm? to 200 mm?® and splenomegaly was evident via ultrasound,
indicative of human hematopoiesis. I removed the spleens and nonenzymatically
processed them through a 40-pum cell strainer to yield a single-cell suspension (Figure
3-12). CD45" CD56" CD3™ NK cells were isolated via FACS. Targeting 10,000 NK cells
per sample, I analyzed a total of 17,801 spleen NK cells from MISTRG mice.

I aligned the single-cell RNA seq data from all mice and found that population
density and distribution overlapped between MISTRG 2B and 2C, whereas MISTRG 1
and 2A were separated into distinct clusters (Figure 3-13). Integrated analysis of the
aligned data identified the CD56%™ NK1 and CD56"€" NK2 cluster, of which the latter
one accounted for 50% to 80% of the NK cell population in the individual mice. The
proportions of NK1 and NK2 cluster corresponded with the expression of GZMB to
define the NK1 subset and GZMK for the NK2 subset. When compared to the NK2
population, the NK1 cluster was enriched for transcripts that encoded proteins involved
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Figure 3-13. Single-cell transcriptome analysis of NK cells from humanized
MISTRG mice with neuroblastoma

Notes: (A) Aligned single-cell RNA-seq data sets that combine splenic NK cells from
four MISTRG mice using t-distributed stochastic neighbor embedding. The four mice
received CD34" cells from two donors (MISTRG 1 and MISTRG 2A, B, C) as adults
(MISTRG 1, 2A, and 2C) or pup (MISTRG 2B). (B) Visualization of CD56%™NK 1 and
CD56" NK2 cluster of combined splenic NK cells from four MISTRG mice. (C)
Relative percentages of CD56%™NK 1 and CD56€" NK2 cells per mouse. The absolute
numbers of cells are plotted for each cluster. (D) Color-scaled expression of GZMB and
GZMK. (E) Top genes that are differentially expressed between the NK1 and NK2 subset
and listed by function. (F) Lysis of K562 cells ex vivo by mouse. (G) Aligned single-cell
RNA-seq data sets that combine splenic NK cells from MISTRG 2B (pup transplantation)
and 2C (adult transplantation). (H) Top 10 genes that are differentially expressed between
the NK1 and NK2 subset and listed by function (striped bar: cytotoxicity; black bar:
cytokine production; white bar: NK cell regulation; grey bar: other). Analysis was
performed with NK cells from MISTRG mouse transplanted as pup and adult.
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in cytotoxicity (e.g., GNLY, FGFBP2, GZMB, and GZMH), as well as proteins that are
involved in cytokine-mediated processes (e.g., CX3CRI, and TCF7) and NK cell
regulation (e.g., KLF2, LAIR2, and FAM65B). The most upregulated gene was SELL that
is important for recruitment of NK cells to tumors in vivo [155]. Enriched transcripts in
the NK2 cluster were associated with cytotoxicity (e.g., GZMA, GZMK, and KLRB1), and
NK cell regulation (e.g., CEBPD, CD160, SH2D1A, and TIGIT). The most upregulated
genes encode for cytokines and cytokine receptors or proteins involved in cytokine
production (e.g., CCL3, ALOX5AP, CCL4, and CXCR6) that aligns with the biologic
function of CD56"€" NK cells. Among the differentially expressed genes in the
MISTRG NKI1 subset, eight genes were shared by mice and patients (FGFBP2, GZMB,
GZMH, CX3CRI1, GPRI183, TCF7, SELL, and CD44). Among the genes in the MISTRG
NK2 cluster, seven genes were shared (GZMK, GZMA, KLRBI, CCL3, CCL4, CLL5, and
ALOX5AP). Unlike patients whose NK cell function correlated with the proportions of
NK1 and NK2 subsets, I observed no molecular-functional correlation in the MISTRG
mice.

To determine if transplantation in adult versus newborn mice alters the
transcriptome of MISTRG-derived human NK cells, I compared the gene expression
profile of NK cells from MISTRG 2B and 2C. These two animals were transplanted as
adult and pup using the same CD34" cell source, and therefore thought to be adequate for
such a comparison. When both data sets were combined, I saw that NK cell population
density and distribution overlapped between MISTRG 2B and 2C. The proportions of the
CD56%™ NK 1 and CD56"#" NK2 cluster were comparable in both animals and
accounted for about 20% and 80%, respectively. I then examined the differential gene
expression between the NK1 and NK 2 subpopulation in both data sets. I found that 12 of
the 20 most differentially expressed genes involved in cytotoxicity, chemotaxis-related
processes, and NK cell regulation were shared between MISTRG 2B and 2C.
Collectively, the transcriptomic analysis revealed that the NK cell gene expression profile
in MISTRG neuroblastoma mice is like that in patients with neuroblastoma. Although I
have shown that the functional status of patient NK cells correlates with the relative
proportion of NK1 and NK2 clusters, the molecular and functional characteristics are
unrelated in the humanized MISTRG mice. Therefore, next, I performed a functional
assessment of NK cells in vivo.

Comparison of adoptive NK cells with endogenously produced human NK cells in
MISTRG mice

To assess the cytotoxic function of human NK cells in transplanted MISTRG
mice in vivo, a cohort of animals first received CD34" hematopoietic progenitor cells
from one donor according to the adult transplantation protocol. Transplanted MISTRG
mice then received ultrasound-guided orthotopic injections with the PDX line
SINBL108 X, which is deficient in HLA and expresses high-levels of GD2 (data not
shown). Because previous humanized animal models commonly use adoptively
transferred human NK cells to target neuroblastoma in NSG, I decided to compare the
antitumor immunity of MISTRG-derived NK cells to adoptive human NK cells in
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MISTRG and NSG mice. Therefore, a second cohort of MISTRG mice did not undergo
hematopoietic transplantation but received orthotopic tumor injections.

Because tumor engraftment rates are approximately 80% with this PDX line, I
enrolled mice with established tumor volumes measuring > 10 mm?® by ultrasound and
randomized the respective animals to receive either chemotherapy or
chemoimmunotherapy. Chemotherapy, consisting of daily irinotecan and temozolomide
for 5 days, was administered alone or in combination with immunotherapy, which
comprised daily hul4.18K322A and IL-2 for 5 days of the following week. With each
course of immunotherapy, I injected animals who did not undergo hematopoietic
transplantation with 5 x 10® human NK cells from one healthy donor that had intact
cytotoxicity prior to cryopreservation and after the thawing process (data not shown).

Because preclinical pharmacokinetic studies have not been conducted with
hul4.18K322A in vivo, I performed a flow cytometry—based antibody saturation assay to
quantify antibody binding in tumor tissues (Figure 3-14). I found that hul4.18K322A
bound to nearly 100% of the tumor cells by 2 days after antibody injection and gradually
decreased over a course of 12 days, which is similar to previously published
hul4.18K322A pharmacokinetic findings in humans [92]. The mean fluorescence
intensity followed this trend. Thus, I confirmed that hul4.18K322A distributed properly
in tumor tissue and excluded poor pharmacokinetics as a possible reason for therapy
failure.

All animals injected with human CD34" or mature NK cells had low but
detectable residual levels of human CD45" cells in their tumors at the end of therapy.
Human CD45" cell levels were higher in MISTRG mice that received transplantation
than those that received adoptive NK cell transfer (P = 0.01). I confirmed the presence of
CD56" CD3™ NK cells in these animals.

I performed baseline tumor measurements before therapy start and after two
therapy courses lasting 3 weeks each. All mice had macroscopic tumors at the end of
therapy, irrespective of the type of intervention or source of effector cells. However,
MISTRG mice with endogenous human hematopoiesis treated with
chemoimmunotherapy exhibited significantly lower residual tumor burdens than did
animals that did not receive bone marrow transplantation but received adoptively
transferred NK cells with every course of immunotherapy (P = 0.003). Among the
animals given chemotherapy alone, no statistically significant difference in tumor burden
occurred between the two groups at the end of treatment.

To determine whether the lack of antitumor efficacy with adoptive NK cells was
due to strain-intrinsic factors, I repeated the experiment in NSG mice. I treated PDX-
bearing animals with chemotherapy alone or a combination with immunotherapy and
adoptive NK cell injections. I did not observe a statistically significant difference in
tumor burden at the end of therapy between the two treatment groups (P > 0.05),
suggesting that the lack of antitumor effect in adoptively transferred NK cells was not
due to strain-specific factors.
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Figure 3-14. Comparison of adoptive NK cells with endogenously produced human
NK cells in MISTRG mice

Notes: (A) Antibody distribution and kinetics are examined in tumor-bearing NSG mice
that received one dose of 4 mg/kg of hul4.18K322A. Tumors were analyzed at selected
time points by flow cytometry for the presence of antibody. Nearly 100% of
hul4.18K322A-bound tumor cells were detected 2 days after injection. The percentages
of antibody-bound tumor cells and mean fluorescence intensities (B) gradually decreased
over the following 12 days. (C) Residual tumor-infiltrating human CD45" cells at the end
of therapy are shown for mice with endogenous human hematopoiesis and contrasted to
mice that received adoptive NK cell injections. Transplanted animals had significantly
more infiltrating cells (P = 0.01; Mann-Whitney test). (D) Associated flow cytometry
plots and gating strategy to quantitate human CD45" cells and human NK cells from
tumor samples. (E) Experimental cohorts were grouped by intervention
(chemoimmunotherapy and chemotherapy) and separated by the source of effector cells
into transplanted mice (red) and mice that received adoptive transfer of mature human
NK cells (blue). Tumor volumes at the start of therapy (on therapy) and after completion
of therapy (off therapy) are plotted by group. Among mice receiving
chemoimmunotherapy, transplanted MISTRG mice (N =8) had more significant tumor
growth suppression than did animals that received adoptive NK cells with therapy (N =5;
P =0.003; Mann-Whitney test). No significant differences occurred between these two
groups treated with chemotherapy (each N = 6). (F) Longitudinal tumor volumes in NSG
mice treated with chemoimmunotherapy (N = 5) and adoptive NK cell injections (N = 5;
left) or chemotherapy alone (right). No statistically significant differences were present in
longitudinal tumor volumes between the treatment groups (Mann-Whitney test).
Antitumor immunity in a humanized MISTRG neuroblastoma model. (G) Cytotoxic
activity of NK cells from two allogeneic donors were tested against K562 cells. Media
were supplemented with MISTRG, NSG, human AB" serum, or matched heparinized
plasma. Tumor lysis is significantly worse with the addition of MISTRG serum in resting
(both) and IL-2—preactivated NK cells (donor 12). NK cells from donor 11 also have
attenuated cytotoxicity with NSG serum. AB, antibody; IL, interleukin; log, logarithmic;
NK, natural killer.
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Despite the presence of anti-GD2 antibodies and IL-2, it is unclear what
environmental pressures NK cells are exposed to within the mouse and in the tumor
microenvironment. To assess whether these cells are generally suppressed by soluble
factors in mouse serum, I tested the cytotoxic activity of two NK cell donors with K562
cells ex vivo. I supplemented the culture media with 33% of serum from AB™ humans
and NSG or MISTRG mice. Donor-matched heparinized plasma was used as positive
control for suppressed cytotoxicity [ 156]. Surprisingly, resting NK cells eliminated
significantly less K562 tumor cells when exposed to MISTRG (P = 0.04 [donor 8]; P =
0.02 [donor 12]) and NSG serum (P = 0.034 [donor 11]). This suppressive effect was not
overcome by IL-2—preactivated NK cells in one donor (P = 0.023 [donor 11]) and implies
that mouse serum exert suppressive effects on NK cells that develop in a human
environment and render them ineffective after adoptive transfer into mice. Therefore,
these findings may account for the lack of a robust antitumor effect with adoptively
transferred NK cells in my in vivo experiments and warrant further investigation.

Objective 3

A phase II clinical trial of adoptive transfer of haploidentical natural Killer cells for
consolidation therapy of pediatric AML

Consolidation therapies for children with intermediate- or high-risk AML are
urgently needed to achieve higher cure rates while limiting therapy-related toxicities. In
this study, it was determined if adoptive transfer of NK cells from haploidentical KIR—
HLA-mismatched donors may prolong event-free survival in children with intermediate-
risk AML who were in first complete remission after chemotherapy. Patients received
cyclophosphamide (Day —7), fludarabine (Days —6 through —2), and subcutaneous IL-2
(Days —1, 1, 3, 5, 7, and 9). Purified, unmanipulated NK cells were infused on Day 0, and
NK cell chimerism and phenotyping from peripheral blood were performed on Days 7,
14, 21, and 28. The therapy schema is outlined in Figure 3-15. As primary endpoint, the
event-free survival was compared to a cohort of 55 patients who completed
chemotherapy on this trial and were in first complete remission but did not receive NK
cells. Donor NK cell kinetics were determined as secondary endpoints.

Clinical characteristics of study cohort. Twenty-one patients (11 males [52%])
with a median age of 6.0 years (range, 0.1-15.3 years) at diagnosis received NK cell
therapy. Sixteen (76%) patients completed four courses and 5 (24%) completed five
courses of chemotherapy. All patients were negative for minimal residual disease
(defined by <0.1% leukemia cells) at the time of NK cell infusion. Patient demographic,
hematologic, and engraftment characteristics are summarized in Table 3-1. The median
duration of time from day 1 of the last cycle of chemotherapy to infusion of NK cells was
53 days (range, 31-111 days) and 10 days (range, 3—57 days) from the previous bone
marrow aspirate obtained after completion of chemotherapy. The patients received a
median of 12.5 x 10° NK cells/kg (range, 3.6-62.2 x 10° cells/kg). Every patient tolerated
and completed the preparative regimen and NK cell infusion with only 1 nonhematologic
grade 3 adverse event (extravasation skin injury from cyclophosphamide). Of the 21
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Table 3-1. Clinical characteristics of patients who received NK cell therapy

NK cells Days from NK

Age Peak dose cell transplant
UPN (years) Sex Bw C KIR-HLA mismatch chimerism % Day (10%kg) to relapse
1 1.1 M 6/6 CI/Cl CDI158a,CD158el 0 7 16.5 -
2 1.6 F 4/6  C2/C2 CD158b 1 14 11.5 629
3 2.1 M 4/6 C2/C2 CD158b 2 6 12.4 -
4 10.2 F 4/6  C2/C2 CD158b 4 12 8.2 527
5 1.2 F 4/6 Cl/C1 CDI158a 23 7 46.9 617
6 15.4 F 6/6 C1/C2 CD158el 8 13 3.6 -
7 1.2 F 4/6  C2/C2 CD158b 2 8 36.9 -
8 0.1 F 6/6 C1/C2 CD158el 43 14 443 -
9 0.5 F 4/6 Cl/C1 CDI158a 15 7 26.8 -
10 4.5 M 6/6 CI1/Cl CDI158a,CD158el 6 7 14.8 3007
11 2.1 M 6/6 CI/Cl CDI158a,CD158el 2 7 25.7 -
12 13.2 F 6/6 C1/C1  CDI158a, CDI158el 15 7 6.7 228
13 15.3 F 4/6 Cl/C1 CDI158a 14 12 52 -
14 12.4 M 4/6 CIl1/Cl CDl158a 3 7 8.8 1867
15 1.6 M 4/6 C2/C2 CD158b 0 7 12.5 -
16 14.3 F 4/6 Cl/Cl CDl158a 22 7 5.7 2317
17 0.7 M 4/6 C2/C2 CD158b 32 21 42.4 -
18 3.0 M 4/6 CIl1/Cl CDl158a 0 7 62.6 -
19 4.0 M 4/6 CIl1/Cl CDI158a 4 7 12.4 -
20 12.2 M 6/6 CIl/C2 CD158el 1 7 9.0 367
21 9.2 M 6/6 CI/C1 CDI158a,CD158el 10 7 19.3 -

Notes: CNS, central nervous system; HLA, human leukocyte antigen; KIR, killer immunoglobulin-like receptor; N/A, not available;
NK, natural killer; UPN, unique patient number. T Deceased.

58



patients treated, 20 (95%) developed > grade 3 neutropenia, and 5 (24%) developed grade
>3 thrombocytopenia. All patients but one had absolute neutrophil (median time to
recovery, 13 days [7—45]) and platelet count recovery (median time to recovery, 33 days
[9-52]) within 4five days after NK cell infusion and none had opportunistic infections or
notable bleeding. Graft-versus-host disease did not occur in any patients.

NK cell kinetics after adoptive transfer. On Day 7 after NK cell infusion, the
median absolute blood NK cell count was 112 cells/puL (range, 57-454 cells/uL), which
remained stable with a median of 148 cells/uL (range, 47-382 cells/uL) on Day 14, 113
cells/uL on Day 21 (range, 53—382 cells/uL), and 120 cells/uL on Day 28 (range, 61-562
cells/uL). Although white blood cell counts continuously increased after NK cell infusion
(P =.038), the NK cell numbers remained stable during that period (P > .05). The
average number of alloreactive NK cells increased from 41 cells/uL (range, 0—180
cells/uL) on Day 7 to 53 cells/uL (range, 2—274 cells/uL) on Day 14, 57 cells/uL (range,
5-246 cells/uL) on Day 21, and 79 cells/uL (range, 0-306 cells/uL; P =.032) on Day 28.
The fraction of KIR-HLA-mismatched, alloreactive NK cells expanded in 17 patients
and contracted in four patients. Donor NK cell chimerism was detected in a total of 18
patients, four of whom were noted to have rising NK cell levels over time. The median
peak donor NK cell chimerism was 4% (range, 0%—-43%). Eleven of 18 patients (61%)
had persistent levels above the threshold of 1% at four weeks after NK cell infusion
(median, 2%; range, 1%-30%). The level of alloreactive NK cells in the peripheral blood
or donor NK cell chimerism was not correlated with the infused NK cell dose (P> .05).
These results are shown in Figure 3-16.

Survival analysis. Basic demographic and hematologic characteristics of the
study cohort and controls, such as age, gender, CNS status, and French-British-American
(FAB) classification, were not significantly different (P >0.05). Of the eight patients
(38%) who experienced relapse after adoptive transfer of NK cells, 3 (14%) died of the
disease. The median follow-up time for the entire cohort was 1,698 days, and relapse
occurred between 186—-629 days after NK cell infusion. NK cell infusion did not improve
the cumulative incidence of relapse (0.393 [95% confidence interval: 0.182—0.599] vs.
0.35[0.209-0.495]; P =.556), event-free survival (60.7£10.9% vs. 69.1+£6.8%; P =.553)
or overall survival (84.2+8.5% vs. 79.1£6.6%; P =.663) compared to chemotherapy
alone as demonstrated in Figure 3-17. Calculations indicated that survival distributions
would have been statistically significantly different between the treated group and the
control group if all patients in the treated group had been free of an event (100% vs
69.1%). Event-free survival but not overall survival was associated with the expression of
CD158a (P =.028), CD158b (P =.021), and NKG2D (P =.017), as well as with the NK
cell count (P =.007) on Day 7. The number of alloreactive NK cells was not associated
with event-free or overall survival at any time point. Most children with disease relapse
received less than the average phase II NK cell dose which is shown in Figure 3-17.
Therefore, a lower cell dose could be responsible for negative outcomes in this study. In
this figure, six patients from the phase I cohort with intermediate-risk AML are included
[69]. They received an average of 29 x 10° NK cells/kg and only one patient with +21 M1
AML received 7.3 NK cells/kg which is below the average phase II cell dose.
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Figure 3-16. NK cell kinetics in patients after adoptive transfer of haploidentical
KIR-HLA-mismatched NK cells

Notes: Average NK cell engraftment (A) in peripheral blood is plotted over time. KIR—
HLA-mismatched NK cells expanded over time in 17 patients (B) and contracted in four
patients (C). Donor NK cell chimerism was detected in 18 patients (D, gray line), of
which 4 were noted to have rising levels over time (black line).
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Figure 3-17. Survival curves and NK cell dose distribution

Notes: Kaplan-Meier survival curves comparing the overall survival (A) and event-free
survival (B) of 21 patients with NK cell infusion (dashed line) with that of 53 patients
who completed four or five courses of chemotherapy but did not receive NK cell infusion
(solid line). (C) Patients are plotted by ascending order of infused NK cell dose per kg.
Six of 12 (50%) patients who received NK cells at a lower than the average phase II NK
cell dose (red line) experienced disease relapse (red bar).
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Analysis of NK cell phenotype and reconstitution in children treated with combined
chemoimmunotherapy for neuroblastoma

NK cells are the primary effector cells in ADCC in neuroblastoma. Specifically,
the abundant population of CD56%™ NK cells highly expresses the low-affinity receptor
CD16 that recognizes the F. fragment of IgG and is required for ADCC [2, 3]. However,
NK cells are also able to mediate antitumor effects through complex interactions between
activating and inhibitory NK cell surface receptors and their cognate ligands expressed on
target cells [26]. Ongoing research aims to better understand the quantitative and
qualitative differences in NK cells that mitigate the clinical efficacy of monoclonal
antibody therapy and may explain the variability of clinical responses to immunotherapy.
The presence of certain FcyR polymorphisms [157, 158] that affect the affinity between
CD16 and the F. fragment or specific KIR-HLA associations [159, 160] modulates
clinical outcomes in patients with neuroblastoma undergoing immunotherapy. Therefore,
a detailed longitudinal characterization of endogenous NK cells isolated from affected
patients may broaden our current knowledge of NK cell biology in the context of
neuroblastoma.

In this study, NK cells were analyzed from patients with newly-diagnosed, high-
risk neuroblastoma who enrolled in the phase II trial (NCT01857934) at St. Jude
Children’s Research Hospital. Children received induction chemotherapy identical to that
described in the ANBLO0532 trial [91] combined with intravenously administered
hul4.18K322A (days 2-5), subcutaneously administered low-dose IL-2 (days 6, 8, 10,
12, 14, and 16), and daily subcutaneous GM-CSF (day 7 until neutrophil count > 2,000
mm3). The consolidation regimen is reported elsewhere [93] and consists of
myeloablative busulfan and melphalan, followed by autologous hematopoietic progenitor
cell infusion. During consolidation, consenting patients received haploidentical CD56"
CD3" NK cells purified in a two-step procedure with the CliniMACS system (Miltenyi
Biotec) [69]. NK cells were infused any time between day 2—5 after autologous
hematopoietic progenitor cell infusion and four additional daily doses of hul4.18K322A
and IL-2 and daily intravenous GM-CSF (beginning day 10 after NK cell infusion until
neutrophil count > 2,000 mm3) were given. Maintenance therapy was administered as
described in the ANBLO0032 trial with hul4.18K322A substituting ch14.18 [80]. The
therapy schema is outlined in Figure 3-18.

Clinical characteristics of study cohort. Forty-six patients (25 [54%] males)
with a median age of 2.8 years (0.5-15.2 years) were included. Patient demographic,
disease-specific, and therapy-related information are summarized in Table 3-2. Forty-two
(91%) patients received autologous bone marrow transplantation. Of which, 30 (71%)
received haploidentical NK cells (median cell dose, 22.6 [3.0-114.0] x 10%/kg). Four
patients did not undergo autologous bone marrow transplantation due to persistent
infection (N = 2) or parental refusal (N = 2). At the time of analysis, five patients (11%)
had died of their disease.

NK cell kinetics during chemoimmunotherapy. The kinetics of CD16" and
total NK cell counts in the peripheral blood followed similar trends during induction
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Figure 3-18. Therapy regimen of patients with high-risk neuroblastoma and time
points of phenotype testing

Notes: Therapy schema of neuroblastoma trial and time points when peripheral blood

samples were obtained for NK cell phenotyping. BMT: bone marrow transplantation;
MRD: minimal residual disease therapy phase.
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Table 3-2. Clinical characteristics of studied patient cohort

Demographic and clinical summary

Patient rates (N =46)

Age at diagnosis, y
Median
Range
Sex (%)
Female
Male
Race (%)
White
African American
Other
INSS stage (%)
2B
3
4
MYCN status (%)
Not amplified
Amplified
Unknown
Shimada histology (%)
Favorable
Unfavorable
Unknown
Survival status (%)
Alive
Deceased
Autologous transplant (%)
Yes
No
Haploidentical NK cell therapy as part of autologous transplant
(%0)
Yes
No
Donor
Father
Mother
Infused NK cell dose, x10%kg median (range)
Median
Range
Infused NKT cell dose, x10%/kg
Median
Range

64

2.8
0.5-15.2

21 (45.7)
25 (54.3)

31 (67.4)
12 (26.1)
3(6.5)

1(2.2)
7(15.2)
38 (82.6)

26 (56.5)
19 (41.3)
1(2.2)

2 (4.3)
32 (69.6)
12 (26.1)

42 (91.3)
4 (8.7)

42 (91.3)
4 (8.7)

30 (65.2)
16 (34.8)

16 (53.3)
14 (46.7)

22.6
3.0-114.0

0.01
0.00-0.10



Table 3-2. Continued

Demographic and clinical summary Patient rates (N =46)
Infused T cell dose, x10%kg

Median 0.00

Range 0.00-0.01
Donor HLA—patient KIR mismatch (%)

Yes 16 (53.3)

No 14 (46.7)

KIR2DLI 12 (40.0)

KIR2DL2/3 1(3.3)

KIR3DLI 7 (23.3)
Autologous HLA-KIR mismatch (%)

Yes 15 (50.0)

No 15 (50.0)
NK cell chimerism on day 7 after infusion

No. patients 21

Median (% donor) 5.9

Range 0.0-81.0
NK cell chimerism on day 21 after infusion

No. patients 25

Median (% donor) 0.0

Range 0.0-35.0

Notes: HLA, human leukocyte antigen; KIR, killer-cell immunoglobulin-like receptor;
INSS, International Neuroblastoma Staging System.
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therapy, with profound NK cell deficiency on day 7 of each course. Compared to
pretreatment levels, the median NK cell counts decreased from 91 (5-1,635) cells/uL at
baseline to 1 (0-8) cell/uL (P <0.001) on day 7 of course 1, 14 (3—246) cells/uLL
(P<0.001) on day 7 of course 3, and 1 (0-4) cell/uL (P <0.001) on day 7 of course 4,
respectively. By comparing the NK cell counts on day 7 among the three induction
courses, NK cytopenia was less severe during course 3 (i.e., cisplatin and etoposide) than
in the other two courses (i.¢e., cyclophosphamide/topotecan and
cyclophosphamide/doxorubicin/vincristine) (P <0.001). By day 21, the median NK cell
counts fully reconstituted to equivalent (course 1 and 4) or higher levels than that at
baseline (164 [32—-845] cells/uL on day 21 of course 4; P =0.012). These results are
shown in Figure 3-19. All NK cell receptors, including CD16, KIRs, NKG2D, and
NKp46, shared similar longitudinal expression patterns during chemoimmunotherapy.
The percentage of CD158a+ cells at baseline (12.2% [6.1-31.0] vs. 7.7% [0.8-31.3];

P =0.057) and NKp44+ cells on day 21 of course 1 (12.1% [2.2-50.5] vs. 6.7% [0.4—
28.2]; P=0.098) was marginally higher in those with stable disease than in responders.

NK cell reconstitution during consolidation with haploidentical NK cell
infusion. During consolidation, patients who received haploidentical NK cells had higher
mean NK cell counts at day 7 after NK cell infusion than did those who did not receive
NK cells (11 £ 10 cells/puL vs. 8 £ 5 cells/uL). On day 21 post transplant, this difference
persisted (182 £ 138 cells/uL vs. 144 + 25 cells/uL). The small sample size of patients
with complete data set precluded statistical analysis. The total NK cell count on day 7
post transplant (r=0.39, P=0.021) but not on day 21 (r=0.33, P=0.087) correlated with
the infused number of total nucleated cells. Median donor NK cell chimerisms were 6%
(0—81) on day 7 and 0% (0-35) on day 21. Notably, all patients receiving more than 25
x 10%kg NK cells had donor NK cells detectable in the peripheral blood seven to 21 days
after infusion; however, all four patients with undetectable donor NK cells at any time-
point after NK cell infusion received less NK cells. All 11 of 30 (37%) patients with
evaluable alloreactive NK cell counts at days 7 and 21 post transplant had an expansion
of this subpopulation, albeit at various degrees. When compared with patients who had
less residual disease (i.e., responders after induction therapy), expansion of alloreactive
NK cells was more notable in patients with more residual disease after induction therapy
(i.e., stable disease) (median change, 8 [0.03—75] cells/uL vs 73 [39-106] cells/uL). All
seven patients who had received NK cells from CD158el (KIR3DL1)-mismatched donor
are survivors, whereas 4 of those without CD158el (KIR3DL1)-mismatch had died.
These results are shown in Figure 3-20.

NK cell reconstitution during maintenance therapy. During maintenance
therapy, the median NK cell counts peaked at 143 (23-511) cells/uLL (P <0.001) prior to
course 3 and returned to values comparable with that of pretherapy levels prior to course
6 (P> 0.05).
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Figure 3-19. Box plot of total and CD16* NK cells (logarithmic scale) by time point

Notes: (A) Boxplots of longitudinal logarithmic NK cell count and (B) CD16"NK cells
per uL of peripheral blood in children with neuroblastoma undergoing
chemoimmunotherapy. C1D7, course 1 day 7; C1D21, course 1 day 21; C3DO0, course 3
day 0; C3D7, course 3 day 7; C3D21; course 3 day 21; C4D7, course 4 day 7; C4D21,
course 4 day 21; PREBMT, prior to transplantation; BMTD, days after stem cell infusion;
MRD, minimal residual disease; NK, natural killer.
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Figure 3-20. Individual alloreactive NK cell counts on days 7 and 21 after adoptive
transfer of haploidentical and KIR-HLA-mismatched NK cells

Notes: Responders (complete, very good partial, partial response; n = 8) are shown as

solid lines and those with stable disease (n = 3) as a dashed line. BMTD, Days after stem
cell infusion; NK, natural killer.
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NK cells from patients with neuroblastoma are dysfunctional

NK cells are the primary effector cells in anti-GD2 antibody-induced ADCC in
neuroblastoma. To characterize the cytotoxic activity of NK cells in children with newly
diagnosed neuroblastoma, I purified NK cells from blood of 19 patients enrolled on our
institutional phase II trial NB2012 (NCT01857934). NK cells were purified by negative
selection and cultured for 12 to 18 hours in RPMI-based full medium in the presence or
absence of cytokines (IL-2 or IL-15). I used those cells to perform a flow cytometry—
based cytotoxicity assays with K562 cells. The effector-to-target (E:T) ratio was 5:1 with
a 4-hour incubation period. Unstimulated patient-derived NK cells had significantly less
cytotoxic activity against K562 cells than did NK cells from healthy adult controls (P <
0.001; Figure 3-21); however, activation with IL-2 and IL-15 significantly increased the
NK cell-mediated specific lysis of K562. NK cells are divided by the expression of the
cell surface marker CD56 into cytokine producing CD56° ¢ and cytotoxic CD56%™ NK
cells. Patients with neuroblastoma had a higher percentage population of resting
CD56" " NK cells than did adult controls. This percentage did not correlate with the age
of the patient (P > 0.05). However, in patients and controls, the cytotoxic capacity ex
vivo was inversely correlated with the percentage of CD56™ ¢ NK cells (p =—-0.5; P =
0.003) and positively correlated with the NKp46 expression (» = 0.49; P = 0.33),
predominantly found in CD56%™NK cells. Early clinical tumor responses in the patients
were defined as tumor volume reduction after two courses of induction
chemoimmunotherapy that correlated with the ex vivo NK cell cytotoxicity measured at
the time of diagnosis (» = 0.5; P =0.057).

To compare the tumor lysis by CD56€" to CD56%™ NK cells, I purified NK cells
from two donors and sorted the CD56%™ and CD56*¢" sub-populations. CD56%™ NK
cells eliminated 56 + 4% (donor 1) and 42 + 6% (donor 2) of K562 cells, and no lysis
occurred with CD56*#" NK cells. Collectively, these findings indicate that NK cells
from patients with neuroblastoma have inferior cytotoxicity against K562 than do those
from healthy controls. Cytotoxicity is correlated with early clinical tumor response rates
and may be determined by the amount of CD56"€" NK cells in the blood.

Molecular analyses of NK cells derived from patients with neuroblastoma

To determine the molecular profiles of the NK cells from patients with
neuroblastoma, I applied a drop-seq single-cell RN A-seq approach. NK cells from patient
samples were isolated via negative magnetic selection and used for the generation of gel
bead-in-emulsion reaction vesicles and a single-cell barcoded library. Following
sequencing, the data were analyzed. Targeting 10,000 NK cells per sample, I analyzed a
total of 33,359 peripheral blood NK cells from five patients with untreated
neuroblastoma.

Unsupervised hierarchical clustering of combined patient NK cells identified two

major NK cell clusters: CD56%™ NK 1 (larger cluster) and CD56€" NK2 (smaller
cluster) (Figure 3-22). The relative proportion of NK2 in patients 1, 2, and 3 accounted
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Figure 3-21. Ex vivo cytotoxic activity of NK cells from patients with
neuroblastoma and healthy controls.

Notes: Ex vivo lysis of K562 cells by peripheral blood NK cells from 19 patients with
newly diagnosed and untreated neuroblastoma (grey bar) is compared with those of 19
healthy adult controls (white bar). NK cells were either cultured for 12 to 18 hours in
RPMI-based full medium in the (A) absence or presence of (B) IL-2 or (C) IL-15. NK
cells from patients with neuroblastoma displayed decreased cytotoxicity against K562
cells and contained higher proportions of CD56"€" NK cells than did (D) NK cells from
controls (unpaired t test or Mann-Whitney test). (E) Specific lysis correlates with NKp46
expression and (F) tumor volume reduction after two courses of therapy (early tumor
response; Pearson correlation coefficient). CD56%™ and CD56"¢" NK cells were purified
from (G) donor 1 and (H) donor 2. Histogram plots demonstrate the proportions of
CD56%™ (blue) or CD56™€" NK cells (red) that were used in the cytotoxicity assays with
K562 cells. CD56%™ NK cells eliminated 56 + 4% (donor 1) and 42 + 6% (donor 2) of
K562 cells, and no lysis occurred with CD56° ¢ NK cells.
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Figure 3-22. Single-cell transcriptome analysis of NK cells from patients with
neuroblastoma

Notes: (A) Visualization of CD56dim NK1 and CD56bright NK2 cluster of combined
peripheral blood NK cells from 5 patients with neuroblastoma using t-distributed
stochastic neighbor embedding. (B) Relative percentages of CD56dim NK1 and
CD56bright NK2 cells per patient. The absolute numbers of cells are plotted for each
cluster. (C) Color-scaled expression of GZMB and GZMK. (D) Percentage of
CD56bright NK cells identified by flow cytometry (grey bar) or single-cell RNA-seq
(white bar). Top ten genes that are differentially expressed between the (E) NK1 and (F)
NK2 subset and listed by function. (G) Lysis of K562 cells ex vivo by patient.
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for approximately 10% of all NK cells and was smaller than in patients 4 and 5, whose
NK2 cluster comprised more than 25% of all NK cells. To segregate the NK1 and NK2
cluster, I found GZMB to define the NK1 subset and GZMK for the NK2 subset.
Identification of CD56€" NK2 cells by flow cytometry and single-cell RNA-seq yielded
similar results. When compared to the NK2 population, the NK1 cluster differentially
expressed transcripts that encoded membrane-bound proteins (e.g., KLRBI and FCGR3A)
and secreted proteins (e.g., FGFBP2, GZMH, and GZMB) involved in cytotoxicity and
pathogen defense, as well as proteins involved in chemotaxis (e.g., CCL3, CCL4, and
CCLY). Enriched transcripts in the NK2 cluster were associated with cytotoxicity (e.g.,
GZMK, CD2), lymphocyte chemotaxis and migration (e.g., XCLI and XCL2) but also
contained genes that regulate NK cell function (e.g., LTB, IL7R, and TCF7). I found that
the ex vivo cytotoxic capacity of each donor’s NK cells correlated with the proportion of
NKI1 and inversely correlated with the proportion of NK2.

I repeated single-cell RNA-seq for four of the five patients after completion of
two courses of chemoimmunotherapy and surgery, when tumor volumes were markedly
decreased (148 = 102 mm? versus 14 + 14 mm?®). I aligned the patient single-cell RNA-
seq data obtained at . (i.e., after two courses of treatment) and # (i.e., before therapy)
and found that the population density and distribution overlapped between both data sets
(Figure 3-23). The relative proportion of NK1 to NK2 clusters remained stable at both
time points in each patient, except in patient 2 who had an expansion of NK2 from 14%
at 11 to 41% at ©>. This was also reflected by a shift in expression of GZMB and GZMK. 1
compared the differential gene expression at 7> with #; for each patient individually. In
patients 1, 4, and 5, most differentially expressed genes were downregulated and
involved in cytokine production and NK cell regulation. The NK cells from patient 2
exhibited upregulation of the NK2-defining gene GZMK, and concordantly, tumor lysis
was diminished at #, than at # for this patient. In the remaining three patients, no
association was noted between the differential expression of the NK1- and NK2-defining
genes or ex vivo cytotoxicity at 2.
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Figure 3-23. Single-cell transcriptome analysis of NK cells from patients with
neuroblastoma after therapy

Notes: (A) Aligned single-cell RNA-seq data sets of NK cells from patients with
neuroblastoma before therapy (#1) and after two courses of treatment (2). (B) Relative
percentages of CD56%™ NK1 and CD56"€" NK2 cells per patient at #; and #,. The
absolute numbers of cells are plotted for each cluster. (C) Color-scaled expression of
GZMB (red) and GZMK (blue) by patient and time point. The blue circle marks the NK2
population in patient 2 that expands after therapy. (D) Differential gene expression in NK
cells of 4 patients at /2 compared to #1. Bars indicate average log fold change and are color
coded to reflect association with gene function (striped bar: cytotoxicity [Tox]; black bar:
cytokine production [Ck]; white bar: NK cell regulation [Reg]; grey bar: other [Oth]). (E)
Lysis of K562 cells ex vivo by patient and time point. Light grey bars represent ¢ and
dark grey bars represent 2.
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CHAPTER 4. DISCUSSION?

Objective 1

In my dissertation research, I studied the contribution of IL-2 and IL-15, anti-GD2
antibody, ATRA, and HLA—KIR mismatch in NK cell-mediated cytotoxicity of
neuroblastoma cells with the aim to better understand the cellular mechanisms of ADCC.
I found that IL-2 improved ADCC in culture and induced equivalent cytotoxicity with
lower antibody doses, supporting the continued use of this cytokine in neuroblastoma
immunotherapy. In my experiments, I also demonstrated that the susceptibility of
neuroblastoma cells to ADCC was improved after ATRA-induced neuronal
differentiation which validates our current therapeutic approach in the clinic, where
immunotherapy is administered with cis-retinoic acid. Although KIR-HLA mismatch
was a strong signal for degranulation in culture, a larger proportion of NK cells
degranulated with ADCC, presumably due to recruitment of KIR-HLA matched and
CD16-expressing sub-groups. Currently, allogeneic KIR-HLA-mismatched NK cells are
therapeutically administered to cancer patients in the clinic. However, my findings
indicate that the tumor-directed effect could be further exerted when given with antibody.
In this work, I found that IL-15, integrated in the current immunotherapy regimen for
neuroblastoma, has significant preclinical anti-tumor activity in vitro and in vivo that
exceeds the effect of IL-2. Based on these findings, I propose IL-15 as an IL-2 substitute
and suggest as forthcoming steps the conduction of a larger preclinical trial to validate the
results or clinical study to test the tolerability of IL-15 with immunotherapy in children
with relapsed/refractory neuroblastoma and report the anti-tumor effect as a secondary
endpoint. Together, the findings of this study highlight several potential ways to improve
immunotherapy for patients with neuroblastoma and warrant further validation in vivo.

Many studies have described the enhancing effect of IL-2 on NK-cell growth and
survival and suggested a supporting role in ADCC [131, 161, 162]. However, therapeutic
administration of IL-2 has been limited in the clinic by the considerable toxicity
associated with high doses [140]. For example, in the latest high-risk neuroblastoma
study by the European International Society of Pediatric Oncology Neuroblastoma
Group, 44% of patients who received high-dose recombinant IL-2 at 6 x 10° IU/m? by
subcutaneous injection were unable to tolerate the regimen and had to terminate their
treatment prematurely [ 135]. The investigators of this study questioned the therapeutic
role of rIL-2 in their trial, given that they did not find a survival benefit with the use of
recombinant IL-2. However, the findings may have been confounded by the high dropout

3 Portions of chapter from previously published article; final submission modified with permission of
Springer Nature. Nguyen R, Houston J, Chan WK, et al. (2018) The role of interleukin-2, all-trans retinoic
acid, and natural killer cells: surveillance mechanisms in anti-GD2 antibody therapy in neuroblastoma.
Cancer Immunol Immunother, 67: 615-26 [134]. https://doi.org/10.1007/s00262-017-2108-6.

Portions of chapter from final submission modified with open access permission from Springer Nature.
Nguyen R, Wu H, Pounds S, et al. (2019) A phase II clinical trial of adoptive transfer of haploidentical
natural killer cells for consolidation therapy of pediatric acute myeloid leukemia. J. Immunother. Cancer. In
press. Authors retain the copyright.
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rate of patients in the IL-2 treatment arm [135]. My dissertation research showed that IL-
2 improves ADCC in culture and therefore supports the continued use of IL-2 in
neuroblastoma immunotherapy. The IL-2 concentration that was used is tolerable and
physiologically achievable, falling within the range of serum levels from adult and
pediatric pharmacokinetic studies [140, 163]. Therefore, it can be argued that low doses
of IL-2 may be an efficacious yet better tolerated option for children with neuroblastoma.
ADCC is enhanced by greater IL-2 activation and anti-GD2 antibody concentration (of
>10 ng/mL) until this effect reaches a plateau in vitro. In the future, several doses of
Hu14.18K322A should be compared in combination with IL-2 in preclinical studies to
determine which dose combination may yield the best anti-tumor effect. Clinically, dose
de-escalation of anti-GD2 antibody therapy could result in better tolerability because it
may decrease antibody-related pain, which is dose-dependent and currently managed in
the clinic with preemptive administration of morphine and lowering of the anti-GD2
antibody infusion rates, extending up to 10 days (NCT01857934) [164].

For neuroblastoma, NK-cell therapy could be exploited as either part of anti-GD2
antibody therapy or cancer-directed immunosurveillance [165, 166], but the cellular
mechanisms are less clearly understood in neuroblastoma than in AML [66]. In the
present studies, ADCC was a strong signal for NK-cell degranulation. Therefore,
adoptive transfer of allogeneic NK cells may be more effective when given with
antibody. It was also observed that NK cells of all the tested donors express CD158b and
were licensed and predominantly active, whereas other NK-cell populations exhibited
less degranulation. CD158b (KIR2DL2/3) and HLA-C1 ligands are the most common
KIR allele and HLA among the Caucasian population [167]. The cumulative number of
Caucasians with HLA-C allotypes with asparagine at position 80 corresponding to
CD158b approximates a third in this ethnic group [167]. Therefore, it is likely to have a
donor with licensed and potentially active NK cell that express CD158b and could
explain these findings. However, it is unclear how NK cell education preferentially
expands the CD158b-expressing subpopulation. The present findings also raise the
question if selection of suitable NK-cell donors which is based primarily on donor KIR
genotype and recipient HLA genotype should be expanded to determine the fraction of
active and hypoactive NK-cell populations according to the HLA and KIR genotype of
the donor. These data warrant further validation with cells isolated from additional
donors in ex vivo and animal model studies.

Previous studies of neuroblastoma cell death in culture compensated for un-
induced levels of cell death by removing neuroblastoma cells from culture plates by
normalizing assay results. Although this is an effective approach, the nine neuroblastoma
cell lines that were tested had very different intrinsic sensitivities to flow cytometry—
based cytotoxicity assays. Therefore, a new assay was developed that minimized basal
levels of cell death. A large series of ADCC assays was conducted with this assay,
demonstrating its feasibility. Unlike flow cytometry—based assays that have a very high
sensitivity in detecting membrane disintegrity with viability staining, the ADCC assay
required the tumor cells to have undergone cell death to quantify specific lysis.
Therefore, this assay measures ADCC more conservatively than do flow cytometry—
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based methods, which may be advantageous for cell lines that can recover from an NK-
cell assault.

Importantly, NK cells were isolated from the peripheral blood of healthy de-
identified allogeneic blood donors to assess ADCC by resting and IL-2—activated NK
cells. Because of donor de-identification, each experiment was conducted with fresh cells
from a different donor. Because the level of NK cell-mediated cytotoxicity may vary
among individuals, comparing ADCC within an experiment with NK cells from one
donor rather than between experiments with NK cells from different donors may lead to
more biologically meaningful conclusions.

GD2 expression remained stable after ATRA-induced differentiation, which was
expected because GD2 is a marker found in mature neurons [168]. Susceptibility to
ADCC was improved after ATRA treatment. This is clinically relevant because patients
receive anti-GD2 antibody therapy combined with ATRA [169]. Although not studied
here, ATRA can induce higher expression of NKG2D ligands [170]. NKG2D serves as
global co-stimulatory signal for various ITAM-associated pathways in NK cells,
including CD16 signaling [171]. Although this could have been a plausible explanation
as to why ATRA-treated tumors are highly susceptible to ADCC by anti-GD2 antibody
alone without the need of IL-2 activation of NK cells, RNA sequencing did not reveal
differential expression of the respective genes. Therefore, at this point, the mechanisms
behind this are unclear, and future molecular studies are needed to explain the observed
differences. In concordance with prior reports [172], the morphology of ATRA-
differentiated neuroblastoma cells varied greatly and could be due to differential
expression of ATRA effector genes. For example, RARB and CRABP2 are upregulated in
good differentiator cells and function as regulatory binding proteins that induce the
transcription of ATRA target genes [173]. The transcriptional effects of ATRA also
depend on its cellular concentration. Enzymes belonging to the CYP26 family are mainly
responsible for ATRA homeostasis and were upregulated as well. If these genes can be
used to predict differentiation efficiency warrants further studies.

Here, the feasibility of conducting tissue-matched ADCC experiments with
patient NK cells and O-PDXs was demonstrated. Characterizing effector and tumor cells
and conducting ADCC assays for individual patients in the laboratory may provide a
valuable opportunity to identify and validate predictive biomarkers for therapy success
and to study the potential vulnerabilities of tumor cells.

In this work, I found that IL-15, integrated in the current immunotherapy regimen
for neuroblastoma, had significant preclinical anti-tumor activity in vitro and in vivo that
exceeded the cytotoxic activity of IL-2. Curiously, the immunologic effects of IL-2 and
IL-15 are overlapping because, despite the lack of sequence homology, both cytokine
receptors share the same B- and y-chains with cytokine-specific a-subunits [146].
Consistent with previous reports that have established the promoting role of IL-15 in NK
cell maturation and survival [174], I found mice that completed therapy on the IL-15/IL-
15Ra arm to have less immature tumor-infiltrating CD27" CD11b™ NK cells than animals
in other groups. This suggests that IL-15 induces maturation in vivo, leading to higher
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proportions of mature NK cells with cytolytic capacity. Whether this finding is the cause
for improved tumor growth suppression in vivo remains to be determined.

The safe use of recombinant human IL-15 was confirmed in a human phase I trial
[141] in which adult patients with refractory solid tumors received daily bolus infusions
for 12 consecutive days. Two patients cleared their lung lesions, indicative of partial
activity. Detailed biologic profiling of the peripheral blood showed unique cellular
kinetics in the treated patient that were characterized by an efflux in NK and memory
CDS8" T cells from the circulation within 10 minutes of infusion start, followed by
significant hyperproliferation, and hypoproliferation to restore homeostasis when IL-15
administration was ceased. Although recombinant human IL-15 is a promising agent, pre-
complexing IL-15 with IL-15Ra has shown a 50-fold higher biologic activity [175, 176].
ALT-803 is such a novel agent where the IL-15/IL-15Ra complex was further fused to an
IgG1 F¢ and a mutation in IL-15 (N72D) was introduced. These changes lead to longer
half-life and enhanced biological activity of the recombinant cytokine. [177]. In a phase I
studies, ALT-803 was administered subcutaneously once per week and tolerated with
minimal side effects [138, 178]. Based on my presented results, I propose IL-15 as an IL-
2 substitute in the current immunotherapy regimen for neuroblastoma. Therefore, |
suggest the conduction of a larger preclinical trial to validate the results. Alternatively,
the development of a clinical study could test the tolerability of recombinant human IL-
15 or ALT-803 with immunotherapy in children with relapsed/refractory neuroblastoma.
The tumor response could be reported as a secondary endpoint and detailed correlative
studies may further inform us regarding the biologic effect of IL-15 when given in
combination with immunotherapy.

Objective 2

In my dissertation research, I developed and thoroughly characterized a
humanized MISTRG neuroblastoma model for preclinical testing applications. I found
that human NK cells in neuroblastoma-bearing mice have intact cytotoxic function in
vivo. However, ex vivo cytolysis was attenuated in these animals. Molecular analysis
revealed overlapping transcriptomic signatures between MISTRG-derived and patient
NK cells that entailed genes involved in fundamental processes of NK cell function.
Nevertheless, I discovered that the larger proportion of CD56°¢" NK cells in mice
constituted a major difference compared to patients. Thus, I suspect that impaired ex vivo
cytotoxicity of MISTRG-derived NK cells could be related to higher proportions of
CD56# NK cells, suggestive of immaturity of the NK cell compartment. Aside from
mechanistic studies in these animals, I propose future testing of cytokines to
therapeutically overcome the hypoactivity of NK cells.

Despite newly emerging humanized mouse models that foster human
hematopoiesis, MISTRG mice are one of the only strains that permit endogenous
reconstitution of macrophages/monocytes and NK cells because of a unique human
cytokine milieu [115]. This is a critical feature of models used to observe the subtle
intervention-mediated biologic changes without confounding the results with exogenous
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manipulations to maintain human engraftment. The biomedical application of MISTRG
mice has been limited in the past because of the development of fatal anemia. However,
modification of the transplantation protocol, as performed in this study, yields extended
life spans and engrafted human tumors and hematopoiesis for chemoimmunotherapy
testing for at least 6 weeks. In addition, the molecular signature of NK MISTRG-derived
NK cells after transplantation as adult versus pup was overlapping. Therefore, I think that
this finding may enable broader application of the humanized MISTRG neuroblastoma
model to current areas of immunotherapy research.

Generally, two primary experimental approaches are used to design
immunotherapeutic efficacy studies in murine models. Treatment can be started when
mice are inoculated with tumor cells but have not formed detectable tumors (i.e., an early
tumor model approach). Alternatively, mice can be treated when macroscopic tumor
growth is present, (i.e., an established tumor model approach). Unless tumor engraftment
rates are 100%, testing experimental interventions in established tumors provides
certainty that responses must be due to tumor shrinkage rather than engraftment failure,
minimizing false-positive results. Therefore, it was important for this study to commence
therapy when the tumors were macroscopically visible. By administering a
chemoimmunotherapy regimen that is closely aligned with the current therapy for
neuroblastoma [ 179], superior antitumor immunity was noted in MISTRG mice with
endogenous hematopoiesis than with adoptively transferred mature NK cells, suggestive
of intact cytotoxicity of endogenous NK cells in this model. This was corroborated by the
fact that transplanted mice had considerably higher numbers of tumor-infiltrating immune
cells than with adoptive NK cell transfer. When exploring the potential reasons for
attenuated cytotoxicity of adoptively transferred NK cells, I found that mouse serum
notably decreases NK cell function in vitro. Because adoptive NK cells mature in
humans, I speculate that xenotransplantation into a mouse environment has a more
profound negative effect on these cells than it does on NK cells that mature in the murine
host and may have adapted to mouse-intrinsic conditions. Because it has been common
practice to adoptively transfer NK cells from patients or allogeneic healthy donors to
target neuroblastoma in humanized mouse models [180, 181], my observation is relevant
for future translational studies and supports the use of transplantation models. Lastly, this
observation can be reconciled with findings from the pediatric trial that tested adoptive
NK cell transfer for AML and failed to show an event-free survival benefit with infused
NK cells, despite clear evidence that killer-cell immunoglobulin-like receptors (KIR)—
HLA-mismatched transplants can induce long-term tumor control [66].

By contrasting the transcriptomic findings in NK cells derived from patients to
those of neuroblastoma-bearing MISTRG mice, I observed a larger proportion of cells
with the NK2 gene profile in the mice. Furthermore, no association between these
molecular findings and the functional capacity of the NK cells from MISTRG mice was
evident. This raises the question of whether the molecular and functional phenotype of
MISTRG-derived NK cells is caused by defective NK cell development or by tumor-
related factors and warrants future investigation.
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My animal studies were performed with only one PDX lines that was obtained
from a patient with high-risk neuroblastoma but is well characterized [182]. However
future studies should employ multiple different PDXs to span the heterogeneous
spectrum of neuroblastoma and confirm whether NK cell dysfunction is also triggered by
other neuroblastoma subtypes in vivo. MISTRG mice were reconstituted with allogeneic
hematopoietic progenitor cells. NK cells that differentiate from human CD34" cells in
mice and express mature NK cell receptors can reject human tumor because allogeneic
hematopoietic stem and progenitor cell donors may be KIR-HLA-mismatched to the
tumor, which can trigger rejection-type immune responses [28, 31]. Receptor-mediated
rejection was possible in my experiments because the PDX line I used is deficient in
HLA; however, because the tumor responses were not different among the chemotherapy
groups of transplanted mice and those who received NK cell injections, I conclude that
KIR-HLA mismatch played a minor role in tumor growth suppression.

The use of effector cells from the same patient who donated the tumor constitutes
an alternative way to engraft the mice with tumor-matched effector cells. Although
peripheral blood mononuclear cells are the easiest way to obtain such cells, CD34" cells
are preferred because these cells can induce long-term hematopoiesis in MISTRG mice.
This can be achieved by collecting CD34" cells after mobilization of these patients,
which is routinely performed during autologous bone marrow transplantation [91]. In the
future, ex vivo generation of hematopoietic stem cells from renewable sources, such as
tumor-matched, patient-derived induced pluripotent stem cells, may be possible. Until
then, the use of allogeneic donors will remain the mainstay for humanized transplantation
and tumor models of immunotherapy. Lastly, my study does not definitively establish
whether the varying NK cell cytotoxicity in neuroblastoma-bearing MISTRG mice is due
to tumor or intrinsic insufficiencies of intact engraftment. Therefore, future experiments
are needed to assess ex vivo NK cell function in tumor-bearing and tumor-free mice
reconstituted with the same donor.

Objective 3

NK cells in patients with neuroblastoma

By studying NK cells from patients with neuroblastoma, I discovered that the
natural cytotoxicity of NK cells is compromised in these individuals and correlates with
tumor response to chemoimmunotherapy. My finding is important because it links the
cellular capacity of a key effector cell involved in ADCC to antibody-mediated tumor
shrinkage in the clinic. The underlying mechanisms leading to NK cell dysfunction can
be further explored in the humanized MISTRG neuroblastoma model. Aside from
mechanistic studies in these animal, I propose the study of cytokines to therapeutically
overcome the hypoactivity of NK cells.

NK cells are classically divided into two populations: (1) CD56%™CD16" NK
cells that predominate in the peripheral blood and are regarded as the main effector cells
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in natural cytotoxicity and ADCC [2, 3] and (2) CD56"€" CD16° NK cells, enriched in
secondary lymphoid tissues, that produce and secrete cytokines and chemokines to
orchestrate inflammatory responses [2, 4, 5]. Studies of the natural history of NK cells
consistently report profound declines in the number of CD56* ¢ NK cells and cytotoxic
NK cell function with age [183—185]. Although I found substantially higher percentages
of CD56"€" NK cells in patients with neuroblastoma than in healthy controls,
presumably due to young age and consistent with previous reports, NK cell function was
markedly impaired in these individuals, suggesting intrinsic differences between patient
and healthy NK cells. I quantified the differential contribution of CD56¢" NK cells to
cytotoxicity and confirmed that this population does not participate in target cell
cytolysis. Because I detected a correlation between CD56€" NK cells in peripheral
blood and ex vivo cytotoxicity, I think that the amount of CD56" 8" NK cells contributes
to the attenuated cytotoxicity and ultimately clinical tumor responses in these patients and
warrants further investigation.

By performing single-cell RNA-seq of peripheral blood NK cells from patients
with neuroblastoma, I identified two NK cell clusters with transcriptomic signatures
involved in cytotoxicity and chemotaxis. My findings were similar to those reported by
Crinier ef al. who also identified two subpopulations in peripheral blood and splenic NK
cells from healthy adults and defined the NK1 cell cluster as human CD56%™ and the
NK2 cell cluster as human CD56¢" NK cells [125]. As part of my investigation, I
conducted functional analysis of the molecularly profiled NK cells and discovered a
functional-molecular association. Specifically, improved cytotoxicity occurred when the
NKI1 cluster predominated, and decreased cytotoxicity occurred with larger proportions
of cells with the NK2 gene signature. Therefore, I conclude that the heterogeneous
cytotoxic capacity of NK cells is related to the proportions of molecularly defined
CD56%Mmand CD56€" NK cells, which was corroborated by my functional and
phenotypic analyses in 19 patients with neuroblastoma and healthy controls. Because
previous studies have inferred that CD56¢" CD16~ NK cells are developmental
precursors to the terminally differentiated CD56%™ CD16" subpopulation [8], I
hypothesize that the increased proportion of CD56€" NK cells in patients reflects
immaturity of the NK cell compartment. Therefore, I propose future translational studies
to assess whether cytokines, such as IL-15 that has established positive effects on NK cell
development [136—138], can mitigate NK cell dysfunction in neuroblastoma in vivo.
Because antibodies to CD56 are widely available and CD56 expression can be easily
quantified by flow cytometry, confirmation of the prognostic importance of this
biomarker may have substantial clinical implications.

By longitudinally phenotyping patients with neuroblastoma during
chemoimmunotherapy, I found that these individuals had profound NK cell deficiency
immediately after cytotoxic chemotherapy, but the cell count recovered to pre-treatment
level before the next cycle of chemotherapy. NK cytopenia was less severe with cisplatin
and etoposide, when compared with cyclophosphamide/topotecan and
cyclophosphamide/doxorubicin/vincristine. This observation highlights the importance of
choosing chemotherapeutic agents that are known to be effective against the primary
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cancer yet are also associated with less severe lymphotoxicity for chemoimmunotherapy
trials [186].

After autologous transplantation, haploidentical NK cell infusion may partially
correct the profound NK cytopenia. Notably, all patients who received more than 25
x 10%kg NK cells had transient engraftment of donor cells. If donor cells are insufficient,
ex vivo expansion may be a feasible option to increase the infused cell dose [187]. Other
than donor factors, recipient factors might affect NK cell expansion after adoptive
transfer. In this study, alloreactive NK cell expansion appeared to be higher in patients
who had more residual disease, categorized as those with stable disease. Furthermore, all
seven patients who did not have inhibitory HLA-Bw4 ligands against the donor CD158el
(KIR3DL1) are survivors. This observation is line with previous findings that KIR3DL1
and HLA-B epitopes are key modulators of NK response to anti-GD2 antibody therapy in
patients with neuroblastoma [159].

Together, these findings demonstrate that donor factors, NK cell product
characteristics, patient factors, and tumor response may all contribute to the complex NK
kinetics and dynamics in patients with neuroblastoma receiving chemoimmunotherapy.
This study encourages further investigations regarding NK cell receptor biology and
function in neuroblastoma antibody therapy.

Adoptive NK cell transfer for AML therapy

Hematopoietic cell transplantation from KIR-HLA-mismatched donors is
associated with a marked event-free survival benefit in patients with AML,[65—67] but
the benefit of NK cell infusion as a consolidation therapy remains unclear for children
with AML. Therefore, the first pediatric phase II study was conducted to determine
whether adoptively transferred NK cells from haploidentical and KIR-HLA mismatched
donors improve event-free-survival in children with intermediate-risk AML who
completed chemotherapy and were in first remission. Despite tolerability and transient
engraftment of donor NK cells in most individuals, adoptive transfer of NK cells did not
decrease relapse or increase survival compared to chemotherapy alone. The lack of
survival benefit in this cohort may be explained due to limited persistence of donor NK
cells and low donor NK cell infusion dose.

The bone marrow is the main site for NK cell production, and the average life
span of circulating NK cells is approximately two weeks [6]. Consistent with that, most
patients in this study had decreasing donor chimerism levels after two weeks from the
time of NK cell infusion, suggesting that the kinetics of adoptively transferred NK cells
follow the same pattern of decay as that of primary NK cells.[6] During hematopoietic
transplantation, donor progenitor cells are a permanent source for alloreactive NK cells
allowing for continued tumor surveillance, whereas adoptively transferred NK cells
represent a limited cell pool. Therefore, it can be argued that the therapeutic window for
alloreactive NK cells had long passed by the time patients in this study experienced
relapse, which occurred from six to 21 months after NK cell infusion.
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The average peak and week 4 donor NK cell chimerisms in this study were
significantly lower compared to reports from a previous phase I trial that used an
identical lymphodepleting chemotherapy regimen [69]. It is believed that this discrepancy
could be due to the low median number of infused NK cells (12.5 vs. 29 x 10 NK
cells/kg). Although there was not a linear correlation between peak donor NK cell
chimerism and infused NK cell dose, a causal relationship may still exist. The peripheral
blood donor chimerism has been shown not to sensitively reflect bone marrow status
[188] and thus may not fully quantitate residual donor NK cells, explaining the lack of
correlation. Because the two-step process to isolate NK cells was identical in both
studies, and because the proportion of young patients with low body weight was similar
as well, it is possible that the low NK cell dose was due to donor-related factors. Whether
extending the time of IL-2 administration or alternatively administering IL-15 may lead
to further expansion and donor NK cell persistence in vivo remains to be determined in
future trials. Regardless, decreased numbers of adoptively transferred NK cells may have
affected tumor clearance, thereby enabling the re-emergence of leukemic cell clones in
patients with relapse. To support this, six of eight patients with disease relapse received
less than the median NK cell dose. Of the 10 patients from the phase I trial, 6 had
intermediate-risk AML and have remained relapse-free after a follow-up of
approximately 32 months. Conversely, this cohort was infused with a much higher
median NK cell number (29 x 10°NK cells/kg) and contained only one patient (UPN 7)
who received less than the median phase I NK cell dose.

Children in this study received purified but otherwise unmanipulated NK cells. It
is conceivable that activated and expanded or chimeric antigen receptor (CAR)-
expressing NK cells may have more applicability in the future. Although NK cells are
more difficult to genetically modify for this purpose than T cells, they have a limited life
span in vivo and potentially a more favorable toxicity profile than the latter.
Alternatively, adoptively transferred NK cells could be combined with a monoclonal
antibody specific to AML blasts, such as CD33, to augment ADCC. Due to the transient
persistence of donor NK cells and monoclonal antibody, long-term myelotoxicity with
this therapy is theoretically less likely to occur than with CAR-T cells [189]. Together,
the therapeutic usefulness and clinical applications of ex vivo modified NK cells is
promising but remains to be determined. Although the number of KIR-HLA mismatched
NK cells was not associated with survival, certain cell surface markers were and could be
used as biomarker to predict individual responses to NK cell therapy in the future.
However, further validation of these markers in clinical trials is needed.
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