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INTRODUCTION, SCOPE AND OUTLINE THESIS

Neuroblastoma (NBL) is the most common extracranial tumor in children, accounting
for about 15% of pediatric cancer deaths worldwide. It is a pediatric neuroendocrine
tumor arising from sympathoadrenal neural crest cells of the developing sympathetic
nervous system. In a healthy situation, these progenitors give rise to the adrenal
medulla and sympathetic neural ganglia, hence, primary tumor masses often present
at these sites. Median age at diagnosis is 18 months, of which 40% of patients are
diagnosed during infancy and 90% before the age of ten. Outcome of patients largely
depends on disease state. Risk classification is currently based on clinical factors, such
as patients’ age and International Neuroblastoma Risk Group (INRG) tumor stage, as
well as on biologic factors, such as histopathologic classification, DNA ploidy, MYCN
status, and copy-number of chromosome 11q. Diagnosis in patients >18 months of age,
disseminated disease, and genetic aberrations, of which MYCN amplification is the
most widely known aberration, all associate with higher disease risk. Low-risk patients
have >90% survival chance, with tumors often regressing spontaneously, while 5-year
survival of patients with high-risk (HR) disease is less than 50% [1,2]. [3-6]

HR-NBL treatment involves an intensive, multi-modal regimen, which can be subdivided
into three phases: the induction, consolidation, and maintenance phase. The induction
phase is composed of chemotherapy and surgical tumor removal, the consolidation
phase of high-dose chemotherapy with autologous stem cell rescue and radiotherapy,
and the maintenance phase of immunotherapy (IT). The Dutch IT regimen initially
comprised the anti-GD2 antibody dinutuximab for tumor cell destruction, isotretinoin
to trigger differentiation, and alternated cycles of interleukin-2 (IL-2) and granulocyte
macrophage - colony stimulating factor (GM-CSF) for immune stimulation. Compared
to isotretinoin only, IT addition resulted in a 20% 2-year and 10% 5-year increase in event-
free survival [2,7]. Currently, two main changes have been made compared to the initial
protocol. The immune-stimulatory cytokines have been omitted in the current Society of
Pediatric Oncology Europe NBL (SIOPEN) HR-NBL2 protocol, in which the Netherlands
takes part, as a recent phase lll trial concluded no additive effect of IL-2 addition to the
treatment regimen [8] and GM-CSF is no longer available in large parts of Europe. Besides
this, short-term dinutuximab infusion is replaced by long-term infusion, as this was shown
to significantly reduce toxicity and can be administered in an outpatient setting [9].

For a long time, the HR-NBL tumor environment was referred to as ‘cold’ or ‘immune-
deserted’ as it was stated that very few immune cells were present in the tumor
microenvironment [10,11]. This phenotype is caused by multiple immunomodulatory
processes mediated by the tumor and its environment, resulting in activation of
suppressive immune cells, including regulatory T-cells (Treg) and myeloid-derived
suppressor cells (MDSCs), and decreased activation and cytotoxicity of immune cells

1
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capable to lyse the tumor, including T- and NK-cells (Figure 1). Nonetheless, in the
last couple of years, multiple studies have reported the presence of tumor-infiltrating
lymphocytes (TILs) in NBL tumors, including T-, NK-, (i)NKT- and y& T-cells [11]. In
addition, a correlation was observed between presence of TILs and favorable outcome
[12], suggesting a role of immune interference in NBL regression. This is supported by
increased serum levels of granulysin, an effector molecule of cytotoxic T-cells, in a case
study of spontaneous NBL regression [13]. These findings, together with the survival
benefit in IT-treated patients, show the potential of immunotherapeutic interference
in HR-NBL.

Despite the benefit of IT on survival in HR-NBL patients, relapse is still observed in about
half of the children. Moreover, the initial additive effect of IT seems to decline over
the years. The current antibody-based IT regimen mainly engages the innate immune
system, trained to hit hard and fast, but inadequately activates adaptive immunity. We
hypothesize that the clue to further enhance (immuno)therapy efficacy in HR-NBL is
to effectively engage T-cells, thereby enhancing anti-tumor cytotoxicity and creating
immunological memory to prevent future relapse.

SCOPE AND OUTLINE OF THIS THESIS

The research described in this thesis focusses on strategies to enhance T-cell
immunogenicity of HR-NBL to improve outcome of children suffering from HR-NBL. The
first part of this thesis explores the potential of monitoring immune responses along the
HR-NBL therapy course to provide useful clues for (immuno)therapy improvement and
biomarker development. The second part of this thesis describes the identification of
pharmacological strategies to enhance T-cell immunogenicity in NBL. In the third part
of this thesis, the use of cell therapy-based strategies to enhance NBL immunogenicity
is explored. The final part of this thesis describes the conclusions, recommendations,
and future directives of the preclinical evidence in this thesis to achieve effective T-cell
engagement to maximize anti-tumor cytotoxicity and create immunological memory
to prevent future relapse.

Part I - Immune Responses during Neuroblastoma Therapy

With only 10-14 children diagnosed in the Netherlands annually [1], HR-NBL can be
classified as a very rare disease. The small cohort of children makes it difficult to
compare therapeutic interventions and conclude the best multimodal treatment
strategy. This is underlined by the fact that dose, timing, and chosen immunotherapeutic
compound combinations are currently highly empirical and do not take the immune



INTRODUCTION, SCOPE AND OUTLINE THESIS

status of patients or the effect of the individual compounds into account. Promising
efforts have been made to compare outcome of patients treated with or without IL-2 [8]
and with short- or long-term infusion of dinutuximab [9], however, in-depth, harmonized
immunological data is largely lacking.

Figure 1. The immunomodulatory tumor microenvironment of Neuroblastoma.
NBL and its microenvironment modulate activation of different branches of the immune system, thereby dampening
anti-tumor immunity against NBL and favoring tumor growth and persistence. Created with BioRender.com

Chapter 2 describes the current literature on immune status of patients at diagnosis
and along the HR-NBL treatment protocol. In addition, it provides recommendations
on how to harmonize immune monitoring between centers to maximize comparability
of results from different centers. Nonetheless, while harmonization of monitoring will

13
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allow comparison of abundance of clearly defined cell populations between centers,
comparisons of fluorescent intensities of markers with potential clinical relevance will
still be hampered due to variability between flow cytometers. Chapter 3 describes a
strategy to synchronize flow cytometers with different laser-line configurations and
laser power to be able to avoid inconsistencies in interpretation of results. Chapter 4
reports our first pilot study results in which we monitor immune subset composition
and function in 25 HR-NBL patients along the therapy course.

Part II - Improving Neuroblastoma T-cell Inmunogenicity via Pharmacolog-
ical MHC-I Upregulation

The low immunogenicity of NBL is likely a derivative of the embryonal tissue from
which it originates [14]. One of the derivatives thought to majorly contribute to the low
T-cellimmunogenicity of NBL is the lack of surface display of major histocompatibility
complex | (MHC-1), an important prerequisite for CD8+ T-cell activation. To understand
and act upon MHC-I dysregulation, literature was reviewed in Chapter 5 to understand
underlying mechanisms and to know which strategies are described to counteract
MHC-I dysregulation beyond the context of NBL.

Even though the absence of MHC-I surface expression initially limits cytotoxic T-cell
engagement, we have previously shown that MHC-| expression can be readily induced
by cytokine-driven immune modulation, thereby directing T-cell cytotoxicity to NBL
[15,16]. MHC-I expression-enhancing cytokines (i.e. TNFa, IFNa/B/y), however, initiate
a broad range of biological activities, thereby limiting its use in therapy due to severe
toxicities [17,18]. Consequently, the research described in this section of the thesis
revolves around identification of pharmacological strategies to enhance MHC-| surface
display in NBL (Figure 2).

We aimed to repurpose drugs that are already in clinical use for other purposes to allow
for relatively fast and easy translation to clinical care. Chapter 6 describes the high-
throughput flow cytometry protocol we developed to screen drug repurposing libraries
for their effect on MHC-I surface display. To subsequently be able to conclude whether
the increased MHC-I display results in better T-cell immunogenicity, a pipeline was
developed in Chapter 7 to engineer T-cells to express a tumor-specific recombinant
T-cell receptor (TCR). Chapter 8 summarizes the results of the drug screens and
elaborates on the potential of two drug classes: Inhibitor of Apoptosis Inhibitors (IAPi)
and Histon Deacetylase Inhibitors (HDACI).
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Figure 2. Triggering MHC-I surface display on Neuroblastoma enhances T-cell immunogenicity.

Lack of MHC-I expression results in immune evasion of NBL. Nonetheless, induction of MHC-I surface display,
for example by IFNy, causes T-cells to start recognizing NBL. The research described in this thesis section aims
to identify pharmacological strategies to enhance MHC-I surface display in NBL. Created with BioRender.com

Part III — Cell Therapy Strategies to Enhance Neuroblastoma Immunogenicity

Absence of MHC-I on cells should trigger missing-self recognition by NK-cells [19]. We
have previously shown, however, that secretion of IFNy by NK-cells upon missing-self
recognition causes induction of expression of MHC-I on NBL cells, thereby resulting
in evasion of missing-self mediated cytotoxicity by NK-cells [15]. This suggests that
the high degree of plasticity in MHC-1 expression may allow alternate evasion of both
cytotoxic T- and NK-cells. We hypothesize that generation of a cell product that can
both engage in NK-cell mediated cytotoxicity, for example via missing-self recognition,
as well as in recognition of malignant transformation in MHC-I context will result in an
effector cell that cannot be evaded by MHC-I plasticity (Figure 3).

This thesis section explores different immune cell sources to engineer such a cell
product executing both missing-self- as well as antigen-dependent cytotoxicity. Chapter
9 reports about the potential to use CD3+CD56+ NKT-cells. Chapter 10 describes an
OP9/DL1 co-culture system to differentiate (genetically engineered) CD34+ stem cells
into TCR+ thymic NK-cells as an alternative cell source.

Finally, Chapter 11 summarizes this thesis, presents implications of described
findings, and provides recommendations for future research to achieve effective T-cell
engagement to maximize anti-tumor cytotoxicity and create immunological memory
to prevent relapse in children suffering from HR-NBL.

15
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Figure 3. Combining missing-self- and antigen-dependent cytotoxicity in an effector cell to circumvent
MHC-I plasticity-mediated immune evasion.

T-cell cytotoxicity is evaded by low MHC-1 expression (blue), while NBL cells are subject to missing-self recognition
by NK-cells. Missing-self recognition results in IFNy secretion by NK-cells, triggering MHC-I expression on NBL
cells, thereby evading missing-self mediated cytotoxicity by NK-cells (purple). This thesis section explores the
generation of an effector cell both engaging in missing-self- and antigen-dependent cytotoxicity (red), thereby
circumventing MHC-I plasticity-mediated immune evasion. Created with BioRender.com
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ABSTRACT

Neuroblastoma (NBL) is the most common extracranial solid tumor in childhood.
Despite intense treatment, children with this high-risk disease have a poor prognosis.
Immunotherapy significantly improved event-free survival in high-risk NBL patients
receiving chimeric anti-GD2 in combination with cytokines and isotretinoin after
myeloablative consolidation therapy. However, response to immunotherapy varies
widely, and often therapy is stopped due to severe toxicities. Objective markers that
help to predict which patients will respond or develop toxicity to a certain treatment
are lacking. Immunotherapy guided via immune monitoring protocols will help to
identify responders as early as possible, to decipher the immune response at play,
and to adjust or develop new treatment strategies. In this review, we summarize recent
studies investigating frequency and phenotype of immune cells in NBL patients prior
and during current treatment protocols and highlight how these findings are related to
clinical outcome. In addition, we discuss potential targets to improve immunogenicity
and strategies that may help to improve therapy efficacy. We conclude that immune
monitoring during therapy of NBL patients is essential to identify predictive biomarkers
to guide patients towards effective treatment, with limited toxicities and optimal quality
of life.
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1. INTRODUCTION

Neuroblastoma (NBL) is a tumor derived from sympathoadrenal progenitor cells of the
developing sympathetic nervous system. It occurs most often in the adrenal medulla or
sympathetic ganglia [1,2,3]. NBL is the most commonly diagnosed solid tumor during
the first year of life and is responsible for approximately 15% of pediatric cancer deaths
[2,3,4]. Risk classification of patients is based on different clinical factors, such as
patients’ age and International Neuroblastoma Risk Group (INRG) tumor stage, as well
as biologic factors, such as histopathologic classification, DNA ploidy, MYCN status,
and copy-number of chromosome 11q [3]. Outcome dramatically differs between
patients with different tumor stages.

The high-risk NBL tumor environment is often referred to as ‘cold’ or immune-deserted’,
characterized by presence of very few immune cells in the tumor microenvironment
(TME) [5]. However, the probability for a cold tumor to respond to immune therapy
depends on strategies to transform it to ‘hot’ tumors [6]. The cold phenotype is likely
caused by the development of multiple immunomodulatory mechanisms by the
tumor and its environment, including major histocompatibility complex | (MHC-I)
downregulation, regulatory T-cell (Treg) and myeloid-derived suppressor cell (MDSC)
accumulation, and decreased T-cell cytotoxicity [7]. Infiltrating immune cells are
observed especially in low-risk NBL and the presence of tumor-infiltrating lymphocytes
(TILs) was found to be correlated with favorable clinical outcome [8]. This suggests
a role of immune infiltration in regression of NBL, which is supported by increased
serum levels of granulysin, an effector molecule of cytotoxic T-cells, observed in a
case study of spontaneous NBL regression [9]. Therapeutic interference to increase
immune infiltration and recognition might therefore be key to increase therapy efficiency
against NBL.

High-risk NBL is currently treated with surgery, radiotherapy, 5-8 cycles of intensive
chemotherapy, including platinum-, alkylating-, and topoisomerase agents—which is
often followed by autologous stem cell transplantation (ASCT)—and immunotherapy
[1-4,10]. High expression of GD2 (a disialoganglioside) across NBLs and low expression
levels in healthy tissue has led to the rationale of GD2 targeting immunotherapy [11].
Administration of the chimeric monoclonal antibody (mAb) anti-GD2 (ch14.18), combined
with the cytokines IL-2 and granulocyte macrophage-colony stimulation factor (GM-
CSF), and isotretinoin in patients with high-risk NBL resulted in a significant increase
2-year event-free (EFS) and overall survival (OS) [10]. The observation of this effect,
despite the harsh immunomodulatory immune environment of NBL, shows the potential
of immune interference in NBL. However, as about 40% relapse is still observed in these
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patients, there is a clear medical need to optimize (immuno)therapeutic strategies. The
current immunotherapy protocol is particularly ineffective for high-burden disease. In
addition, osteomedullary metastatic disease occurs in most patients with high-risk
neuroblastoma [12]. Elucidating the mechanisms of effective anti-tumor responses
is key to find out, and act upon, what discriminates responders from non-responders.

Several studies in multiple types of cancer report increased tumor infiltration of immune
cells upon (chemo)therapy [13-15], which could potentially predict overall therapy
response and prognosis in an early stage. Immune monitoring during therapy provides
the opportunity to study biological mechanisms of response and resistance [16]. This
enables identification of biomarkers to monitor therapy response, potentially aiding to
early stratification of responders and non-responders. In the 1960s, it was reported
that the correlation between prognosis and degree of lymphocyte infiltration is also
observed in NBL [17-19]. It is now known that NBL tumors are intermixed with different
immune cells, recently identified to include CD4+ and CD8+ T-cells, natural killer (NK)
cells, and y6 T-cells [20]. Interestingly, Mina et al. showed that the prognostic value of
TIL levels at diagnosis is even better than criteria currently used to stage NBL, such as
MYCN amplification [8]. This illustrates the potential role of immune cells in influencing
the clinical outcome and emphasizes the need for standardized immune monitoring
during therapy in this patient group.

This review provides an overview of predictive immune biomarkers of clinical response
to treatment, emphasizes the importance of immune monitoring during NBL treatment,
and describes its relevance for evaluation of the immune response and patient
stratification by developing new biomarkers.

2. IMMUNE MONITORING AT DIAGNOSIS: CORRELATES OF OUTCOME?

2.1. Immune Markers at the Tumor Site

Histological analysis of human tumor types, including melanoma, ovarian-, head- and
neck-, breast-, urothelial-, colorectal-, lung- hepatocellular-, and esophageal cancer
showed the presence of tumor infiltrating immune cells, such as macrophages,
dendritic cells (DCs), polymorphonuclear cells, NK-cells, B-cells, and T-cells. Although
these studies revealed a broad interpatient variability, a high density of CD3+ T-cells,
CD8+ T-cells, and CD45R0+ memory T-cells was generally associated with improved
EFS and 0S [21,22]. In addition, for NBL, multiple studies show that increased CD3+
T-cell infiltration and proliferation is associated with favorable clinical outcome [8,23].
These data correspond with the findings that high-risk MYCN-amplified primary
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metastatic NBL tumors show lower levels of infiltrated lymphocytes, monocytes, and
macrophages, and exhibit lower interferon pathway activity and chemokine expression
[23]. T-cell proliferation is most likely impaired by high arginase activity in the TME [24],
resulting in low arginine levels (an essential molecule for T-cell proliferation).

CD4+ T-cell infiltration is associated with better survival, regardless of MYCN
amplification [23]. However, extensive phenotyping of these CD4+ T-cells, with markers
such as CD25, CD127, and FoxP3 to distinguish regulatory T-cells (Treg), is lacking.
Based on gene set enrichment analyses, gene expression of IL-4 (indicative for Th2)
was elevated and associated with better prognosis in tumors with high CD4+ T-cells
infiltration whereas no association was observed with interferon y (IFNy), IL-2, and
tumor necrose factor a (TNFa) (indicative for Th1) [25]. In addition, NKT-cell infiltration
has been reported to be favorable for outcome, possibly by inhibition of suppressive
monocytes in the TME [26].

Presence of immune cell populations with presumed regulatory properties, including
tumor associated monocytes, macrophages (TAMs), and Tregs, predict poor outcome
[8,27]. Tumor infiltrating macrophages often display an immunosuppressive M2-
phenotype supporting T-cell suppression, tumor cell migration, and treatment
evasion [28]. High expression of TAM-associated genes CD14, CD16, IL-6, IL-6R, and
transforming growth factor B1 (TGFB1) is associated with decreased 5-year EFS [26].
Additionally, monocytes isolated from the TME are able to suppress T-cell proliferation
in vitro [24] and excrete multiple soluble T-cell inhibitory factors, such as TGFB and IL-10
[29,30]. Although Tregs and MDSCs are well known for their suppressive effects on the
immune system, associations of these subsets with clinical outcome remain limited to
studies investigating bone marrow (BM) or peripheral blood (PB). One study showed
that tumor-induced overexpression of high-mobility group box 1 (HMBG1) induces a
Treg phenotype [7]. Patients with overexpression of this protein were at higher risk for
progression of disease, relapse, and death.

Despite these correlations in retrospective analyses, there are no prognostic markers
in the TME to steer clinical decision making. Inclusion of markers of cell differentiation,
function, activation, and exhaustion in multiple parameter analysis may help determine
which factors have the strongest associations with, and prognostic value for patient
outcome. Advanced techniques, such as tissue cytometry by time-of-flight (CyTOF),
can overcome the limitations of measuring only a few markers in common practice
immune histology.
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2.2. Circulatory Immune Markers

Despite advances in immune profiling and the easy accessibility of PB, no validated
circulatory immune biomarkers exist for patients with NBL. Surprisingly, studies
implementing immune monitoring in NBL patients are limited.

2.2.1. Cytokines and Soluble Molecules in Plasma/Serum

Cytokines and chemokines are components of a complex network promoting
angiogenesis and metastasis, diminishing adaptive immunity, and changing responses
to hormones and therapeutic agents. As such, cytokines involved in cancer-related
inflammation are easy to monitor and relate to patient outcome and could be a target
for therapeutic strategies.

Oliveira and colleagues reported an increase of IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13,
IL-17A, IL-17F, IL-21, IL-22, IFNy, and TNFa in plasma of NBL patients compared to age
matched controls. One of these cytokines, IL-6, is a key growth-promoting and anti-
apoptotic inflammatory cytokine, which correlated with poor prognosis and high-risk
disease [31]. When integrating levels of IL.-6 with other candidate biomarkers (serum
amyloid A (SAA), apolipoprotein (APOA1), epidermal growth factor (EGF), macrophage
derived chemokine (MDC), sCD40L, and Eotaxin), the multivariate classifier predicted
active disease with a sensitivity of 81% and specificity of 90% [32]. These data are
encouraging and are awaiting validation in other patient cohorts.

Even though mRNA levels of IL-10 (a product of Tregs, NK-cells and macrophages) in
BM and, PB; as well as IL-10 plasma concentrations were higher in metastatic NBL
patients compared to healthy controls, a prognostic role of IL-10 alone could not be
demonstrated [29]. Low levels of soluble proteins other than cytokines, such as human
leukocyte antigens HLA-E and HLA-F, were associated with worse prognosis [33]. In
contrast to this, several other studies were not able to correlate markers measured in
plasma/serum to outcome.

In other cancers, the analyses of cytokine profiles rather than single markers has
shown positive prediction values at diagnosis [34-37]. The studies summarized above
hopefully initiate validation studies in NBL patients with multiparameter analyses in
different patient cohorts.

2.2.2. Immune Cells in Peripheral Blood

Leukocyte counts have been found to be significantly higher in NBL patients compared
to controls [38]. Although no difference is observed in total lymphocyte count between
healthy controls, localized, and metastatic patients, relative numbers of multiple
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lymphocyte subsets do vary [31]. Semeraro et al. measured a significant increase in
the percentage of CD3-CD56+ NK-cells in PB of metastatic NBL patients compared to
patients with localized tumors, which was associated with a minor response to induction
chemotherapy. The percentage of cytotoxic (CD16+) NK-cells positively correlated with
clinical response to therapy [39]. These correlations could potentially be explained by
NK-cell mediated cytotoxic effects on MHC-I lacking tumor cells. Activated NK-cells
may also upregulate MHC-I| expression on NBL cells, thereby circumventing further
NK-cell mediated cytotoxicity, while at the same time increasing their susceptibility to
T-cell mediated cytotoxicity [40].

Morandi and colleagues found that Treg (CD4+CD25hiCD127-) and Tr1
(CD4+CD45R0+CD49b+LAG3+) subsets are decreased in NBL patients compared to
controls, but no correlation was found with prognostic factors, such as age and stage.
MYCN amplification was the only prognostic factor associated with higher levels of
Treg numbers in BM and Tr1 levels in PB [41]. In addition, CD4+ and CD8+ T-cells
show increased surface expression levels of the checkpoint inhibitor CTLA-4, and PD-1
on CD4+ T-cells. In contrast, Semeraro et al. found increased CD4+FoxP3+ T-cells in
metastatic NBL patients compared to localized tumors. The differences in the markers
used to identify specific cell subsets (in this case Treg) in different studies complicates
a valid comparison between the data from these studies and indicates the need for
harmonization of immune phenotyping protocols.

When comparing the myeloid compartment, NBL patients with localized tumors showed
higher monocyte, neutrophil, and erythrocyte counts as compared to patients with
metastatic disease. When zooming in on the phenotype of myeloid cells, increased
levels of the checkpoint inhibitor programmed death ligand 2 (PD-L2) were observed
in transitional (CD14+CD16+) and non-classical monocytes (CD14-CD16+) in patients
compared to controls [31]. Furthermore, increased expression of CSF-1R, a regulator
inducing MDSC expression, was observed in patients, and correlated with poor clinical
outcome [42].

In summary, it is clear that NBL patients show alterations in absolute numbers and
subset percentages of immune cells, as well as in immune proteins in the TME and in
PB. An overview of the reviewed studies can be found in Table 1. However, so far, no
robust prognostic marker correlating with survival has been identified and validated.
Such immune signatures at diagnosis could aid in therapy decision making and
prognosis prediction.
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3. IMMUNE MONITORING DURING THERAPY

Immune monitoring during therapy is crucial to identify potentially prognostic factors
that could be exploited to enhance immunogenicity of the tumor and predict treatment
response. This section will start by reviewing studies which monitor the immune
response upon standard therapy, including chemotherapy and monoclonal antibody
therapy. Subsequently,immune monitoring in more experimental treatment regimens,
including vaccination strategies, adoptive cell-, and checkpoint inhibition therapy will
be discussed.

3.1. Chemotherapy

In general, high-risk NBL patients receive 5-8 cycles of intensive chemotherapy
including platinum, alkylating, and topoisomerase agents. In North-America, induction
regimens include vincristine, doxorubicin, cyclophosphamide, cisplatin, and etoposide,
while the Society of pediatric oncology Europe NBL group (SIOPEN) used a rapid COJEC
regimen that gives eight cycles with combinations of vincristine, carboplatin, etoposide,
cyclophosphamide, and cisplatin [47].

A limited number of studies has monitored immune profiles during chemotherapy
in cancer patients. Monitoring lymphocyte levels during and after chemotherapy in
hematopoietic and solid tumors generally showed increased EFS in patients with higher
lymphocyte counts at diagnosis as well as after induction chemotherapy [42,47-49] In
addition, fast monocyte recovery after chemotherapy is predictive for EFS in patients
with leukemias and lymphomas [50,51]. In line with these data, an elevated neutrophil
to lymphocyte ratio after chemotherapy, but before surgical resection of the NBL tumor,
was associated with decreased 0S [52].

Upon chemotherapy treatment, Treg counts decreased, possibly due to nonspecific
targeting of Tregs by chemotherapeutic agents. More studies are warranted to
determine if the effect can be subscribed to chemotherapy-induced decrease in
T-cells in general, or whether specific subsets, like Tregs, might be more susceptible
to chemotherapy-induced cytotoxicity [53]. Chemotherapy generally does not affect NK-
cells [54], however, the expression levels of NKp30, an NK-cell receptor involved in tumor
cell killing and DC recognition, positively correlate with survival after chemotherapy
[55]. Expression levels of the immunosuppressive isoform NKp30C and the activating
isoforms NKp30A and NKp30B affect NK-cell function and correlate with EFS of NBL
patients after chemotherapy [39].
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No studies have monitored immune markers in the TME during chemotherapy in
patients. An in vivo mouse study showed that depletion of TAMs from NBL tumors
is associated with increased chemotherapeutic efficacy without requiring T-cell
contribution [56]. This observation led to the author’s suggestion to combine CSF-1R
blockade with chemotherapy to potentially increase treatment efficacy.

To date, too few studies have monitored immune status during chemotherapy to identify
markers that could predict response to therapy. It seems that patients with higher
numbers or faster recovery of lymphocytes and monocytes have better EFS changes.
Whether this is a reflection or a result of the development of a healthier immunological
niche should be studied, but the observation could lead to the hypothesis that these
patients might also be responding better to immune-related treatment options.

3.2. Monoclonal Antibody Therapy

A frequent immunotherapy protocol of high-risk NBL consists of anti-GD2 combined
with all-trans-retinoic acid (ATRA), IL-2, and GM-CSF. Even though immunotherapy
increased 2-year EFS and 0S [10], relapse is still observed in 40% of patients. Elucidation
of effective anti-tumor responses is key to study what discriminates responders from
non-responders.

IL-2 and GM-CSF have been added to the treatment protocol as they were observed to
enhance cytotoxicity of anti-GD2 in vitro [10,57-59]. In addition, GM-CSF also increased
myeloid cell activation, another important cell type in the anti-tumor response [57,60].
The multi-component nature of the immunotherapy protocol makes that the observed
immune effects cannot be ascribed to a specific component of the protocol.

A primary mechanism of action of anti-GD2 is the induction of antibody-dependent
cellular cytotoxicity (ADCC), which requires recognition by effector cells (mainly NK-
cells, monocytes, neutrophils, and macrophages) [11,60]. Cytotoxic activity of NK-
cells is mediated by CD16, whereas cytotoxic activity of monocytes, neutrophils, and
macrophages is mediated by CD32. Both receptors recognize the Fc fragment of anti-
GD2 on opsonized NBL cells and induce cytotoxic effector functions. Complement-
dependent cytotoxicity (CDC) is another mechanism of action of anti-GD2, however,
most studies focus on its implications regarding pain toxicity rather than on-tumor
toxicity.

Nassin et al. monitored immune reconstitution at the start of immunotherapy containing
IL-2, GM-CSF, and anti-GD2 [61]. They showed that absolute lymphocyte counts (T-,
B-, and NK-subsets) are lower in the vast majority of patients as compared to age-

33
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matched controls. Patients with disease progression, relapse or residual disease
had significantly lower total leukocyte counts, as well as lower absolute lymphocyte-,
neutrophil-, and CD16+ cell counts compared to disease-and progression-free patients
observed three months after therapy. Siebert and colleagues found that presence of
human anti-chimeric antibodies against chimeric anti-GD2 resulted in significant
reduction in peripheral anti-GD2 levels, as well as significant abrogation in ADCC and
CDC [62]. However, in this study, it is not clear whether such immune responses are a
disadvantage for survival of the treated patients. In addition, the induction of a host
anti-idiotype network, measured indirectly by human anti-mouse antibody responses,
correlated with long term survival [63—-65].

The importance of NK-cells in ADCC was illustrated by Chowdhury et al.; showing that in
vitro anti-GD2 mediated lysis of the LANT NBL cell line upon co-culture with peripheral
blood mononuclear cells (PBMCs) from a NBL patient abrogated after NK-cell depletion
[66]. In addition, cell lysis correlated with NK-cell expression of CD69, an early activation
marker, as well as with the degranulation marker CD107a. Furthermore, variation in
ADCC between patients was found to be caused by genetic predispositions resulting in
better cytotoxic activity of effector cells and correlations with better survival [59,63,64].
Siebert et al. studied the level of ADCC in vitro in combination with FCGR polymorphisms
and killer cell immunoglobulin like receptor KIR/KIR ligand genotypes of 53 patients.
They showed that patients with high affinity FCGRs had higher ADCC levels and better
EFS compared to patients with low affinity genotypes. In addition, a correlation was
found between the activating KIR 2DS2 genotype on ADCC and EFS. A combination of
high-affinity FCGR2A,-3A and stimulating genotypeB/x or the presence of activating KIR
2DS2 resulted in the strongest anti-NBL cellular cytotoxicity mediated by anti-GD2 and
improved EFS [67]. In addition, Tarek et al. found that patients treated with monoclonal
antibodies lacking HLA class | ligands for their inhibitory KIRs have significantly higher
survival rates [68]. Unlicensed NK-cells mediate tumor control via ADCC. These results
show that FCGR polymorphisms and KIR/KIRL genotypes could function as biomarkers
in response to immunotherapy.

The importance of NK-cell mediated ADCC in anti-GD2 efficacy, together with the
observation of relatively fast NK-cell recovery early after ASCT was an important
rationale for immunotherapy timing early after transplantation [69]. However, more
detailed evaluation of NK-cell subsets showed that most of these NK-cells are
immature, cytokine releasing (CD56bright, CD16+/-) rather than the cytotoxic (CD56dim,
CD16+) NK-cells known to be mainly responsible for anti-GD2 dependent ADCC
[61]. This is further substantiated by observed impaired immune recovery of CD16+
NK-cells in patients with disease progression or relapse at time of transplantation
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compared to those without. These studies may suggest suboptimal timing of anti-
GD2 immunotherapy early after transplantation. Utilizing haploidentical allogeneic
hematopoietic cell sources rather than autologous sources could be explored as a
transplantation source regarding NK-cell recovery early after transplantation.

In addition to NK-cell subset monitoring, Nassin et al. showed increased CD25
expression on CD4+ T-cells as compared to CD8+ T-cells at the start of immunotherapy
[61]. Even though FoxP3 expression of these cells is unknown, it is hypothesized that
these cells could be classified as Tregs [70]. Ladenstein et al. recently concluded from
a phase lll clinical trial that there is no additive effect of IL-2 administration on outcome
of high-risk NBL patients [71]. As (low dose) IL-2 administration to autoimmune patients
resulted in preferential expression of Tregs [72], authors hypothesize that adjuvant
IL-2 administration could be responsible for Treg expansion during immunotherapy,
diminishing the positive effects (e.g., NK expansion) of IL-2. Indeed, we observed arise
in Treg numbers upon every round of IL-2 to NBL patients (unpublished). Furthermore,
administration of IL-2 also results in development of eosinophils through stimulating
growth factors derived from T-cells, such as IL-3, IL-5, and GM-CSF that help to maintain
eosinophils in vitro [73]. In addition, an increase in IL-5 levels during immunotherapy with
anti-GD2 and cytokines was observed, which could induce and maintain eosinophils
[74]. Although their effect is unknown, suppressive eosinophils have been reported in
murine studies and could possibly also be present in IL-2 treated NBL patients [75].
Further studies are required to confirm these effects of IL-2 on levels of Treg and
eosinophils, preferably with functional testing of the different cell subsets.

To overcome limitations of the current anti-GD2 monoclonal antibody therapy, including
monoclonality of the response, anti-idiotype responses, and memory induction, Kusher
et al. reported a strategy in which patients are vaccinated with GD2 and GD3. This
results in an intrinsic, polyclonal, multivalent antibody response through stimulation
of B-cells to produce anti-GD2 and —GD3 [76]. As B-cell recovery is key for vaccination
efficacy, immunomonitoring of B-cell recovery after ASCT is key for optimal vaccination
timing.

To conclude, immune monitoring studies during immunotherapy are largely lacking
and studies that are available have only monitored patients at start and end of therapy.
All new phase II/Ill trials and standard treatment protocols should not only asses
outcome but also monitor the immune system during therapy to get a better and faster
understanding of treatment success.
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3.3. Adoptive Cell Therapy

The development of adoptive cell therapy (ACT) strategies has taken flight in the last
decade. These cell products should ideally possess the capacity to expand, actively
migrate through the entire body (including to the solid tumor core and over the blood
brain barrier), and induce systemic immune memory to prevent future relapse. ACT
products are generated by harvesting, ex vivo expansion, and re-direction of immune
cells to target tumor cells. Even though successes have been achieved in several
hematological malignancies [77-80], translation of these successes to solid tumors is
difficult. Target expression heterogeneity, localization to the tumor site, and overcoming
the immunosuppressive, nutrient-, and stimuli- deprived TME are thought to be the main
challenges in effective adoptive cell therapy in solid tumors [81].

To date, pre-clinical studies as well as clinical trials are exploiting T-, NK-, and NKT-cells
in both autologous and allogeneic ACT strategies in NBL. Infused cells can be isolated
from PB [82-85], as well as from tumor tissue (e.g., TILs) [8,20]. In addition, isolated
cells can be genetically modified to improve recognition of tumor cells, for example
through knock-in of a NBL-specific T-cell receptor (TCR) [40,86,87], a chimeric antigen
receptor (CAR) [20,88-95], or a bispecific antibody [96,97] against tumor specific
targets such as GD2, PRAME, NY-ESO-1, L1-CAM, B7-H3, and mutated ALK. Very low
or even absent surface expression of major histocompatibility complex | (MHC-1) on
NBL cells has led to the focus on MHC-1 unrestricted ACT-strategies, mainly exploiting
NK-cell- and CAR therapy (or a combination of both). Excellent overviews of clinical
trials of (adoptive cell) therapy strategies in NBL are provided by Le and Thai [98] and
Zage [99].

Even though multiple recent (pre-clinical) studies have demonstrated efficacy of
various forms of ACT in NBL, the observed clinical benefit is limited. Persistence of
ACT products in general is a widely discussed topic and is thought to be depending on
balanced activation (appropriate co-stimulation, prevention of tonic/chronic receptor
signaling, and of activation-induced cell death), tolerance induction (caused by native
antigen expression and tumor immunosuppression), the cell phenotype of both the
apheresis material and the product itself, as well as by the need of antigen availability
for cell persistence [87,100,101]. The extremely immunosuppressive, nutrient- and
stimuli deprived TME of solid tumors is thought to be the main factor responsible for
the discrepancies in successes with hematological tumors [82,102].

Monitoring the tumor infiltrating cell population, its phenotype, and other related factors
will provide the much-needed insight to predict therapy response and to understand
what is driving resistance and success and where can be acted upon. Sporadic
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monitoring after ACT resulted in the observation that the presence of central memory
and naive T-cell phenotypes in cell products has a positive effect on persistence of the
cell product in several cancer types, including NBL [8,82,103-106]. Hurtado et al. recently
showed that the presence of central memory NBL TILs greatly decreases after non-
specific ex vivo rapid expansion cycles, stressing the importance of ex vivo expansion
protocol evaluation in adoptive cell strategies [20]. Moreover, lymphodepletion
before T-cell infusion or early T-cell infusion after ASCT (day 2) caused significantly
improved expansion and persistence of the cell product [82,89]. This indicates that the
immunosuppressive status of the immune system of these patients is an important
limiting factor in effective ACT and led to the rationale to combine ACT with checkpoint
inhibitors [89,107]. Remarkably, combining PD-1 blockade by pembrolizumab with GD2
CAR T-cell administration upon lymphodepletion in a phase 1 clinical trial in NBL did
not show any beneficial effect of PD-1 blockade on peripheral CAR T-cell expansion
[89]. A limitation of this study is that the arm studying the effect of PD-1 blockade on
non-lymphodepleted GD2 CAR T-cell treated patients was missing. Furthermore, T-cell
expansion and persistence was solely measured in the blood and not at the tumor
site. The fact that two out of three treated patients in this arm experienced stable
disease that turned into complete remission after additional treatment is encouraging
and warrants more research. Controversially, immune monitoring in the same phase
1 GD2 CAR study showed specific expansion of circulating immunosuppressive
M2 macrophage-like myeloid cells (CD45+CD33+CD11b+CD163+) independent of
lymphodepletion and PD-1 blockade [89]. Inhibitory myeloid cells are correlated with
poor prognosis in several cancer types, including NBL, even though this study does
not provide any data on whether these mobilized cells are attracted to the tumor site.
Induction of MDSCs was also reported in GD2-CAR T-cell therapy for sarcomas in
xenograft mice, which impaired CAR T-cell activity [108]. Addition of all-trans retinoic
acid (ATRA) destroyed the MDSCs and thereby improved the efficacy of the GD2-CAR
T-cells [108], suggesting that patients might also benefit from ATRA to eradicate the
circulating M2 macrophage-like myeloid cells that are induced by GD2-CAR3. Thirdly,
immune monitoring in this phase 1 study indicated a correlation between circulating
IL-15 levels and GD2 CAR T-cell expansion [89]. Circulating IL-15 levels could not only
potentially be used as a biomarker for CAR T-cell expansion, but a pre-clinical xenograft
mouse model transduced with GD2 CAR T-cells overexpressing IL-15 also showed
improved expansion, enhanced anti-tumor activity and improved survival [93].

Even though immune monitoring data during ACT in NBL is scarce, the above mentioned
studies all resulted in clear rationales for research into new therapeutic strategies or
biomarker development. This clearly indicates the need for more elaborate immune
monitoring during ACT.
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3.4. Checkpoint Inhibitors

Another interesting strategy would be to target the immunosuppressive environment of
NBL [7]. Checkpoint inhibitors (CPis), blocking CTLA-4, PD-1, PD-L1, or PD-L2, are proven
to be effective in a variety of tumors, including solid tumors [109]. The potential of these
inhibitors is illustrated by the growing list of FDA-approvals, as reviewed by Hargadon
et al. [110]. Currently, most of these approvals are in unresectable metastatic disease
settings. Nevertheless, the potency of CPis to induce a more potent anti-tumor immune
response, and therefore potential induction of anti-tumor immunological memory,
makes checkpoint inhibition a very interesting candidate as an adjuvant therapy in
curative treatment settings. The utilization of CPis as a monotherapy in NBL has been
investigated in multiple pre-clinical studies [42,111-113]. These studies show no effect
of CPi treatment on systemic NBL progression in vivo. This has been supported in a
phase | clinical trial in pediatric patients with advanced solid tumors, in which one NBL
patient was included [114]. More clinical trials assessing CPis as a monotherapy in
refractory NBL are currently running (NCT02304458; NCT02332668; NCT02541604).

Several rationales have been proposed for the ineffectiveness of CPi therapy in high-risk
NBL. First of all, evaluation of NBL tumors from patients with different tumor stages
does not only, as mentioned before, show inverse correlation between tumor grade and
TILs [8], but also between tumor grade and PD-L1 tumor expression [113]. Absence of
TILs and PD-L1 tumor expression provides a first rationale to CPi therapy resistance.
Secondly, one of the immunomodulatory mechanisms of NBL is the upregulation of
PD-L1 in response to IFN-y [111,113]. This highlights a potential resistance mechanism
against CPi therapy, as persistent IFN-y production by activated T-cells may lead to
a continuous cascade causing even higher upregulation of the immune checkpoints
resulting in T-cell senescence. Impaired IFN pathway activity in MYCN-amplified tumors
[23] may prevent PD-L1 expression upon IFN-y exposure and provides a third rationale
for CPi therapy effectiveness in high-risk NBL.

Next to these observations, especially studies investigating CPi-including combination
therapies revealed some insights in mechanisms explaining NBL resistance to CPi
monotherapy [42,111-113]. Rigo and colleagues showed that combining CPi with
temporary CD4 depletion by anti-CD4 monoclonal antibody treatment caused a very
potent CD8+ T-cell dependent response causing significantly longer tumor-free survival,
complete tumor regression, and durable anti-NBL immunity in vivo [111]. Combining CPi
with immune enhancer IL-21, or Treg targeting agents polyoxotungstate (POM-1) and anti-
CD25 antibody, revealed no significant effect. This indicates that CD4+ CD25high Tregs, as
well as adenosine generation in Tregs are not responsible for CPi resistance in NBL. More
specific studies into effects of CD4+ CD25-/low FOXP3+ Tregs or other CD4+ Tregs should
be performed to further unravel the synergistic effect observed upon CD4 depletion [111].
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Mao et al. reported that targeting of CSF-1Rp+ suppressive myeloid cells in combination
with CPis caused spontaneous control of NBL in vivo [42], a mechanism confirmed in
several other types of cancers, as reviewed by Weber et al. [115]. A possible explanation
for this is the observation that T-cells start to produce M-CSF upon PD-1 blockade,
which can bind to CSF-1R on myeloid-derived suppressor cells, thereby enhancing
their suppressive phenotype [116]. This causes a further reduction of IFN-regulated
chemokine release (e.g., CXCL9, 10, and 11) in the TME, which are important for T-cell
infiltration and could therefore potentially explain the synergistic effect of targeting
CSF-1Rp+ suppressive myeloid cells in combination with CPi.

Other combination strategies which seem promising based on preclinical studies
include combinations of CPis with whole tumor cell vaccination [113], high intensity
ultrasound [117], and anti-GD2 treatment [112]. All mentioned preclinical evidence of
effective NBL targeting treatment combinations provides a clear rationale for clinical
assessment of CPi therapy as an adjuvant therapy against NBL. Even though data
obtained in these induced tumor mouse models should be interpreted with caution,
the data should be used as a rationale for focusing on immune monitoring of adjuvant
CPi therapy in coming clinical trials.

4. DISCUSSION

The present review shows the potential of standardized immune monitoring in NBL.
Despite many efforts, high-risk NBL has a poor response to treatment and novel
therapies are urgently required. We should therefore better understand the functional
kinetics of tumor- and immune cells to guide and modulate immune therapy strategies.
As such, immune monitoring may provide evidence-based directions to optimize
treatment protocols, e.g. in the recent discussion whether IL-2 should be removed
from the current treatment protocol [118].

Studies listed in this review use flow cytometry, CyTOF, immunohistochemistry, as
well as functional assays to perform immune monitoring on tissue, PBMCs or plasma/
serum from NBL patients. Monitoring PBMCs and plasma/serum cytokines is by far the
easiest approach as blood is easily available during treatment. As the immune system is
amultifaceted system, it is important to question if findings in the circulatory system are
related to the TME. Monitoring peripheral blood subsets currently have insufficient clinical
value for clinical decision making. Future studies with paired monitoring of PB, BM, and
TME samples will increase our understanding of underlying mechanism and shed light on
the use of biomarkers over the treatment course as predictors for efficacy and/or toxicity.
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As most studies describe small patient populations, high interpatient variability, and no
harmonization of monitoring protocols, it can be difficult to interpret results and relate
it to recent literature [119]. The studies used in this review are sometimes limited to
results of 3-5 patients. Therefore, we propose to define and implement standardized
immune monitoring protocols in the trial- and study design to increase patient numbers
and study interpatient variability. An example is proposed in Figure 1. As each patient
is unique, immune monitoring can facilitate future personalized treatment in NBL.

Advances in organoid technology are promising in predicting the immunosuppressive
capacities as well as the sensitivity to (immune) therapy in a personalized setting.
Neuroblastoma tumor models have been developed that represent the tumor better
than classical cell lines [120]. This strategy has previously shown to be effective
in metastatic gastrointestinal cancers, in which patient derived organoids were
instrumental in the prediction of tumor-specific responses, stimulating personalized
treatment strategies [121]. Single-cell RNA sequencing of NBL tumors can, besides
studying tumor heterogeneity and driving factors behind tumor heterogeneity, help to
identify new leads for immunotherapeutic strategies [122].

Figure 1. Immune monitoring for research purposes.
Monitoring peripheral blood subsets currently have insufficient clinical value for clinical decision making. Created
with BioRender.com
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5. CONCLUSIONS

In conclusion, immune monitoring before and during therapy of NBL patients could
facilitate identification of predictive biomarkers to guide patients towards effective
treatment with limited toxicities and optimal quality of life. Furthermore, understanding
the immunomodulatory environment of NBL and its response to treatment in responders
and non-responders is important to facilitate design of new therapeutic strategies
improving outcome of high-risk NBL.
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ABSTRACT

Background

Multiparameter flow cytometry is the preferred method to determine immunophenotypic
features of cells present in a wide variety of sample types. Standardization is key to
avoid inconsistencies and subjectivity of interpretations between clinical diagnostic
laboratories. Among these standardization requirements, synchronization between
different flow cytometer instruments is indispensable to obtain comparable results.
This study aimed to investigate whether two widely used flow cytometers, the
FACSCanto Il and LSRFortessa, can be effectively synchronized utilizing calibration
bead-based synchronization.

Method

Two FACSCanto Il and two LSRFortessa flow cytometers were synchronized with
both multicolor hard-dyed and single-fluorochrome—conjugated surface-dyed beads
according to the manufacturer’s instructions. Cell staining was performed on five whole-
blood samples obtained from healthy controls and were analyzed upon synchronization
with the respective synchronization protocols.

Results

Comparability criteria (defined as <15% deviation from the reference instrument) were
met with both bead sets when synchronizing different FACSCanto Il or LSRFortessa
instruments. However, we observed that the criteria could not be met when
synchronizing FACSCanto Il with LSRFortessa instruments with multicolor hard-dyed
beads. By utilizing single-fluorochrome-conjugated surface-dyed beads to determine
and adjust PMT voltages, the accepted comparability criteria were successfully met.
The protocol has been validated using five different eight-parameter stained samples.

Conclusion

We show that FACSCanto Il and LSRFortessa instruments can effectively be
synchronized using single-fluorochrome-conjugated surface-dyed beads in case
deviation criteria cannot be met using multicolor hard-dyed beads. Synchronization with
single-fluorochrome—-conjugated surface-dyed beads results in decreased deviations
between instruments, allowing comparability criteria to become stricter.
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INTRODUCTION

In the past decades, precise identification and increasingly complex
immunophenotyping of neoplastic cells and immune cells in a variety of tissues have
become feasible by the advances in multiparameter flow cytometry technology [1,2].
Standardization of these complex panel measurements is key to avoid inconsistencies
and subjectivity of interpretations between clinical diagnostic laboratories [3-18]. The
recommendations and guidelines reported by experts in the field can be roughly divided
into two main topics: (1) standardization of reagent use and sample preparation and
(2) standardization of the acquired results on different instruments (from now on
referred to as synchronization). Synchronization of flow cytometers is described in
many variations, ranging from protocols synchronizing FSC/SSC characteristics [10-
12] to protocols synchronizing multiple-color flow cytometry [3-6,16,18]. Even though
these protocols vary in utilized standardization methods, they all agree on their main
goal to achieve uniform and comparable instrument sensitivity levels, reproducible
percentages, and expression patterns on different instruments.

Synchronizing instruments in different laboratories and different countries makes
the use of biological samples impractical. As a result, a variety of beads have been
developed which can be utilized to synchronize multiple instruments to approximately
the same conditions. Available beads can be roughly divided into two categories: hard-
dyed beads and surface-dyed beads. Hard-dyed beads have incorporated dyes in the
polymer matrix, whereas surface-dyed beads are covalently linked with fluorochromes,
thereby more closely resembling the biological situation [15]. Hard-dyed beads have
a fluorochrome stability of at least two years, which is their main advantage. In
contrast, surface-dyed beads are highly thermally and photolytically unstable. A clear
disadvantage of hard-dyed beads over surface-dyed beads is that the dyes incorporated
in hard-dyed beads merely share optical properties, but are not spectrally equivalent to
the fluorochromes utilized in immunophenotyping of biological samples.

Synchronization of instruments utilizing multicolor hard-dyed beads is a widely
accepted synchronization strategy, as, for instance, described in the EuroFlow standard
operating procedure (SOP)3 and in the ONE study [4]. The recommendation is to
first determine the mean fluorescence intensity (MFI) on a reference flow cytometer
using multicolor hard-dyed beads. Subsequently, the beads are acquired on the flow
cytometer to be matched and the photomultiplier tube (PMT) voltages are adjusted to
meet a comparable MFI as measured on the reference flow cytometer. The acceptable
comparability criteria are set on a <15% deviation from the reference instrument
MFI. Synchronization was proven to be effective on the four 8-color flow cytometry
instruments that were available when the EuroFlow project started in 2006 (FACSCanto
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Il, FACSAria, LSR II, and CyAn ADP) [3] as well as between Navios flow cytometers [4].
All four instruments have a three-laser-line configuration, with blue (488 nm), red (633
or 635 nm), and violet (405 or 407 nm) lasers.

However, as technology evolved, several new instruments have emerged which are
equipped with a four (or even more)-laser-line configuration, like the LSRFortessa.
Utilizing these instruments allows for measurement of more than double the number of
parameters within one sample. This type of flow cytometer instruments will increasingly
be used in centers to be able to keep up with the majorly increasing amount of knowledge
gained about types of malignancies, immune cells, and treatment parameters. In an
effort to synchronize multiple FACSCanto Il and LSRFortessa instruments, we observed
that acceptability criteria (<15% deviation) could not be met with multicolor hard-dyed
beads. We therefore compared the level of deviation between the multicolor hard-dyed
bead synchronization protocol and a method using single-fluorochrome-conjugated
surface-dyed beads for synchronization of the FACSCanto Il and the LSRFortessa
(equipped with blue (488 nm), red (640 nm), violet (405 nm), or UV (355 nm) lasers)
analyzing eight PMTs. We here report that synchronization using single-fluorochrome-
conjugated surface-dyed beads results in less deviation than the use of multicolor hard-
dyed beads to determine and adjust PMT voltages. The protocol has been validated
using five different eight-parameter stained samples.

MATERIALS AND METHODS

Flow cytometer specifications

Two 3-laser FACSCanto Il (BD Biosciences, Eysins, Switzerland), equipped with a
405-nm, 488-nm, and 633-nM laser, and two 4-laser LSRFortessa (BD Biosciences)
cytometers, equipped with a 405, 488, 561-nm, and 633-nm laser, were used for these
experiments. All instruments had matching filter configurations: a 450/50 and 510/50
BP filter for the 405-nM laser, a 660/20 and 780/60 BP filter for the 633-nM laser,
and a 530/30 BP and 670 LP filter for the 488-nm laser. PE and PE-tandem labels are
differently excited on the FACSCanto Il (488-nm laser) and the LSRFortessa (561-nm
laser). Detection was the same between instruments (585/42 and 780/60 BP filters).
Furthermore, FACSCanto Il laser power was 405 nM = 25 mW, 488 nm = 15 mW, and
633 nM + 15 mW, whereas LSRFortessa laser power was 405 nm + 40 mW, 488 nm +
40 mW, 633 nm + 40 mW, and 561 nm + 40 mW.

CS&T beads (BD Biosciences, CE-1VD for FACSCanto instruments [catalog 662413] and
research grade for LSRFortessa instruments [catalog 650622]) were used to check
the performance of the flow cytometer and verify optical path and stream flow. This
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procedure enables controlled standardized results and allows the determination of
long-term drifts and incidental changes within the flow cytometer. CS&T beads were
measured before each analysis to verify optimal performance of the flow cytometer.
No changes were observed which could affect the results.

Experimental setup of synchronization

First, eight-peak Sphero™ Rainbow bead calibration particles (Spherotech [catalog
RCP-30-5A]) were used to perform synchronization between flow cytometers [3]. In
short, the multicolor hard-dyed calibration beads were used to determine the MFl on a
reference flow cytometer. Subsequently, beads were measured on the flow cytometer
to be matched and each of the eight PMT voltages was adjusted to meet a comparable
MFI as measured on the reference cytometer.

Subsequently, the potential of single-fluorochrome-conjugated surface-dyed BD™ FC
beads (BD Biosciences [catalog 658621]) was tested to adjust PMT voltages. Each
tube contained both negative polystyrene beads and beads coupled to one specific
fluorochrome. In this way, every PMT voltage adjustment is performed with a separate
tube containing beads with the fluorochrome of interest. PMT voltage adjustment was
performed according to the above-described procedure. The acceptable comparability
criteria are set on a <15% deviation from the reference instrument MFI [3].

Compensation

BD™ CompBeads particles (BD Biosciences) were used on all instruments to compensate
for spectral overlap according to the manufacturer’s instructions. A mixture of anti-
mouse |Ig-k-conjugated and non-conjugated negative control CompBeads was made.
Fluorochrome-conjugated mouse k-light chain—bearing immunoglobulin will bind to the
Ig-k-conjugated beads, and the negative and positive peaks were subsequently used to
determine compensation percentages. Measurement of these single-antibody-labeled
beads was repeated for every fluorochrome-conjugated antibody of interest. Single-
fluorochrome-conjugated surface-dyed peripheral blood mononuclear cell (PBMC)
samples were measured to verify the compensation matrix.

Sample preparation

Cell staining was performed on five EDTA-containing whole-blood samples obtained
from healthy donors who gave their informed consent to participate in this study.
Whole-blood samples containing 1 x 106 cells were lysed by a 15-minute incubation with
1x BD Pharm Lyse™ solution at room temperature (BD Biosciences [catalog 555899])
and subsequently washed twice with PBS/HSA (0.5%) (1800 rpm, 10 minutes). Cells
were incubated with titrated amounts of monoclonal antibodies directed against CD2
FITC (clone S5.2), CD3 PerCP-Cy5.5 (clone SK7), CD8 APC (clone SK1) and CD4 Pacific
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Blue (PB) (clone RPA-T4) (all from BD Biosciences), CD19 APC-A750 (clone J3-119), CD7
PE (clone 8H8.1), CD14 PE-Cy7 (clone RM052) (all from Beckman Coulter), and CD45
Pacific Orange (PO) (clone HI30; Life Technologies) in a total staining volume of 80 pL.
Samples were incubated for 15 minutes at room temperature in the dark, washed (500
g, 10 minutes), resuspended in 300 uL PBS/HSA (0.5%), and analyzed on all instruments
in a 30-minute time frame.

Sample analysis

The eight-peak Sphero™ Rainbow bead calibration particles were identified based
on FSC/SSC characteristics, after which the eight different bead populations can
be distinguished based on emission characteristics (Figure 1A). A gate was drawn
which included the sixth emission peak (Figure 1A), after which MFls of all PMTs were
determined on one instrument. The obtained reference MFls were subsequently used
as target MFls for all other instruments. Single-fluorochrome—-conjugated surface-dyed
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Figure 1. Synchronization gating strategies.

(A) Multicolor hard-dyed bead calibration. Bead population is identified based on FSC/SSC characteristics,
after which the sixth rainbow particle peak is identified based on emission characteristics and used to match
PMT voltages. (B) Single-fluorochrome~-conjugated surface-dyed fluorescently labeled bead calibration. Bead
population is identified based on FSC/SSC and emission characteristics in the channel of interest and used to
adjust PMT voltages. (C) Gating strategy of eight-parameter stained whole-blood samples. Lymphocytes were
identified based on FSC/SSC and CD45 (PO) expression. From the CD45 + population, B cells were identified based
on the absence of CD14 (PE-Cy7) and CD3 (PerCP-Cy5.5) and the presence of CD19 (APC-A750). Monocytes were
identified based on CD14 expression, whereas T-cells were identified based on CD3, CD2 (FITC), and CD7 (PE),
and either CD4 (PB) or CD8 (APC) expression
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BD™ FC beads were identified based on FSC/SSC characteristics, after which a negative
and positive emission population can be distinguished in the channel of the single PMTs
of interest (Figure 1B). The obtained reference MFI was subsequently used as a target
for all other instruments. This was repeated for every PMT of interest.

RESULTS

In the first part of this study, we investigated whether the multicolor hard-dyed bead
synchronization protocol can be extended to include the LSRFortessa. Two FACSCanto
Il and two LSRFortessa flow cytometers were synchronized using the multicolor hard-
dyed bead protocol (Figure 1A) [3]. Compensation of spectral overlap was applied
as described. Subsequently, to assess synchronization efficiency, five different eight-
parameter stained whole-blood samples were analyzed on all flow cytometers (gating
strategy shown in Figure 1C), after which percentages of FACSCanto-FACSCanto,
LSRFortessa-LSRFortessa, and FACSCanto-LSRFortessa deviation in MFI from the
reference instrument were calculated using the provided formula (Table 1). The
defined acceptability criterion of <15% variation in MFI was met between synchronized
FACSCanto Il instruments (Figure 2A). Variation in MFI between different LSRFortessa

Table 1. Deviation from reference MFI per fluorochrome after multicolor hard-dyed bead synchronization
of two FACSCanto Il and two LSRFortessa flow cytometers.

PerCP- APC-
FITC PE Cy5.5 PE-Cy7 APC A750 PB PO
Evaluated antibody cD2 cb7 cD3 CcD14  CD8 CD19  CD4 CD45
conjugates
~ o« MeanReference MFI 10965 4471 8240 6678 10970 4546 3998 6768
; .=9 Mean Matched MFI 11591 4600 8209 6695 10154 3989 4079 6501
5 g § MFI difference 627 129 30 17 816 557 81 268
g g Mean % dev. from ref. 5.4% 2.8% 0.4% 0.3% 8.0% 14.0% 2.0% 41%
+SD +07% +2.0% +1.0% +11% +29% +12% *41% +2.7%
— o MeanReference MFI 16915 10444 12803 15102 34846 5263 8629 13738
% g Mean Matched MFI 15990 10346 12936 15101 33497 5630 8324 13429
E 4 E MFI difference 924 98 133 1 1349 367 305 309
% % Mean % dev. from ref. 5.8% 0.9% 1.0% 0.0% 4.0% 6.5% 3.7% 2.3%

+SD +76% +08% *15% +15% =+17% +43% +50% +3.6%

Mean reference MFI, mean matched MFI, the observed MFI difference, and percentage of deviation from reference
MFI + SD are shown when comparing two FACSCanto Il (top) and two LSRFortessa flow cytometers (bottom). Data
reflect results from at least six 8-parameter stained whole-blood samples after synchronization using the multicolor
hard-dyed beads. FACSCanto Il vs FACSCanto II: n = 10; LSRFortessa vs LSRFortessa: n = 6.Abbreviations: dev.
from ref., deviation from reference; MFI, mean fluorescence intensity; SD, standard deviation.
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instruments was also observed to be within the acceptable comparability criteria [3]
(Figure 2B). However, when comparing synchronized FACSCanto-LSRFortessa variation
in MFI, variation of five out of eight PMTs was widely out of the acceptable range (Table
2; Figure 2C).
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Figure 2. Expression patterns of four parameters between synchronized flow cytometer instruments.
Representative expression patterns are shown in overlay histogram plots. Four of the eight analyzed
parameters are shown (from left to right: APC—PB—PE—PE-Cy7). (A) FACSCanto Il vs FACSCanto I
using multicolor hard-dyed bead calibration. (B) LSRFortessa vs LSRFortessa using multicolor hard-
dyed bead calibration. (C) FACSCanto Il vs LSRFortessa using multicolor hard-dyed bead calibration.
(D) FACSCanto Il vs LSRFortessa using single-fluorochrome-conjugated surface-dyed fluorescently
labeled bead calibration.

Utilizing single-fluorochrome—-conjugated surface-dyed beads for effective
synchronization between the FACSCanto II and LSRFortessa

As multicolor hard-dyed bead synchronization was found to be ineffective in
synchronizing FACSCanto Il and LSRFortessa instruments, the above-described
single-fluorochrome-conjugated surface-dyed bead synchronization protocol was
subsequently tested (Figure 1B). Compensation of spectral overlap was applied as
described. Subsequently, five different eight-parameter stained whole-blood samples
were analyzed on all flow cytometers, and variation was compared between FACSCanto
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Il and LSRFortessa instruments (Table 2). Utilizing the single-fluorochrome-conjugated
surface-dyed bead synchronization protocol at least halved the variations observed
with the multicolor bead protocol. Variation in MFI between all parameters met the
acceptable comparability criteria, indicating that the single-fluorochrome bead protocol
is a good alternative for the multicolor bead protocol for synchronization between
FACSCanto Il and LSRFortessa instruments (Figure 2D).

Table 2. Deviation from reference MFI per fluorochrome after multicolor hard-dyed or single-
fluorochrome-conjugated surface-dyed bead synchronization of a FACSCanto and a LSRFortessa flow
cytometer

PerCP- APC-
FITC PE Cy5.5 PE-Cy7 APC A750 PB PO

Evaluated antibody cD2 cD7 CcD3 CD14 CcD8 CD19  CD4 CD45

conjugates
§ _ o Mean Reference MFI 9490 23069 7197 7643 11532 2837 7341 11734
2 g g Mean Matched MFI 8463 16350 7146 12810 19000 2565 4675 8955
:g§ 4 E MFI difference 1027 6719 51 5167 7467 273 2666 2779
'g g % Mean % dev. fromref. 121% 411% 0.7% 40.3% 39.3% 10.6% 57.0% 31.0%
T +SD +94% +86% *+23% +19% +3.2% +3.6% =78% =*1.5%
8 Mean Reference MFI 15445 4437 4410 18324 20110 2587 5888 6164
§ ‘=9 § Mean Matched MFI 15014 4699 4602 17994 19448 2702 6662 5542
:‘;5 4 ‘g MFI difference 432 262 192 331 662 116 774 622
g g % Mean % dev. fromref. 2.9% 5.6% 4.2% 1.8% 3.4% 4.3% 11.6%  11.2%
:'3"-, +SD £17% +50% +22% +£19% +21% *61% *2.2% +2.4%

Mean reference MFI, mean matched MFI, the observed MFI difference, and percentage of deviation from reference
MFI + SD are shown when utilizing the multicolor hard-dyed bead (top) and single-fluorochrome-conjugated
surface-dyed bead synchronization protocol (bottom). Data reflect results from five 8-parameter stained whole-
blood samples. Abbreviations: dev. from ref., deviation from reference; MFI, mean fluorescence intensity; SD,
standard deviation.

DISCUSSION AND CONCLUSION

Standardization of immunophenotyping to provide information for diagnosis and
treatment of malignancies is crucial to avoid inconsistencies between clinical diagnostic
laboratories. Chapter 2 of this thesis underlines the necessity of harmonization of
immune monitoring in neuroblastoma. The small patient population, high interpatient
variability, and inconsistency of included markers in studies make it difficult to interpret
results and relate them to each other. Synchronization of flow cytometers, on top of
harmonization of monitoring protocols, would make it possible to not only compare
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populations of cells, but also enables monitoring of MFIs of markers with potential
clinical relevance between centers.

Excellent recommendations and guidelines have been reported to deal with
standardization of sample preparations and synchronization of flow cytometer
instruments [3-8,13,14]. However, as technology evolved, several new instruments have
emerged which are equipped with a four (or even more)-laser-line configuration. In this
study, we show that the defined acceptable comparability criteria (<15% variation in
MFIs from the reference instrument) could be met when utilizing single-fluorochrome-
conjugated surface-dyed beads to determine and adjust PMT voltages to synchronize
our FACSCanto and LSRFortessa instruments. In contrast, defined comparability
criteria could not be met when utilizing multicolor hard-dyed beads for instrument
synchronization.

In principle, all instruments containing a 405-nm, 488-nm, and 633- to 640-nm excitation
laser and at least two, four, and two detectors for each excitation line, respectively, fulfill
the technical requirements for acquisition of the eight-color panel of fluorochromes
[16]. Differences in laser power between instruments should be taken into account,
as this causes differences in spread of the negative peaks and is independent of the
utilized synchronization protocol.

Solly et al. reported that multicolor hard-dyed bead synchronization between
FACSCanto Il and Navios is feasible, but less effective compared to synchronization
of instruments from the same manufacturer [9]. Novédkova et al. shed light on the
fact that synchronization of instruments from different manufacturers is hampered
by adjusted emission filters for optimal detection of the manufacturers’ proprietary
fluorochromes [16]. They report that extension of the EuroFlow SOP with single-
fluorochrome-conjugated surface-dyed BD™ CompBeads to further synchronize
PMT voltages between Navios, MACSQuant, and FACSCanto is necessary to meet the
acceptable comparability criteria between these instruments. Blanco et al. reported
in the same issue that these settings can also be utilized to synchronize FACSCanto Il
and LSRFortessa instruments [17], even though hampered multicolor hard-dyed bead
synchronization cannot be explained by emission filter differences and is most probably
due to the higher laser power of the LSRFortessa.

Hard-dyed beads have incorporated surrogate dyes in their polymer matrix, causing them
to merely share optical properties, but no spectral equivalence to the fluorochromes
utilized in immunophenotyping of biological samples. Furthermore, incorporation of the
dyes in the polymer matrix does not resemble fluorochrome-stained biological samples.
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This is a major drawback of hard-dyed bead—based synchronization, as synchronization
of these internal surrogate dyes does not necessarily mean synchronization of the
actual fluorochromes of interest. [15] We therefore hypothesize that the differences in
laser-line configurations and laser power between FACSCanto Il and LSRFortessa may
result in different proportions between the surrogate dyes and the actual fluorochromes
to be synchronized, causing differences in MFls to occur when surrogate dye MFls
are matched. This is further substantiated by the fact that we are able to effectively
synchronize FACSCanto Il and LSRFortessa instruments when utilizing single-
fluorochrome—-conjugated surface-dyed beads.
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ABSTRACT

Despite intensive treatment, including consolidation immunotherapy (IT), prognosis
of high-risk neuroblastoma (HR-NBL) is poor. Immune status of patients over the
course of treatment, and thus immunological features potentially explaining therapy
efficacy, are largely unknown. In this study, the dynamics of immune cell subsets and
their function were explored in 25 HR-NBL patients at diagnosis, during induction
chemotherapy, before high-dose chemotherapy, and during IT. The dynamics of
immune cells varied largely between patients. IL-2- and GM-CSF-containing IT cycles
resulted in significant expansion of effector cells (NK-cells in IL-2 cycles, neutrophils
and monocytes in GM-CSF cycles). Nonetheless, the cytotoxic phenotype of NK-cells
was majorly disturbed at the start of IT, and both IL-2 and GM-CSF IT cycles induced
preferential expansion of suppressive regulatory T-cells. Interestingly, proliferative
capacity of purified patient T-cells was impaired at diagnosis as well as during therapy.
This study indicates the presence of both immune-enhancing as well as regulatory
responses in HR-NBL patients during (immuno)therapy. Especially the double-edged
effects observed in IL-2-containing IT cycles are interesting, as this potentially explains
the absence of clinical benefit of IL-2 addition to IT cycles. This suggests that there is a
need to combine anti-GD2 with more specific immune-enhancing strategies to improve
IT outcome in HR-NBL.

Visual Abstract

Created with BioRender.com
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INTRODUCTION

Neuroblastoma (NBL) is the most common extracranial solid tumor in children, accounting
for approximately 15% of all pediatric oncology deaths [1]. Patients are stratified as low,
intermediate or high risk (HR), depending on various factors (e.g., age, tumor stage,
and several genetic components, such as MYCN amplification) [2]. HR-NBL patients are
treated with multimodal therapy consisting of chemotherapy, high-dose chemotherapy
followed by autologous stem cell transplantation (ASCT), resection of the tumor, local
radiation, and maintenance immunotherapy (IT) consisting of the anti-GD2 monoclonal
antibody, often combined with the cytokines IL-2 and GM-CSF, and isotretinoin acid [3-5].
Despite intensive treatment, 5 year event-free survival (EFS) is <50% [6,7].

Dinutuximab, the monoclonal antibody used in NBL IT, targets GD2 on the surface
of NBL cells and signals antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) [3]. The rationale to alternately add GM-CSF
and IL-2 to the IT cycles was to increase expansion and functional activity of natural
killer (NK) cells, lymphocytes, monocytes/macrophages, and neutrophils. This was
mainly supported by in vitro data indicating superior cytotoxic effects when combining
dinutuximab with these cytokines [8,9]. Even though IT increased 2 year EFS and overall
survival (0S) [3], relapses are still observed in the majority of patients.

The dose, timing, and chosen immunotherapeutic compound combinations are
currently highly empirical and do not take patients’ immune status into account. Fast
immune reconstitution during chemotherapy and higher absolute lymphocyte and
monocyte counts have been associated with improved overall outcome in multiple
cancers [10-12]. Nassin et al. showed that most patients with HR-NBL do not have full
immune reconstitution at the start of IT (based on total white blood cell count (WBC),
hemoglobin, and platelet, absolute neutrophil, lymphocyte and monocyte counts) and
that immune recovery may correlate with disease-related outcomes [13]. Relatively fast
NK-cell recovery early after ASCT was an important rationale for timing of IT early after
transplantation [14]. Nonetheless, more detailed evaluation of NK-cell subsets showed
that most cells are immature, cytokine-releasing (CD56bright, CD16+/-) rather than
cytotoxic (CD56dim, CD16+). This may suggest suboptimal timing of dinutuximab IT
early after transplantation, as cytotoxic NK-cells are mainly responsible for anti-GD2-
dependent ADCC [13]. Nonetheless, to date, the potential effect of the IT regimen on
shifting to the mature NK-cell phenotype has not been addressed.

Another important observation came from a phase Ill clinical trial where no additive
effect of IL.-2 administration on outcome of high-risk NBL patients was observed [4].
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It is hypothesized that this may be the result of masking of the positive effects of IL-2
(e.g., on NK-cell expansion and functionality) by preferential regulatory T-cell (Treg)
expansion [4,13], an effect known when administering (low dose) IL-2 to patients with
autoimmune diseases [15]. Nevertheless, studies addressing this observation during
NBL IT are lacking.

It may be hypothesized that post-ASCT immune reconstitution occurs with disparate
kinetics in different patients, which may affect treatment efficacy of immune-targeting
therapy. Comprehensive understanding of the status of the immune system in
these patients may be instrumental for further development of immunotherapeutic
interventions after ASCT. However, no studies have monitored the immune status in
NBL patients during chemotherapy and IT and included functional analysis. Therefore,
we monitored the immune status in NBL patients during chemo- and immunotherapy.
In addition, the effect of IL-2 and GM-CSF on leukocyte and lymphocyte subpopulations
and their (effector) cell functions during IT were studied.

MATERIALS AND METHODS

Patients and Treatment

HR-NBL patients diagnosed between January 2015 and January 2018 treated in the
Princess Maxima Center for Pediatric Oncology (Utrecht, The Netherlands) or Uniklinik
Kdln (Cologne, Germany) were included in this study. Patients were treated following
the same treatment protocol based on N5/N6 chemotherapy (Dutch NBL2009 trial
[16] and NB2013-HR pilot GPOH/DCOG trial; N5 = cisplatin, etoposide, vindesine, N6 =
vincristine, dacarbacin, ifosfamide, doxorubicin). Staging was performed according to
the International NBL Staging System (INSS) [17]. MYCN and ALK amplification status
was determined with FISH, SNP-array was used for the determination of copy number
variants in 1p and 17q. The study was approved by the Medical Ethical Committees
(Academic Medical Center, Amsterdam, the Netherlands; NL50762.018.14 and the
University of Cologne, German trial 2013-004481-34). Written informed consent was
obtained from the parents or guardians before enrollment in accordance with the
Declaration of Helsinki.

Sample Collection

Peripheral blood samples (EDTA) were transported to the laboratory at room
temperature (RT), and a Trucount cell subset enumeration tube was analyzed using flow
cytometry within 24 h after blood withdrawal. Plasma was isolated after centrifugation
and stored at -80 °C until analysis. Peripheral blood mononuclear cells (PBMCs)
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were isolated using Ficoll density gradient centrifugation, frozen in fetal calf serum
(Bodinco, Alkmaar, The Netherlands) containing 10% dimethyl sulphoxide (Sigma-
Aldrich, St. Louis, MO, USA), and stored in liquid nitrogen in the UMCU biobank until
use in experiments. Frozen control donor PBMCs, taken from healthy adult volunteers,
served as control group.

In Utrecht, peripheral blood samples were taken at diagnosis (1 sample from 7 patients),
after each N5/N6 cycle (1-3 samples from 18 patients), before the high-dose (HD)
chemotherapy regimen (1 sample from 7 patients), at start of IT (1 sample from 7
patients) and after 3 and 6 cycles of IT (1-2 samples from 8 patients) as depicted in
Figure S1. In Cologne, peripheral blood samples were taken at start of IT and every 2
weeks during IT cycle 1-5. Samples were shipped at RT to the laboratory in Utrecht
and processed within 24 h as described above.

Treg and NK-Cell Phenotyping

PBMCs were thawed and stained with either Treg or NK-cell discriminating antibodies.
The Treg panel was comprised of the following extracellular antibodies: CD3-AF700,
CD4-eFluor780, CD8-PE-Cy7, CD25-PE, CD127-BV421, CD45R0-BV711 (Biolegend,
Koblenz; Germany). For intracellular staining, cells were permeabilized after extracellular
staining, using the eBioscience kit (Thermo Fisher Scientific, Darmstadt, Germany)
and stained for FOXP3 expression. The NK-cell panel comprised of CD3-AF700, CD19-
eFluor780, CD56-PE-Cy7, CD16-BV510, CD45R0-BV711, TCRVa24-PE, TCRVB11-FITC
(Biolegend). All samples were measured within 24 h after staining on a BD LSR Fortessa
(BD Biosciences, Heidelberg, Germany). All flow cytometry data were analyzed with
FlowJo software version 10.6.0 (Tree Star, Ashland, OR, USA). Output CSV documents
were further analyzed using RStudio (version 1.2.1335).

Proliferation Assay

To assess proliferation of T-cells, PBMCs were thawed, labelled with Celltrace Violet
(CTV) (ThermoFisher Scientific)) and cultured in a round-bottom 96-well plate for 3
days at 37 °C and 5% C0O2. 25,000 PBMCs were cultured in duplicates in the presence
of anti-CD3 (0.5 pg/mL, 16-0037-81; ThermoFisher Scientific), or without stimuli. On
day 3, supernatants were collected (pooled from duplos) and stored (as described in
Section 2.6). Proliferation of PBMCs was analyzed using flow cytometry.

Suppression Assay

Patient and healthy-donor (HD) CD4+CD25highCD127low Tregs were sorted using
BD FACSAriaTM. Tregs were added to CTV-labelled effector cells at an effector-to-
target ratio (E:T) of 2:1 in a crossover manner: (1) Tregs patient + effector cells patient;
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(2) Tregs patient + effector cells HD; (3) Tregs HD + effector cells patient; (4) Tregs
HD + effector cells HD. Then, 96-well plates were coated with anti-CD3 (16-0037-81;
ThermoFisher) to provide a proliferation stimulus. At day 3, the proliferation of effector
cells was analyzed with flow cytometry.

Protein Profiling

Supernatant from the proliferation assays was collected after 3 days of culture, and
stored at -80 °C until cytokine measurement. Interferon-y (IFN-y), tumor necrosis factor
a (TNF-a), soluble IL-2R, IL-2, IL-10, IL-13, and IL-17 were measured using multiplex
immunoassays (Luminex Technology, Austin, TX, USA). The multiplex immunoassay
was performed as described previously by the MultiPlex Core Facility (MPCF) of the
UMCU [18]. Out-of-range (OOR</OOR>) and extrapolated values were systematically
replaced using the following procedure. The LLOQ (lower limit of quantification) and
ULOQ (upper limit of quantification) were retrieved for the measured analytes of the
experiment. The LLOQ and ULOQ values were retrieved per analyte by the MPCF. The
lowest measurement was compared with LLOQ for each marker, to retrieve the lowest
values for all measured markers. The same was performed for the highest value. OOR<
data were replaced by the lowest value divided by 2. OOR> data were replaced by
highest value times 2. The same procedure was performed for extrapolated data. For
some markers, there are no LLOQ and ULOQ obtained yet. In that case, the lowest and
highest measurements within the experiment were used for the replacement of OOR
and extrapolated data.

Plasma samples were analyzed using the Proseek Multiplex Immuno-oncology
immunoassay panel (Olink Biosciences, Uppsala, Sweden). Proseek is a high-throughput
multiplex immunoassay based on proximity extension assay (PEA) technology that
enables the analysis of 92 immuno-oncology-related biomarkers simultaneously.
In short, PEA technology makes use of antibody pairs linked with matching DNA-
oligonucleotides per protein of interest. These oligonucleotides hybridize when brought
into proximity after binding the protein and are extended by DNA polymerase, thereby
forming PCR targets. These targets are quantified by real-time PCR. Obtained results
are expressed in normalized protein expression (NPX) values, which are in a log2 scale.

Statistics

Statistical analysis of absolute cell numbers and Treg expansion during IT was
performed using the Mann—-Whitney U test, comparing differences between groups
before and after administration of IL-2 and GM-CSF. Hierarchical clustering analyses,
presented as heatmaps, were based on Ward's method and pairwise correlation
distance. Heatmaps were generated using the heatmap.2 function from the gplots
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package [19]. To identify significant differences between protein levels before and after
IL-2 and GM-CSF IT cycles, the Wilcoxon signed rank test was performed with correction
for multiple testing according to Benjamini and Hochberg [20] for IL-2 cycles and the
Mann-Whitney test with correction for multiple testing [20] for GM-CSF cycles. RStudio
Project Software (version 1.2.1335) [21] was used for statistical analyses. Adjusted
p-values of < 0.05 were considered statistically significant.

RESULTS

Patient Characteristics

Twenty-five patients were included in this study (Table 1) with a median age at
diagnosis of 3.9 years (range 0.3-10.8). A slight majority (56%, n = 14) had at least
a partial response after induction chemotherapy. These patients continued therapy
following the HR treatment protocol. Nonresponders (44%, n = 11) received additional
chemotherapy (2-4 N8 cycles (etoposide, topotecan, cyclophosphamide)), and 14%
(n = 4) received 131l-metaiodobenzylguanidine (131I-MIBG) therapy. Twenty out of 25
patients received high-dose (HD) chemotherapy followed by ASCT, seventy percent (n
=14/20) of patients received HD busulfan and melphalan (Bu-Mel) and 30% (n = 7/20)
received HD carboplatin, etoposide, and melphalan. Following ASCT, 80% (n = 6/20)
received dinutuximab IT in combination with cytokines. The four patients who did not
receive IT had progressive disease. The mean time from ASCT to start IT was 137 days
(range 108-193 days). The median time of follow-up for surviving patients was 2.14
years (range 0.65-3.67). The median event-free survival (EFS) was 1.65 years (range
0.11-3.67).

Immune Profiles at Diagnosis, during Induction Chemotherapy, and before
High-Dose Chemotherapy Show Broad Variation between Patients

In the period before ASCT, large variations were observed between patients and
between treatment cycles within individual patients in absolute leukocyte, lymphocyte,
monocyte, neutrophil, eosinophil and specific lymphocyte subsets (B-cells, NK-cells,
and T-cells) (Figure 1). Absolute neutrophil counts fluctuated most, peaking after
the first N5/N6 chemotherapy cycle. B-cells decreased after the first round of N5/N6
chemotherapy and remained low during chemotherapy. Absolute lymphocyte counts
remained similar between patients, while NK-cells and T-cells showed a large variation
between patients. No correlation was found between absolute lymphocyte counts and
occurrence of an event or MYCN status.
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Table 1. Patient Characteristics and time of sampling

Total (n=25)

Gender

male 14 (56%)

female 11 (44%)
Median age at diagnosis, yr, (range) 3.9(0.3-10.8)

Stage 3 disease 1 (4%)

Stage 4 disease 24 (96%)
Genetics
MYCN

Neg 18 (72%)

Gain 2 (8%)

Amp 5(20%)
1p

normal 14 (56%)

partial loss 9 (36%)

loss 1 (4%)

gain 1 (4%)
17q

normal 1(4%)

partial gain 10 (40%)

gain 11 (44%)

unknown 3 (12%)
ALK mutation

Yes 5(20%)

no 16 (64%)

gain 1 (4%)

unknown 3(12%)
CR or PR after induction chemotherapy (3x N5/N6) 14 (56%)
HD + ASCT 20 (80%)

Therapy & outcome

Conditioning Regimen
Busulfan/melphalan
Carboplatin/etoposide/melphalan

CD34+ cell dose x 10%6/kg, (range)

Immunotherapy

Time to immunotherapy, d, (range)

Event: progression or relapse

Event: Refractory Disease

Event: Toxicity

Alive at last FU

Median EFS, yr (range)

Median follow up OS, yr, (range)

14/20 (70%)
6/20 (30%)
2.47 (0.59-21.73)
16 (64%)

137 (108-193)

7 (31%)

3 (14%)

1 (5%)

14 (56%)

1.65 (0.11-3.67)
2.14(0.65-3.67)
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Figure 1. Immune profiles at diagnosis, during induction chemotherapy, and before high-dose condi-
tioning.

Each colored dot indicates absolute counts from one patient (x10%/ulL). Absolute leukocyte (A), lymphocyte (B),
monocyte (C), neutrophil (D), eosinophil (E), B-cell (F), NK-cell (G), and T-cell (H) numbers are shown at diagnosis
(Dx), after the 1st, 2nd, and 3rd round of N5/N6 induction chemotherapy, before high-dose chemotherapy (before
HD), and at start of immunotherapy (start IT) from 6, 9, 10, 12, 7, and 4 patients respectively.
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Immune Profiles during Immunotherapy Show Effect of IL-2 and GM-CSF on
Leukocyte and Lymphocyte Subsets

To determine whether the in vitro effects of IL-2 and GM-CSF are also observed in vivo,
immune profiles were generated during IT. In concordance with the rationale, total
lymphocyte counts increased significantly after IL-2-containing IT cycles (p = 0.01), due
to anincrease of NK-cells (p < 0.01) (Figure 2 and Figure S2). IL-2 had no effect on total
CD3+ T-cells (p = 0.67), CD19+ B cells (p = 0.70), and monocytes (p = 0.57). Neutrophils
decreased significantly after IL-2 administration (p = 0.01), while eosinophils showed a
trend towards increased numbers in peripheral blood after IL-2 (p = 0.19).

Figure 2. Immune profiles before and after IL-2-containing immunotherapy cycles.

Each colored dot indicates absolute counts from one patient (x10° cells/uL). From 5 patients, samples were paired
before IL-2 (day 1 IT cycle 2 or 4) and after IL-2 (day 15 IT cycle 2 or 4). In total, 7 paired samples are depicted
(colored lines), because two patients were monitored in both IL-2 cycles. Nine single measurements from 9 other
patients were included, resulting in a total of 14 patients (11 in study, 3 leftover material during IT). Absolute
eosinophil (A), neutrophil (B), lymphocyte (C), monocyte (D), T-cell (E), NK-cell (F), and B-cell numbers (G) are
shown. *p < 0.05, **p < 0.001.

GM-CSF-containing IT cycles increased total lymphocytes (p = 0.05) and monocytes
(p =0.03), and a trend towards increased neutrophils (p = 0.07). GM-CSF had no effect
on total CD3+ T-cells (p = 0.28), NK-cells (p = 0.12), and CD19+ B-cells (p = 0.19) (Figure
3 and Figure S3). In addition, administration of GM-CSF resulted in a notable increase
of eosinophils (p < 0.001).
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Figure 3. Immune profiles before and after GM-CSF-containing immunotherapy cycle.

Each colored dot indicates absolute counts from one patient (x10° cells/uL). From 5 patients, samples were paired
before GM-CSF (day 1 IT cycle 1, 3 or 5) and after GM-CSF (day 15 IT cycle 1, 3 or 5). In total, 9 paired samples
are depicted (colored lines), because two patients were monitored during all 3 GM-CSF cycles. Twelve single
measurements from 12 other patients were included, resulting in a total of 17 patients (11 in study, 6 left over
material during IT). Absolute eosinophil (A), neutrophil (B), lymphocyte (C), monocyte (D), T-cell (E), NK-cell (F),
and B-cell numbers (G) are shown. * p < 0.05, *** p < 0.0001

Plasma Protein Profiling Further Supports IL-2 and GM-CSF Mediated
Immune Engagement during Immunotherapy

Olink protein analysis was subsequently performed in plasma samples of 6 patients
to determine protein profiles along the IT course. Protein profiling showed distinct
patterns between pre- and post-IL-2 and pre- and post-GM-CSF-containing IT cycles.
Unsupervised clustering resulted in complete separation of protein profiles pre- and
post-IL-2-containing IT cycles (Figure S4A) and partial separation of protein profiles
pre- and post-GM-CSF-containing IT cycles (Figure S4B).

Even though the sample sizes are too small to observe statistically significant
differences upon IL-2-containing IT, increases can be observed in many NK-cell
activation-associated markers, including GZMA/B/H, KIR3DL1, and NCR1 (all p =
0.18), IFN-y (p = 0.34), CASP-8 (p = 0.17), and KLRD1 (p = 0.32) (Figure 4). Upon GM-
CSF-containing IT cycles, significant increases in several neutrophil-, monocyte-, and
eosinophil-associated factors, including CCL23 (p = 0.046), CCL17 (p = 0.015), CXCL11
(p =0.037), and MCP-4 (p = 0.015) are observed (Figure 5).
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Figure 4. Upregulation of NK-cell activation-associated protein markers upon IL-2-containing immuno-

therapy cycles.

Plasma protein concentration of GZMA/B/H (p = 0.181) (A-C), and KIR3DL1 (p = 0.181) (D), NCR1 (p = 0.181) (E),
IFN-y (p = 0.339) (F), CASP-8 (p = 0.175) (G), and KLRD1 (p = 0.324) (H) pre- and post-IL-2-containing IT cycles.
Protein expression is shown as normalized protein expression (NPX). In total, 5 paired samples are shown, as two
patients were monitored during both IT cycles.

Figure 5. Upregulation of neutrophil-, monocyte-, and eosinophil-associated factors upon GM-CSF-con-

taining immunotherapy cycles.

Plasma protein concentration of CXCL11 (p = 0.037) (A), CCL23 (p = 0.046) (B), CCL17 (p = 0.015) (C), and MCP-4
(p =0.015) (D) pre- and post-GM-CSF-containing IT cycles. Protein expression is shown as normalized protein
expression (NPX). In total, 7 paired samples are shown, as two patients were monitored during all three IT cycles.
Two single measurements from patients pre-GM-CSF were included, resulting in a total of 9 patients pre- and 7
post-GM-CSF. *p < 0.05.
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NK-Cell Phenotype Varies Widely between Patients and Is Suboptimal for
Efficient Dinutuximab-Mediated Cytotoxicity

As mentioned, the timing of IT in the NBL treatment protocol is established based on
the observation of relatively fast NK-cell recovery early after ASCT [14]. Fast NK-cell
recovery was observed based on absolute cell numbers (Figure 1G). However, even
though variation is large, the balance between absolute numbers of mature, cytotoxic
NK-cells (CD56dimCD16+) known to be mainly responsible for anti-GD2-dependent
ADCC [13] and immature, cytokine-releasing NK-cells (CD56brightCD16-) was majorly
disturbed at diagnosis and during all phases of the treatment protocol [22] (Figure 6A).
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Figure 6. The cytotoxic CD56dimCD16+/CD56brightCD16- NK-cell ratio during HR-NBL therapy.

(A) The ratio of absolute CD56dimCD16+ and CD56brightCD16~ Trucount cell numbers is highly variable between
patients and is decreased at diagnosis and during therapy of HR-NBL patients. Dx: n = 7, 1st N5/N6: n = 11, 2nd
N5/N6:n =10; 3rd N5/N6: n =11, before HD: n = 7, start IT: n = 7, After IT Cycle 1-3: n = 10, After IT cycle 4-5:n = 8.
The dotted line reflects the reference value of the cytotoxic NK-cell ratio of healthy individuals [22]. (B,C) In-depth
monitoring of the fraction of CD56dimCD16+ and CD56brightCD16- in two patients during the IT course shows
an increase in cytotoxic (CD56dimCD16+) NK-cell phenotype after IL-2-containing IT cycles. In patient 1, the ratio
remains below the normal cytotoxic NK-cell ratio of 9, whereas the ratio of patient 1 reaches normal values after
the first IL-2-containing IT cycle and is increased after the second IL-2-containing IT cycle. Red arrows indicate
start of IL-2-containing therapy cycles.
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Figure 7. Regulatory T-cell profiles and their suppressive capacity during immunotherapy.

(A) Example of gating of CD25"shCD1277™ cells within the CD3+CD4+ T-cell population (upper panels) and gating
of FoxP3 within the CD25"s"CD1277™ cell population before and after IL-2 administration (lower panels). (B)
Percentages of Tregs (within CD3+CD4+ T-cell population) increase 4-5-fold after IL-2 administration (left) and
increase 1-2-fold after GM-CSF administration (right). (C) Plasma IL-10 levels pre- and post-IL-2 (p = 0.339) (left)
and GM-CSF (p = 0.144) (right). Protein expression is shown as normalized protein expression (NPX). IL-2: In total,
5 paired samples are shown, as two patients were monitored during both IT cycles. GM-CSF: In total, 7 paired
samples are shown, as two patients were monitored during all three IT cycles. Two single measurements from
patients pre-GM-CSF were included, resulting in a total of 9 patients pre- and 7 post-GM-CSF. (D) CTV staining
of PBMCs of a healthy donor co-cultured without Tregs (grey), with patient Tregs (green), or healthy-donor Tregs
(blue), or unstimulated (red) at an effector-to-target ratio of 2:1. (E) Relative percentages of proliferation of HD
CD3+ T-cells co-cultured with patient Tregs (blue) or HD Tregs (green) compared to proliferation without Tregs
(red). CD3+ T-cell proliferation was measured in patient 1 (during cycle 2 and 4), patient 2 (during cycles 1, 2 and
5) and patient 3 (during cycle 1 and 2). HD = healthy donor, PT = patient. ** p < 0.001, ***p < 0.0007.
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As plasma levels of NK-cell activation-associated markers increased upon IL-2-
containing IT cycles, the NK-cell phenotype of two patients was subsequently assessed
along the IT course. In both patients, we observed a major shift towards the mature,
cytotoxic CD56dimCD16+ phenotype after both IL-2-containing IT cycles (Figure 6B,C).
The CD56dimCD16+/CD56brightCD16- ratio of patient 1 remained lower than the ratio
of 9-9.5 in healthy controls [23], whereas the ratio of patient 2 reached a normal (IL-2
cycle 1) or superior (IL-2 cycle 2) NK-cell ratio.

Preferential Treg Expansion and Impaired T-Cell Proliferation during Therapy

Even though no significant changes were observed in absolute CD3+ T-cell levels after
IL-2- or GM-CSF-containing IT cycles, it is suggested that cytokine therapy can shift the
phenotype of CD3+ T-cells. To explore this effect during IT, extensive phenotyping of
the CD3+ T-cell fraction was performed. Administration of IL-2 in this study massively
increased the frequency of circulating CD4+CD25highCD127dim FOXP3+ Tregs (Figure
7A,B). In addition, GM-CSF also increased the frequency of Tregs, although to a lower
extent than IL-2 (Figure 7B). These data were supported by an increased trend in plasma
levels of IL-10 (GM-CSF: p = 0.144, IL.-2: p = 0.339) (Figure 7C).

To subsequently determine whether patient Tregs are functional, a Treg crossover
suppression assay was performed in which patient Tregs from different IT time points
were co-cultured with healthy-donor PBMCs. Healthy-donor PBMC proliferation was
decreased upon co-culture with patient Tregs, indicating their suppressive capacity,
even though suppressive capacity seems to be decreased when compared with healthy-
donor Tregs (Figure 7D,E). In 2 of the 7 measurements (patient 1 cycle 2 and patient 3
cycle 1), no T-cell suppression was noticed.

To assess functionality of the CD3+ T-cell fraction in terms of proliferative capacity
during IT, PBMCs were stimulated for three days with anti-CD3. Interestingly, anti-CD3-
mediated T-cell proliferation was impaired in the majority of patients at different IT time
points (Figure 8A). This was supported by decreased levels of secreted cytokines in
stimulated patient PBMCs as compared to healthy-donor PBMCs (Figure 8B). Possible
interference of CD25+CD127low Tregs or low-density eosinophils on T-cell proliferation
was ruled out by performing additional T-cell proliferation assays without these cell
populations.
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Figure 8. T-cell proliferation is impaired at diagnosis as well as during therapy in HR-NBL.

(A) PBMCs of healthy donors (HD) (red) and patients (PT) (blue) were stimulated with anti-CD3 (0.5 ug/mL). T-cell
proliferation of each individual sample is shown (duplos were pooled); PBMCs HD (n = 8), PBMCs patients (n =
12). (B) Supernatants (HD n = 15, patients n = 17) were analyzed using Luminex-based multiplex immunoassays.
The heatmap shows the log concentration of IL-2, IL-10, IL-13, IL-7, TNF-a, IFN-y and soluble IL-2R, with low levels
indicated in blue and high levels indicated in red.

DISCUSSION

Absolute lymphocyte counts, relative presence of subsets, and their phenotypical
characteristics are rarely monitored in NBL patients and not used as prognostic criteria
or treatment guidance, largely due to a lack of knowledge on clinical significance.
In the present study, we show that immune profiles of HR-NBL patients are already
disturbed (reduced levels of CD3+, CD56+, and CD19+ lymphocyte subsets) at diagnosis
when compared to age-matched controls [24]. This is in line with Tamura et al. [25],
who also reported that lower levels of immune cells at diagnosis may predict poor
prognosis in patients with NBL. As HR-NBL often disseminates to the bone marrow, it
is hypothesized that the decreased immune cell levels are most likely caused by tumor
replacement and/or by tumor-related suppressive factors present in the bone marrow
niche [25,26]. This is supported by studies observing lower leukocyte [26] or monocyte
and lymphocyte [25] levels in patients with bone marrow metastases.

Moreover, we confirm data from Chung et al. [26] showing that the decrease in total
leukocytes and lymphocytes in children with HR-NBL is even more pronounced
after chemotherapy. We however observed a large interpatient variability between
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chemotherapy cycles; while B cells are completely depressed during all stages of N5/N6
chemotherapy, the numbers of monocytes, NK and T lymphocytes differed enormously.
Whether these variations correlate to clinical outcome will be subject of follow-up
studies with larger cohorts.

The effect of chemotherapeutic agents on the immune compartment should be kept
in mind when combining IT with re-induction chemotherapy in relapsed/refractory
patients. The effect of chemotherapy on IT efficacy is paradoxal, as levels of effector
cells are often affected. On the other hand, targeting of immunosuppressive immune
subsets and increased immunogenicity of tumor cells are described as processes to
enhance IT efficacy [27,28,29]. Timing and chemotherapeutic compound selection are
key to maximize the effect of IT in refractory/relapsed patients.

When subsequently looking into the functionality of T-cells at diagnosis and during
the therapy regimen, we noticed hampered proliferation and cytokine secretion upon
anti-CD3-mediated T-cell stimulation. In line with this, impaired PHA mitogenesis at
diagnosis and during NBL therapy has been observed in several studies [30,31]. Helson
et al. [31] and Pelizzo et al. [32] showed hampered PHA-mediated T-cell mitogenesis
when cultures were supplemented with serum of NBL-patients, or mesenchymal stromal
cells (MSCs) from HR-NBL patients, respectively. This indicates the presence of both
local and systemic immune modulation by the NBL tumor. Several factors have been
described that are able to modulate T-cell functionality, including TGF-B, Indoleamine-
pyrrole 2,3-dioxygenase (IDO), and arginase [33,34]. The depletion of arginine by
arginase [33] leads to T-cell cycle arrest, impaired proliferation, and reduced activation
[35,36]. Although impaired T-cell proliferation is already noticed at diagnosis, it should
be noted that immune function may be further inhibited by intensive treatment. In-depth
phenotyping, proteomics, and pathway-analysis of T-cells during HR-NBL treatment is
necessary to unravel mechanisms responsible for T-cell dysfunctionality as a first step
to develop strategies to counteract this effect.

The effect of the IT regimen on NK-cell phenotype is largely unknown. Even though
variation between patients is considerable, our data indicate that the cytotoxic NK-cell
ratio increased during IT. We observed a delayed increase of the cytotoxic ratio in two
patients upon IL-2-containing IT cycles. However, the NK-cell phenotype ratio of the
majority of patients is still decreased at the end of IT, which suggests suboptimal IT
timing. The observed differential effect of GM-CSF- and IL-2-containing IT cycles on
the cytotoxic NK-cell ratio indicates that this is an effect induced by IL-2 rather than
dinutuximab itself.
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To our knowledge, this is the first study to show beneficial effects of GM-CSF and IL-2
addition to IT cycles in HR-NBL patients on both NK-cells (increased cytotoxic NK-
cell ratio and plasma levels of NK-cell-associated factors (e.g., granzymes, KLRD1,
NCR1, IFN-y, CASP-8, KLRD1)), as well as on myeloid cells (based on plasma levels of
neutrophil/monocyte-associated factors (e.g., CXCL11, CCL17, CCL23, and MCP4)).
Nonetheless, Ladenstein and colleagues [4] recently concluded from a phase lll clinical
trial that there is no additive effect of IL-2 administration on outcome of HR-NBL patients.
We noticed a strong increase of CD127dimCD25highFOXP3+ Tregs after IL-2, and to a
lesser extent, also GM-CSF administration. This increase has been described before
[37]; however, in many cases without confirming FOXP3 positivity, this may be expected
based on results from autoimmune patients [15] where (low dose) IL-2 is administered
to induce Tregs. Previously, preclinical data showed that Tregs inhibit anti-NBL immune
responses before and after ASCT [38-40]. Using functional suppression assays in a
crossover format, we showed that these Tregs also maintain their suppressive capacity
at multiple time points during IT. Together, these data suggest that the beneficial effects
of IL-2 may be masked by preferential Treg expansion.

The observation of increased NK-cell cytotoxicity during IL-2-containing IT cycles in
our opinion substantiates the need to replace IL-2 during dinutuximab IT with other
non-Treg engaging (immuno)therapeutic compounds/strategies to maximize IT
efficacy. First of all, the start of IT can be delayed to allow further recovery of the NK-
cell fraction. However, the observation that the NK-cell phenotype is already disturbed
at diagnosis, together with the risk of the tumor to expand before the start of IT, are
arguments against postponement of IT. A second strategy would be to combine
dinutuximab with soluble factors more specifically activating NK-cells, for example,
Lirilumab, an anti-KIR antibody currently tested in the ESMART trial from the ITCC
(ClinicalTrials.gov Identifier: NCT02813135). In addition, NKTR-214, a CD122-biased
cytokine agonist designed to preferentially activate and expand effector CD8+ T- and
NK-cells over Tregs via the heterodimeric IL-2 receptor pathway (IL-2R-By) [41], is an
interesting candidate to replace IL-2 [42]. Combining dinutuximab with IL-15 is also of
interest, as this cytokine is known to specifically expand and mature NK-cells, without
affecting Treg expansion [43,44]. The delayed effect of IL-2 on the cytotoxic NK-cell
ratio observed in this study may substantiate an approach in which NK-cell engaging
therapy is provided prior to dinituximab-based IT. A third strategy would be to combine
IT with an adoptive NK-cell therapy at the start of IT to maximize effector cell function,
either via an autologous (ClinicalTrials.gov Identifiers: NCT02573896, NCT04211675) or
allogeneic (haploidentical) [45] strategy (ClinicalTrials.gov Identifier: NCT03242603).
The advantage of using allogeneic cells is the potential to select a mismatched donor to
maximize anti-tumor effect. On the other hand, the risk of graft rejection and mismatch-
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related adverse events in allogeneic settings is a clear disadvantage compared to the
use of an autologous, ex vivo-expanded, cell product.

Immune monitoring of HR-NBL patients comes with some limitations. The availability
of patient samples was limited by dropout of patients from the study after relapse/
progression of disease, transfer to other trials, failure of blood sampling, and logistical
issues. In this study, immune status was monitored in peripheral blood only, which
provides markers that would be easily translatable to monitoring protocols in the clinic.
Nevertheless, information on tumor-infiltrating lymphocytes (TILs), and monitoring
lymphocytes in tissues, would help to elucidate the mechanisms of (resistance to)
therapy, and indicate whether markers at the tumor site are systemically reflected
in the blood. Multinational collaborations in NBL cohorts are needed to allow for a
larger sample size to confirm the findings from this study and relate them to clinical
parameters and outcome.

CONCLUSIONS

(Functional) immune monitoring in HR-NBL patients revealed the presence of both
immune-enhancing and immune regulatory effects during the therapy course.
The immune-enhancing effects observed upon IL-2-containing IT cycles, despite
simultaneous Treg expansion, clearly demonstrate the potential of combining
dinutuximab with other NK-cell engaging strategies. In addition, the observed systemic
T-cell dysfunction at diagnosis as well as during HR-NBL therapy highlights another
mechanism, besides lack of MHC-I expression and immune checkpoint expression,
that should be unraveled to generate long-term anti-NBL immune responses and
immunological memory needed to prevent relapse.
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SUPPLEMENTARY MATERIAL

Figure S1. Schematic overview of sampling time points during the HR-NBL treatment course.
Patient 4, 9, 16, and 19 did not receive ASCT as a result of disease progression and mortality.

Figure S2. Percentages of cell types based on trucount data before and after IL-2 containing immuno-
therapy cycles.
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Figure S3. Percentages of cell types based on trucount data before and after GM-CSF containing im-
munotherapy cycle.
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Figure S4. Clustering of immune-oncology related plasma protein concentrations of patients pre- and

post-IL2 and GM-CSF containing immunotherapy cycles.

Unsupervised clustering of 92 immuno-oncology related biomarkers. Top heatmap: Complete separation of protein
profiles pre- and post IL-2 containing IT-cycles. From three patients, samples were paired before (day 1 IT-cycle 2
or 4) and after (day 15 IT-cycle 2 or 4) IL-2 containing IT. In total, 5 paired samples are shown, as two patients were
monitored during both IT-cycles. Bottom heatmap: Partial separation of protein profiles pre- and post GM-CSF
containing IT-cycles. From three patients, samples were paired before (day 1 IT-cycle 1,3 or 5) and after (day 15
IT-cycle 1,3 or 5) GM-CSF containing IT. In total, 7 paired samples are shown, as two patients were monitored during
all three IT-cycles. 2 single measurements from patients pre GM-CSF were included, resulting in a total of 9 patients
pre- and 7 post GM-CSF. Protein profiles of patient 3 (GM-CSF cycle 1) cluster together, indicating the absence
of major differences in protein profiles in this patient upon GM-CSF containing IT. In addition, Protein profiles of
patient 5 (unpaired, pre-GM-CSF) did cluster together with protein profiles of other patients post-GM-CSF.
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ABSTRACT

In recent years, major advances have been made in cancer immunotherapy. This
has led to significant improvement in prognosis of cancer patients, especially in the
hematological setting. Nonetheless, translation of these successes to solid tumors
was found difficult. One major mechanism through which solid tumors can avoid anti-
tumor immunity is the downregulation of major histocompatibility complex class |
(MHC-I), which causes reduced recognition by- and cytotoxicity of CD8+ T-cells.
Downregulation of MHC-I has been described in 40-90% of human tumors, often
correlating with worse prognosis. Epigenetic and (post-)transcriptional dysregulations
relevant in the stabilization of NFkB, Interferon Regulatory Factors (IRFs), and NLRC5
are often responsible for MHC-I downregulation in cancer. The intrinsic reversible
nature of these dysregulations provides an opportunity to restore MHC-I expression
and facilitate adaptive anti-tumor immunity. In this review, we provide an overview of
the mechanisms underlying reversible MHC-I downregulation and describe potential
strategies to counteract this reduction in MHC-I antigen presentation in cancer.
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1. INTRODUCTION

In recent years, major advances have been made in cancer immunotherapy, thereby
drastically improving the prognosis of cancer patients. Several types of Food and Drug
Administration (FDA)-approved immunotherapies, such as checkpoint inhibitors (CPI),
chimeric antigen receptor (CAR) T-cells, and dendritic cell vaccines, aim to boost T-cell-
mediated cytotoxicity to combat cancer. These treatments led to increased survival
chances, particularly for patients suffering from hematological cancers, but translation
to the solid tumor setting was found difficult. Additional immune escape mechanisms,
including immune checkpoint expression, induction of immunosuppressive immune
subsets (e.g., regulatory T-cells and myeloid-derived suppressor cells (MDSCs)), loss
of immunogenic antigens, and decreased antigen presentation allow these tumors to
evade anti-tumor immunity (reviewed by Sharma et al. [1]), posing serious challenges
to overcome in order to improve therapy response.

One way in which tumors can avoid tumor-associated antigen presentation, and
therewith T-cell-mediated cytotoxicity, is the downregulation of surface display of
major histocompatibility complex (MHC) class |, a crucial factor in the initiation of
an adaptive immune response. The importance of MHC-I downregulation in immune
evasion is substantiated by the observed correlations between MHC-I expression on
tumor cells and the amount of tumor infiltrating lymphocytes (TILs) in several cancers
[2,3]. Furthermore, several groups have reported impaired MHC-I antigen processing
and presentation as a predictor of (acquired) resistance to CPI therapy [4-8] and
adoptive cell therapy [9-11].

Downregulation of MHC-I has been described in 40-90% of human tumors [9,12-20],
often correlating with worse prognosis [18,21-29]. Both adult and pediatric tumors are
able to reduce MHC-I surface display by the use of different regulatory mechanisms.
Where adult tumors downregulate MHC-I expression in order to escape from the
immune system, pediatric cancers, such as neuroblastoma, often arise from embryonic
tissues that intrinsically lack immunological features, potentially explaining the low
expression of MHC-I in these cancer types [30].

The intrinsic reversible nature of most MHC-I dysregulations provides an opportunity
to restore MHC-I antigen presentation and facilitate adaptive anti-tumor immunity.
This review aims to provide an overview of the mechanisms underlying reversible
MHC-I downregulation and demonstrate potential therapeutic targets to induce MHC-I
expression and improve T-cell-mediated cytotoxicity in cancer.
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2. DYSREGULATION OF MHC-I EXPRESSION IN CANCER

T-cell receptors (TCRs) of CD8+ T-cells can only bind to their targets in the context of
MHC-I, which is expressed on all nucleated cells. MHC-I presents endogenous antigens,
a process important for reporting intracellular changes, for example caused by viral
infections or malignant transformation, to the immune system in order to initiate a
CD8+ T-cell response. The heterodimer MHC-I consists of a heavy chain, encoded
by the human leukocyte antigen (HLA)-A, HLA-B, and HLA-C genes, and an invariant
light chain called B2-microglobulin (B2M). The heterodimer requires stabilization
by a peptide, which is loaded into the MHC-I peptide-binding groove by the antigen
processing machinery (APM).

Antigen presentation in MHC-I context is a complex, multi-step process which can
be dysregulated at many levels. MHC-I and B2M are synthesized in the endoplasmic
reticulum (ER) and require stabilization by chaperone proteins (e.g., calreticulin,
ERp57, and tapasin). Designated intracellular proteins are targeted for degradation by
ubiquitination, after which they undergo proteasomal degradation into peptides. These
peptides are subsequently translocated into the ER by the transporter associated with
antigen processing (TAP) and bind to MHC-I directly or after further processing by ER
aminopeptidases (ERAP1 and ERAP2). Interaction between tapasin and TAP allows
translocation of peptides into the MHC-I binding groove, release of chaperone proteins,
and stabilization of the MHC-1 complex. Finally, the MHC-I-antigen complex travels via
the Golgi apparatus to the cell surface, where antigen presentation to CD8+ T-cells can
start. In cancer, one or several proteins in this complex pathway can be dysregulated,
which may have major consequences on cell surface display of MHC-I (Figure 1).

Although downregulation of surface expression of MHC-I allows evasion from T-cell-
mediated anti-tumor immunity, low MHC-I expression sensitizes cells to Natural Killer
(NK) cell-mediated cytotoxicity. MHC-I functions as an inhibitory ligand for NK-cells by
binding to inhibitory receptors, such as killer cell immunoglobulin-like receptors (KIRs),
thereby dampening NK-cell activation. Accordingly, when MHC-I is downregulated,
the inhibitory signals initiated by MHC-I are no longer present, leading to enhanced
NK-cell activation and cytotoxicity [31]. Nonetheless, tumors have developed several
mechanisms to escape NK-cell-mediated cytotoxicity. For example, tumors often
produce factors, such as transforming growth factor B (TGF-B) and prostaglandin, that
impair NK-cell function and block their infiltration into the tumor site [32]. Additionally,
tumors may temporarily upregulate MHC-| expression in response to NK-cells, which
allows them to avoid recognition by these cells [19,22,33]. As a result, tumors show
plasticity in evading both NK- and T-cell-mediated cytotoxicity, thereby facilitating tumor
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immune escape. The importance of this plasticity is substantiated by the observation
that colorectal cancer patients with reversible MHC-I downregulations have a worse
prognosis compared to patients with irreversible MHC-1 downregulations [22].
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Figure 1. Major histocompatibility complex class | (MHC-I) antigen processing and presentation is a

complex, multi-step process and can be dysregulated in cancer at multiple levels.
APM = antigen processing machinery; ERAP = ER aminopeptidases; MHC-I = major histocompatibility complex
I; TCR = T-cell receptor

Dysregulated cell surface display of MHC-1 complexes may be caused by genetic,
epigenetic, transcriptional, and post-transcriptional alterations, which leads either to
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irreversible or reversible changes in MHC-1 expression. Irreversible MHC-I defects are
described in multiple types of cancer, including melanoma, head and neck squamous
cell carcinoma (HNSCC), and lung, colorectal, bladder, laryngeal, and breast cancer [9,12-
17] and arise due to structural genetic alterations, for example, in the class | heavy chain
genes [12-14], B2M [9,15,16], and the TAP-encoding genes [17]. As MHC-| expression
cannot be upregulated in tumors harboring this type of mutations, these irreversible
defects will not be the main focus of this review. Reversible MHC-I dysregulations are
characterized by the coordinated (post-)transcriptional downregulation of the HLA
class | heavy chain, components of the APM, or 2M and have been observed in several
types of tumors, including HNSCC, bladder cancer, and neuroblastoma [18-20]. The
reversible nature of these pathway dysregulations makes them interesting targets in
cancer immunotherapy.

3. MHC-I EXPRESSION REGULATION

Three major transcription binding sites responsible for MHC-I heavy chain expression
can be distinguished: an Enhancer A region, which can be recognized by NFkB; an
interferon-stimulated response element (ISRE), which can be bound by interferon
regulatory factor (IRF) 1; an SXY-module, which is recognized by NOD-like receptor
family CARD domain containing 5 (NLRC5) [34]. Other APM genes are induced by the
same set of transcription factors, resulting in the observation that the downregulation
of APM players often coincides [35]. Accordingly, different pathways can lead to
transcriptional activation of the MHC-I heavy chain-encoding genes as well as other
genes responsible for the APM. In addition, these pathways can also act synergistically,
magnifying the effect on MHC-| expression. By studying how MHC-I expression is
normally regulated, we may be able to better understand the underlying mechanisms of
MHC-1 downregulation in tumors and find potential targets for cancer immunotherapy
in order to reverse this downregulation.

4. INDUCING MHC-I EXPRESSION IN CANCER VIA NFKB STABILIZATION

The NFkB family consists of many inducible transcription factors, including NFkB1
(p50), NFkB2 (p52), RelA, RelB, and c-REL. During homeostasis, these proteins are
sequestered in inactive cytosolic complexes by interaction with inhibitor of kB (IkB)
family members (e.g., IkBa and p105). Upon pathway activation, IkB proteins are
degraded, causing the release of NFkB transcription factors, allowing them to migrate
to the nucleus to affect expression of target genes. Two major NFkB-inducing pathways
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can be distinguished: the canonical and the non-canonical NFkB pathway (Figure 2A,B)
[36]. An elaborate description of pathway players important in this review can be found
in Box 1. Although NFkB is constitutively active in most cancers [37], some tumors
are able to downregulate NFkB signaling, which has been shown to impair MHC-I
expression [35]. NFKB expression was found to be associated with favorable response
to CPI therapy in patients with melanoma, indicating the potential of upregulating its
expression to increase anti-tumor immunity [4,38]. To date, several regulators of the
NFkB pathways have been described, revealing potential targets to enforce upregulation
of MHC-I expression in cancer.

Box 1. NFkB -mediated upregulation of MHC-I.

The canonical NFkB pathway can be activated by stimulation of several immune receptors, including
the TNFa Receptor (TNFR), Toll-like receptors (TLR), and cytokines receptors, by their ligands (e.g.,
TNFa, IL-1, or LPS). Upon receptor stimulation, TRAF2/6 and receptor-interacting protein 1 (RIP-1) are
recruited, after which TRAF2/6 polyubiquitinates itself and RIP-1. In addition, TGF-B-activated kinase 1
(TAK1) is ubiquitinated and activated. TAK1 in turn is able to phosphorylate and activate the IkB kinase
(IKK) complex (consisting of IKKa, IKKB, and NF-kappa-B essential modulator (NEMO) (also known
as IKKy)). IKK needs to be recruited to the stimulated receptor before it can become phosphorylated,
which is triggered by NEMO-mediated interaction of IKK with polyubiquitinated RIP-1 [39]. Subsequently,
IKK phosphorylates IkB proteins, thereby targeting it for ubiquitination and degradation. Consequently,
RelA-p50 and c-REL-p50 are released from their inactivating complexes, which results in translocation
to the nucleus. Here they can activate transcription of their target genes, including MHC-I heavy chain-
and other APM-encoding genes, by binding to kB enhancers in their promotors. A schematic overview
of the canonical NFkB pathway can be found in Figure 2A [36].

Activation of the non-canonical NFkB pathway is initiated by the binding of a ligand (e.g., TNFa, CD40L,
or B-cell activating factor (BAFF)) to one of the TNFR superfamily members. NFkB-inducing kinase (NIK)
becomes activated, which in turn is able to phosphorylate and activate IKKa, one of the subunits of the
IKK complex. IKKa subsequently phosphorylates the carboxy-terminal serine residues of p100, which
is an 1kB-like molecule that sequesters the NFkB transcription factor RelB in the cytosol, resulting in
ubiquitination and degradation of the C-terminus of p100. As a result, p52 is generated, which forms a
heterodimer with RelB, thereby allowing migration to the nucleus, resulting in induction of transcription of
target genes. A schematic overview of the non-canonical NFKB pathway can be found in Figure 2B [36].

4.1. Positive Regulators of NFxB Expression

TNFa forcefully stimulates NFkB signaling and subsequent MHC-I expression. However,
its use in cancer therapy is limited due to severe toxicities [40]. Alternatively, retinoids
have been described to induce MHC-I upregulation in cancer, which is suggested to
be the result of stimulation of NFkB signaling, even though the exact mechanism is
still under debate. Studies in neuroblastoma and embryonic carcinoma cells revealed
that retinoids increase MHC-I expression via increased expression of NFkB p50 and
RelA [41,42]. In addition, Vertuani et al. [43] reported that upregulation of proteasome
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subunits (Latent Membrane Protein (LMP)-2, -7, and -10) and increased half-life of
MHC-1 complexes are responsible for increased MHC-1 expression in neuroblastoma
cell lines. Retinoids are currently being used to treat several types of cancer, including
neuroblastoma and promyelocytic leukemia, and are known to induce differentiation,
apoptosis, and inhibition of proliferation of tumor cells [44].

Other compounds reported to positively affect NFkB signaling of which to date the effect
on MHC-I expression has not been assessed, are betulinic acid, and calcium/calcineurin
combined with protein kinase C (PKC) antagonists. Betulinic acid upregulates canonical
pathway activity via boosting the activity of IKK as well as phosphorylation and
degradation of IkBa in multiple cancer cell lines, including neuroblastoma, glioblastoma,
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Figure 2. NFkB-induced expression of MHC-I.

Transcriptional activation of MHC-I heavy chain, but also other genes encoding for antigen processing machinery
(APM) proteins, can be initiated by both the canonical (A) and non-canonical (B) NFkB pathway. IkB = inhibitors
of kB; IKK = IkB kinase; NEMO = NF-kappa-B essential modulator; NIK = NFkB-inducing kinase; RIP-1 = receptor-
interacting protein 1, TAK1 = TGF-B-activated kinase 1, TLR = toll-like receptor; TNFR = TNFa receptor; TRAF =
TNF receptor-associated factor.
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and melanoma [45]. In addition, it induces apoptosis, inhibits topoisomerase | activity,
and suppresses angiogenesis in cancer [46,47,48,49,50]. Secondly, a study into latent
HIV infections in CD4+ T-cells revealed that combining calcium/calcineurin and the
protein kinase C (PKC) antagonist prostatin causes synergistic activation of NFkB
through a similar mechanism as betulinic acid [51]. A third strategy would be to increase
expression of the E3 ubiquitin ligase Nedd4 [52], which triggers polyubiquitination and
proteasomal degradation of N4BP1 [53], a suppressor of NFkB. In addition, in B-cells,
Nedd4 has been reported to induce ubiquitination and degradation of TNF receptor-
associated factor (TRAF) 3 via the TNFR CD40, thereby inducing activation of both
the canonical and non-canonical NFkB pathway [52]. However, to date, no Nedd4
stimulatory compounds have been described.

Nonetheless, dysregulation of factors affecting downstream signaling of NFkB-inducing
pathways makes it questionable whether NFkB activity, and thus MHC-I expression,
can be restored by upstream pathway activation. As a result, therapeutic intervention
to inhibit negative regulators of NFKB may be a more effective strategy to explore.

4.2. Negative Regulators of NFkB Expression

The pediatric tumor neuroblastoma is well known for its low MHC-I expression. We
have previously identified two major negative regulators of MHC-I via NFkB signaling
in neuroblastoma: Nedd4 Binding Protein 1 (N4BP1) and TNFa-induced protein 3
interacting protein 1 (TNIP1) [54]. TNIP1 affects canonical NFkB activation, whereas
N4BP1 exerts an effect on both canonical and non-canonical pathway activation.

N4BP1 interacts with several proteins involved in (de)ubiquitination, including NEDD4,
Cezanne-1, A20, and Itch [53,54] and potentially also binds to polyubiquitin itself [55,56].
Polyubiquitin binding proteins, like N4BP1, can compete with NEMO for polyubiquitin
binding, thereby directly antagonizing activation of canonical NFkB [56]. Besides
this, N4ABP1 interacts with the deubiquitinase (DUB) Cezanne-1, which functions in
the deubiquitination and stabilization of TRAF3 [54] and subsequently modulates the
activation of both the canonical [54] and non-canonical NFkB [57] by affecting the
degradation of NIK and IkB, and the induction of c-REL ubiquitination and proteasome-
mediated degradation [58].

TNIP1 (also known as A20-binding inhibitor of NF-kB (ABIN)-1) is known for its
stimulatory effect on the NFkB inhibiting DUB A20 and inhibition of TNF-induced
apoptosis and is upregulated in several types of cancer [59]. Similar to N4BP1, TNIP1
inhibits NFkB by impairing NEMO-mediated translocation of IKK to the receptor site. The
exact mechanism remains unclear, but it is suggested to be via competing with NEMO

105



106 CHAPTERS

binding to RIP-1 as well as via binding to a polyubiquitin group on NEMO itself [60].
TNIP1 is also able to prevent processing the IkB p105 into p50 [61] and to interact with
the NFkB inhibiting DUB A20, stimulating deubiquitination of NEMO, thereby impairing
IKK activation and thus canonical NFkB activation [62]. IL-17 treatment has been shown
to induce proteasome-dependent downregulation of TNIP1 [63]. This resulted in NFkB
activation, thereby suggesting its potential to upregulate MHC-I expression. However,
IL-17 has been shown to play a key role in the promotion of tumor progression by inducing
chronic inflammation, tumor cell proliferation, angiogenesis, and metastasis, which may
majorly limit the use of this cytokine to induce MHC-I expression in cancer [64].

Hence, targeting N4BP1 or TNIP1 will result in strong activation of NFkB signaling,
which in turn boosts MHC-1 expression. Indeed microRNA (miR) 28-5p is an inhibitor of
N4BP1 and has been demonstrated to act as a tumor suppressor in many cancer types,
including colorectal cancer, renal cell carcinoma, and hepatocellular carcinoma [65-
67]. In addition, MiR-1180 and miR-486 have also been demonstrated to induce NFkB
activation via targeting of several inhibiting players of the NFkB pathway, including
Cezanne, A20, and TNIP1-3 [68,69]. Nevertheless, it should be taken into account that
these miRs have also been associated with cancer cell growth, survival, migration, and
progression, emphasizing the need to further investigate the effect of these miRs in
cancer [70,71].

The NFkB inhibiting DUB A20 is also involved in TNIP-independent regulation of NFkB
signaling [72]. A20 can form a ubiquitin-editing complex together with the ubiquitin
binding protein TAX1 Binding Protein 1 (TAX1BP1) and the E3 ubiquitin-protein ligase ltch.
This complex can deubiquitinate RIP-1 and TRAF®6, thereby inhibiting TAK1 activation
as well as NEMO-mediated recruitment and activation of IKK. In addition, A20 can
induce K48-polyubiquitination of RIP-1, thereby targeting it for proteasomal degradation
[73]. TAX1BP1 is responsible for Itch recruitment to A20, whereas Itch controls the
interaction between A20 and its substrates RIP-1 and TRAF6, enabling inactivation
of these substrates. Knockout of either of these proteins results in inadequate NFkB
inhibition, indicating that all three proteins are indispensable in the functioning of this
ubiquitin-editing complex [74]. Itch has been shown to be upregulated in several types
of cancer, such as breast cancer and neuroblastoma, in which it was shown to play a
major role in cancer progression [75-79]. The antidepressant clomipramine, its structural
homologue norclomipramine, and 1,4-naphthoquinone 10E have been shown to reduce
tumor growth and enhance chemotherapy in multiple cancer cell lines, including breast,
prostate, and bladder cancer lines, as well as in a multiple myeloma xenograft model
[80,81]. In addition, clomipramine has been shown to induce MHC-I expression in a
rat model of experimental allergic neuritis [82]. Controversially, NABP1 has also been
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described to negatively regulate Itch by blocking the binding of Itch to its substrates [53].
However, as both N4BP1 and Itch play an important role in suppressing NFkB signaling,
the potential for therapeutic inhibition of Itch remains elusive.

Another DUB enzyme, cylindromatosis (CYLD) plays a role in the inhibition of NFkB
signaling through the removal of polyubiquitin motifs from NEMO and another important
upstream protein in the NFkB signaling pathway called TRAF2 [83]. Several miRs have
been reported to target CYLD, including miR-1288, -196, and -372-5p [84-86]. Recently,
as reviewed by Farshi and colleagues, several DUB inhibitors have been developed for
the treatment of cancer, all targeting different DUB enzymes that play distinct roles in
the promotion of cancer [87]. To date, no specific DUB inhibitors have been described
to specifically target Cezanne-1, A20, or CYLD. Nonetheless, aspecific DUB small
molecule inhibitors, such as ubiquitin aldehyde (Ubal) have been described, which may
suppress the activity of these NFkB targeting DUBs [87]. However, the use of aspecific
inhibitors is limited due to the severe toxicity and simultaneous targeting of beneficial
DUBs. Therefore, additional research should be conducted to develop specific DUB
inhibitors. A patent (W02017109488) describes cyanopyrrolidine derivates as specific
inhibitors of Cezanne-1. In addition, as Cezanne-1 and A20 show sequence homology,
it might potentially be possible to find cross-reactive DUB inhibitors to boost NFkB
activity. However, in line with the above described miRs, Cezanne-1, A20, and CYLD
are described in tumor suppressive as well as tumor progressive processes, which
may be a counterindication for the use of inhibitors of these proteins in cancer [88,89].

Altogether, these studies show that there are multiple proteins that play a role in
suppressing NFkB signaling, which may subsequently lead to hampered MHC-I
expression. Several therapeutic interventions have been described, which could
potentially trigger NFKB expression in cancer. A major contradiction we should be aware
of is that the NFkB pathway is constitutionally active in a variety of tumors, playing an
important role in many tumor-promoting processes, including inflammation, invasion,
proliferation, angiogenesis, and metastasis [37]. This is further substantiated by the
dual effect of most described proteins [53], miRs [68-71], and therapeutic interventions
[53,64,75-78,88,89] affecting NFkB pathway induction on tumor-suppressing and tumor-
promoting processes. It has been hypothesized that NF-kB inhibits tumor growth in
cancers with a low mutational burden (early stages of cancer and potentially pediatric
tumors), but that accumulation of mutations may lead to a loss of tumor suppressive
function and the oncogenic features of NF-kB can become more dominant [90]. Therefore,
we should carefully study the effects of NFkB pathway induction in NFkB-downregulated
tumors as this could shift the balance from immune evasion towards tumor progression,
thereby potentially even hampering the efficacy of cancer immunotherapy.
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5. INDUCING MHC-I EXPRESSION IN CANCER VIA RESTORED IFN SIG-
NALING

In addition to NFkB, Interferons (IFNs) play a significant role in the induction of MHC-I
expression. During homeostasis, the signal transducer and activator of transcription
(STAT) proteins are present in the cytosol in their inactive form. Upon pathway
activation, STATs become phosphorylated and dimerize, allowing them to migrate to the
nucleus to affect expression of target genes. Both type | and type Il interferon pathways
are able to induce dimerization of STATSs, thereby upregulating MHC-Il expression using
different signaling pathways (Figure 3A,B). An elaborate description of pathway players
important in this review can be found in Box 2. IFNs play an important role in the
regulation of antigen processing and presentation and are described to exert pro- and
anti-tumorigenic effects in various types of cancer as extensively reviewed by Musella et
al. and Castro et al. [91,92]. Downregulation of both type I and Il IFN-mediated pathways
have been described as mechanisms involved in resistance to CPI- and adoptive cell
therapy in melanoma and lung cancer, indicating the potential of interference in these
pathways to increase anti-tumor immunity [4,5,6,10,93-96]. Several factors affecting
IFN pathway expression have been described, revealing potential targets to modulate
MHC-| expression in cancer.

Box 2. Interferon-mediated upregulation of MHC-I.

The type Il IFN pathway can be activated by stimulation of the IFNG receptor (consisting of IFNGR1
and IFNGR2) by IFNy, allowing binding, phosphorylation, and activation of Janus Activated Kinase
(JAK) 1 and JAK2. The intracellular domain of IFNGR1 is phosphorylated, creating a docking site for
signal transducer and activator of transcription (STAT)1, which is phosphorylated by JAK1/2, forms
homodimers, and translocates to the nucleus to activate target gene expression via binding to gamma-
activated site (GAS) elements in the promotor regions of IFN-stimulated genes (ISG). One of the genes
induced by STAT1 signaling is the transcription factor IRF1, which in turn is able to bind to the ISRE
site present in the MHC-1 promoter [34]. A schematic overview of the type Il IFN pathway can be found
in Figure 3A[97].

Activation of the type | IFN pathway is initiated by binding of type I IFNs (e.g., IFNa and IFNB) to the
IFNA receptor (consisting of IFNART and IFNAR2), allowing binding, phosphorylation, and activation
of JAK1 and tyrosine kinase 2 (TYK2). The cytoplasmic tail of IFNAR is phosphorylated, creating a
docking site for STAT1-3, which are again phosphorylated by JAK1 to form homo and heterodimers.
STAT1 homodimers can activate IRF1 expression as described for the type Il IFN pathway. Additionally,
STAT1/STAT2 forms a complex with IRF9 (called IFN-stimulated gene factor 3 (ISGF3), which is able
to bind to the ISRE element in the MHC-I promotor. STAT3 homodimerization also occurs, however,
this does not lead to MHC-I upregulation, but rather functions as a negative feedback loop to inhibit
expression of pro-inflammatory genes. A schematic overview of the type | IFN pathway can be found
in Figure 3B [98].
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Figure 3. Interferon (IFN)-induced expression of MHC-I.

Transcriptional activation of MHC-I heavy chain, but also other genes encoding for antigen processing machinery
(APM) proteins, can be initiated by both the type Il (A) and | (B) IFN pathway. GAS = gamma-activated site; IFNAR =
IFNa receptor; IFNGR = IFNy receptor; ISGF3 = IFN-stimulated gene factor 3; IRF = interferon regulatory factor; ISRE
= interferon-stimulated response element; JAK = Janus Activated Kinase; STAT = signal transducer and activator
of transcription; TYK2 = tyrosine kinase 2.

5.1. Positive Regulators of IFN Signalling

IFN signaling can be induced via treatment with IFN-inducing ligands, such as IFNaq,
IFNB, and IFNy. In addition, stimulation of several PRRs may result in downstream
type | IFN production, thereby indirectly promoting MHC-I expression. IFNy has been
suggested to have the most potent effect on the expression levels of APM genes,
including MHC-I, TAP, and ERAP, which may imply its beneficial effect in cancer
immunotherapy [35,99,100]. However, in line with NFkB-inducing ligands, IFNs and
PRR stimulation initiates a broad range of biological activities, thereby limiting its use
in cancer therapy due to severe toxicities [101]. To avoid toxicities, targeted delivery of
IFNy to the tumor site may be of interest, for example by fusing it to an antibody specific
for a tumor-associated antigen [102].

Another targeted approach would be a cellular NK-cell therapy strategy, as NK-cells
are capable of either killing or upregulating MHC-I expression on MHC-I-lacking cells
(via IFNy secretion) [19,33,103]. The potential of NK-cell therapy is substantiated by
observed correlations between the abundance of functional NK-cells and checkpoint
inhibition efficacy in non-small cell lung cancer (NSCLC) [104,105]. However,
several challenges remain, including anti-inflammatory responses within the tumor
microenvironment (TME), which cause impaired NK-cell function and TME infiltration
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[19,33,106,107], as well as ex vivo expansion to generate sufficient NK-cell numbers, and
in vivo persistence [108]. The suggested ability of tumors to both evade NK- and T-cell
mediated cytotoxicity via plasticity in MHC-I expression is one of the anti-inflammatory
mechanisms potentially decreasing efficacy of NK-cell therapy. Interestingly, several
studies have observed a beneficial outcome for individuals with an inhibitory KIR
genotype with lacking HLA-ligands (the ‘missing ligand’ genotype) undergoing cancer
immunotherapy, as inhibitory KIRs without matching HLA-ligands cannot inhibit
NK-cell cytotoxicity [109,110]. This led to the rationale of allogeneic, KIR genotype-
mismatched NK-cell therapy strategies to optimize NK-cell cytotoxicity by decreasing
HLA-dependent inhibition of NK-cells [111]. Besides this, it should be considered
that the immune checkpoint programmed cell death-ligand 1 (PD-L1) is also shown
to be upregulated by IFNy [112,113]. As a result, IFNy simultaneously induces MHC-I
upregulation and T-cell suppression, thereby potentially creating a vicious circle of
T-cell activation and inhibition.

5.2. Negative Regulators of IFN Signaling

The embryonic transcription factor double homeobox 4 (DUX4) has been shown to be
upregulated in many cancer types, in which it causes downregulation of JAK1/2 and
STAT1, thereby suppressing IFN target gene transcription, including MHC-I and other
APM genes [114]. In line with this, DUX4 has been demonstrated to be significantly
upregulated in non-responders to CPI, indicating that the DUX4-induced reduction in
MHC-I expression results in decreased T-cell cytotoxicity in patients [114]. The exact
mechanism in which DUX4 downregulates JAK1/2 and STAT1 remains to be elucidated.
As DUX4 is studied in more detail in a disease called facioscapulohumeral dystrophy
(FSHD), knowledge on treatment strategies could be gained from this disease.
Bosnakovski et al. [115] reported that inhibition of p300, a histone acetyltransferase
recruited by DUX4 to affect target gene expression, by a specific inhibitor, counteracted
the effect DUX-4 overexpression in vitro and in vivo. Others reported before that p300
inhibition in multiple types of cancer led to suppressed proliferation [116]. However,
whether p300 inhibition also restores IFN signaling remains to be elucidated. DUX4
downregulation was also observed when treated with p38 inhibitors in vitro and in vivo in
FSHD models [117]. P38 inhibition has a favorable effect in cancer treatment, however,
the wide variety of processes in which p38 is involved, including tumor suppressive
processes, is a clear disadvantage of this inhibitor [118].

Lymphocyte adapter protein (LNK) has been reported to be able to negatively regulate
IFN signaling via the induction of dephosphorylation of STAT1 [119,120]. LNK has been
shown to be overexpressed in several solid tumors, including melanoma and ovarian
cancer, and was found to be significantly increased in patients who did not respond to
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CPI therapy [120]. LNK has been reported to be targeted by miR-29b, miR-30-5p, miR-98,
miR-181a-5p [121,122]. To date, no other therapeutic LNK inhibitors have been reported.

The peptidyl-prolyl isomerase Pin1 has been reported to induce ubiquitination and
degradation of the type | IFN inducing transcription factor IRF3, which normally triggers
a positive feedback loop upon type | IFN pathway stimulation [123]. Pin1 has been
demonstrated to be elevated in multiple types of cancer, playing a role in stimulating
several cancer-driving processes [124]. As Pin1 is involved in downregulating type | IFN
signaling, its suppression may lead to enhanced MHC-I expression, thereby advancing
T-cell-mediated cytotoxicity. Presently, several Pin1 inhibitors have been developed,
such as miR-200b, miR-200c, and miR296-5p, the small molecules all-trans retinoic
acid (ATRA) and KPT-6566, and the natural compound Juglone, which all showed anti-
cancer activity in different types of cancer [125-130].

Several protein tyrosine phosphatases (PTPs) have been described to downregulate
tyrosine phosphorylation in the JAK/STAT pathway, thereby interfering with induction of
both type I and Il IFN signaling. For example, PTPN1 dephosphorylates TYK2 and JAK2
[131], PTPN2 dephosphorylates JAK1, and PTPN11 (SHP2) has been demonstrated to
inhibit phosphorylation of JAK1, STAT1, and STAT2 [132]. Tyrosine phosphatases have
been shown to be elevated in multiple types of cancer, including breast, ovarian, gastric
cancer, and glioma, in which they promote tumor growth, survival, and metastases [133].
To date, several efforts have been attempted in the development of tyrosine phosphatase
inhibitors, including the PTPN11 inhibitor sodium stibogluconate, and the PTP1B
inhibitor MSI-1436C, which are now being tested in clinical trials for various cancer types
[133-135]. In addition, miR-155 has been reported to target several negative regulators
of IFN signaling, including PTPN2, which has been shown to result in increased IFNy
production by T-cells within the TME, thereby promoting MHC-I expression [136]. In
contrast, miRNA-155 has been demonstrated to be overexpressed in multiple types of
cancer, playing a pivotal role in oncogenesis, which may limit its use in cancer [137].

The ubiquitin ligases RING finger protein 2 (RNF2) and Smad ubiquitination regulatory
factor-1 (Smurf1) and the protein inhibitor of activated STAT (PIAS) all function via
inhibiting transcription activation of STAT1 [138-140]. These proteins have been shown
to be overexpressed in several types of cancer, including melanoma, gastrointestinal
tumors, lymphoma, and pancreatic cancer, thereby playing an active role in cancer
promotion [141-146]. Likewise, the ubiquitin ligase DCST1 is able to induce ubiquitination
and degradation of STAT2, which results in hampered type | IFN signaling and has also
been shown to be elevated in various cancers [147]. The small molecule inhibitors
PRT4165 and A01 successfully inhibit, respectively, RNF2 and Smurf1 in vitro [148,149].
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In addition, indirect inhibition of RNF2 was reported via inhibition of MEK-induced
activation by the MEK-inhibitor trametinib [143]. To date, no DCST1 inhibitors have
been described.

Finally, the protein kinase D2 (PKD2) has been shown to dampen type | IFN signaling via
stimulating ubiquitination and endocytosis of IFNART, thereby causing rapid turnover of
the type | IFN receptor [150]. PKD2 has been associated with multiple types of cancer,
functioning by promoting tumor progression and blocking type | IFN signaling [151]. To
date, several inhibitors of PKD2 have been developed, for example the small molecule
inhibitor CRT0066101 and the pyrazolopyrimidine pan-PKD inhibitor SD-208, which
both show anti-tumor activity in xenograft mouse models of various cancers [152,153].

Taken together, several proteins have been implicated in impaired IFN signaling in
cancer. Accordingly, therapeutic intervention of these dysregulations may be beneficial
when combined with immunotherapy to increase MHC-1 expression and enhance T-cell-
mediated cytotoxicity. However, many of these proteins have not been associated with
MHC-1 downregulation before, highlighting the need to investigate their effect on MHC-I
expression. In addition, as stated for NFkB, IFNs are also reported to exert both pro-
and anti-tumorigenic effects in various types of cancer [91,92], indicating the need to
closely study these effects.

6. NLRC5-MEDIATED UPREGULATION OF MHC-I

Only recently, NLRC5 was discovered as a third key regulator of MHC-I transcription
[154]. NLRC5 is expressed in response to IFN-mediated signaling, in particular via IFNy,
by binding of a STAT1 homodimer to GAS in the NLRC5 promoter [154,155]. Interestingly,
this STAT1 binding site in the NLRC5 promoter was shown to partially overlap with an
NFkB binding site, suggesting that NLRC5 expression may be induced by NFkB as well
[156]. Moreover, it has been suggested that the NLRC5 promoter contains an ISRE
site, which may allow transcriptional activation by IRF1. Upon its expression, NLRC5
migrates to the nucleus, where it assembles with several proteins, including RFX, ATF1/
CREB, and the NFY complex, resulting in the formation of the MHC enhanceosome.
This complex is able to bind the SXY module in the MHC-I promoter, causing the
induction of MHC-I expression. Additionally, NLRC5 is able to recruit transcriptional
initiation and elongation factors, and histon-modifying enzymes, for example histon
acetyltransferases and methyltransferases, which may further enhance transcriptional
activation of MHC-I [82,157]. (Epigenetic) downregulation of NLRC5 expression has
been observed as a mechanism of immune evasion in several types of cancer, including
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colorectal, ovarian, breast and uterine cancers [158,159]. NLRC5 has been reported
to elicit anti-tumor immunity by enhancing antigen processing and presentation in
melanoma [160]. In addition, NLRC5 expression correlates with response to CPI in
melanoma (US20170321285A1). Controversially, as also observed for NFkB- and IFN-
mediated signaling pathways, NLRC5 has been reported to exert both pro- and anti-
tumorigenic effects in various types of cancer (reviewed by Tang et al. [161]), indicating
the need of careful evaluation of upregulation of NLRCS5 in cancer. To date, no specific
NLRCS5 targeting compounds have been described. Nonetheless, as NLRC5 activation
pathways largely overlap with the above described pathways, compounds inducing
these pathways may also result in NLRC5 activation.

7. INDUCING MHC-I EXPRESSION IN CANCER VIA STAT3 INHIBITION

As briefly touched upon in the section above, STAT3 becomes activated upon type
I IFN signaling to function as a negative feedback loop to inhibit expression of pro-
inflammatory genes, thereby contributing to balanced immune responses [98]. STAT3
is implicated in dampening a variety of immune responses, including inhibition of
both NFkB- and IFN-mediated pathways. STAT3 is able to inhibit activation of the IKK-
complex, thereby preventing phosphorylation and degradation of IkB, which results in
sequestering of NFkB transcription factors in the cytosol.

STAT3 has been shown to play a key role in the promotion of cancer by mediating
proliferation, survival, invasion, and metastasis [162]. STAT3 inhibition resulted in
increased anti-tumor activity and superior responses to immunotherapy and immunogenic
chemotherapy in several pre-clinical studies and trials [163-172]. Combinations of CPI
and STAT3 inhibitors are currently tested in clinical trials [173]. STAT3 can be inhibited
via upstream JAK inhibition as well as by direct inhibition of STAT3. Several specific
STAT3 inhibitors have been described, including JSI-124 (cucurbitacin I) [163], static
[166], indirubin [164], resveratrol [165], and the antibiotic nifuroxazide [170]. In addition,
the multitarget tyrosine kinase inhibitors sorafenib and sunitinib are also reported to
specifically target STAT3 phosphorylation and activation [167,168].

As STAT3 overexpression inhibits both NFkB- and IFN-signaling pathways, specific
inhibition of STAT3 may be an interesting strategy to target downregulation of these
pathways and potentially induce MHC-I upregulation. However, as is the case for other
NFkB- and IFN-signaling pathway inhibitors, these pathway inhibitors also exhibit
favorable effects, as for example indicated by the fact that STAT3 also elicits tumor-
suppressive functions [174].
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8. INDUCING MHC-I EXPRESSION IN CANCER VIA STING INDUCTION

Stimulator of Interferon Genes (STING) is a DNA-sensing molecule which activates
upon encountering foreign DNA by cyclic dinucleotide recognition [175]. Upon cyclic
dinucleotide recognition, STING becomes activated and forms a complex with TANK-
binding kinase 1 (TBK1), which in turn is able to phosphorylate and activate both RelA
and IRF3, thereby stimulating both NFkB- and type | IFN-activation [176]. To date, several
STING agonists have been developed to exploit this response in cancer. One example
is the STING agonist SB 11285, which is currently tested in clinical trials in several solid
tumors, including HNSCC and melanoma (ClinicalTrials.gov Identifier: NCT04096638),
and previously showed strong anti-tumor immunity induction in mouse models [177].

As STING induced both NFkB- and IFN-pathway activation, agonizing its activity may
be an interesting strategy to upregulate these pathways to potentially induce MHC-I
upregulation. This is further substantiated by the correlation between STING expression
and HLA-associated genes in neuroblastoma [178]. In addition, preclinical studies have
reported superior effects of CPI therapy in combination with STING agonists [179,180].
Combining CPI with STING agonists is currently being tested in clinical trials [181]. The
multi-facet involvement of STING in immune activation, however, underlines the need to
study its effect to improve therapy outcomes while not compromising treatment safety.

9. WELL-KNOWN ONCOGENIC PATHWAYS AFFECT MHC-I EXPRESSION

Various oncogenic pathways have been reported to affect expression of MHC-I, B2M,
and other APM components in cancer, including the MAPK-, epidermal growth factor
receptor (EGFR), HER2, c-MYC, and n-MYC pathway [182-187]. MAPK pathway activation
is suggested to negatively influence MHC-| expression via decreased IRF1 activity and
STAT1 expression [188]. The MEK inhibitors trametinib and cobimetinib have been
demonstrated to enhance IRF1 expression and increased STAT1 phosphorylation in
human keratinocytes [188]. Watanabe et al. [189] reported that treatment of a NSCLC
cell line with trametinib also increased MHC-I expression in vitro. Another MEK inhibitor,
selumetinib, increased MHC-I expression in papillary thyroid cancer cell lines [2]. In
addition, upstream inhibition of BRAF by vemurafenib and dabrafenib also induced
MHC-I and B2M upregulation in multiple melanoma cell lines [190].

Overexpression of the EGFR family member HER2/neu was shown to be inversely
correlated with MHC-I expression in different types of cancer, including breast
cancer, esophageal squamous cell carcinoma, and melanoma [191,192]. Additionally,
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overexpression of EGFR was associated with less potent responses to cancer
immunotherapy in NSCLC and neuroblastoma [193,194]. EGFR activates PTNP11,
which was mentioned above as a STAT1 inactivator [195]. PTNP11 also inhibits RAS
GTPase-activating protein, which normally functions in downregulating MAPK signaling,
thereby also contributing to impaired IFN signaling via the MAPK pathway [196]. A third
mechanism in which EGFR signaling impairs MHC-I expression is the promotion of
STAT3 activation [197]. HER2 in turn also induces proteasomal degradation of the tumor
suppressor Fhit, which normally upregulates expression of MHC-1, APM components,
and B2M via an as-yet unclear mechanism [142]. Hence, targeting tyrosine kinase
receptors, for example by the anti-EGFR antibodies nimotuzumab and cetuximab, and
the EGFR inhibitors afatinib, erlotinib, and gefitinib, results in enhanced expression of
MHC-1 and APM components in different cancer cell lines as well as in cancer patients
[185,198-202].

Finally, oncogenes c- and n-MYC have both been associated with MHC-I downregulation
[186,187,203]. N-MYC has been shown to decrease MHC-I expression in rat
neuroblastoma cell lines through the inhibition of the NFkB transcription factor p50
[203]. On the contrary, Forloni et al. [204] showed that that the downregulation of MHC-
in human neuroblastoma cells was not caused by n-MYC. In line with this, we did not
identify n-MYC as a negative regulator of NFkB [54]. However, one limitation of our study
was the use of an early phase CRISPR/Cas 9 library, which impairs the ability to fully
confirm the results found in previous studies. Recently, Yang and colleagues showed
that c-MYC expression induction by the Wnt/B-catenin pathway is responsible for MHC-I
downregulation in glioma [187]. This again hints towards involvement of MYC-family
members in MHC-| expression regulation in cancer.

Altogether, by targeting these oncogenic pathways, we potentially will not only be able
to impair tumor growth and proliferation, but also exhibit anti-tumor responses via
increasing the immunogenicity of the tumor.

10. CHEMOTHERAPY- AND RADIATION-INDUCED MHC-I EXPRESSION

Certain chemotherapeutic therapy regimens are known to induce anti-tumor immune
responses without inducing classical immunogenic cell death (ICD). Hodge and
colleagues showed that both docetaxel-induced ICD-sensitive and resistant tumor
cells expressed increased levels of APM components, including TAP2, calnexin and
calreticulin [205]. In addition, immunochemotherapy combining IFNa and 5-fluorouracil
treatment resulted in increased MHC-| expression via STAT1/2 activation in murine
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pancreatic cancer models [206]. Besides this, several topoisomerase inhibitors (e.g.,
topotecan, irinotecan, and etoposide), microtubule stabilizers (e.g., paclitaxel and
vinblastine), cisplatin, and ionizing radiation elevate MHC-I surface expression, which
is thought to be induced via NFkB stabilization and IFNB secretion [207-209]. These
studies indicate that cytostatic drugs may, besides direct induction of cell death, also be
involved in decreasing tumor immune escape via upregulation of antigen presentation,
thereby making these drugs interesting candidates for combination therapy to improve
immunotherapeutic strategies in cancer.

11. EPIGENETIC SILENCING AFFECTING MHC-I EXPRESSION

Another common reversible defect in MHC-I antigen presentation is the occurrence
of epigenetic modulation, which may impair the transcription of MHC-I, APM
components, B2M, or MHC-I regulatory proteins. Histon deacetylation (HDAC) has
been reported to reduce expression of MHC-I and key components of the APM,
such as the proteasome subunits LMP-2 and LMP-7, and TAP in multiple types of
cancer, including neuroblastoma, glioma, Merkel cell carcinoma, cervical cancer, and
melanoma [187,210-212]. HDAC inhibitors, of which several already are FDA approved
(e.g., Romidepsin, Vorinostat and Panobinostat), show increased expression of MHC-|
and APM components both in vitro and in vivo [187,210,211,213]. Multiple other HDAC
inhibitors are currently tested in clinical trials either alone or in combination with other
drugs in various types of cancer, including melanoma, breast cancer, and lung cancer
[214].

Epigenetic modulation by DNA hypermethylation has also been reported to cause
reduced expression of MHC-I and related genes, which may be reversed by treatment
with DNA methyltransferase inhibitors (DNMTi). The DNMTis guadecitabine,
5-azacytidine, and decitabine increased MHC-I expression in breast cancer, melanoma,
and neuroblastoma cell lines [54,215-217]. Interestingly, combinatory treatment with
TNFaq, IFNy, or knockout of known inhibitors of NFkB signaling (TNIP and N4BP1)
further exaggerated the effect of these epigenetic modulators [54,215,217]. Additionally,
increased MHC-I expression was observed in breast cancer patients treated with a
combination of DNMT and HDAC inhibitors [216], indicating the potential of epigenetic
modification to reintroduce MHC-I expression in tumors.
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12. DISCUSSION

MHC-I-mediated antigen presentation is crucial for CD8+ T-cell cytotoxicity and is one of
the key factors in endogenous adaptive immune response development as well as T-cell
mediated immunotherapy efficacy in cancer. The often intrinsically reversible nature of these
dysregulations provides an opportunity to restore MHC-| expression and therewith adaptive
anti-tumor immunity. In this review, we highlight that MHC-I-mediated antigen presentation
is a complex, multi-faceted process, which can be dysregulated at many levels. As APM
players are often induced by the same set of transcription factors, downregulation of APM
players often coincides. To identify therapeutic targets to increase immunotherapy efficiency
in cancer, a better understanding of the underlying mechanisms of MHC-I downregulation in
tumors is required. A summary of regulators of MHC-I expression and potential therapeutic
strategies described in this review can be found in Table 1 and Figure 4.

Dysregulation of factors affecting the downstream signaling of MHC-I-inducing
pathways makes it questionable whether pathway activity can be restored by upstream
pathway activation. As a result, therapeutic intervention to inhibit negative regulators
of these pathways, possibly combined with stimulation of positive regulators of these
pathways, may be the most promising strategy to explore.

Downregulation of MHC-I is an important factor contributing to the immune evasion
of tumors. However, as underlined by the observed resistance of solid tumors to CAR-
therapy as well as by IFNy-mediated upregulation of PD-L1 [112,113], immune evasion of
tumors is a multifaced process. As a result, the authors hypothesize that combination
therapy targeting several tumor-immunomodulatory processes simultaneously
will be necessary to avoid immune evasion of tumors. Several combinations of
immunomodulatory drugs, including combining CPIl with STAT3 inhibitors or STING
agonists, show promising results in (pre-)clinical studies [171-173,179-181].

An important contradiction in enhancing NFkB-, IFN-, and NLRC5-mediated MHC-I
expression is the dual role of these pathways in cancer [37,91,92,161]. They have been
described in both tumor-promoting as well as tumor-suppressive mechanisms in several
types of cancer. The authors hypothesize that, depending on the activation status of these
pathways, its function will either be to promote or suppress tumor progression. Hence, it
is important to study the effect of (pharmacological) enhancement of these pathways in
MHC-I lacking tumors, as overactivation might shift the balance from immune evasion
towards tumor progression. However, the observation that several NFkB/IFN upregulatory
drugs do show beneficial effects in the treatment of several types of cancer highlights
the potential of these drugs in improving immunotherapy outcomes in cancer.
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13. CONCLUSIONS

In conclusion, MHC-I antigen presentation is a complex process regulated by multiple
pathways that can be pharmacologically targeted on multiple levels to increase pathway
activation and trigger MHC-I expression in cancer. Increasing antigen presentation in
MHC-I-downregulated tumors is key to increase adaptive anti-tumor immunity and

improve (immuno)therapy efficacy.
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ABSTRACT

In the last decade, screening compound libraries on live cells has become an important
step in drug discovery. The abundance of compounds in these libraries requires
effective high-throughput (HT) analyzing methods. Although current cell-based assay
protocols are suitable for HT analyses, the analysis itself is often restrained to simple,
singular outcomes. Incorporation of HT samplers on flow cytometers has provided an
interesting approach to increase the number of measurable parameters and increase
the sensitivity and specificity of analyses. Nonetheless, to date, the labor intensive and
time-consuming strategies to detach and stain adherent cells before flow cytometric
analysis has restricted use of HT flow cytometry (HTFC) to suspension cells. We
have developed a universal “no-touch” HTFC antibody staining protocol in 384-well
microplates to bypass washing and centrifuging steps of conventional flow cytometry
protocols. Optimizing culture conditions, cell-detachment and staining strategies in
384-well microplates resulted in an HTFC protocol with an optimal stain index with
minimal background staining. The method has been validated using six adherent cell
lines and simultaneous staining of four parameters. This HT screening protocol allows
for effective monitoring of multiple cellular markers simultaneously, thereby increasing
informativity and cost-effectiveness of drug screening.



A "NO-TOUCH” ANTIBODY STAINING METHOD FOR HIGH-THROUGHPUT FLOW CYTOMETRY

INTRODUCTION

The new era of biologicals used in anticancer therapy shifts the focus of therapeutic
intervention from achieving cell death to (immune) cell modulation, thereby making
cells more susceptible to other compounds or immune clearance. Cell-based screening
of drug libraries has become an important approach in discovering new drugs against
these targets of interest. Biochemical assays are more and more replaced by cell-
based assays, as they enable studying underlying cellular mechanisms [1]. Many cell-
based assays have been developed in recent years, including functional, reporter, and
phenotypic assays. Nonetheless, high-throughput (HT) cell-based screening is still
limited by labor-intensive, expensive, and throughput limiting analyzing methods.

Equipment of flow cytometers with HT samplers (both 96- and 384-well format) has
made otherwise low-throughput flow cytometry more suitable as a HT analyzing
strategy [2]. In this way, whole 96-well microplates can be analyzed in as little as 15 min.
One of the most favorable aspects of flow cytometry is the opportunity to multiplex the
measurement of protein expression on the surface or in the cytosol of individual cells.
In this way, multiple effects or the underlying mechanisms of drugs can be studied in
more detail, contributing to the informativity of drug screens.

The application of HT flow cytometry (HTFC) multiparameter analysis may, however,
still be compromised due to labor intensive and time-consuming staining protocols,
especially when analyzing adherent cell types. As a result, HT microscopy (HTM)
is currently recommended as the method of choice when analyzing adherent cells
[3]. It is important to note that different research questions can be answered with
HTM compared to HTFC. A major advantage of HTM analysis is that cells can be
analyzed in their natural shape and effects of compounds on morphology can be
assessed. Disadvantages of HTM are the requisite of multiple wash steps, causing
cell loss, the fact that HTM output files are typically 10-100 times bigger and less
straightforward to analyze, as well as the restricted potential to multiplex protein
expression measurements when compared to HTFC [3]. This clearly indicates the
potential of a “no-touch” antibody staining protocol to efficiently use HTFC to analyze
protein expression on adherent cells.

A limited number of studies reports the preparation of adherent cells for HTFC [4-10].
The published protocols either involve one or more washing steps or use trypsin/EDTA to
generate single-cell suspensions [4-7]. Washing steps may cause loss of cells, thereby
hampering HT screening protocols, whereas trypsin is reported to potentially cause loss
of surface antigen expression [8,9]. A recent article by Kaur and Esau describes a two-
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step protocol to prepare adherent cells for HTFC [10]. They show that the use of EDTA
as a cell detachment reagent bypasses the need of washing, enzymatic inactivation,
centrifugation, and transfer between plates, reducing cell loss and labor-intensity of the
protocol [10]. Even though the report shows the 384-well protocol is compatible with
several commercially available dyes to measure, for instance, apoptosis and production
of reactive oxygen species, there is no data on the use of antibody staining to detect
the dynamics of protein expression within or on the surface of the 384-well microplate
seeded cells. The described universal protocol allows for antibody staining in 384-well
format and is validated with six adherent cell lines, including neuroblastoma, cervical-,
hepatocellular-, and breast cancer lines. We demonstrate that there is no difference
in staining effectiveness between single and multiple stained samples, showing the
potential of adherent-cell HTFC to increase the informativity of HT screening protocols.

MATERIALS AND METHODS

Cell Lines and Reagents

MCF-7 (human breast adenocarcinoma; ATCC HTB-22), SKBR3 (human breast
adenocarcinoma; ATCC HTB30), HepG2 (human hepatocellular carcinoma; ATCC
HB-8065), HeLa (human cervical adenocarcinoma; ATCC CCL-2), and HEK-293 T (human
embryonic kidney; ATCC CRL-3216) cells were obtained from ATCC (Manassas, VA).
The GIMEN neuroblastoma cell line was obtained from the Academic Medical Center
of Amsterdam. GIMEN NFkB reporter cells were generated as previously described
[11]. SKBR3 cells were maintained in RPMI 1640 GlutaMAX supplement medium (Life
Technologies, Carlsbad, CA), supplemented with 10% FCS (Sigma-Aldrich, Steinheim,
Germany) and 1% penicillin/streptomycin (50 U/ml, Life Technologies). GIMEN, Hela,
and HEK-293 T were maintained in Dulbecco’'s Modified eagle medium (DMEM)
GlutaMAX supplement medium (Life Technologies), supplemented with 10% FCS
(Sigma-Aldrich) and 1% penicillin/streptomycin (50 U/ml, Life Technologies).

Cell Plating and Compound Addition

Cells were cultured in T75 flasks until 80% confluency, detached with 0.05% Trypsin/
EDTA (Life Technologies), and counted using the Countess automated cell counter (Life
Technologies). Optimal seeding density was determined. Cells were plated in a culture
volume of 15 ul in a low flange, polystyrene, tissue culture treated, flat bottom 384-well
tissue-culture treated microplate (stock number: 3764, lot: 22017037, Corning, NY)
using a multidrop combi reagent dispenser (Life Technologies). Cells were cultured
for 16—24 h under standard culturing conditions (5% C02, 37°C), after which 5 pl of
compound library would normally have been added to the cells using a liquid handling
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system, for example, the Sciclone G3 liquid handling system (PerkinElmer, Waltham,
MA). As a proof of principle for this article, we added TNF-a and IFN-y as a positive
control for upregulation of the markers of interest [11]. TNF-a was added at a final
concentration of 50 ng/pL (Miltenyi Biotec, Bergisch Gladbach, Germany), IFN-y at a
final concentration of 1,000 U/ml (R&D, Abingdon, UK). Cells were incubated in the
presence of compounds for 16-24 h (5% C02, 37°C) after which the effect on the
protein(s) of interest was measured with HTFC.

Sample Preparation for HTFC

EDTA (Life Technologies) was diluted with deionized H,0 (pH = 6.14), after which the
optimal EDTA concentration was determined. Addition of 5 pul 15 mM EDTA per well
resulted in an optimal EDTA concentration of 3 mM per well. EDTA was added to the
plate and after shaking at 1000 RPM with an orbital shaker (Heidolph Titramax 1,000;
Schabwach, Germany) for 30 s, incubated at 37°C for 45 min to allow detachment of the
cells. Plates were shaken again at 1000 RPM for 30 s, after which 5 pl antibody, diluted
in serum-free medium, was added in the concentration established with titration. The
following monoclonal antibodies have been used: AlexaFluor-647-labeled mouse-anti-
human HLA-ABC (W6/32; Biolegend, London, UK), FITC-labeled mouse-anti-human
HLA-ABC (W6/32, Sony Biotechnology, Weybridge, UK), APC-labeled mouse-anti-
human CD274 (PD-L1) (Clone MIH1, Life Technologies), and PE-labeled mouse-anti-
human CD54 (ICAM-1) (MEM-111, Exbio, London, UK). The nucleic acid dye 7-AAD (BD
Biosciences, Eysins, Switzerland) was used for exclusion of nonviable cells. Gating
was based on unstained samples and verified using conventional flow cytometry.
Cell viability has been validated with the mitochondrial membrane potential dye
tetramethylrhodamine (TMRM) at a concentration of 50 nM (Sigma-Aldrich). Addition of
50 uM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), a mitochondrial
oxidative phosphorylation uncoupler (Sigma-Aldrich), was used as a negative control
for TMRM staining. Cells were incubated for 20 min on an orbital shaker at 4°C to allow
for antibody staining (300 RPM). Subsequently, 50 ul of PBS supplemented with 2%
FCS and 2 uM EDTA was added per well using the multidrop combi reagent dispenser
to dilute the samples. Plates were kept on ice until analysis.

Flow Cytometry and Analysis

Cells were acquired on the FACSCanto Il HT sampler (BD Biosciences), by measuring
a fixed volume of 50 pyl sample per well at a flow rate of 3 pl/s. Analysis of a full 384-
well plate will take about 100 min. Fluorescent-labeled beads (CS&T beads, Becton
Dickinson) were used to check the performance and verify the optical path and stream
flow of the flow cytometer. This procedure enables controlled standardized results and
allows the determination of long-term drifts and incidental changes within the flow
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cytometer. No changes were observed which could affect the results. The data shown
is a representation of at least six independent experiments. The Stain Index (SI) was
used to reflect the ratio of separation between the positive and the negative population
divided by two times the standard deviation (SD) of the negative population [12]. Data
were analyzed using FACS Diva Version 8.0.1 (BD Bioscience), FlowJo version 10.1, and
Graphpad Prism version 7.

Statistical Analysis

The nonparametric Mann—-Whitney U-test was performed for statistical testing between
single-cell counts before and after optimization. P-values <0.05 are considered significant.
A Z-score was calculated to define the difference in fluorescent intensity between
medium- and cytokine-treated samples (n = 8 per group) using the following equation:

In which X is the mean fluorescent intensity (MFI) of the cytokine treated group, p is the
mean MFI of the medium control group, and o is the standard deviation of the medium
control group. All data are shown =SD.

RESULTS

Optimization of Cell Seeding Density, EDTA Concentration, and Cell Density
during Analysis Results in a 12-Fold Increase in Single-Cell Retrieval

The first goal in the development of this HTFC protocol was to find a strategy to optimize
reproducible cell retrieval, using the adherent edGIMEN neuroblastoma cell line. Initially,
we adapted the cell detachment protocol of Kaur and Esau [10] to a 384-well format
but were unable to achieve sufficient and reproducible cell retrieval (Figure 1A, before
optimization).

First, cell seeding density was evaluated by seeding increasing numbers of cells
per well. As expected, cell retrieval markedly improved when more cells were plated
(Figure 1B). However, reproducibility of cell retrieval decreased when seeding density
exceeded 5,000 cells/well, as observed by an increase in SD. Based on these data, it
was concluded that a cell seeding density of 4,500 cells/well was optimal. Second,
microscopic evaluation of the cell suspensions after different lengths of incubation
periods with increasing EDTA concentrations revealed a minimum incubation time of
45 min and a minimum EDTA concentration of 3 mM (data not shown). Further increase
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Figure 1. Optimization of flow cytometric cell retrieval using GIMEN cells.

An over 12-fold increase in single-cell retrieval is observed upon sample preparation optimization. (A) Bar
graph representing average single-cell retrieval prior to and after optimization. Before optimization: n = 60, after
optimization: n = 7,153. (B) Graphical display of flow cytometric cell retrieval when increasing cell-seeding density.
(C) Graphical display of cell retrieval after incubation with increasing EDTA concentrations at a seeding density of
4,500 cells/well, n = 2 per group. (D) Cell retrieval when well volume is 30 pL (low volume) or 80 pl (high volume).
Graphs: Dots reflect mean, error bars reflect SD between samples, n = 6 per group unless otherwise indicated.
Mann-Whitney U-test was performed, p < 0.05 was considered significant. SD = standard deviation.

in the EDTA concentration to 3.2 and 3.4 mM did not result in further improvement of
cell retrieval (Figure 1C). Finally, we assessed the effect of sample dilution prior to
flow cytometric analysis. Dilution of the samples with 50 uL PBS supplemented with
2% FCS +2 uM EDTA resulted in a 3.8-fold increase in cell retrieval (Figure 1D). Optimal
cell seeding density, EDTA cell detachment concentration and incubation times, and
final cell suspension density of the flow cytometry sample per well resulted in an over
12-fold increase in single-cell retrieval (Figure 1A). More than 90% of the nondebris cell
population were single cells and flow rate was constant. 7-AAD and TMRM staining
confirmed the cells were alive (Figure S1).

The reproducibility of the cell numbers retrieved with the protocol can be concluded
from a HTFC compound screen we have performed utilizing this protocol, in which
over 10,000 wells were analyzed with an average retrieval of 1,600 (xSD 294) alive
single cells/well. This corresponds to 74% alive single cell retrieval when corrected for
sampled volume.
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Optimized Antibody Staining Allows for (Multiplexed) Staining with Mini-
mal Nonspecific Background Signal

Elimination of all washing steps from the HTFC protocol contributes to the HT nature
of the protocol by decreasing the labor intensity, while minimizing cell loss inherent to
washing. On the other hand, elimination of these steps also clearly indicates the need
for antibody concentration titration. TNF-a and IFN-y are involved in the upregulation of
cell surface protein expression of MHC-I[11], CD54 (ICAM-1) [13, 14], and CD274 (PD-L1)
[15] in several tumor cell types. Effects of these cytokines on protein expression have
been validated for all utilized cell lines using conventional flow cytometry (shown for
GIMEN; Figure 2A and Figure S2).

Decreasing the antibody concentration caused a clear decrease in background
staining in medium-treated HLA-ABC stained MHC-I lacking GIMEN cells (Figure 2B).
However, a marked decrease in the stain index between untreated and TNF-a + IFN-y
treated samples was observed when decreasing the antibody concentration (Figure
2C). This indicated a delicate balance between nonspecific background staining
and discriminative ability of the antibody staining. Titration showed that HLA-ABC
antibody concentration was optimal at a concentration of 8 ng/well (final concentration
of 0.27 ng/pL). The HTFC staining protocol allows for distinct discrimination
between HLA-ABC expression in untreated versus TNF-a-treated (Z = 49) and versus
TNF-a + IFN-y treated cells (Z = 94) (n = 8 per group), comparable with results from a
typical conventional staining protocol (Figure 2A). The same effect is observed for the
other utilized antibodies (Figure S2).

A unique aspect of flow cytometry is the opportunity to multiplex expression analysis of
proteins on/in the same cell. Combining this aspect with HTS allows for an opportunity
to increase the possibilities and informativity of HTS analysis. Combining antibody
staining of HLA-ABC with the nucleic acid dye 7-AAD and antibody staining against
PD-L1 and ICAM-1 revealed no noticeable differences in individual staining efficacy of
the HTFC protocol, as shown for HLA-ABC antibody staining (Figure 3A).

We previously generated a GIMEN NFkB reporter cell line and found that TNF-a
upregulates MHC-I expression in an NFkB-dependent manner, whereas IFN-y-induced
MHC-I upregulation is independent of NFkB [11]. Utilizing our HTFC protocol combining
HLA-ABC antibody staining with evaluation of the intrinsic NFKB reporter expression
confirmed NFkB (in)dependency of the observed MHC-I upregulations (Figure 3B).
This shows that the protocol is also suitable to study the effects of compounds on
intracellular transcription factors using reporter cell lines.
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Figure 2. Antibody staining optimization in GIMEN cells.

(A) The optimized HTFC staining protocol (right) shows similar expression patterns to a typical conventional
staining protocol (left). Z-score of expression in untreated versus TNF-a-treated cells is 49 (X = 1911,y =217,0 =
35), and 94 (X = 3,466, u = 217, 0 = 35) in TNF-a + IFN-y treated cells (n = 8 per group). (B) HLA-ABC background
staining decreases when antibody concentration (ng/uL) decreases. The dashed line represents the unstained
control. (C) Histograms depicting HLA-ABC MFIs of untreated and TNF-a + IFN-y-treated samples with diluting
antibody concentrations. The stain index decreases when antibody concentration is reduced. Data shown are from
a representative experiment using the HTFC protocol on GIMEN neuroblastoma cells. MFI = mean fluorescent
intensity.

The Staining Protocol is Translatable to Multiple Cell Lines without any
Modifications

The optimized HTFC protocol was subsequently performed using five additional cell
lines, including breast cancer, cervical cancer, hepatocellular cancer, and human
embryonal kidney cells. Retrieved single cell counts were lower (HepG2), comparable
(MCF-7, SKBR3), or superior (HeLa, HEK293T) to the counts obtained in GIMEN
neuroblastoma cells (Figure S3). Individual and multiplex HTFC staining was performed
and validated with conventional flow cytometry staining (data not shown). The HepG2
and MCF-7 cell lines were selected based on their trypsinization resistant nature.
The MCF-7 line shows sufficiently high and reproducible cell retrieval, even though
we do observe more doublets, which were excluded from analysis (Figure S3A). In
contrast, the slower growing, clumping HepG2 cells showed decreased cell counts,
with an average single cell retrieval of 814 (n = 44, two individual experiments), but the
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counts were still sufficiently high and reproducible for reliable results (Figure S3E). This
indicates the potential to translate the HTFC protocol universally to other adherent cell
lines of interest, contributing to the versatility of the protocol.
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Figure 3. Multiplexed antibody staining in GIMEN cells.

Multiplexing antibody staining using the HTFC protocol is technically feasible and as effective as singular staining.
(A) HLA-ABC MFI in untreated controls (left) and TNF-a + IFN-y-treated cells (right). Top graphs show the MFI
in multiplexed stained samples, lower graphs show MFIs in single stained samples. (B) NFkB-GFP-reporter x
HLA-ABC. Treatment of GIMEN NFkB GFP reporter cells with TNF-a or IFN-y shows dependence of TNF-a induced
upregulation of MHC-I, and independence of IFN-y induced upregulation. Left graph: untreated control, middle
graph: TNF-a-treated cells, right graph: IFN-y-treated cells. Data shown are from a representative experiment using
the HTFC protocol on GIMEN neuroblastoma cells. MFI = mean fluorescent intensity.

DISCUSSION AND CONCLUSION

HT cell-based screening of drug libraries is currently still limited by labor-intensive,
time-consuming, expensive, and throughput limiting analyzing methods. The new era of
biologicals used in anticancer therapy, including (immune) cell modulating biologicals,
asks for novel, more delicate HT analyzing protocols to screen for effects beyond
cell death. Cell surface expression of proteins is often key in treatment response to
(immuno)therapies in cancer [11,16-21]. Screening for compounds affecting expression
of these proteins may contribute to therapy efficacy in the future. For example,
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neuroblastoma immunotherapy efficacy is hampered by low MHC-I expression and
requires upregulation [11], for which potential compounds can be selected by a
compound screen. Similarly, novel compounds may affect immune checkpoint regulator
expression as expression is correlated with poor survival in multiple cancers [16-21].
Here, we report the development of a universal “no-touch” HTFC antibody staining
protocol in 384-well microplate format for adherent cells in which we are able to bypass
washing and centrifuging steps of conventional flow cytometry protocols.

We have adapted a protocol from Kaur and Esau, in which the potential of EDTA as a
nonenzymatic cell detachment agent in “no-touch” HTFC was demonstrated [10]. Using
EDTA instead of enzymatic detachment agents bypasses the need of indispensible
wash steps to wash away the fetal calf serum and to neutralize the enzymatic activity
to decrease cell toxicity and potential antigen loss [4-9]. Bypassing washing steps not
only contributes to the HT format of the protocol, but it also contributes to the cell
retrieval by preventing cell loss, which is especially a problem when working with small
cell numbers. Even though Kaur and Esau show their 384-well protocol is compatible
with several commercially available dyes, they have not optimized the 384-well format
protocol in combination with (multiplexed) antibody staining [10]. Furthermore, they
show a clear need for cell line specific optimization of their protocol, limiting the
throughput potential of the protocol.

Based on our data, decreasing the cell density prior to flow cytometric analysis markedly
increased cell retrieval (3.8-fold). This indicates that cell density during analysis is a
crucial factor in this protocol: when cell density is too high, the EDTA cannot avoid
the tendency of cells to clump, thereby affecting (reproducibility of) cell retrieval.
This also explains the reduction in reproducibility of the protocol when exceeding a
seeding density of 5,000 cells/well. The fact that cell density rather than other cellular
parameters is so critical in this protocol also emphasizes the universal potential of
this protocol.

Analysis of the very slow growing and clumping HepG2 cell line with our protocol
showed decreased cell retrieval when compared to the other cell lines. We believe this
can be explained by the extreme adherent nature of the cells, as well as by the slow
growth rate. This was further confirmed by an ~1.5-fold increase in average cell retrieval
(average single-cell count = 1,115 (£ SD = 236) (n = 9)), without a marked increase in
variability between wells when increasing the plating density to 5,000 cells/well. Even
though the unmodified protocol still gave sufficient cell retrieval, these results indicate
that the protocol might benefit from cell plating density titration when analyzing slow-
growing cell lines. However, the extreme clumping nature of the HepG2 line makes
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its suitability questionable for flow cytometry analysis in general, and alternative
hepatocyte cell lines may be preferred.

It has been reported that EDTA could have a significant impact on antibody binding
capacity [22], especially when the structure of the epitope depends on ions, such as
calcium. It is therefore of importance to compare conventional and high-throughput
staining protocols for every newly utilized antibody. Furthermore, more general, we
recommend to include appropriate controls for every utilized antibody on every HTS
plate to be able to monitor basal protein expression and antibody staining efficiency.

To the best of our knowledge, we are the first to report a universal “no-touch” HTFC
antibody staining protocol for adherent cell lines in 384-well microplate format. We
show that our protocol allows for multiplexing antibody staining and addition of reporter
gene analysis, thereby improving the output of cell-based screening of drug libraries
in a cost-efficient manner.
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Figure S1. Flow cytometric characteristics of GIMEN cells after protocol optimization.

(A) FSC/SSC after optimization, gate reflects the non-debris population (total cell retrieval = 1,584, single cell
retrieval = 1,512); (B) FSC-W/FSC-A graph of the non-debris population. Gate contains the single cell population
(95.5% of non-debris population is single cell). (C) FSC-H/time were plotted against each other to detect potential
drifts. Flow rate is constant. (D) 7-AAD staining of single cell population. The gate contains the alive cell population
(98.2% of the single cells are alive). (E) TMRM staining of single cell population. TMRM staining intensity in
unstained cells (bottom), TMRM-stained cells (middle), and TMRM stained cells to which the mitochondrial
oxidative phosphorylation uncoupler FCCP is added (top). Data shown are from a typical experiment using the
HTFC protocol on GIMEN neuroblastoma cells and is representative of at least six independent experiments.
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Figure S2. Flow cytometric characteristics of GIMEN cells after protocol optimization.

(A) FSC/SSC after optimization, gate reflects the non-debris population (total cell retrieval = 1,584, single cell
retrieval = 1,512); (B) FSC-W/FSC-A graph of the non-debris population. Gate contains the single cell population
(95.5% of non-debris population is single cell). (C) FSC-H/time were plotted against each other to detect potential
drifts. Flow rate is constant. (D) 7-AAD staining of single cell population. The gate contains the alive cell population
(98.2% of the single cells are alive). (E) TMRM staining of single cell population. TMRM staining intensity in
unstained cells (bottom), TMRM-stained cells (middle), and TMRM stained cells to which the mitochondrial
oxidative phosphorylation uncoupler FCCP is added (top). Data shown are from a typical experiment using the
HTFC protocol on GIMEN neuroblastoma cells and is representative of at least six independent experiments.
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Figure S3. Cell retrieval and HLA-ABC antibody staining of additional analyzed cell lines analyzed with

the unmodified HTFC staining protocol.

Left: FSC/SSC of MCF-7 (A), SKBR3 (B), HEK-293 T (C), HeLa (D), and HepG2 (E) cell lines, gate reflects the non-
debris population. Single cell retrieval is based on exclusion via FSC-W/FSC-A characteristics (data not shown).
Cells outside the non-debris gate are confirmed to be doublets. Middle: Viability of MCF-7 (A), SKBR3 (B), HEK-293 T
(C), and HeLa (D), and HepG2 (E) cell lines. Gating is based on unstained controls of the respective cell lines. Right:
HLA-ABC staining intensity in untreated controls (bottom), TNF-a (middle) or TNF-a + IFN-y (top) treated MCF-7
(A), SKBR3 (B), HEK-293 T (C), HeLa (D), and HepG2 (E) cell lines. Data shown are from a representative experiment
using the HTFC protocol on the respective cell line.
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ABSTRACT

Adoptive T-cell therapy utilizing tumor-specific autologous T-cells has shown promising
results for cancer treatment. However, the limited number of autologous tumor-associated
antigen (TAA)-specific T-cells and the functional aberrancies, due to disease progression
or treatment, remain factors that may significantly limit the success of the therapy. The
use of allogeneic T-cells, such as umbilical cord blood (CB) derived T-cells, overcomes
these issues but requires gene modification to induce a robust and specific anti-tumor
effect. CB T-cells are readily available in CB banks and show low toxicity, high proliferation
rates, and increased anti-leukemic effect upon transfer. However, the combination of
anti-tumor gene modification and preservation of advantageous immunological traits of
CB T-cells represent major challenges for the harmonized production of T-cell therapy
products. In this manuscript, we optimized a protocol for expansion and lentiviral vector
(LV) transduction of CB CD8+ T-cells, achieving a transduction efficiency up to 83%.
Timing of LV treatment, selection of culture media, and the use of different promoters
were optimized in the transduction protocol. LentiBOOST was confirmed as a non-toxic
transduction enhancer of CB CD8+ T-cells, with minor effects on the proliferation capacity
and cell viability of the T-cells. Moreover, the use of LentiBOOST does not affect the
functionality of the cells in the context of tumor cell recognition. Finally, CB CD8+ T-cells
were more amenable to LV transduction than peripheral blood (PB) CD8+ T-cells and
maintained a more naive phenotype. In conclusion, we show an efficient method to
genetically modify CB CD8+ T-cells using LV, which is especially useful for the generation
of off-the-shelf adoptive cell therapy products for cancer treatment. In the research
described in this thesis, this protocol is exploited to generate TAA-specific (NK)T-cells
to study effects on in vitro immunogenicity of Neuroblastoma.
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INTRODUCTION

Adoptive T-cell therapy has developed into a promising treatment option for cancer
patients in the last decade. The rationale towards efficient T-cell therapies is to redirect
the patients’ T-cells to tumor antigens, either by selection and ex vivo expansion of
tumor-infiltrating lymphocytes (TILs) [1] or by genetic modification of lymphocytes.
TIL therapy [1], combined with interleukin-2 (IL-2), has shown encouraging results in
the treatment of metastatic melanoma patients, with a remission rate up to 72% [2,3].
Treatment with gene-modified T-cell products [4], such as chimeric antigen receptor
(CAR) T-cells [5], has shown very promising results in several clinical trials [6], and
Kymriah became the first approved cell therapy by the US Food and Drug Administration
(FDA) and European Medicines Agency (EMA) for B-cell acute lymphoblastic leukemia
(ALL) patients [7,8]. An alternative gene-modification strategy for the generation
of a T-cell product is the transfer of a transgenic tumor-associated antigen (TAA)-
specific T-cell receptor (TCR) recognizing a specific peptide in the context of major
histocompatibility complexes (MHC). This strategy has been explored in several
early-phase clinical trials, predominantly in melanoma, gastrointestinal cancer, and
leukemia [9]. MART1-TCR-engineered T-cells persisted for at least 2 months after
infusion in peripheral blood (PB) of 15 melanoma patients. Two patients showed high
sustained levels of circulating MART1-specific T-cells and regression of metastatic
melanoma lesions one year after infusion [10]. NY-ESO-TCR-engineered T-cells were
well tolerated and exhibited an encouraging clinical response in multiple myeloma
[11]. Post-transplantation transfer of Wilm’s tumor 1 (WT1)-TCR-engineered T-cells
prevented relapse in all acute myeloid leukemia (AML)-treated patients after a median
of 44 months post-infusion [12]. These recent results indicate the potential of TCR
engineering therapy, even when the tumor mutational burden is low, as, for example,
in many childhood cancers [13].

A commonly used method for gene-modifying T-cells is the use of lentiviral vectors
(LVs), which are highly efficient in transducing many cell types [14], including quiescent
cells, to express a gene of interest. More specifically, the transduction efficiency in
T-cells is not only dependent on the proliferation status but also on the activation status.
The presence of sufficient numbers of functional patient-derived cells with adequate
activation potential might be hampered by disease biology, disease progression, and/
or previous therapies applied (such as chemotherapy) [15]. It has been reported that
during chemotherapy cycles, T-cells drastically decrease in number [16]; show signs
of senescence, low proliferation capacity and apoptotic pathway activation [17]; and
require several months to return to physiological levels [18-20]. Together, the decline in
numbers of naive T (Tn) cells and stem central memory T (Tscm) cells, as well as the
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reduced proliferation and stimulation, potentially limits the use of autologous T-cells
for harmonized production of autologous T-cell therapy products.

A solution to overcome this problem is to utilize a patient-unrelated cell source, such
as T-cells derived from healthy donors. Umbilical cord blood (CB)-derived T-cells
are of particular interest, as they show a naive phenotype with elevated proliferation
potential and low expression of exhaustion markers compared to PB-derived T-cells
[21,22]. Additionally, Hiwarkar et al. [23] showed that CB CD8+ T-cells have an increased
cytotoxic effect on human leukocyte antigen (HLA)-mismatched Epstein-Barr virus
(EBV)-driven tumor cells compared to other sources. The use of CB-derived cells has
been mostly limited to CD34+ hematopoietic stem cell (HSC) and progenitor cells,
which are amenable to high lentiviral transduction rates [24-27]. The feasibility of the
approach to introduce CARs [28-30] or recombinant TCRs (rTCRs) [31] into CB-derived
T-cells has been shown mostly using non-viral gene transfer methods or retroviral
vectors (RVs). However, as shown by Cieri et al. [32], the use of LV is superior to RV,
especially for the transduction of Tn and central memory T (Tcm) cells. To date and
to the best of our knowledge, the use of LV to gene modify CB-derived T-cells is very
scarce but showed promising results [33].

In the present study, we developed an efficient method, using a serum-free transduction
system, to transduce CB CD8+ T-cells with LV with limited effect on their naive
immunophenotype. With the use of this protocol, CB CD8+ T-cells are more susceptible
to LV transduction compared to PB CD8+ T-cells. In addition, we demonstrate how
to further increase the transduction efficiency using the transduction enhancer
LentiBOOST (LB) without altering CB CD8+ T-cells’ functionality and maintaining the
ability to expand in vitro, especially when using a low multiplicity of infection (MOI).
Altogether, these results show efficient gene modification of CB CD8+ T-cells using
LV to potentially generate off-the-shelf T-cell therapy products for cancer treatment.

METHODS

Lentiviral vector production and titration

HIV-derived, self-inactivating, third-generation LVs were constructed using the
cytomegalovirus (CMV) promoter driving the expression of the viral transcript (pCCL
plasmid backbone). Additionally to the packaging signal (p), the REV responsive element
(RRE), and the central polypurine tract (cPPT), the transfer vector plasmid contains a
modified Woodchuck post-translational regulatory element (bPRE4) [57,58]. Lentiviral
particles coding for eGFP were produced by transient cotransfection of the lentiviral
transfer vector plasmid (LV.eGFP) and the respective packaging plasmids (pRSV-Rey,
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pMDLg/pRRE, and pMD2-VSV-G) to HEK293T cells (ATCC CRL-3216) using the CalPhos
Mammalian Transfection Kit (Clontech Laboratories), as previously described [59]. Viral
supernatants were filtered through 0.45 pm low-protein-binding filters, concentrated by
ultracentrifugation at 20,000 x g for 2 h, resuspended in StemMACS (Miltenyi Biotec),
and stored at -80°C. We generated two LVs expressing promoter PGK.eGFP60 or a
synthetic promoter MND.eGFP [61,62]. Additionally, two extra LVs were generated
expressing a codon-optimized human TCR alpha- and beta-chain sequence, bridged
by a T2A self-cleaving, recognizing pWT1-126 antigen [63,64] under the control of the
MND promoter (MND.WT1-TCR) (Figure 1) and a CAR19 under the control of the PGK
promoter (PGK.CAR19) (Figure S2B). VSV-G protein-pseudotyped lentiviral particles
were titrated by serial dilution on Jurkat cells (clone E6-1; ATCC TIB-152). At 72 h post-
transduction, cells were harvested and analyzed by flow cytometry for GFP expression,
and viral titer was calculated.

CD8+ T-cell isolation and expansion

Fresh CB or PB was collected after informed consent was obtained according to the
Declaration of Helsinki. The collection protocol was approved by the Ethical Committee
of the University Medical Center (UMC) Utrecht. CB or PB was processed to isolate
CD8+ T-cells using Ficoll (GE Healthcare Bio-Sciences AB) separation and CD8-positive
magnetic bead separation according to the manufacturer’s protocol (Miltenyi Biotec).
CD8+ T-cells were subsequently cultured in RPMI (Fisher Scientific), supplemented with
10% human serum; 1% penicillin/streptomycin (P/S) (cytotoxic T lymphocyte media
[CTL media]), with aCD3/CD28 Dynabeads (Gibco; Thermo Fisher Scientific) in a 1:3
ratio (beads:T-cells); 50 U of IL-2/mL (UMC-Pharmacy); 5 ng/mL IL-7; and 5 ng/mL IL-15
(Miltenyi Biotec). CD8+ T-cells were kept in culture for 3 days, resulting in an average
4.5-fold expansion rate.

T-cell transduction

Expanded and stimulated CD8+ T-cells were transduced at MOI 1 and 10 with two
different methods: spinoculation and overnight incubation. For the spinoculation,
T-cells were mixed and incubated with the LV for 30 min at room temperature and
centrifuged for 30 min at 800 x g at 32°C. After the centrifugation step, transduction
media were replaced with complete CTL media. For the overnight transduction, T-cells
were mixed and incubated with the LV for 14-16 h, after which, transduction media
were replaced with complete CTL media. We used two different transduction media:
X-Vivo15 (Lonza) and StemMACS (Miltenyi Biotec), supplemented with 1% P/S, with or
without supplementation of the transduction enhancer LB (1:100 of the total volume;
SIRION Biotech).
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Vector Copy Number Determination

Genomic DNA was isolated from transduced cells using a Genomic DNA Purification kit
(QIAGEN). gRT-PCR was performed with SYBR Green PCR Master Mix (Thermo Fisher
Scientific) and primers targeting the U3 region (FW: 5-CTGGAAGGGCTAATTCACTC-3")
and Psi (RV: 5-GGTTTCCCTTTCGCTTTCAA-3'). Amplification of the B-actin gene was
used as a reference gene (FW primer: 5-AGCGGGAAATCGTGCGTGAC-3'; R primer:
5'-CAATGGTGATGACCTGGCCGT-3'). Serial dilutions of a standard DNA plasmid
containing one integrated copy of the LV sequence were used to plot a standard curve.
Samples and standard serial dilutions were run in duplicate.

CD8+ T-cell proliferation assay

Untransduced and transduced CD8+ T-cells were washed with PBS to remove serum
that affects staining. Then, cells were suspended in PBS at a concentration of 2.4 x 10°
cells/mL and labeled with the CTV Proliferation Kit (5 mM; Thermo Fisher Scientific)
at 37°C for 20 min. Subsequently, cells were washed with warm fetal calf serum and
resuspended in CTL media. After 24 h, cells were analyzed with flow cytometry to
confirm CTV staining. Cells were stimulated with aCD3/CD28 Dynabeads in a ratio 1:8
(beads:T-cells) or with a tetramer molecule loaded with pWT1-126. After 4 and 7 days,
T-cells were stained with Fixable Viability Dye and analyzed with flow cytometry to
detect a decrease of CTV signal.

Tetramer staining

A tetramer molecule was generated according to an established protocol [65], consisting
of pWT1-126 stained with fluorescent-labeled streptavidin (phycoerythrin [PE] and PE-
Cy7). Untransduced and transduced CD8+ T-cells were treated with dasatinib (VWR
International) at a final concentration of 50 nM. Cells were incubated at 37°C for 30 min
to allow stabilization of the TCR on the cell surface. Cells were subsequently washed
once with fluorescence-activated cell sorting (FACS) buffer, after which the tetramer
staining was initiated by adding approximately 0.1 ug per peptide:MHC complex and
incubated 15 min at 37°C. Without washing, an antibody mix was added to the cells:
CD8-APC (clone RPA-T8, ref. 555369; BD Pharmingen); CD3-Pacific Blue (clone UCHT1,
ref. 558117; Becton Dickinson [BD]); Fixable Viability Dye eFluor 780 (ref. 65-0865-
14; Thermo Fisher Scientific); and TCR VB21.3 (lone 1G125, ref. PN IM1483; Beckman
Coulter). Cells were incubated with the antibodies mix for 15 min at 4°C, washed, and
analyzed on a BD Fortessa using FACSDiva.

Killing assay and cytokine analysis

T2 cells (ATCC CRL-1992), were stained with CTV (following the method explained in
CD8+ T-cell proliferation assay above) and subsequently pulsed with 1 pg/mL of pWT1-
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126. T2 cells were co-cultured overnight with untransduced or transduced CB-CD8+
T-cells in a 1:1 or a 1:10 effector-to-target ratio (E:T). After 14-16 h, cells were stained
with 7-AAD (BD Pharmingen), after which flow cytometry analysis was performed on
a BD LSRFortessa using FACSDiva, with acquisition of a fixed amount of total volume
for each sample. Cytokines in supernatants were measured using the LEGENDplex
assay (BioLegend). Flow cytometry analysis was performed on a BD LSRFortessa using
FACSDiva, and post-acquisition analysis was performed with LEGENDplex Data Analysis
Software.

Flow cytometry analysis

Transduced CD8+ T-cells were stained for 15 min at 4°C with fluorescently labeled
antibodies against CD3-Pacific Blue (clone UCHT1, ref. 558117; BD) and CD8-PE (clone
RPA-T8, ref. 301008; BioLegend); Fixable Viability Dye eFluor 780 (ref. 65-0865-14;
Thermo Fisher Scientific) was used to evaluate transduction efficiency. Fresh, expanded,
and transduced cells were stained with Fixable Viability Dye eFluor 780 (ref. 65-0865-
14; Thermo Fisher Scientific), CD62L-BV650 (clone DREG-56, ref. 2124160; Sony
Biotechnology), CD25-PerCP Cy5.5 (clone BC96, ref. 2113130; Sony Biotechnology),
TIM3-APC (clone 34482, ref. FAB2365A; R&D Systems [R&D]), CD3-AF700 (clone
UCHTT1, ref. 300424; Sony Biotechnology), CD45RA-BV421 (clone HI100, ref. 304118;
BioLegend), CD45R0-BV711 (clone UCHL1, ref. 304236; BioLegend), LAG3-PE (ref.
FAB2319P; R&D), CD8-PE-Cy7 (clone SK1, ref. 335822; BD), TCR VB21.3 (clone 1G125,
ref. PN IM1483; Beckman Coulter), and CD19 CAR detection reagent (ref. AB_2811310;
Miltenyi Biotec). Flow cytometry analysis was performed on a BD LSRFortessa using
FACSDiva, with acquisition of a fixed number of cells for each experiment. FACS data
analysis was performed using FlowJo version (v.)10 . Data are presented as percent
of cells and as MFI.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v.6.00 for Windows
(GraphPad Software, La Jolla, CA, USA). Due to the small number of samples, normality
was assessed using QQ-plot visualization. One-way analysis of variance and Student’s
t test were used to determine differences between groups. The results are presented
as average t standard deviation (SD). p values are considered statistically significant
when *p <0.05.
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RESULTS

Method optimization for efficient lentiviral transduction of CB CD8+ T-cells

Two different methods were compared for transduction efficiency: spinoculation
and overnight incubation. 3 days after expansion, CB CD8+ T-cells were transduced
with either enhanced green fluorescent protein (eGFP) under the control of the
phosphoglycerate kinase (PGK.eGFP) promoter or a synthetic promoter that contains
the U3 region of a modified Moloney murine leukemic virus (MoMuLV) long terminal
repeat (LTR) with myeloproliferative sarcoma virus enhancer (MND.eGFP) at a MOl of 10
using X-Vivo15 media (Figure 1). With the use of spinoculation, 6 days after transduction,
24% + 5% of CD8+ T-cells were GFP+ with the PGK.eGFP vector and 31% 9% with the
MND.eGFP vector, whereas overnight incubation showed 48% + 11% GFP+ cells for PGK.
eGFP and 68% + 8% for MND.eGFP (Figure 2A). Additionally, the use of two different
types of media during the transduction strongly influenced the efficiency of transduction
of CD8+ T-cells. Overnight culture in StemMACS HSC Expansion Media XF (StemMACS)
showed a significant increase in the percentage of transduced cells up to 78% + 7.7% for
PGK.eGFP and 83% + 8.8% for MND.eGFP in contrast to X-Vivo15 (Figure 2B+C). Hence,
overnight incubation in StemMACS medium was used for further experiments (from
hereafter referred to as STND protocol). No significant differences were observed in the
percentage of transduced cells if the eGFP was under the control of the MND or the PGK
promoter; however, the protein expression, calculated as median fluorescence intensity
(MFI), increased significantly using the MND promoter. GFP-positive CB CD8+ T-cells
showed a 3-fold increase in MFI compared to the CB CD8+ T-cells transduced with PGK.
eGFP (Figure 2D), also when normalized for vector copy number (VCN) (Figure 2E).

5'UTR 3'UTR

~ aowvrus WP BPRE4 1 \Us/RiUs
5'UTR 3'UTR

~ amvrus W -. MIND BPRE4 -~ AU3/R/US
5'UTR 3'UTR

~ amvrus WP -. MND BPRE4 -~ AUsRUS

Figure 1. Schematic overview of lentiviral transfer vector plasmid maps.

Third-generation self-inactivating (SIN) lentiviral vectors (LVs) were constructed using the CMV promoter driving the
expression of the viral transcript (pCCL). The transfer vector contains the packaging signal (p), the REV responsive
element (RRE), central polypurine tract (cPPT), and a modified Woodchuck post-translational regulatory element
(bPREA4). Expression of the reporter gene eGFP was under the control of either the PGK or MND promoter (arrows).
The WTT1-TCR was under the control of the MND promoter.
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Figure 2. Optimization of the lentiviral transduction method for CB CD8+ T-cells.

(A) Transduction efficiency, presented as percentage of GFP+ cells, comparing two methods for T-cell transduction:
spinoculation (black) and overnight incubation (gray). (B) Transduction efficiency, presented as percentage of GFP+
cells, comparing the use of different culture media during overnight transduction: X-Vivo15 (gray) and StemMACS
media (stripes). (C) Representative flow cytometry plots of methods and media tested using both transduction
with PGK.eGFP and MND.eGFP. The density plots are showing the measured CD3 and CD8 expression (on the left)
and GFP expression in CD3+ CD8+ T-cells (on the right) in the left (PGK.eGFP) and right (MND.eGFP) panels. (D)
Protein expression, presented as MFI of eGFP signal, is statistically increased using the MND promoter. (E) gPCR
analysis of the VCN-positive correlates with the MFl results. The data correspond to =23 independent experiments
and are shown as average + standard deviation; *p < 0.05; #p < 0.07; xx*p < 0.007; **xxp < 0.0007.
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CB CD8+ T-cells are more efficiently transduced than PB CD8+ T-cells with
LV.MND.eGFP

Autologous PB T-cells are often the main cell source for adoptive cell therapy to treat
cancer. Here, we developed a method to transduce allogeneic CB CD8+ T-cells, and
hence, we compared the two T-cell sources for efficient transduction by LVs. PB CD8+
T-cells were isolated from healthy donors, expanded, and transduced following the
same method developed for CB CD8+ T-cells. As shown in Figures 3A+B, this method
transduces CB CD8+ T-cells more efficiently than PB CD8+ T-cells, which was observed
using MND.eGFP.

The immunophenotype, based on markers for Tn cells (CD45R0, CD62L, CD45RA), of
freshly isolated (day 0O; fresh) T-cells substantially differs between CB CD8+ T-cells and
PB CD8+ T-cells. As shown in Figures 3C+D, fresh CB CD8+ T-cells are characterized
by a homogeneous population expressing classic Tn cell markers (CD45RO- CD62L+
CD45RA+), whereas fresh PB CD8+ T-cells consist of a more heterogeneous population
containing Tn, effector memory [Tem] (CD45R0+CD62L-), and central memory [Tcm]
(CD45R0+CD62L+) T-cells. During the expansion phase, characterized by the presence
of cytokines and anti-CD3/CD28 (aCD3/CD28) beads, a shift occurs towards a Tcm
phenotype in both CB and PB CD8+ T-cells, resulting in a similar phenotype in cells
from both sources (Figures 3C-3E). Moreover, both CB and PB CD8+ T-cells showed
similarly high levels of the IL-2 receptor (CD25), indicating an activated state at the
moment of transduction (Figure S1A). Interestingly, 6 days after transduction (day 10;
transduced), CB CD8+ T-cells reverted to a more Tn phenotype, with a specific loss of
expression of CD45R0 and increased expression of CD45RA, which did not occur in
PB CD8+ T-cells (Figure 3E). Moreover, CB and PB CD8+ T-cells showed differential
expression of the co-inhibitory receptor (TIM3 and LAG3) during all experimental steps
(Figures 3F and S1B).

The transduction enhancer LB increases transduction efficiency and main-
tains proliferation capacity of CB CD8+ T-cells in vitro

To further improve the transduction efficiency, we tested whether the addition of
the non-ionic, amphiphilic Poloxamer Synperonic F108 (LB) [25,34] could further
enhance the GFP expression in CB CD8+ T-cells, while limiting its effect on viability
and proliferation capacity of the CB CD8+ T-cells. MOls in the range of MOI 1-20 were
used, as these are commonly MOls to transduce PB T-cells [35-37]. As shown in Figures
4A+B, the use of LB increased both the percentage of transduced T-cells and the MFI
of the signal. With the use of an MOI 10 to transduce CB CD8+ T-cells, the LB resulted
in 15% more GFP+ T-cells. With a lower MOI (MOI 1), the increase in the percentage of
GFP+ T-cells was even more pronounced, with an average increase of 25% compared
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to the STND protocol. Lentiviral VCN analysis by qPCR confirmed that in both cases
(MOI 10 and MOI 1), the use of LB significantly increased the VCN (Figure 4C). The
use of LB increased the transduction efficiency also when using an LV.ITCR (next
paragraph) and an LV.CAR against CD19 (CAR19) (Figure S2). 6 days post-transduction,
CB CD8+ T-cells were stained with CellTrace Violet (CTV) and followed over 4 days to
determine the proliferation capacity. CB CD8+ T-cells transduced with an MOI 10, in
the presence of LB, maintained their proliferation capacity after a strong stimulation
with aCD3/CD28 beads, but this was reduced compared to untransduced cells (Figure
4D). To determine the direct influence of the LB on proliferation, untransduced cells
were cultured overnight in the presence of LB. LB alone did not show any effect on the
proliferation rate of untransduced CB CD8+ T-cells (Figure 4E). FlowJo analysis using
the proliferation tool additionally showed a trend of impaired proliferation, division, and
expansion rate in CB CD8+ T-cells transduced in the presence of LB but not a significant
difference (Figure 4F). In contrast, CB CD8+ T-cells transduced with an MOI 1, in the
presence of LB, did not show lower proliferation capacity (Figure S3A). The use of LB
only slightly and not significantly decreased viability when compared to transduced
T-cells in the absence of LB (Figure 4G and Figure S3B).

CB CD8+ T-cells transduced with a TAA-specific TCR, in the presence or absence
of LB, show comparable and efficient antigen recognition, proliferation, and
killing capacity

To further test the effect of LB on CB CD8+ T-cell proliferation and functionality in vitro,
CB CD8+ T-cells transduced with a LV expressing a WT1-specific TCR in the presence
of LB were tested for antigen recognition, antigen-specific proliferation, and killing
capacity. To test antigen recognition, transduced CB CD8+ T-cells were incubated with
fluorophore-coupled tetramer molecules pulsed with the target WT1-derived peptide
(pWT1-126). As shown in Figures 5A+B, both T-cells, transduced in the presence or
absence of LB, showed recognition of pWT1-126, with a percentage similar to the
transduction efficiency, with an MOl 1 (STND: 8.9% + 2.3%; STND + LB: 18.4% + 2.2%)
and an MOI 10 (STND: 60.5% + 10%; STDN + LB: 80% + 7.3%). qPCR analysis of VCN
shows a higher number of integration, both when using an MOI 10 and an MOI 1, in the
presence of LB (Figure 5C). 6 days after transduction, CB CD8+ T-cells were stained
with CTV and followed over the course of 7 days in the presence of pWT1-126 tetramer
stimulation. WT1-TCR CB CD8+ T-cells, transduced in the presence or absence of LB,
showed a similar proliferation capacity (Figure 5D). These cells were subsequently
co-cultured overnight with T2 cells that were loaded with pWT1-126 at an ET ratio of
1:1. WT1-TCR-engineered cells, both in the absence or presence of LB, targeted T2
cells to a similar extend (81% and 90% targeting of T2 cells, respectively) (Figures 5E
and 5G). Cytotoxic cytokine levels (interferon [IFN]-y, tumor necrosis factor [TNF]-a,
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Figure 3. CB and PB CD8+ T-cells show different immune phenotype and transduction efficiency.

(A) Transduction efficiency, as percentage of GFP+ cells in CB CD8+ T-cells (black) compared to PB CD8+ T-cells
(gray) using MND.eGFP. (B) Representative flow cytometry plot of CB and PB CD8+ T-cells transduced with MND.
eGFP. (C) Proportion of naive T (Tn) cells, effector memory T (Tem) cells, and central memory T (Tcm) cells based
on the expression of CD45R0 and CD62L, in both CB and PB in CD8+ fresh, expanded, and transduced T-cells.
(D) Representative flow cytometry plot of CD45R0-CD62L-expressing cells during the three selected time points
(i.e., fresh, expanded, transduced). (E) CD45RA expression in CB (black) and PB (gray) CD8+ fresh, expanded, and
transduced T-cells. (F) Co-inhibitory receptor expression in CB (black) and PB (gray) CD8+ fresh, expanded, and
transduced T-cells. The data correspond to =3 independent experiments and are shown as average + standard
deviation; «p = 0.05; *xp < 0.07; »*xp < 0.007; +x*xp < 0.0001.
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Figure 4. LentiBOOST (LB) increases transduction efficiency of CB CD8+-transduced T-cells and main-
tains proliferation in vitro.

(A) Transduction efficiency, presented as percentage of GFP+ cells, is improved by the use of LB together with
LV at MOI 10 (left) and MOI 1 (right). (B) Protein expression, calculated as MFI of eGFP signal, is increased by the
use of LB together with both LV at MOI 10 (left) and MOI 1 (right). (C) gPCR analysis of the VCN in CB CD8+ T-cells
transduced with an MOI 10 in the absence (black) or presence (black stripes) of LB or transduced with an MOl
1.in the absence (gray) or presence (gray stripes) of LB. (D) Representative flow cytometry plot of proliferation
analysis using CellTrace Violet (CTV) on CB CD8+ T-cells transduced with the STND method or with STND+LB. (E)
Proliferation rate (as CTV-MFI of day 0/day 4) in CB CD8+ T-cells untransduced and transduced in the presence or
absence of LB. (F) Proliferation indexes (calculated using proliferation model of FlowJo v.10) define proliferation,
division, and expansion rate of CB CD8+ T-cells transduced in the presence of LB (black stripes) compared to
STND protocol (black). Proliferation index: total number of divisions divided by the number of cells that went
into division, division index: average number of cell divisions per cell in original population, expansion index:
fold-expansion of the overall culture. (G) Cell viability, respectively, at day 0 and day 4 of a proliferation assay in
CB CD8+ T-cells transduced in the presence of LB (black stripes) compared to STND protocol (black). The data
correspond to =3 independent experiments and are shown as average + standard deviation; xp < 0.05; **p < 0.01;
*xxxp < 0.007; **x*xxp < 0.0001.

granzyme A, granzyme B, and perforin) were analyzed in the supernatant of the killing
assays. WT1-TCR-transduced cells produced a higher amount of cytotoxic cytokines
compared to untransduced cells, statistically significant for IFN-y and granzyme B (p
value: <0.0001), whereas there were no differences between transduced T-cells in the
presence or absence of LB (Figure 5F). To support our findings, additional experiments
were performed with a more limiting E:T ratio of 1:10, which showed a slightly increased
killing capacity of WT1-TCR-transduced CB CD8+ T-cells in the presence of LB, likely
due to the presence of a larger proportion of WT1-TCR-transduced T-cells (Figure S4).
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Figure 5. LB does not affect functionality of WT1-TCR-transduced CB CD8+ T-cells.

(A) Transduction efficiency and antigen recognition, presented as percentage of TCR VB 21.3+ T-cells (left)
and tetramer+ cells (right), improved by the use of LB at MOl 1 and MOI 10 compared to STND method. (B)
Representative flow cytometry plot of CB CD8+ T-cell transduction efficiency and pWT1-126 tetramer staining. (C)
gPCR analysis of the VCN in CB CD8+ T-cells transduced with an MOI 10 in the absence (black) or presence (black
stripes) of LB or transduced with an MOI 1 in the absence (gray) or presence (gray stripes) of LB. (D) Proliferation
rate (as CTV-MFI of day 0/day 7) of CB CD8+ T-cells untransduced and transduced with WT1-TCR (MOI 10) in the
presence or absence of LB and stimulated with tetramer loaded with pWT1-126. (E) Killing capacity of WT1-TCR
CB CD8+ T-cells transduced in the presence or absence of LB, depicted as percentage of alive target cells in a
co-culture experiment with target cells loaded with pWT1-126. (F) Levels of cytotoxic cytokines in the supernatant
of co-culture experiments produced by WT1-TCR-transduced CB CD8+ T-cells in the presence or absence of LB
compared to untransduced cells. (G) Representative flow cytometry plot of percentage of alive target cells after
overnight co-culture with WT1-TCR-transduced CB CD8+ T-cells. Co-culture experiments were performed at an
effector-to-target ratio of 1:1. The data correspond to =3 independent experiments and are shown as average +
standard deviation; *p < 0.05; xp < 0.07; *xxp < 0.007; **xxp < 0.0001.
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DISCUSSION

The possibility to gene modify immune cells has opened a broad range of cell therapy
applications for difficult-to-treat tumor types. However, it remains challenging to obtain
enough functionally proficient autologous T-cells from cancer patients and to efficiently
gene modify immune cells. In this manuscript, we studied the use of allogeneic CB cells
as a rich source to obtain CD8+ T-cells that are amenable for lentiviral transduction. The
use of CB-derived cells is well established in clinical applications, such as hematopoietic
cell transplantation (HCT) [38-40]. CB T-cell cultures can result in more than 100-fold
magnitude of expansion, enabling feasible upscaling processes to generate sufficient
cell numbers for therapeutic purposes [41,42]. Furthermore, CB lymphocytes are
associated with favorable graft versus tumor effects, reaching sufficient numbers,
and efficiency for donor lymphocyte infusion post-HCT [43,44]. Several clinical trials
are testing the safety and the potential benefit of infusing CB-derived, naturally
occurring lymphocytes [45,46], including T-cells, natural killer (NK) cells, and cytokine-
induced killer cells (CIK), to avoid relapse (ClinicalTrials.gov: NCT01630564) or viral
reactivation (Clinical Trials.gov: NCT03594981) after HCT. Although the results of CB-
derived T-cell infusions are promising, the generation of specific, gene-modified CB
T-cells for therapeutic approaches is still in its infancy compared to using PB T-cells.
In this manuscript, we present an optimized method to obtain highly efficient lentiviral
transduction of CB CD8+ T-cells, which could potentially be translated for use in clinical
settings. In fact, the use of serum-free StemMACS medium showed a transduction
efficiency of more than 80% of CB CD8+ T-cells, using a relatively low MOI, favorable for
future good manufacturing practice (GMP) production and safety concerns (Figure 2).
This method also confirmed the enhanced expression achieved with the use of a viral-
derived promoter (MND) compared to the constitutively expressed promoters (PGK).

With the use of this protocol, the total fraction of CB CD8+ T-cells was more amenable
to transduction compared to the total fraction of PB CD8+ T-cells. We speculate that
this protocol may be beneficial by exploiting the naive characteristics of CB CD8+
T-cells, in accordance to previous studies that showed an increased transduction
efficiency in PB-derived Tn cells and Tscm cells [32,47]. Nevertheless, we may expect
an increased potency of CB CD8+ T-cells due to the differences in immune phenotype
between the two cell sources [48,49]. Pre-clinical and clinical studies have shown
the short persistence and low proliferation properties of engineered T-cells derived
from PB of adult patients [50]. Moreover, in vivo studies have shown the superiority of
Tn over Tm cells in adoptive immunotherapeutic applications [51,52]. The proposed
method combines high transduction efficiency with a global maintenance of the
least differentiated Tscm or Tn phenotype of the CB CD8+ T-cells, confirmed by the
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downregulation of CD45R0 and the upregulation of CD45RA (Figure 3). This method
increases the feasibility to use CB CD8+ T-cells in clinical applications; however, its
clinical significance will rely on the activation, proliferation, and long-term survival of
genetically modified cells in vivo. The naive phenotype, together with the intermediate
to low expression of inhibitory receptors (TIM3, LAG3), which were maintained low in
the current protocol, could be a valuable feature for improving proliferation, persistence,
and efficacy in future pre-clinical and clinical studies. The difference in transduction
efficiency between the cell sources may also be influenced by the expression levels
of the cognate glycoprotein receptors on the target cells, defining the probability of
binding between viral particle and cell membrane [53]. This effect was previously
shown by substituting the envelope from vesicular stomatitis virus G protein (VSV-G)
to measles virus (MV)37 or baboon retroviral envelope (BaEV) [53], which increased
the transduction efficiency of the LV, a strategy that can be further explored.

Further improvements in the transduction efficiency was achieved using the
transduction enhancer LB. The active component of LB is Poloxamer 338/Pluronic F108
and belongs to the class of A-B-A-type tri-block copolymers composed of hydrophilic
ethyleneoxide and hydrophobic propyleneoxide. This structure confers a capability
of interacting with hydrophobic particles and biological membranes. The advantage
of using this enhancer and alternative poloxamers (Poloxamer 407) has already been
proven in HSCs and mouse-derived T-cells [25,34,54], and its GMP-grade formula has
already been used in clinical trials. The use of LB clearly increased the transduction
efficiency also in CB CD8+ T-cells using different LV constructs (LV.eGFP, LV.WT1-TCR,
and LV.CAR19), especially interesting for applications requiring low MOI or when vector
titers are limited. As previously shown [34,55], the use of LB very minimally affects T-cell
viability, as shown also by using our optimized protocol (Figure 4G). With the use of a
tracer molecule, we observed that LB affected the proliferation rate of CB CD8+ T-cells
transduced with an MOI 10, after providing both the primary and co-stimulatory signals
that are required for activation and expansion of T-cells via aCD3/CD28 beads. The
reduced proliferation rate was visible only when using LV.eGFP and an MOI 10, whereas
untransduced cells treated with the LB molecule (Figure 4E) and cells transduced
with an MOI 1 (Figure S3) did not show impaired proliferation upon aCD3/CD28
stimulation (Figure S4). The effect on proliferation coincided with an increase in VCN
in the transduced T-cells in the presence of LB, possibly caused by genotoxic stress
in the CB CD8+ T-cells, supported by the observation that CB CD8+ T-cells transduced
at an MOI 1 did not show a decreased proliferation rate. As previously reported, self-
inactivating LVs have the tendency to integrate into transcriptionally active genes in
T-cells [56], potentially causing genotoxic effects at higher VCNs. Interestingly, the
decrease in proliferation was not visible when CB CD8+ T-cells were transduced with a
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TAA-specific TCRin the presence of LB and stimulated with antigen-specific tetramers.
Moreover, WT1-TCR CB CD8+ T-cells, transduced in the presence of LB, did not show
any impairment in terms of functionality, as assessed by killing capacity and cytotoxic
cytokines produced (Figures 5E-5G).

In conclusion, we present an efficient expansion and transduction method for CB
CD8+ T-cells using LVs that is GMP compliant. Furthermore, this method shows better
transduction of the total fraction of CB CD8+ T-cells compared to the total fraction of PB
CD8+ T-cells, while preserving the CB naive phenotypic markers, increasing the chance
to generate a cellular product that will persist and proliferate in vivo. Additionally, we
confirmed the use of the LB as a valid transduction enhancer for CB CD8+ T-cells in
the field of gene and cell therapy. Overall, these results underlie the possibilities and
advantages of using gene-modified CB CD8+ T-cells as a source for future application
in cancer cell therapy. In the research described in this thesis, this protocol is exploited
to generate TAA-specific (NK)T-cells to study effects on in vitro immunogenicity of
Neuroblastoma.
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Figure S1. Expression of CD25, TIM3 and LAG3 in CB and PB CD8+ T-cells

(A) CD25 expression in CB (black) and PB (gray). (B) TIM3 and LAG3 expression histograms in both CB (top) and
PB (bottom) CD3+CD8+ T-cells, in the three different time points: Day 0 — Fresh (blue), Day 3 - Expanded (red), Day
10 - Transduced (black). (C) Co-staining of TIM-3 and LAG-3 representative plots for both CB and PB CD3+CD8+
T-cells. The data corresponds to = 3 independent experiments and are shown as average + standard deviation.
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Figure S2. LB also increases transduction efficiency with the LV.CAR19 construct

(A) CB CD8+ T-cells transduced with LV.CAR19 (MOI1) showed 5.2% * 2.5 transduction efficiency (black), while
the use of LB increased the % of transduced cells to 19.9 + 5.9 (black stripes). The same trend is also visible for
the MFI and the VCN. (B) Schematic representation of plasmid LV.CAR19 vector design. The data corresponds to
> 3 independent experiments and are shown as average + standard deviation; p = 0.05 (*); p < 0.01 (**); p < 0.001

(***); p = 0.0007 (****),
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Figure S3. LB effect on proliferation and cell viability on CB CD8+ T-cells transduced with an MOI 1

(A) Proliferation rate after 4 days of aCD3/CD28 beads stimulation in CB CD8+ T-cells transduced with and MOI
1 in the presence of LB (gray stripes) compared to STND method (gray). (B) Cell viability analysis, 4 days after
aCD3/CD28 beads stimulation, of CB CD8+ T-cells transduced with and MOI 1 in the presence of LB (gray stripes)
compared to STND method (gray). The data corresponds to = 3 independent experiments and are shown as average
+ standard deviation; p < 0.05 (*); p < 0.07 (**),; p < 0.007 (***); p < 0.0007 (****).

Killing assay - Effector: Target (1:10)

% of alive cells

100+

Figure S4. Killing capacity of WT1-TCR CB CD8+ T-cells transduced, in the presence or absence of LB,

depicted as % of alive cells in a co-culture experiment with target cells loaded with pWT1-126.
Co-culture experiments were performed at an effector-to-target ratio of 1:10. The data corresponds to > 3

independent experiments and are shown as average + standard deviation; p = 0.05 (*); p s 0.07 (**); p< 0.007 (***);

P 0.0007 (**+%).
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ABSTRACT

Background

Immunotherapy in high-risk neuroblastoma (HR-NBL) does not live up to its full
potential due to inadequate (adaptive) immune engagement caused by the extensive
immunomodulatory capacity of HR-NBL. We aimed to tackle one of the most notable
immunomodulatory processes in NBL, absence of MHC-I surface expression, a process
greatly limiting cytotoxic T-cell engagement. We and others have previously shown
that MHC-I expression can be induced by cytokine-driven immune modulation. Here,
we aimed to identify tolerable pharmacological repurposing strategies to upregulate
MHC-I expression, and therewith enhance T-cell immunogenicity in NBL.

Methods

Drug repurposing libraries were screened to identify compounds enhancing MHC-I
surface expression in NBL cells using high-throughput flow cytometry analyses
optimized for adherent cells. The effect of positive hits was confirmed in a panel of
NBL cell lines and patient-derived organoids. Compound-treated NBL cell lines and
organoids were co-cultured with PRAME reactive tumor-specific T-cells and healthy-
donor NK-cells to determine the in vitro effect on T- and NK-cell cytotoxicity. Additional
immunomodulatory effects of histone deacetylase inhibitors (HDACI) were identified
by transcriptome and translatome analysis of treated organoids.

Results

Drug library screening revealed MHC-I upregulation by inhibitor of apoptosis inhibitor
(IAPi)- and histone deacetylase inhibitor (HDACI) drug classes. The effect of IAPi was
limited due to repression of NFkB pathway activity in NBL, while the MHC-I modulating
effect of HDACi was widely translatable to a panel of NBL cell lines and patient-
derived organoids. Pre-treatment of NBL cells with the HDACi Entinostat enhanced the
cytotoxic capacity of tumor-specific T-cells against NBL in vitro, which coincided with
increased expression of additional players regulating T-cell cytotoxicity (e.g. TAP1/2
and immunoproteasome subunits). Moreover, MICA and MICB, important in NK-cell
cytotoxicity, were also increased by Entinostat exposure. Intriguingly, this increase in
immunogenicity was accompanied by a shift towards a more mesenchymal NBL cell
lineage.

Conclusions

This study indicates the potential of combining (immuno)therapy with HDACi to enhance
both T- and NK-cell-driven immune response in patients with HR-NBL.
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INTRODUCTION

Immune surveillance by the immune system is essential to prevent the development
and progression of neoplastic cells into cancer. Various innate and adaptive players
are involved in this process, of which cytotoxic T-cells are particularly well equipped
[1]. Cytotoxic T-cells recognize their target in major histocompatibility complex class |
(MHC-1), a protein expressed on all post-embryonic nucleated cells. This way, cytotoxic
T-cells sense and act upon intracellular changes, for example caused by viral infection
or malignant transformation. However, tumor cells can escape recognition by- and
cytotoxicity of T-cells via a range of mechanisms.

One well-known T-cell escape mechanism of cancer cells is the dysregulation of
surface expression of MHC-I, a process described in 40-90% of human tumors and
often correlated with poor prognosis [2]. Lack of MHC-I expression can either result
from MHC-I downregulation, which occurs through a survival advantage of cells
lacking MHC-I, or an intrinsic lack of MHC-I expression due to tumor origin. MHC-I
downregulation can often be found in adult tumors and can be caused by irreversible,
genetic aberrations as well as by reversible, (post)transcriptional modifications [2].
Intrinsic lack of MHC-1 expression is often observed in pediatric tumors that arise from
embryonic tissues lacking immunological features, of which neuroblastoma (NBL) is
a well-known example [3]. Intrinsic lack of MHC-I expression is mostly reversible and
results from epigenetic and/or (post)transcriptional processes. The intrinsic reversible
nature provides an opportunity to restore MHC-I expression and facilitate anti-tumor
T-cell cytotoxicity against NBL [4,5].

NBL is an embryonal tumor derived from the sympathoadrenal progenitor cells of the
developing sympathetic nervous system. It is the most common pediatric extracranial
solid tumor and accounts for ~15% of all worldwide pediatric oncology deaths [6].
NBL cells can either be of the mesenchymal cell lineage (defined by lineage markers
including PRRX1, FOSL1, and FOSL2) or the adrenergic cell lineage (defined by lineage
markers including PHOX2B, DBH, and TH) [7,8]. It was recently shown that mesenchymal
cells show more immunogenic features [9]. Despite intense multi-modal therapy,
including maintenance immunotherapy consisting of anti-GD2 monoclonal antibody
and isotretinoin, 5-year event-free survival of high-risk NBL (HR-NBL) patients is still
~50% [6,10]. The additive effect of the immunotherapy regimen [11,12], despite the low
immunogenicity of HR-NBL [13], however, shows the potential of immunotherapy in NBL.

We hypothesize that the clue to further enhance (immuno)therapy efficacy in HR-NBL
is to effectively engage T-cells, thereby enhancing anti-tumor cytotoxicity and creating
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immunological memory to prevent future relapse. MHC-I unrestricted T-cell engaging
strategies, like CAR T-cell therapy, are tested in NBL to bypass the need for tumoral
MHC-I expression, however, the current observed clinical benefit is limited [13]. We have
previously shown that MHC-I expression on NBL cells can be readily upregulated by
cytokine-driven immune modulation, thereby directing T-cell cytotoxicity to NBL [4,5,14].
Nonetheless, even though results from a pilot clinical trial administering IFNy to HR-NBL
patients were encouraging [14,15], the broad range of biological activities of these
cytokines limits their therapeutic applicability due to severe toxicities [2]. Therefore,
we here aimed to identify pharmacological repurposing strategies to upregulate MHC-I
expression, and therewith enhance T-cell immunogenicity in NBL.

MATERIALS & METHODS

Cell culture

LAN5, SHEP21N, SK-N-SH, and IMR32 were obtained from the Princess Maxima Centre
for Pediatric Oncology, GIMEN via the Academic Medical Center of Amsterdam. GIMEN
NFkB reporter cells and N4BP1 knockout SK-N-SH were generated as described
previously [17]. GIMEN and IMR32 were maintained in DMEM, LAN5 and SHEP21N
in RPMI, both supplemented with Glutamax, 10% FCS (Sigma-Aldrich), 1% penicillin/
streptomycin (P/S) (50 units/ml), and 2% non-essential amino acids (NEAA) (both Life
Technologies). LAN5, SK-N-SH, and IMR32 were previously identified as adrenergic,
GIMEN and SHEP21N are from the mesenchymal cell lineage [9].

Table 1 - Genetic characteristics of the patient-derived organoids

Aberrations Patient-derived organoids
691b 039 753T 059 77272
MYCN Amp. X X
ALK
CDKN2A Del.
TERT Act. X X
ATRX Homdel

1p loss X
11q loss

17q gain

2p gain

3ploss

X X X X X X

6q loss

Abbreviations: Amp. = Amplified; Del. = Deletion, Homdel = homologous deletion, Act.: activation via enhancer
hijacking
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Patient-derived NBL organoids were established as described previously [49]. Organoids
were maintained in DMEM low glucose, Glutamax supplemented medium, supplemented
with 25% HAM'’s F-12 Nutrient Mix, 2% B-27 supplement minus vitamin A, 1% N-2
Supplement, 1% P/S (all Life Technologies), 20 ng/mL Animal-Free Recombinant Human-
EGF, 40 ng/mL FGF-basic, 200 ng/mL IGF-1, 10 ng/mL PDGF-AA, and 10 ng/mL PDGF-BB
(all Peprotech). Once a week, spheres were disrupted using Accutase (Sigma Aldrich)
and pipetting and subcultured to avoid overcrowding and necrosis in the organoid cores.
A half media change was performed biweekly. An overview of organoid characteristics
can be found in Table 1, all organoids reflect a more adrenergic cell lineage (Figure S9).

Drug repurposing library screening

Two repurposing libraries were screened on their effect on MHC-| surface expression
in NBL: the Center for Drug Design & Discovery (CD3) Repurposing Library, containing
3700 mainly FDA-approved drugs, and our Pediatric Cancer Library, comprising 194
drugs with implications in pediatric cancer treatment. The CD3 library is stored at -20
°Cin 384LDV plates (Labcyte), the pediatric cancer library in 384-well plates (Corning)
at room temperature under N2 pressure.

Drug screening was performed using a GIMEN NFkB reporter line, utilizing a previously
established high-throughput flow cytometry-based screening workflow [16]. The Pediatric
Cancer Library was screened at a concentration range between 0.01 and 10 pyM, the CD3
Repurposing Library at 300 nM and 3 pM. The Pediatric Cancer Library was added 4 hours
after cell seeding using the Biomek i7 Hybrid (Beckman Coulter) and incubated for 48
hours before MHC-I expression analysis. The CD3 repurposing library was pre-spotted in
empty 384-well plates using ECHO 520 acoustic droplet ejection (Labcyte). Reporter cells
were added to these wells and incubated for 48 hours before MHC-| expression analysis.
Vehicle-treated cells (DMSO) were used as a negative control, two cytokines with a known
effect on MHC-I expression, IFNy (R&D, 1000 U/mL) and TNFa (Miltenyi Biotec, 50 ng/uL),
were used as positive controls. Conditions were omitted from analysis when single cell
count was <500 to avoid false positivity due to toxicity. Unstained control cells of hits were
analyzed to rule out false positivity due to autofluorescence. An incubation period of 48
hours was chosen based on experience of CD3, kinetics were later validated for positive hits
(Figure S10). Cells were incubated for 48 hours with indicated drug concentrations, after
which media was refreshed. MHC-I expression was determined at indicated time points.

Validation of hits and determination of surface protein expression

Hits from the initial screen were diluted in DMSO (Sigma Aldrich) at a concentration of
10 mM and stored in aliquots at -80 °C to avoid freeze-thaw cycles (all SelleckChem).
Respective cells and organoids were cultured for 48h with indicated concentrations of
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the drugs, upon which cell-surface expression of proteins of interest were determined by
flow cytometry. Decreased expansion of cells was observed when cultured with Entinostat,
viability was not significantly affected. Assembled MHC-I complexes were determined with
the pan HLA-ABC AF647/FITC antibody (W6/32), other utilized antibodies include anti-
MICA/MICB PE/Cy7 (6D4), HLA-E APC (3D12), HLA-DP/DQ/DR FITC (Tu39), PVR PE (SKIl.4)
(all Biolegend), PD-L1 BV650 (MIH1, BD Biosciences), B7H3 PerCP/eFluor710 (7-517, Life
Technologies), Nectin-2 APC (R2.525, Ebioscience). Antibody panels were combined with
7-AAD (BD Biosciences) or the Fixable Viability eFluor 780 Dye (eBioscience) to select
viable cells. Analysis was performed on a BD FACSCanto or LSRFortessa (BD Biosciences) .

CS&T beads (BD Biosciences) were used to check the performance and verify the
optical path and stream flow of the utilized flow cytometers. This procedure enables
controlled standardized results and allows the determination of long-term drifts and
incidental changes within the flow cytometer. No changes were observed which could
affect the results.

Generation of PRAME -directed T-cells

SLLQHLIGL

The HLA-A2 restricted PRAME HSS1 T-cell clone (specific against SLLQHLIGL) was
described previously [18], the TCR sequence was derived from patent US20160263155A1.
A furin cleavage site was inserted upstream of the T2A sequence linking the TCR beta
and alpha chains. The gene was synthesized (Genscript) and cloned into the pCCL-
cPPT-hPGK-ORF-bPRE4-SIN lentiviral transfer vector [50]. Lentiviral particles were
produced using standard calcium phosphate transfection (Clontech) of HEK-293T-
cells with the pMDL-g/pRRE, pMD2-VSVg, and pRSV-Rev plasmids [51,52]. Transducing
units per mL of concentrated vector batches were determined using serial dilution on
Jurkat cells followed by flow cytometric analysis of VB1 expression (anti-VB1 FITC
(REA662, Miltenyi)).

CD8+ T-cells were separated from peripheral blood of healthy donors, stimulated, and
transduced at a multiplicity of infection (MOI) of 10 according to a previously described
protocol [50]. Following transduction, cells were FACS-sorted on VB1 expression (BD
FACSAria Il) after which they are stimulated once every other week using a rapid
expansion protocol (REP) in CTL medium [53].

T-cell activation assay

HLA-A2 haplotype confirmed NBL cells, GIMEN and 691b, were incubated for 48h with
the indicated concentrations of compounds, upon which cells were washed and co-
cultured with NBL-specific T-cells. PRAME , ,-directed T-cells were co-cultured
with NBL cells overnight at an effector-to-target ratio (E:T) of 1:1 to determine the
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effect of pre-incubation with compounds of interest on T-cell activation. After overnight
incubation, cells were spun down and supernatants were collected to determine
cytokine levels (TNFa and IFNy) using ELISA according to manufacturer’s instructions
(Life Technologies). T-cells were subsequently stained with Fixable Viability Dye eFluor™
780 (Life Technologies), anti-CD3 BV510 (OKT3, Biolegend), anti-CD8 FITC (G42-8, BD
Biosciences), and anti-CD137 PE (4B4-1, Biolegend) as a marker for antigen-specific
T-cell activation. Flow cytometry analysis was performed on the BD Fortessa (BD
Biosciences).

T- and NK-cell cytotoxicity assay

GIMEN cells were transduced with a lentiviral construct encoding for GFP and luciferase
(pSLuc2-GFP), upon which they were single cell sorted based on GFP expression.
Luciferase-expressing 691b organoids were generated previously [54]. Luciferase
expressing targets were seeded in organoid medium and incubated for 48h with
indicated compound concentrations. PRAME ., c-directed T-cells were added to
the target cells (CTL medium:organoid medium ratio of 1:1) and are incubated overnight
atan ET of 1:1 to determine the effect of pre-incubation with compounds of interest on
the cytotoxic capacity of T-cells. 150 ug/mL D-Luciferin Firefly (Biosynth) was added to
the co-cultures and incubated for 10 minutes at 37 °C after which luminescence was
measured using the Spectramax M3 (Life Technologies). Cytotoxicity was calculated
by comparing luminescence of co-cultured cells with target only, treatment-matched
controls. MHC-I dependence was studied by incubation with 10 ug/mL of HLA-ABC
antibody (W6/32, Biotechne) for an hour prior to co-culture, IgG isotype (Invitrogen)
was used as a control [55].

The cytotoxicity protocol was adjusted to be able to also address NK-cell cytotoxicity.
Healthy-donor NK-cells were pre-stimulated overnight with 1000 U/mL IL-2 and 50 ng/
mL IL-15, after which 691b cells were co-cultured for 5h with healthy-donor NK-cells
atan ET of 1:1.

T-cell proliferation assay

Healthy-donor CD3+ T-cells were pre-treated overnight with 2.5 yM Entinostat + 50 U/
mL IL-2, controls were treated with 50 U/mL IL-2 only. Cells were subsequently labeled
with CellTrace™ Violet (CTV) and stimulated with 2.5 mg/mL PHA (or left unstimulated).
After 72h, proliferative capacity was determined by measuring CTV dilution using flow
cytometry and additional staining with anti-CD3 AF700 (UCHT1, Sony), anti-CD4 PE
(RPA-T4, BD Biosciences), and anti-CD8 (SK1, BD Biosciences) on the LSRFortessa.
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RNA isolation and sequencing

691b organoids were treated for 48h with 2.5 pM Entinostat. Cells were harvested and
snap frozen in liquid nitrogen. Total RNA was isolated from cell lysates using the TRIzol LS
reagent (Life Technologies). RNA was then purified using the RNA Clean and Concentrator-5
kit (Zymo Research) and treated with DNAse I. RNA concentrations were measured on a
NanoDrop One spectrophotometer (Life Technologies). RIN values were determined on
a BioAnalyzer 2100 using the RNA 6000 Nano kit (Agilent), with values ranging between
9.4 and 10.0. TruSeq mMRNA-seq library preparation (lllumina) and strand-specific mRNA-
sequencing were performed by Genewiz. Briefly, mature mRNA was selected through
PolyA enrichment, and RNA sequencing was performed using the lllumina NovaSeq 6000
platform in a 2x150bp configuration. Samples were sequenced to an average depth of
136 million reads. Adapter sequences were trimmed and low-quality reads were filtered
using Trimgalore v0.6.651, which invoked Cutadapt v3.452 and FastQC v0.11.953. Next,
reads were aligned to the human transcriptome (hg38/GRCh38.p13; Ensembl release
102 provided in GTF format55) using STAR v2.7.8a54 in the 2-pass mapping mode.
We used the default STAR settings together with the following modified parameters:
--outFilterType BySJout, --outSAMunmapped Within, --outSAMattributes NH HI AS nM NM
MD jM jl MC ch XS, --outSAMtype BAM SortedByCoordinate, --outFilterMismatchNmax 6,
--alignSJoverhangMin 10, --outFilterMultimapNmax 10, --outFilterScoreMinOverLread 0.75.
Reads were quantified using featureCounts from the Subread v2.0.256. software package,
provided with default settings and Ensembl release 102 annotation information for gene-
level read count summarization. DESeq2 v1.32.057 was used for read count normalization.

Derivation of gene signature scores

Based on the immune pathway signature genes [9,56,57], immune activation (IA)
scores for all replicates were determined. All immune signature genes were ranked
based on their expression levels in each replicate. The ranking order was subsequently
established for each gene and the percentiles were derived for each gene on the entire
list of genes. All the IA signature genes in a sample were averaged to determine the
IA score for each sample. Similarly, adrenergic (A) and mesenchymal (M) scores were
calculated for each sample based on the gene signatures outlined by van Groningen
and colleagues [7]. In total, 6 IA genes were removed from the 485-gene mesenchymal
signature genes in order to ensure that IA signature genes did not overlap with
predefined adrenergic and mesenchymal signatures. To further identify a sample as
either adrenergic or mesenchymal, the A-score was deducted from the M-score (M-A
score). Samples with low M-A scores were considered more adrenergic, whereas high
M-A were considered mesenchymal. In addition, IFN-response signatures specific to
HR-NBL were determined using the SEQC-498 tumor cohort and cell lines including
SH-SY5Y, LDK-resistant SH-SY5Y, and SH-EP cells, as described by Sengupta et al. [9].
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Quantitative real-time PCR analysis

To confirm the findings observed with RNA-seq, gPCR analysis was performed. GIMEN
and 691b cells were treated for 48h with 5 uM and 2.5 uM Entinostat respectively. Cells
were pelleted, RNA was extracted with the RNeasy mini extraction kit (Qiagen), and
cDNA was synthesized using the RevertAid H Minus First Strand cDNA Synthesis Kit
with random hexamer primers (Life Technologies). mRNA expression was subsequently
quantified using the TagMan™ Human Antigen Processing and Presentation by MHCs
Gene Expression Array on a ViiA7 RT-PCR system (Both Life Technologies). All kits
were used according manufacturer’s instructions.

Data Analysis and statistics

Flow cytometry data analysis was performed with FlowJo V10.7.1, flow cytometry
data are presented as % of cells, mean fluorescent intensity (MFI), or fold-change in
MFI. ELISA data were analyzed using MicroPlate Manager 6 (BioRad). Graphs for flow
cytometry, ELISA, and luminescence data were generated and statistics were performed
using Graphpad Prism 8.3. Heatmaps were generated using the ComplexHeatmap
v2.8.0 and the ggplot2 package from RStudio (v3.3.3) [58,59].

Fold-changes, reflecting differences in protein expression and gPCR analysis,
were logarithmically transformed, after which a one-sample T-test was performed.
Differences in MFI; reflecting protein surface expression, T-cell activation, cytokine
secretion levels, cytotoxic capacity of cells, and differences in expression of immune
signature genes were analyzed with the non-parametric Mann-Whitney U test between
separate groups. Values of p<0.05 were considered significant.

RESULTS

Screening drug repurposing libraries for their effect on MHC-I expression

Drug repurposing libraries, containing ~3800 unique compounds, were tested for their
ability to upregulate surface display of MHC-1in the GIMEN NBL cell line containing an
NFkB reporter. The effect of compounds on MHC-I expression was evaluated after 48h
of incubation using high throughput flow cytometry [16] (exemplary gating strategy in
Figure S1). MHC-I expression of screened drugs standardized to untreated control cells
is shown in Figure 1A. Two groups of drugs, those inhibiting inhibitor of apoptosis (IAPi)
and histone deacetylase inhibitors (HDACi) were selected for further evaluation, as
16/29 HDACI (Table S1) and 6/6 screened IAPi (Table S2) increased MHC-I expression
in our GIMEN NFkB reporter system.
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Figure 1. Identification of MHC-I expression enhancing compounds in NBL.

(A) Screening results of 3800 compounds are shown as standardized % of HLA-ABC expression compared to
untreated control GIMEN NFkB reporter cells. Compounds marked in red are histone deacetylase inhibitors (HDACi),
compounds marked in blue reflect the inhibitor of apoptosis inhibitors (IAPi). (B) MHC-I expression in GIMEN
reporter cells treated with Entinostat (5 uM) or IFNy (100 U/mL) as single agents, and in combination (Entinostat +
IFNy). Control indicates untreated cells. (C) MHC-I expression in GIMEN reporter cells treated with AZD-5582 (250
nM) or IFNy (100 U/mL) as single agents, and in combination (AZD-5582 + IFNy). Control indicates untreated cells.

The data shown in this paper focuses on, but are not limited to (supplementary
material), the HDACI Entinostat, currently tested in children with relapsed or refractory
malignancies in combination with checkpoint inhibition (NCT03838042), and the IAPi
AZD-5582. MHC-I upregulation by Entinostat was not mediated by NFkB reporter
activation (Figure 1B), whereas the effect of AZD-5582 was mediated by induction of
NFkB expression (Figure 1C). Further increase in MHC-I expression was observed when
the cells were co-treated with IFNy (Figure 1B+C, right panels).
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NFxB pathway repression inhibits the effect of IAPi on MHC-I expression in
the majority of neuroblastoma models

GIMEN cells were co-cultured with T-cells directed against the NBL-specific PRAME
antigen (PRAMEg, .. ) to address the effect of AZD-5582-induced MHC-I on T-cell
activation and cytotoxicity. GIMEN were pre-incubated for 48h with AZD-5582, the
MHC-1 enhancing cytokines IFNa and/or IFNy acted as positive controls. Determination
of CD137 expression, as a surrogate marker for antigen-specific T-cell activation, and
the cytotoxic capacity after subsequent overnight co-culture with T-cells revealed
enhanced activation and cytotoxicity of T-cells, to a similar extent as cytokine pre-
treated controls (Figure 2A).

We subsequently assessed the effect of AZD-5582 (Figure 2B) and two other IAPi,
Birinapant and Xevinapant (Figure S$2), on a panel of NBL cell lines and patient-derived
organoids. The significant induction of MHC-I expression in the GIMEN line could,
however, only be translated to the MHC-I expressing SHEP21N line, and was not
observed in other NBL cell lines and patient-derived organoids. We noticed that all
adrenergic models (all except GIMEN and SHEP21N), insensitive to TNFa-mediated
MHC-I induction, did not respond to IAPi (Figure S3). We therefore hypothesized that
IAPi target upstream of previously identified key negative regulators of NFkB signaling
in NBL, N4BP1 and TNIP1 [17]. To test this hypothesis, we determined the effect of AZD-
5582 on the adrenergic N4BP1 knock-out (KO) SK-N-SH cell line [9,17]. KO of N4BP1
by itself already increased MHC-I levels (Figure 2C). Nevertheless, we did observe a
further increase in MHC-I expression upon AZD-5582 pretreatment in N4BP1 KO in SK-
N-SH cells. In addition, this effect was amplified by co-incubation with IFNy (Figure 2C,
lower panel). These data indicate that IAPi enhance NFkB expression, and therewith
MHC-I expression, upstream of these key negative regulators of NFkB signaling in NBL.

Entinostat increases MHC-I expression in a panel of in vitro neuroblastoma
models

The lack of NFkB reporter activity in Entinostat-treated GIMEN (Figure 1A) suggests
that the repressed NFkB pathway activity in many NBL models does not limit MHC-I
upregulation by HDACI via Entinostat. To this end, we determined the effect of HDACI
in a panel of NBL cell lines as well as in patient-derived organoids representing the
diverse spectrum of genomic aberrations associated with NBL (i.e. MYCN amplification,
TERT activation, ATRX inactivation, loss of 1p/11q/17q/3p/6q, and 17q gain) (Table 1).
Indeed, we observed increases in MHC-I expression in all screened NBL lines (Figure
3A), and all but one of the patient-derived organoids (Figure 3B). Interestingly, a marked
upregulation was observed even in the MHC-I+ SHEP21N cell line, indicating that the
effect of HDAC inhibition is not limited to NBL models lacking MHC-I expression.
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Figure 2. Key regulators of NFkB signaling in NBL inhibit effect of IAPi in majority of cell lines and pa-
tient-derived organoids.

(A) CD137 expression-based activation (left) and cytotoxic capacity (right) of PRAME . .,-directed T-cells after
co-culture with GIMEN cells pre-incubated with 125 nM AZD-5582 for 48h (or respective controls, 100 U/mL IFNy or
1000 U/mL IFNa). T-cell activation and cytotoxicity were assessed upon overnight co-culture at an effector-to-target
ratio (E:T) of 1:1. Cytotoxicity was standardized to target only, treatment matched controls, n=4. Data presented as
mean + SEM. (B) Fold-change in MHC-I expression on a panel of NBL cell lines and organoids after 48 incubation
with 125 nM AZD-5582. Fold-change reflects increases in HLA-ABC MFI relative to untreated control cells. Data
presented as mean + SD. LAN5: n=3, GIMEN: n=5, rest: n=4, Statistical differences between log(fold-changes)
were calculated using a one-sample T-test, **p<0.01, ***p<0.001. (C) Histograms reflecting MHC-I expression on
wildtype SK-N-SH (left) and SK-N-SH in which the NFkB pathway regulator N4BP1 is knocked out (right) upon 48h
incubation with 125 nM AZD-5582. Control histograms are shown in black, histograms of AZD-5582 treated cells
are shown in red. The top panel reflects cells without co-incubation with MHC-I enhancing cytokines, the lower
panel shows expression of cells pre-treated with 100 U/mL IFNy. Statistical differences were calculated using the
Mann Whitney U test, *p<0.05, **** p<0.0001.

Moreover, co-incubation of Entinostat with cytokines known to affect MHC-1 expression,
IFNa and IFNy, further augments this upregulation (Figure 3C). Together, these findings
demonstrate that Entinostat induces expression of the main prerequisite for cytotoxic
T-cell recognition of neuroblastoma cells: surface expression of MHC-I. Not only
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Figure 3. Entinostat increases MHC-I expression in a panel of NBL cell lines and patient-derived organoids.
(A+B) MHC-I expression after 48h of incubation with Entinostat with cell lines (A) or patient-derived organoids (B).
Entinostat concentrations: GIMEN & LANS, 039, 772T2 : 5 uM (n=3, n=3, n=5, and n=2, respectively), 691b: 2.5 uM
(n=5), IMR32, SHEP21N, 753T & 059: 1.25 uM (IMR32 n=3, rest n=2). Untreated cells (- Entinostat in graph) served
as control. Paired data of separate experiments are shown. (C) MHC-I expression after 48h of incubation with
Entinostat, combined with the MHC-I enhancing cytokine 1000 U/mL IFNa or 100 U/mL IFNy. Left: flow cytometry
histograms of GIMEN cells, right: fold-changes of Entinostat + cytokine treated cells compared to cytokine treated
controls. Statistical differences between log(fold-changes) were calculated using a one-sample t-test.

Entinostat, but also two other screened HDACI, Tucidinostat and Fimepinostat, showed
similar effects on MHC-I upregulation in a panel of NBL lines (Figure S4).

Entinostat sensitizes neuroblastoma cells to T-cell-mediated cytotoxicity

Next, we determined whether Entinostat-induced MHC-I upregulation results in
sianue-directed T-cells [18]. GIMEN
and patient-derived 691b organoid cells, both MHC-I negative, were selected for these
assays based on the presence of both the HLA-A2 haplotype as well as endogenous

PRAME expression. Activation and cytotoxic capacity of T-cells were assessed by

enhanced activation and cytotoxicity of PRAME
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CD137 expression on T-cells, TNFa and IFNy secretion by T-cells, and cytotoxicity in
an overnight assay.

CD137 expression significantly increased upon pre-treatment of target cells with
Entinostat, which was magnified by co-treatment with MHC-I enhancing cytokines IFNa
and IFNy (Figure 4A). Analysis of the supernatants of these cultures for the presence of
T-cell activation-related cytokines IFNy and TNFa revealed that the increase in CD137
expression conjointly resulted in a significant increase in secretion of these cytokines
(Figure 4B). This suggests a self-perpetuating positive feedback loop once T-cells
become activated as a result of Entinostat-mediated immunogenicity of NBL cells.

Finally, the cytotoxic capacity of the T-cells was determined in an overnight
luminescence-based cytotoxicity assay with luciferase transduced 691b cells.
Entinostat pre-treatment resulted in a similar increase in cytotoxic capacity of T-cells
as pre-treatment with MHC-1 enhancing cytokines (Figure 4C). MHC-| dependence
was confirmed by MHC-I blocking experiments (Figure S5). The co-culture experiment
was performed in the presence of Entinostat, indicating that Entinostat did not affect
the cytotoxic capacity of the T-cells. T-cell functionality in presence of Entinostat was
further confirmed in a proliferation assay with Entinostat pre-treated healthy-donor
CD3+ T-cells (Figure S6). Collectively, these data indicate that Entinostat increases
T-cell immunogenicity of NBL cells via upregulation of MHC-I antigen presentation.

The immunogenic effect of Entinostat reaches beyond MHC-I antigen pre-
sentation

HDACSs are important transcriptional regulators with a broad mechanism of action. So
far, we focused on MHC class | mediated antigen presentation. Nevertheless, the degree
of immune engagement depends on the balance between a wide variety of inhibitory
and stimulatory signals to immune cells [13]. Therefore, RNA-seq was performed to
compare expression of these molecules between untreated and Entinostat-treated
691b organoids.

Unsupervised clustering of replicates resulted in complete separation between
untreated and Entinostat-treated organoid replicates (Figure 5A). Based on the relative
expression of a curated set of 41 genes known to have major roles in tumor cell-intrinsic
immune functions [9], an immune activation (IA) score was calculated for untreated and
Entinostat-treated 691b organoids, which revealed a significant increase in IA-score
upon Entinostat treatment (Figure 5B). Besides significant increases in expression of
genes involved in MHC-I antigen presentation (i.e. HLA-A/B/C, TAP1/2, ERAP2, B2M), we
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Figure 4. Entinostat treatment increases the activation and cytotoxic capacity of antigen-specific T-cells.
(A) CD137 expression based activation of NBL-specific PRAME, . .,-directed T-cells after 48h pre-incubation
of GIMEN cells (left) or the patient-derived organoid 691b (right) + Entinostat upon overnight co-culture at an E:T
of 1:1. Entinostat concentration in GIMEN and no cytokine 691b condition was 5 uM, concentration in remaining
691b conditions was 2.5 puM. 100 U/mL IFNy or 1000 U/mL IFNa was added to the indicated conditions. Data are
shown from five replicates of three individual experiments. (B) IFNy (left) and TNFa (right) secretion in pg/mL in
the supernatants of the overnight co-culture between 691b organoids and PRAME, ., .,-directed T-cells from
(A), determined by ELISA. 5 replicates are shown from three individual experiments. (C) Luminescence-based
cytotoxicity against luciferase-transduced 691b organoids after 48h pre-incubation with 2.5 uM Entinostat, 1000
U/mL IFNa, or 100 U/mL IFNYy. Cells were co-cultured overnight at an E:T of 1:1. Data are shown from three individual
experiments. Data are shown as mean + SEM. Statistical differences were calculated using the Mann Whitney U
test, **p<0.01, **** p<0.0001.

also noted significant upregulation of expression of genes encoding NK-related
receptor ligands (i.e. HLA-E/F, MICA/B, ULBP2/3) and immunoproteasome (IP) subunits
(PSMBS8/9). These increases were confirmed with gPCR analysis of GIMEN and 691b
organoids (Figure S7). Additionally, RNA-seq revealed a significant increase in the
expression of transcripts encoding the immune checkpoint ligands CD274 (PD-L1)
and NECTIN2. Nevertheless, subsequent flow cytometric analysis did not reveal any
differences in cell surface protein expression of these checkpoint receptor ligands
(Figure 5C).

The enhanced levels of NK-cell stimulatory (i.e. MICA/B, ULBP2/3) and inhibitory ligands
(HLA-A/B/C/E/F) prompted the question whether the effect of Entinostat would tip the
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balance towards a pro- or anti-immunogenic effect on NK-cells. First, we determined
whether the observed increase in transcript levels could be translated to cell surface
protein expression. Indeed, besides the known increase in surface display in HLA-A/
B/C, we observe a significant Entinostat-induced increase in cell surface expression of
HLA-E and MICA/MICB (Figure 5D). The cytotoxic capacity of NK-cells was subsequently
determined in a 5h luminescence-based cytotoxicity assay with luciferase transduced
691b. Entinostat pre-treatment of 691b, but not pre-treatment with MHC-I enhancing
cytokines IFNa and IFNy, resulted in a significant increase in cytotoxic capacity of healthy-
donor NK-cells (Figure 5E). Together, these data show that the Entinostat-mediated
increase in immunogenicity of NBL tumors is not limited to increased immunogenicity
of cytotoxic T-cells, but also to other immune subsets like NK-cells.

Entinostat-induced immunogenicity is accompanied by a neuroblastoma
tumor cell lineage switch

It was recently shown that NBL tumor cell lineage, defined by a well-established 485-
gene mesenchymal signature [7], is linked to the propensity of eliciting an immune
response [9]. Plasticity between the less immunogenic, adrenergic and immunogenic,
mesenchymal cell lineages was shown, which was demonstrated to be regulated
by epigenetic imprinting [9,19]. Based on these data, we investigated whether the
observed Entinostat-induced immunogenicity is accompanied by a switch towards
a more immunogenic, mesenchymal cell lineage phenotype. Indeed, transcriptome
analysis revealed that Entinostat treatment of 691b organoids induced an adrenergic
to mesenchymal cell lineage switch (Figure 6A+B, Figure S8A). This cell lineage switch
was accompanied by increase in IA-score (Figure 6C) and IFN-response signature
(Figure S8B). Taken together, this suggests that Entinostat-mediated epigenetic
modulation results in a tumor cell lineage switch that is accompanied by increased
immunogenic properties of NBL tumors.
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Figure 5. The pro-immunogenic effect of Entinostat goes beyond MHC-I antigen presentation.

(A) Unsupervised clustering of RNA-seq data of untreated 691b organoids (blue) and Entinostat-treated organoids
(pink). Data are depicted as log2(fold-change). (B) Immune activation signature (IA-score) based on relative
expression of 41 genes with major roles in tumor-cell intrinsic immune functions, such as regulation of MHC
expression, antigen processing and presentation, NK-cell immunogenicity, and T- and NK-cell infiltration[9]. Score
is compared between untreated (blue) and Entinostat treated (red) organoids. Expression of IA signatures in Log2
(cpm+1) is shown as median + 25" and 75" percentiles, whiskers reflect minima and maxima. Data are normalized
to cpm, Log2 value is shown. (A+B) Cells were treated for 48h with 2.5 uM Entinostat or vehicle control. Both groups:
n=5 (C+D) Flow cytometric analysis of surface expression of known immune checkpoint receptor ligands (C) or NK
receptor ligands (D) after 48h of incubation with 2.5 uM Entinostat (or 7000 U/mL IFNy as a positive control in the NK
receptor ligand panel). Data are shown as mean fluorescent intensity + SEM and reflects minimally three individual
experiments. Statistical differences were calculated using the Mann Whitney U test, *p<0.05. (E) Luminescence-
based NK-cell cytotoxicity against luciferase-transduced 691b organoids after 48h pre-incubation with 2.5 uM
Entinostat, 71000 U/mL IFNa, or 100 U/mL IFNy. NK-cells were pre-activated overnight with 71000 U/mL IL-2 and 50
ng/mL IL-15. Cells were co-cultured for 5h at an E:T of 1:1. Data are shown from four individual experiments with
four different donors, and are standardized to target only, treatment matched control cells. Data are shown as mean
+ SEM. Statistical differences were calculated using the Mann Whitney U test, **p<0.01, ***<0.001, **** p<0.0001.
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Figure 6. Entinostat induces an adrenergic-to-mesenchymal cell lineage shift which is accompanied by

increased immunogenicity.

(A) Cell lineage score of untreated (blue) and Entinostat-treated (red) 691b organoids. Adrenergic (A) and
mesenchymal (M) scores were calculated for each sample based on the gene signatures outlined by van Groningen
and colleagues [7]. (B) Expression of representative adrenergic (purple) and mesenchymal (green) signature
genes in untreated and Entinostat-treated 691b organoids. Log2 gene expression values were z-score transformed
for heatmap visualization. (C) Correlation plot between Mesenchymal minus Adrenergic Score (M-A score) and
immune activation (IA) score in untreated (blue) and Entinostat-treated 691b organoids (red). X-axis denotes
organoids ranked in increasing order of (M-A) score. Cells were treated for 48h with 2.5 uM Entinostat or vehicle
control. Both groups: n=5.

DISCUSSION

Immunotherapy against NBL currently does not live up to its full potential, likely due to
inadequate adaptive immune cell engagement, circumventing anti-tumor cytotoxicity
and induction of immunological memory to prevent future relapse. We here show that
treatment of NBL cells with the HDACi Entinostat results in induction of expression of
the most important prerequisite for cytotoxic T-cell activation: surface expression of
MHC-I.

MHC-I expression is controlled by multiple pathways, including the type | and Il IFN
pathways, as well as the (non-) canonical NFkB pathway [2]. We previously reported
NFkB pathway repression in NBL, which is a result of high expression of two key
negative regulators of NFkB signaling; N4BP1 and TNIP1 [17]. Targeting these regulators
markedly sensitizes cells to NFkB-mediated MHC-I upregulation. Consequently,
we hypothesize that compounds enhancing MHC-I expression in NBL should either
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enhance MHC-I expression via bypassing NFkB pathway activation, or repress or
function downstream of these NFkB pathway regulators. NFkB reporter activity in our
GIMEN reporter system revealed that IAPi induce MHC-I expression via NFkB pathway
activation, while MHC-I expression by most HDACI is independent of NFkB pathway
activation.

As the MHC-I expression enhancing effect of IAPi could not be translated to most of
our in vitro NBL models, together with the confirmed insensitivity to NFkB-mediated
MHC-I upregulation, we decided to study the effect of IAPi upon knockout/down of
one of these key negative regulators, NABP1. Indeed, NABP1 knockout/down resulted
in sensitization to MHC-I upregulation by the IAPi AZD-5582. We thus conclude that
IAPi act upstream of N4BP1/TNIP1 and therefore do not induce MHC-I expression
in the majority of NBL tumors, as most exert repressed NFkB pathway activity.
Notwithstanding, pre-clinically, the synergistic effect of IAPi with checkpoint inhibition
in glioblastoma [20] and enhanced radiation-induced immunological cell death in head
and neck cancer [21] does show the potential of the immunomodulatory effect of IAPi
in cancer, however, intact NFkB signaling seems to be a prerequisite for this.

During embryogenesis, neural crest cells (NCCs) gain multipotent differentiation
potential to be able to differentiate into a wide variety of tissues of epithelial,
mesenchymal and endothelial origin [22]. Differentiation of these NCCs is an intricate
process regulated via a complex transcriptional/epigenetic regulatory scheme.
Dysregulation of these regulatory schemes may result in inhibition of this maturation
process, which may predispose multipotent NCCs to malignant transformation and NBL
development. This is supported by studies that found increased HDAC expression in
HR-NBL [23]. We show that HDACi resulted in increased expression in genes involved
in antigen processing and presentation, without IFN/NFkB pathway activation,
indicating that the poor immunogenic properties of NBL are indeed a derivate of a
differentiational halt during embryogenesis. In other words, HDACi merely create a
more accessible epigenetic landscape of loci involved in antigen presentation, thereby
increasing responsiveness to IFN/NFkB pathway activation. This is underlined by the
observation that MHC-I upregulation and T-cell activation is magnified when cells are
co-treated with Entinostat and MHC-I enhancing cytokines. A recent study by Seier
and colleagues, showing that inhibition of histone methyltransferases in NBL cell
lines results in increased immunogenic properties, underlines that this effect is not
restricted to epigenetic modelling by HDACi [24,25]. As other embryonal cell-derived
pediatric tumors, including malignant rhabdoid tumors and medulloblastoma, also
display low levels of immunogenic markers and have been shown to also result from
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differentiational halt during embryogenesis [26-29], we expect that the potential of
HDACI to induce immunogenicity is translatable to other embryonal-cell derived tumors.

MHC-I expression is the most important, but not the only prerequisite for NBL-induced
cytotoxic T-cell engagement. Pediatric tumors display a low mutational burden [13],
causing a narrow repertoire of T-cells that specifically recognize and target NBL. We
here observe Entinostat-mediated induction of IP subunits PSMB8 and -9. IP activation
induces more efficient and differential proteasome-mediated peptide processing [30],
which may result in a broader and more efficient NBL-specific T-cell response upon
Entinostat treatment. In addition, clinical studies in melanoma and pre-clinical studies in
bladder cancer reported induction of expression of several neoantigens upon Entinostat
treatment [31,32], which is accompanied by an increase in CD8+ effector memory
T-cells at the tumor site. Moreover, increased expression of known NBL-associated
antigens, cancer germline genes and GD2 expression respectively, was reported upon
epigenetic modulation in NBL [33-35]. These data may imply that Entinostat increases
NBL T-cell immunogenicity at multiple layers. Nonetheless, systemic T-cell dysfunction
[36], expression of immune checkpoint molecules, presence of immunosuppressive
stromal- and myeloid cells, as well as secretion of immunoregulatory mediators by NBL
are remaining factors to be tackled to maximize T-cell immunogenicity [13].

Most studies evaluate the effect of HDACi on tumor cells, but much less is known about
the effect on systemic and local effect on immune cell subsets. The effect of HDACi on
leukocyte function is debated in literature, as studies report both immunosuppressive
[37] and immune enhancing effects [31,34,35,38-41]. It is suggested that the effect of
HDACI on immune cells is highly dependent on the class(es) of targeted HDAC(s) [41].
Consequently, one should be careful translating results from one class of HDACi to the
other. We studied the effect of Entinostat on T- and NK-cell cytotoxicity in the presence
of Entinostat, and observed a clear enhanced cytotoxic capacity. This is underlined by
the observation that T-cell proliferation was still observed in presence of a high dose
of Entinostat. Two NBL mouse models showed that Vorinostat, another class | HDACI,
decreased abundance and immunosuppression of myeloid-derived suppressor cells
and tumor-associated macrophages, which may decrease immunoregulatory signals in
the tumor microenvironment affecting T-cell engagement [34,35]. In addition, besides
other studies showing Entinostat-induced upregulation of stimulatory NK-receptor
ligands in other cancer types [38,39], increased expression of natural cytotoxicity
receptors (i.e. NKG2D and NKp30) was reported on NK-cells themselves, suggesting
that NK function might even be enhanced [39,40].
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Several pre-clinical studies have shown an anti-tumor effect of HDACi in HR-NBL,
generally highlighting their potency to inhibit cell proliferation, promoting cell cycle
arrest, differentiation, and apoptosis, as reviewed by Phimmachanh and colleagues
[42]. Nonetheless, the increase in immunogenicity accompanying this HDACi-induced
differentiation of NBL tumors we observe in our study is largely unreported. Several
clinical trials are being conducted to investigate the potential of HDACi in NBL [42]. Three
of these trials (NCT02559778, NCT03332667, and NCT03838042) combine HDACi with
immunotherapy (with Dinutuximab/GM-CSF/IL-2 and isotretinoin, MIBG/Dinutuximab/
Vorinostat, and checkpoint inhibition, respectively), studying the synergistic potential
of these combinations.

Two clinical studies in various advanced adult cancers report improved outcome when
combining immunotherapy with Entinostat [43,44]. Pre-clinical studies have revealed
that this is a result of increased adaptive immune engagement, of which reversion of
MHC-I expression is one of the described mechanisms [41,45-48]. Nevertheless, one
should be careful translating immunogenic effects of drugs in adult tumors to pediatric
tumors, and even more so to embryonal cell derived pediatric tumors, as the essential
difference in tumorigenesis should be taken into account.

Taken together, this study shows that epigenetic modulation by Entinostat results
in a tumor cell lineage switch which is accompanied by increased T- and NK-cell
immunogenicity against NBL via expression induction of several antigen-presenting
machinery players, including MHC-I, MICA/B, and IP subunits. These results
substantiate the combination of (immuno)therapy with HDACI as a potential strategy
to enhance T-cell engagement and therewith immunogenicity to improve outcome for
children suffering from HR-NBL.
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SUPPLEMENTARY MATERIAL

Table S1 - List of HDAC inhibitors upregulating MHC-I expression in GIMEN reporter cells.

Compound Alternative Names Target % HLA-ABC expression
Citarinostat ACY-241, HDAC-IN-2 HDAC3/6 10.2%
Fimepinostat CubC-907 PI3K, & HDAC1/2/3/10  49.9%
Pracinostat SB939 panHDAC 41.9%
Abexinostat PCI-24781, CRA-024781 panHDAC, most potent  40.3%
against HDAC1
Mocetinostat MGCDO0103, MG0103 HDAC 1/2/3/11 34.9%
Entinostat MS-275, SNDX-275 HDAC1/3 26.8%
Sodium Phenylbutyrate  4-BPA, 4-phenylbutyric acid HDAC1/2a 25.7%
Tucidinostat Chidamide, HBI-8000, CS-055 HDAC1/2/3/10 22.8%
Dacinostat LAQ824, NVP-LAQ824 panHDAC 21.2%
Resminostat RAS2410 HDAC1/3/6 19.7%
CuDC-101 - HDAC1/2, EGFR,HER2  14.1%
LMK-235 - HDAC4/5 10.7%
Citarinostat ACY-241, HDAC-IN-2 HDAC3/6 10.2%
Droxinostat NS41080 HDAC3/6/8 9.9%
Tubastatin A - panHDAC, most potent  9.9%
against HDAC6
RGFP96 - panHDAC, most potent  9.4%
against 3

HDAC = Histon Deacetylase, % HLA-ABC expression standardized to untreated control cells

Table S2 - List of IAPi upregulating MHC-I expression in GIMEN reporter cells.

Compound Alternative Names Target % HLA-ABC expression
MX69 MDM2, XIAP 46.8%
GDC-0152 clAP1+2, XIAP, ML-IAP 27.8%
AZD-5582 clAP1+2, XIAP 24.4%
Xevinapant AT-406 clAP1+2, XIAP 20.5%
Birinapant TL32711 ;:(II,:? mostly, less potent against 20.0%
LCL-161 clAP1+2, XIAP 19.8%

IAP = inhibitor of apoptosis, % HLA-ABC expression standardized to untreated control cells
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Figure S1. Drug library screen gating strategy & representative controls.

Upper Panel: Gating strategy to identify HLA-ABC expressing cells. Lower Panel: MHC-I (left) and NFkB Reporter
(right) induction upon cytokine incubation. Untreated cells were used as negative controls. Cells treated with
1000 U/mL IFNy, and/or 50 ng/mL TNFa were used as a positive control for MHC-I expression (HLA-ABC AF647)
or NFkB Reporter (GFP) induction.
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Figure S2 - Effect of two other IAPi across a panel of NBL lines.

Fold Induction of MHC-I expression relative to untreated control cells after 48h of incubation with 250 nM Birinapant
or 500 nM Xevinapant. Data depicted as mean + SD. LAN5: n=3, rest: n=4, statistical differences between MFls
were calculated with the Mann Whitney U test, *p<0.05.
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Figure S3 - Sensitivity of NBL models to TNFa-mediated NFkB pathway activation.
Dotted lines reflect unstimulated cells, filled histograms are stimulated with TNFa (0.5 ng/mL).
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Figure S4 - Effect of two other HDACI, tucidinostat and fimepinostat, across a panel of NBL lines.
MHC-I upregulation after 48h treatment with Tucidinostat (GIMEN & LAN5: 5 uM, SHEP21N: 2.5 uM, IMR32 1.25
uM) or Fimepinostat (GIMEN: 100 nM, LAN5 & SHEP21N: 25 nM, IMR32: 12.5 nM). Dotted line reflects untreated
control cells.
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Figure S5 - Entinostat-induced T-cell cytotoxicity is MHC-I dependent.

Luminescence-based cytotoxicity against luciferase-transduced 691b organoids after 48h pre-incubation with
2.5 uM Entinostat, 1000 U/mL IFNa, or 100 U/mL IFNy. Co-cultures were performed either without presence of
blocking antibody, with an isotype control, and with an MHC-I blocking antibody. Cells were co-cultured overnight
atan E:T of 1:1. Data are shown as mean * SEM.
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Figure S6 — Intact proliferative capacity of Entinostat pre-treated healthy-donor T-cells.

Proliferative capacity of T-cells based on CTV-dilution. (A) Shows the MFIin CTV in untreated and 2.5 uM Entinostat
pre-treated healthy-donor CD3+ T-cells. Data is shown from four donors, no significant differences based on the
Mann Whitney U test. (B) Shows the CTV division pattern in untreated (left) and entinostat pre-treated T-cells (right).
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Figure S7 — gPCR validation of increases in transcript abundance observed with RNAseq.

Data is depicted as log(fold change) between untreated and entinostat-treated 691b organoids (left) or GIMEN
(right). Data relative to GAPDH. 691b: All log(fold changes) are significant, except HLA-G and PSMB9 (p=0.09 and
0.08, respectively). GIMEN: all log(fold changes) are significant, except PSMB1/2/5. UD = undetected. Duplos are
shown as mean * SD. Statistical differences between log(fold changes) were calculated with a one sample T test.
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Figure S8 - Increased mesenchymal-, immune activation-, and IFN-response signature upon Entinostat

treatment of 691b organoids.

Heatmap showing individual signature components of cell lineage (A) and immune activation (IA) / IFN-response
(B) in untreated and 691b Entinostat-treated organoids (48h, 2.5 uM Entinostat). Log2 gene expression values were
z-score transformed for heatmap visualization.
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Figure S9 — Neuroblastoma cell lineage markers in utilized patient-derived organoid models.
ADR = adrenergic, MES = mesenchymal.
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Figure S10 - MHC-I upregulation kinetics after drug incubation.

GIMEN (left) and 691b (right) were incubated with 2.5 uM entinostat (A) or 62.5 nM AZD-5582 (B) for 48h, after which
media was refreshed. Effect on MHC-I expression was determined at indicated timepoints. HLA-ABC expression
in controls remained unchanged overtime, expression after 48h is shown as an example of baseline expression.
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ABSTRACT

Despite intensive, multi-modal treatment, survival changes of high-risk neuroblastoma
(HR-NBL) patients are still ~50%. The lack of immunogenicity of the tumor, due to its
embryonal origin, is an important limiting factor in HR-NBL therapy efficacy. One of the
most notable immunomodulatory processes is the absence of major histocompatibility
complex | (MHC-I) surface display in NBL, which greatly limits cytotoxic T-cell
engagement. We and others have previously shown that MHC-I expression can be
induced by cytokine-driven immune modulation upon natural killer (NK)-cell activation.
It is suggested that the high degree of plasticity in MHC-I expression in NBL allows
alternate evasion of both cytotoxic T- and NK-cells. To avoid MHC-I plasticity-mediated
immune evasion of NBL, we combined NK-cell mediated cytotoxicity mechanisms
with MHC-I restricted cytotoxicity by NBL-specific T-cell receptor (TCR) introduction
in naturally occurring CD3+CD56+ natural killer T (NKT)-cells. Phenotypical analysis
of the total CD3+CD56+ NKT-cell fraction revealed NKG2D expression on all NKT-cells,
and NKp46 and KIR2D expression on a subset of NKT-cells. In this manuscript, we show
that NKT-cells, like NK-cells, can engage in NK-cell mechanism dependent cytotoxicity,
recognize and kill a panel of NBL cells, and induce MHC-I expression on surviving NBL
cells. The NBL-specific PRAME HSS1 TCR was subsequently effectively introduced in
NKT-cells, after which peptide recognition and antigen-dependent cytotoxicity was
confirmed. Finally, we observed a superior cytotoxic capacity of PRAME TCR engineered
NKT-cells compared to wildtype NKT-cells as well as to PRAME TCR engineered T-cells.
This pilot study shows the potential of the use of TCR-engineered NKT-cells as a cellular
therapy source to improve outcome for children with HR-NBL.
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INTRODUCTION

The absence of MHC-I surface display in high-risk neuroblastoma (HR-NBL) is one of the
main limiting factors in generation of T-cell immunogenicity and subsequent formation
of immunological memory to prevent future relapse. The previous observation that
MHC-I surface display on NBL cells is inducible [1,2] brings an opportunity to induce
T-cell engagement against HR-NBL. Nonetheless, plasticity in MHC-| expression
is thought to alternately cause evasion of both cytotoxic T- and NK-cells, thereby
hampering their cytotoxic potential. We hypothesize that engineering of a cell that can
both engage in NK-cell mediated cytotoxicity, for example via missing-self recognition,
as well as in recognition of malignant transformation in MHC-I context will result in the
generation of a cell type that can no longer be evaded by MHC-I plasticity.

These properties may be intrinsic to natural killer T (NKT) cells, a CD3+CD56+ subset of
T-cells that express receptors typically associated with NK-cells [3]. NKT-cells are a poorly
understood, heterogeneous population of cells comprising up to 20% of the lymphocyte
population in human peripheral blood [4-7]. Due to the expression of both NK- and T-cell
markers, these cells are able to exert major histocompatibility complex (MHC)-unrestricted
and MHC-restricted cytotoxicity [3,6,7,9]. Furthermore, like NK-cells, NKT-cells are also
capable of producing large amounts of IFNy following activation [3,7,10]. Nomenclature
remains controversial, for example, many studies reporting on NKT-cells study a small
subpopulation of NKT-cells, the invariant NKT (iNKT) fraction. This is a rare CD1d restricted
subset of NKT-cells, often constituting less than 0.1% of peripheral blood lymphocytes,
expressing a semi-invariant Va24Ja18 TCR [3,4,8]. The vast majority of cells in the NKT-
cell population, the NKT-like cells, however, are MHC-I rather than CD1d restricted, feature
a variable ap TCR, and comprise the majority of the NKT-cell fraction [6,7].

Although NKT-like cells have been described as potent anti-tumor effector cells [7,9,10],
they have not been extensively investigated and therefore their presence and function,
particularly in the context of cancer, is poorly described. However, the dual NK- and
T-cell functionality of these cells makes them an interesting option for a novel cell
therapy in NBL. This is underlined by a study by Hurtado and colleagues [11], who found
enrichment of the CD3+CD56+ cell population in NBL tumor-infiltrating lymphocytes
(TILs) compared to blood (n=31). The fact that only 0.9% of these CD3+CD56+ cells
were classified as iNKT-cells underlines the potential of the full CD3+CD56+ NKT-cell
fraction in NBL cell therapy strategies.

This study investigates the cytotoxic activity of CD3+CD56+ NKT-cells against HR-
NBL, as well as their capacity to upregulate MHC-I expression on the surface of NBL
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cells. Furthermore, we introduced an NBL-directed TCR on the surface of NKT-cells
and compared the capacity of TCR engineered NKT-cells to target NBL cells with that
of conventional T-cells. These pilot data show feasibility and potential of engineering
CD3+CD56+ NKT-cells to target MHC-I plasticity in HR-NBL.

MATERIALS & METHODS

Cells lines and reagents

K562 (ATCC® CCL-243) and T2 cells (ATCC® CRL-1992) were used as missing-self and
antigen-specific model readout system, respectively. The cytotoxic capacity against
several NBL cell lines (GIMEN, CHP-212, IMR32, NLF) was assessed to determine the
cytotoxic capacity against NBL. GIMEN cells were obtained via the Academic Medical
Centre of Amsterdam, CHP-212 and NLF via the Dana Farber Cancer Institute, and
IMR32 via the Princess Maxima Center for Pediatric Oncology. GIMEN and IMR32
were maintained in DMEM, whilst CHP-212 and NLF were maintained in RMPI, all
supplemented with Glutamax, 10% FCS (Sigma-Aldrich), 1% penicillin/streptomycin
(P/S) (50 units/mL) (Life Technologies), and 2% non-essential amino acids (NEAA)
(Life Technologies). All were cultured under standard culturing conditions (37°C, 5%
C02) and split biweekly.

The NBL patient-derived organoid, 691b, was established as previously described [12].
Organoids were maintained in DMEM low glucose, Glutamax supplemented medium,
supplemented with 25% HAM’s F-12 Nutrient Mix, 2% B-27 supplement minus vitamin A,
1% N-2 supplement, 1% P/S (all Life Technologies), 20ng/mL Animal-Free Recombinant
Human-EGF, 40ng/mL FGF-basic, 200ng/mL IGF-I, 10ng/mL PDGF-AA, and 10ng/mL
PDGF-BB (all Peprotech). Medium was stored at -20°C, and stored for a maximum of one
week at 4°C after thawing. Organoids were grown under standard culturing conditions
(37°C, 5% C02), with a half media change performed twice per week. Once per week,
spheres were disrupted using Accutase (Sigma-Aldrich) and pipetting, then subcultured
to avoid overcrowding/necrosis in organoid cores.

Primary cell isolation and expansion

Peripheral blood (PB) from healthy donors was collected under informed consent in
accordance with the Declaration of Helsinki, and collection protocol approved by the
Ethical Committee of the University Medical Center (UMC) Utrecht. PB mononuclear
cells (PBMCs) were isolated through Ficoll-Paque PLUS separation (GE Healthcare
Biosciences AB).
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In the experiments in which unedited NK- (CD56+CD3-), NKT- (CD3+CD56+) and T-cells
(CD56-CD3+) were compared directly (based on phenotyping and cytotoxic capacity
against K562), CD45+ cells were isolated using magnetic bead separation according
to manufacturer’s instructions (Miltenyi Biotec). Cells were subsequently stained with
antibodies against CD56 PE-Cy7 (NCAM16.2) (BD Biosciences), CD3 AF700 (UCHT1)
(Sony Biotechnology), and CD16 BV510 (3G8) (eBiosciences), and FACS-sorted based
on CD3 and CD56 expression using a BD FACSAria (BD Biosciences). In this set of
experiments, phenotyping and functional assays were performed using freshly isolated
cells.

In all other experiments, CD3+CD56+ NKT-cells and CD3+ T-cells were isolated
using magnetic bead separation according to the manufacturer’s recommendations
(CD3+CD56+ NKT-Cell Isolation Kit and CD3 human Microbeads, respectively) (Miltenyi
Biotec). When collected from the same donor, CD3+ T-cells were obtained from the
negative fraction following NKT-cell isolation. All (NK)T-cells were expanded using a
previously adopted rapid expansion protocol (REP) [13] and Chapter 8. Briefly, (NK)
T-cells were co-cultured with irradiated LCL-TM (80 Gy) and donor-pooled PBMCs (35
Gy) in human RPMI (huRPMI), consisting of Glutamax supplemented RPMI with 5%
human serum and 1% P/S. Cultures were supplemented with 1 ug/mL PHA-L (Oxoid BV)
and 50 U/mL IL-2 (Novartis). In addition, 5 ng/mL IL-15 (Miltenyi Biotec) was added to
the NKT-cell cultures. Media and cytokines were refreshed biweekly. After a REP cycle,
cells were either used for functional assays, transferred to a new REP, or cryopreserved
for later use.

Lentiviral TCR introduction in (NK)T-cells

(NK)T-cells were transduced with lentiviral particles encoding the HLA-A2 restricted
PRAME HSS1 TCR (recognizing the SLLQHLIGL peptide) [14] that were generated
previously (Chapter 8). Transduction was performed according to the protocol
optimized in Chapter 7 [15]. In short, healthy donor-matched CD3+CD56+ NKT- and
CD3+ T-cells were isolated as indicated above, after which they were stimulated at a
concentration of 5x10° cells/mL in huRPMI supplemented with CD3/CD28 microbeads
(bead:cell ratio of 1:3) (Invitrogen), 50 U/mL IL-2, 5 ng/mL IL-7 (Miltenyi Biotec), and 5
ng/mL IL-15 for 3 days. Beads were removed, after which cells were resuspended in
StemMacs medium (Miltenyi Biotec) at a concentration of 2.5x10° cells/mL. Cells were
transduced at an MOI of 10 with the LentiBoost transduction enhancer (SIRION Biotech)
and incubated overnight under standard culturing conditions. Remaining lentivirus was
subsequently washed away and (NK)T-cells were put in culture at a density of 5x10°
in huRPMI supplemented with 50 U/mL IL-2, 5 ng/mL IL-7 (Miltenyi Biotec), and 5 ng/
mL IL-15.
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Transduction efficacy was determined 5 days post-transduction by evaluating variable
béta chain 1 (VB1) expression with the transduction efficacy panel indicated below.
Transduced cells were sorted by magnetic bead separation. First, cells were stained
with anti-VB1 FITC (REA662, Miltenyi Biotec). Cells were subsequently incubated with
anti-FITC microbeads and sorted based on manufacturer’'s recommendations (Miltenyi
Biotec).

Cell phenotyping & flow cytometry analysis

Phenotyping of NK-, T- and NKT-cells was performed using a panel containing
antibodies against CD56 PE/Cy7, CD3 AF700, CD16 BV510, KIR2D PE (NKVSF1) (Miltenyi
Biotech), NKG2D PE/Dazzle495 (1D11), CD62L BV421 (DREG-56), NKp46 BV711 (9E2),
CD8 PerCP-Cy5.5 (RPA-T8), CD4 APC (RPA-T4) (All Biolegend), and Fixable Viability Dye
eFluor780 (Life Technologies). When specifically determining KIR2DL2/3 expression,
KIR2D PE was replaced by anti-CD158b PE (CH-L) (BD Biosciences).

Transduction efficacy upon lentiviral introduction of the PRAME HSS1 TCR to NK(T) cells
was determined 5 days post-transduction. Cells were stained with antibodies against
CD3 BV510 (OKT3) (Biolegend), CD56 PE/Cy7, CD8 APC (RPA-T8) (eBiosciences), VB1
FITC, and 7-AAD (BD Biosciences).

Flow cytometry analysis was performed on a BD LSRFortessa (BD Biosciences), all data
was analyzed using FACSDiva V8.0.1 and FlowJo V10.7.1 (all BD Biosciences). Data is
shown from alive singlets and presented as dot plots or mean + standard deviation (SD).

Functional assays

Cytotoxicity assay

The cytotoxic capacity of cells was assessed using a flow-based or luminescence-
based cytotoxicity assay. Effector cells were either pre-stimulated overnight with
indicated stimulation protocols (i.e. 1000 U/mL IL-2 + 50 ng/mL IL-15, or 5 ng/mL IL-12
+20 ng/mL IL-15 + 50 ng/mL IL-18) or left unstimulated.

Target cells (K562 and T2 cytotoxicity assays) or effector cells (NBL-specific cytotoxicity
assays) were labeled with Cell-Tracer Violet (CTV) (Life Technologies) according to
manufacturer’s instructions to allow discrimination between effectors and targets.
Cells were co-cultured at indicated effector-to-target ratio (E:T) for indicated durations.
Cells were spun down, supernatants were harvested for cytokine determination,
and 7-AAD was added to discriminate dead cells. Samples were acquired on a BD
FACSCanto, analyzed using FACSDiva V8.0.1 and FlowJo V10.7.1, and visualized using
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Graphpad Prism 8.3. Data is standardized to target only controls and presented as
mean = SD. Statistical analysis was performed using the non-parametric Mann-Whitney
U test between separate groups. Supernatants were analyzed to determine secretion
of cytokines and other molecules of cells by ELISA (Life Technologies) or Legendplex
(Biolegend) according to manufacturer’s instructions. Data is presented as mean * SD.

Luciferase-expressing GIMEN and patient-derived 691b were generated as described
in Chapter 8. Cells were co-cultured at indicated E:T for indicated durations. 150 ug/
mL D-Luciferin Firefly (Biosynth) was added to the co-cultures and incubated for 10
minutes at 37 °C after which luminescence was measured using the Spectramax M3
(Life Technologies). Cytotoxicity was calculated by comparing luminescence of co-
cultured cells with target only conditions.

The flow-based cytotoxicity assay was performed to answer multiple research
questions. First, the NK-receptor mediated killing capacity of cells was assessed in
a co-culture with the NK-sensitive K562 cell line. Secondly, the capacity of wildtype
effector cells to target a panel of NBL cells was determined. Thirdly, antigen-specific
cytotoxicity, via the PRAME HSS1 TCR in TCR-transduced cells, was evaluated by
overnight co-culture of PRAME HSS1 TCR expressing cells with the antigen-presenting
T2 model cell line, which was pre-incubated for 1h with 1 ug/mL of SLLQHLIGL peptide
(Think Peptides). Lastly, we determined the additive value of TCR introduction in
cultures with NLF cells. The luminescence-based cytotoxicity assay was performed
to determine the additive value of TCR introduction in cultures with GIMEN and patient-
derived 691b organoids.

Co-culture induced MHC-I surface display determination

To determine whether co-culture with the respective effector cell populations results in
induction of MHC-I surface display on NBL cells, we assessed MHC-| expression based
on HLA-ABC antibody staining (W6/32, Biolegend) on the live (7-AAD-) cell populations
at indicated incubation times and E:T ratios. Effector cells were either pre-stimulated
overnight with indicated stimulation protocols (i.e. 1000 U/mL IL-2 + 50 ng/mL IL-15,
or 5 ng/mL IL-12 + 20 ng/mL IL-15 + 50 ng/mL IL-18) or left unstimulated. Samples
were measured on a BD FACSCanto and data are presented as histograms, median
fluorescent intensity (MFI) or % of HLA-ABC expressing cells.
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RESULTS

NKT-cells express KIRs and other NK-cell associated receptors

The observation of inducible MHC-I expression by NBL cells highlights the opportunity
to induce a T-cell mediated immune response to fight HR-NBL [1,2]. We previously
showed that pre-stimulated NK-cells upregulate MHC-I expression on NBL cells via
IFNy secretion, which caused susceptibility to NBL-specific T-cell mediated cytotoxicity
[2]. We questioned whether NK- and T-cell mediated cytotoxicity can be combined in
a CD3+CDS56+ NKT-cell product to decrease immune escape of NBL via plasticity in
MHC-| expression.

We first investigated how NKT-cells phenotypically relate to NK- and T-cells. NK-
(CD56+CD3-), T- (CD56-CD3+) and NKT-cells (CD3+CD56+) cells were sorted (Figure
1A) and phenotyped for presence of NK-markers. Expression of Killer Ig-like Receptors
(KIRs), known to be involved in missing-self cytotoxicity [16], was identified with the
anti-KIR2D antibody, which is a pan-KIR antibody against all KIRs with two Ig domains.
When comparing cells from the same donor, we observed 78.6% KIR2D expression in
NK-cells, 35.7% in NKT-cells, and 0.81% of T-cells (Figure 1B). CD158b, an inhibitory
KIR in the KIR2D fraction (KIR2DL2/3) accounted for about one third of the expressed
KIR2D molecules in both NK- and NKT-cells (Figure S1). When data from three donors
is combined, we observe 20.4% (£13.9%) KIR2D expression in NKT-cells, 54.8% (+27.3%)
in NK-cells, and 0.96% (+0.27%) in T-cells (Figure 1C). These data indicate that, like NK-
cells, at least a subset of NKT-cells can engage in missing-self recognition.

Two well-known stimulatory NK-cell receptors, NKG2D and NKp46, were expressed
in respectively 84.0 (7.3%) and 56.1% (+16.8%) of NKT-cells, 82.5 (+8.1%) and 78.6%
(£18.3%) of NK-cells, and 16.2 (+11.6) and 22.8% (+17.9%) of T-cells (Figure 1C and
Figure S1). These results indicate that the majority of NKT-cells express stimulatory NK-
cell receptors which could induce antigen-independent cytotoxicity against NBL cells.

NKT-cells functionally resemble NK-cells and induce MHC-I upregulation on
NBL cells

We next explored how NKT-cells functionally relate to NK- and T-cells. Sorted cells
were pre-stimulated overnight, after which they were co-cultured for 5 hours with the
NK-sensitive K562 cell line to determine their NK-cell mechanism-mediated cytotoxic
potential. While only background levels of cytotoxicity were detected in T-cells in
increasing E:T ratio, a clear ratio dependent increase in cytotoxicity was observed in
co-cultures with both NK- and NKT-cell (Figure 2A). At a 10:1 ratio, 56.2% (+10.6%) of
K562 are killed in NKT-cell cultures, 73.6% (+2.9%) in NK-cell cultures, and 20.9% (+5.9)
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in T-cell cultures. This demonstrates that at least a fraction of NKT-cells is able to exert
cytotoxicity via NK-cell cytotoxicity mediated mechanisms.

These pre-stimulated, donor-matched NK-, T-, and NKT-cells were subsequently co-
cultured overnight with the GIMEN NBL cell line and the patient-derived 691b organoid
to determine their effect on MHC-I surface display on NBL cells. Co-culture with pre-
stimulated NK- and NKT-cells did result in major induction of MHC-I expression when
compared to pre-stimulated T-cell co-cultures (Figure 2B). Mean Fluorescent Intensity
(MF1) of T-cell co-cultures was 1,113 = 2 (GIMEN) and 846 + 285 (691b), MFI of NKT-cell
co-cultures was 5,678 + 719 (GIMEN) and 15,395 + 2,338 (691b), and MFI of NK-cell co-
cultures was 13,919 + 1,185 (GIMEN) and 14,522 + 2,870 (691b). These data reveal that,
like NK-cells [2], activation of NKT-cells results in upregulation of MHC-| expression
on NBL cells.

We then explored the cytotoxic capacity of non-engineered NKT-cells towards a panel
of NBL cells. We assessed the overnight cytotoxic capacity of unstimulated NKT-cells,
maintained with IL-15, and pre-stimulated NKT-cells (overnight with IL-12, IL-15, and IL-
18). Cells were pre-stimulated with IL-12, IL-15, and 1L-18, as this cytokine combination
was shown to induce a more cytokine-releasing NK-cell phenotype compared to
IL-2/IL-15 pre-stimulated cells [17,18] and Chapter 10. All three assessed cell lines
(GIMEN, CHP-212, and IMR-32) are targeted by pre-stimulated NKT-cells (Figure 2C).
Interestingly, we also observed cytotoxicity in unstimulated NKT-cell co-cultures,
in particular in the 10:1 E:T conditions. Cytotoxicity was accompanied by cytokine
secretion (Figure 2D), of which IFNy, in concordance to NK-cell data [18], seems to be
most prominently secreted.

These data show that NKT-cells are able to recognize and kill NBL cells via NK-cell
mediated cytotoxicity mechanisms. In addition, MHC-I| expression induction upon NKT-
cell activation may hamper cytotoxicity and explain incomplete cytotoxicity observed
even after overnight co-culture at a 10:1 E:T ratio.

9
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and CD56 expression. (B) KIR2D expression in NKT- (top), NK- (middle) or T-cells (bottom). (C) Quantification of
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KIR2D: data reflects sorted cells from 3 healthy donors, NKp46 and NKG2D: data reflects sorted cells from 6 healthy
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Figure 2. NKT-cells modify MHC-I expression and exert cytotoxicity towards NBL.

(A) % of standardized killing of the NK-sensitive K562 cell line after 5h of co-culture of donor-matched, pre-
stimulated T-, NK- or NKT-cells at indicated E:T ratios. Killing was standardized to target only controls. Graphs
reflect data from three individual donors, data shown as mean + SD (B) MHC-I expression on live cells after
overnight co-culture of GIMEN (left) or patient-derived 691b (right) with pre-stimulated T-, NK-, or NKT-cells at
an E:T of 1:1. (A+B) Cells were freshly isolated and pre-stimulated overnight with 1000 U/mL IL-2 and 50 ng/mL
IL-15. (C) % of standardized killing by NKT-cells against the GIMEN, CHP-212, and IMR32 NBL lines after overnight
co-culture at an E:T of 1:1 (top) or 10:1 (bottom). Killing was standardized to respective target only controls. (D)
IFNy and TNFa secretion in pg/mL in NKT-NBL co-cultures from (C) after overnight incubation at an E:T of 10:1.
Secretion was based on ELISA analysis. UD = undetectable (C+D) Expanded NKT-cells were rested, after which
they have been left unstimulated (maintenance-dose of IL-15) or were pre-stimulated with IL-12, IL-15, and IL-18.
Graphs reflect data from three individual donors, data shown as mean + SD.
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Understanding the kinetics of MHC-I upregulation during NKT-cell co-culture

To study the dynamics of MHC-I upregulation during co-culture with NKT-cells,
we co-cultured GIMEN with NKT-cells for 2 to 72 hours, after which paired MHC-I
expression and IFNy secretion was measured. NKT-cells were either left unstimulated
(with a maintenance dose of IL-15), or pre-stimulated overnight with different cytokine
combinations.

Based on the MFI of panHLA-ABC staining, we observed that upregulation of MHC-I
expression started between 8 and 24h after co-culture initiation (Figure 3A). Even
though more dramatic at an ET of 1:1 (left), kinetics were similar at a lower E:T (1:10,
right). Interestingly, when assessing percentage of MHC-I expressing cells instead of
MFI, we could already detect increases in percentage of MHC-I expressing cells as early
as after 6 hours (Figure 3B). IFNy secretion was induced rapidly and peaked around 7
hours after initiation of co-culture in all conditions (Figure 3C).

When assessing the different types of pre-stimulation, we observed that IFNy
concentration was already high in IL-12+|L-15+IL-18 (triple) pre-stimulated conditions 2
hours after co-culture initiation, indicating these cells already produce IFNy independent
of NBL cell encounter (Figure 3C) [18]. IFNy secretion in IL-12+IL-18 pre-stimulated
cells was less pronounced than in the triple stimulated conditions, but still superior to
unstimulated cells. Interestingly, even though expression was highest in triple stimulated
conditions, the low levels of IFNy secreted during co-culture with unstimulated NKT-
cells were sufficient to induce MHC-I expression at both E:T (Figure 3A).

These data indicate that pre-stimulation of NKT-cells cells may not be required for IFNy-
release and MHC-I upregulation during co-culture. In addition, as MHC-I expression
would be required to provide a window for NKT-cells engineered to express a NBL-
specific TCR, we conclude that a culture duration of at least 24 hours, but preferably
around 48 hours, is required.

PRAME HSS1 TCR introduction results in the generation of antigen-specific
NKT-cells

To determine the potential of introducing a NBL-specific TCR in NKT-cells, NKT- and
T-cells were isolated from the same donor and transduced with a lentiviral vector
encoding the PRAME HSS1 TCR [14,15]. Five days after transduction, 24% (+10.8%) of
the NKT-cells and 50.5% (+8.7%) of the T-cells expressed the PRAME TCR (Figure 4A).
Cell sorting of PRAME HSS1 TCR+ cells resulted in the generation of a TCR-enriched
NKT- (93.6%) and T-cell (97.6%) population (Figure 4B). In line with the significantly
lower transduction efficacy in NKT-cells, we observed a decreased MFI of PRAME TCR
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expression in NKT-cells compared to T-cells (1764 in NKT- versus 7852 in T-cells). No
significant difference in targeting capacity of PRAME HSS1 TCR+ T- and NKT-cells
was observed when cells were co-cultured overnight with the antigen-presenting T2
model cell line loaded with PRAME SLLQHLIGL peptide (Figure 4C). All in all, even
though transduction efficacy in NKT-cells is lower compared to T-cells, it is feasible to
generate functional PRAME-directed NKT-cells.
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Figure 3. MHC-I surface display and IFNy secretion kinetics in GIMEN during co-culture with NKT-cells.
(A) MHC-I expression kinetics in GIMEN cells based on MFI of HLA-ABC after indicated hours of co-culture
with NKT-cells. MFI of HLA-ABC of the live, NKT-cell excluded fraction is shown. (B) % MHC-I expressing
cells, standardized to target only controls, after indicated hours of co-culture. The % MHC-I expressing
cells is based on the live, NKT-cell excluded fraction. (C) IFNy secretion kinetics during co-culture of NKT-
cells and GIMEN cells after indicated hours of co-culture. Data are based on co-cultures with one donor.
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Figure 4. PRAME HSS1 TCR introduction in donor-matched T- and NKT-cells.

(A) Transduction efficacy, defined as the difference in percentage of VB1 expression of the CD3*CD56* (NKT) or
CD3*CD56" (T) cells between transduced and untransduced cells, 5 days after transduction. n=5. (B) Transduction
efficacy based on VB1 expression before (left) and after sort (right) in donor-matched CD3*CD56* NKT- and
CD3*CD56" T-cells. Gating based on untransduced control cells, a representative histogram from one of the five
donors is shown. (C) Antigen-dependent cytotoxicity assay against the antigen-presenting T2 model cell line
loaded with PRAME SLLQHLIGL peptide. Standardized % killing compared to T2 only conditions is shown after
overnight incubation at indicated E:T, data standardized to unpulsed T2 controls, n=3. Statistical differences were
calculated using the Mann Whitney U test, **p<0.01, ns= non-significant

PRAME HSS1 TCR+ NKT-cells show a superior cytotoxic capacity against
NBL cells

To examine the additive effect of PRAME HSS1 TCR introduction in NKT-cells, matched
untransduced (wildtype) and PRAME HSS1 TCR+ (PRAME-directed) NKT-cells were co-
cultured with the HLA-A2*PRAME* GIMEN cell line (Figure 5A). Regardless of the nature
of pre-stimulation of NKT-cells, we observe superior killing of GIMEN by PRAME-directed
NKT-cells compared to wildtype counterparts. After 48h of co-culture, an average additive
effect of PRAME HSS1 TCR introduction of 17.6% (+ 7.2%) was observed in co-cultures
with unstimulated NKT-cells, 28.3% (+ 2.6%) in IL-12 + |L-18 pre-stimulated NKT-cell co-
cultures, and 10.2 (£ 10.6%) in IL-12 + IL-15 + IL-18 pre-stimulated NKT-cell co-cultures.
This additive effect was unique to NKT-cells and was not observed in matched T-cells.
The additive effect of PRAME HSS1 TCR introduction in NKT-cells was also observed
in co-cultures of pre-stimulated NKT-cells with NLF (63.1% + 17.9%) and patient-derived
691b organoids (90.7% + 3.0%) (Figure 5B). Thus, co-culture with both unstimulated and
pre-stimulated NKT-cells resulted in an enhanced cytotoxic capacity of PRAME HSS1
TCR+ NKT-cells compared to untransduced counterparts, which increased over time.
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Figure 5. The additive effect of TCR introduction to the cytotoxic capacity of NKT-cells against NBL cells.
Killing % standardized to target only conditions after co-culture of NBL cells with effector cells + PRAME-directed
TCR introduction after indicated hours of co-culture. (A) Co-culture of GIMEN with NKT- and T-cell effectors + TCR
introduction after overnight pre-stimulation of effectors with maintenance dose IL-15 (left), IL-12 + IL-18 (middle)
or IL-12+IL-15 + IL-18 (right). Orange: NKT-cells, black: T-cells (B) Co-culture of NLF (left) or patient-derived 691b
organoids (right) with NKT-cells + TCR introduction after overnight pre-stimulation of effectors with IL-12 + IL-15 +
IL-18. Data shown as mean + SEM, GIMEN + NLF: n=3 from one donor, 691b: triplo from single experiment.

DISCUSSION

Most studies into the therapeutic potential of NKT-cells are referring to iNKT-cells.
Even though these efforts are promising and proceeded to clinical trials [19], these
cells comprise <5% of the total CD3+CD56+ and <1% of the total lymphocyte fraction.
Consequently, massive ex vivo expansion is required to generate sufficient cell numbers
for (re-)infusion. The current study, together with the observation by Hurtado and
colleagues [11] who found that >99% of the CD3+CD56+ TILs in NBL tumors were
non-iNKT cells, underlines the potential of utilization of the full CD3+CD56+ NKT-cell
fraction in NBL cell therapy strategies. In addition, the here reported superior cytotoxic
capacity of TCR-engineered NKT-cells over T-cells shows the potential of combining
NK-cell mediated and antigen-specific cytotoxicity to overcome immune evasion
caused by MHC-I plasticity in NBL cells.

Recently, Romero-Olmedo et al. used a panel of 41 antibodies to comprehensively
phenotype the human CD3+CD56+ NKT-cell fraction by mass cytometry [5]. They
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observed that NKT-cells did not form a separate cluster in the t-SNE projection of
total PBMCs, but constituted parts of the CD4+, CD8+, DN, TCRy6+, MAIT cell subsets.
FlowSOM analysis revealed the presence of a total of 19 separate clusters in the NKT-
cell fraction. This study demonstrates the heterogeneity of the NKT-cell population,
and shows that the historical subdivision into CD1d-restricted (type | & type || NKT) and
CD1d-unrestricted (NKT-like) cells [3,5,20] is oversimplified and may confound results.
Future research will focus on the repertoire of isolated NKT-cells, how abundance of
these subsets changes during in vitro culture, and which subset(s) exert the most
promising effector function (in vitro and in vivo).

Terminally differentiated CD45RA+ T-cells (TEMRA) are effector T-cells with complete
competence, which upregulate NK-cell receptors, including CD56 [21]. The TEMRA
fraction of T-cells increases with age, resulting in increased abundance of the
CD3+CD56+ NKT-cell fraction with age [3]. However, studies into cell therapy products
show that therapy persistence and efficacy is enhanced in less differentiated, naive
(Tn), stem-cell memory (Tscm) and central memory T-cells (Tcm) compared to
effector(memory) T-cells and TEMRA [22]. Romero-Olmedo and colleagues showed
that identified cell clusters could be subdivided in two groups of cells based on CCR7,
CD27,CD28, CD127, CD161, CD45RA and GZMB expression, which was hypothesized
to be indicative for less and more differentiated cells [5]. This finding again stresses
the importance of culture characterization and studies into NKT-cell subsets and their
efficacy and persistence in vitro as well as in vivo.

When NK-cells are separated from the PBMC fraction, pre-stimulation is required to
induce NK-cell cytotoxicity in vitro, to mimic in vivo activation by T-cells and antigen-
presenting cells [18,23]. We show that stimulation with IL-2+IL-15 as well as with IL-12+IL-
15+IL-18 induced increased cytotoxic capacity of NKT-cells against NBL. In addition,
IL-12+IL-15+IL-18 stimulation induces an increase in cytokine-secretion capacity of cells.
Pre-stimulation with cytokines, however, is artificial and does not completely reflect the
in vivo situation. For future experiments, we could irradiate the NK-depleted cell fraction
and co-culture with these autologous cells to provide the needed stimulation [23]. In
addition, we should further study the cytokine-induced IFNy secretion of NK-cells in
absence of tumor cells, to conclude whether IFNy secretion actually further enhances
after tumor cell recognition [2]. In vivo murine studies in humanized, immunocompetent
mouse, for example the MISTRG model[24], will be most illustrative to study the potency
of TCR-engineered NKT-cells in a more physiological setting.

We show that PRAME HSS1 engineered NKT-cells can be generated upon transduction
with a VSVg envelope-based lentiviral vector [15 and Chapter 8], although a significantly
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lower transduction efficacy of NKT-cells was observed compared to T-cells. This was
accompanied with a lower MFI in TCR expression in transduced, sorted cells, which
probably corresponds to a lower integrated number of vector copies in the NKT-
cell genome. This is in line with what is observed in NK-cells (unpublished data and
[25]). The TCR-dependent cytotoxic capacity, however, was similar between PRAME
HSS1 TCR+ T- and NKT-cells. The decreased transduction efficacy most probably is a
consequence of differential upregulation of the major entry receptor of VSVg envelope-
based lentiviral vectors, the LDL-receptor [26], upon T- and NKT-cell activation. This
could be caused by suboptimal activation of NKT-cells in our current T-cell activation
and expansion protocol optimized for CD8* T-cell transduction [15]. Besides adjusting
the VSVg-transduction based protocol to NKT-cells, we could also use a baboon
enveloped pseudotyped lentiviral vector instead, as these have been described to more
efficiently transduce NK-cells [25]. Another promising strategy would be do design
single-chain variable fragment based entry-proteins [27], for example against NKG2D
or NKp46, to induce specific transduction of NKT-cells. This is a promising approach,
as this does not require prior stimulation and expansion to increase entry receptor
expression. In addition, such a strategy in theory allows modification to specifically
target any (NKT) cell subset of interest. Despite the fact that transduction efficacy of
NKT-cells with the present protocol was suboptimal, we do show that TCR introduction
in NKT-cells is feasible and results in the generation of NBL-specific NKT-cells.

Collectively, this pilot study shows the potential and provides groundwork for further
investigation of the use of NKT-cells as a cell therapy source to improve outcome for
children suffering from HR-NBL. This study supports our hypothesis that combining NK
receptor-mediated cytotoxicity with MHC-I restricted targeting is a promising strategy
to overcome MHC-I plasticity-related immune evasion by NBL.
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Figure S1. Expression of NK-related receptors in NK-, T- and NKT-cells.

Expression of NKp46, NKG2D (middle) and an inhibitory KIR (CD158b) (right) in NKT-cells (orange), NK-cells (red)
& T-cells (black). Representative data of one donor is shown. CD158b is assessed in a different panel than NKp46
and NKG2D, explaining the differences in CD56 intensity in the different graphs. Data shown are representative
examples of three donors.
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ABSTRACT

The significant but incomplete survival benefit of high-risk neuroblastoma (HR-NBL)
patients upon immunotherapy addition to the treatment regimen shows both the
potential and a window of improvement of immune interference in HR-NBL. NK-cells
have been shown to be particularly important in targeting NBL. They target tumor
cells via missing-self cytotoxicity, as HR-NBL cells often lack MHC class | (MHC-I)
expression, and are important effector cells during dinutuximab-based immunotherapy.
Cytotoxicity of NK-cells is, however, majorly decreased at NBL diagnosis as well
as during therapy, indicating the potential to boost NK-cell cytotoxicity to increase
immunotherapy efficacy. Moreover, it is suggested that the high degree of plasticity
in MHC-I expression in NBL allows alternate evasion of both cytotoxic T- and NK-cell
recognition. We hypothesize that introduction of a NBL-specific T-cell receptor (TCR)
in NK-cells may provide a solution for MHC-I plasticity-mediated immune evasion of
NBL. We implemented an ex vivo OP9/DL1 co-culture protocol in which CD34+ stem
cells can be differentiated into NK-cells. This four week co-culture produces CD56bright
intracellular CD3e+ (cyCD3e+) NK-cells expressing similar levels of natural cytotoxicity
receptors, superior granzymes levels, similar cytotoxicity against the MHC-I- K562
line, and at least similar cytotoxic capacity against NBL lines compared to healthy-
donor peripheral blood NK-cells. The high cytotoxic capacity and CD56brightcyCD3e+
phenotype of these cells is consistent with a thymic NK-cell phenotype. Interestingly,
the endogenous intracellular CD3 expression allowed surface translocation of a TCR
without the need to co-introduce CD3 subunits and resulted in generation of CD56bright
TCR+ NK-cells with both intact NK receptor-mediated and TCR-dependent cytotoxicity.
PRAME HSS1 TCR+ NK-cells show superior cytotoxicity to various HLA-A2+PRAME+
NBL cell lines compared to TCR counterparts. This study shows the potential of both
non-engineered and TCR-engineered CD34+ stem cell-derived NK-cells as a cell
therapy-based immune boosting strategy to improve immune engagement to treat
HR-NBL. In the context of NBL treatment, autologous CD34+ stem cell harvest to
rescue hematopoiesis after high-dose chemotherapy provides a unique opportunity
for additional cell therapy-based immune boosting strategies.
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INTRODUCTION

Neuroblastoma (NBL) is an embryonal, sympathoadrenal progenitor-derived, tumor
accounting for about 15% of all pediatric cancer deaths [1,2]. Multimodal treatment
of high-risk NBL (HR-NBL) patients entails induction- and high-dose chemotherapy
followed by an autologous stem-cell rescue, tumor resection, local irradiation, and
anti-GD2 based immunotherapy as consolidation therapy [3-5]. Despite extensive
multimodal treatment, 5-year event-free survival is still <60% [5]. Nonetheless,
regardless of the immunosuppressive environment of NBL, a significant, though
incomplete, increase in survival was observed upon immunotherapy addition to the
treatment regimen, indicating the potential of immune interference in NBL. Increasing
immune engagement is key to further improve outcome of patients suffering from
HR-NBL.

It is suggested that the poor immunogenic properties of NBL are the result of a
combination of a low mutational burden [6], a derivate of the lack of immunogenic
features of the embryonal cell of origin [7; Chapter 8], and the immunomodulatory effect
of NBL on the cytotoxic capacity of immune subsets [8]. One of the most important
immunogenic features absent on the surface of embryonal neural crest cells is MHC
class | (MHC-), a peptide-presenting molecule necessary for cytotoxic T-cells to sense
and activate upon recognition of malignant transformation, which causes evasion of
T-cell cytotoxicity [9,10, Chapter 8]. Nevertheless, lack of MHC-I expression on cells
should trigger activation and cytotoxicity of natural killer (NK) cells via missing-self
recognition [10].

NK-cells are an immune subset of particular importance in NBL, as they are reported to
target NBL cells via missing-self cytotoxicity, have been shown to be able to recognize
NBL via several natural cytotoxicity receptors (NCRs) [11], and are important effector
cells during anti-GD2 (dinutuximab)-based immunotherapy. Nonetheless, NK-cell
cytotoxicity is shown to be majorly decreased at NBL diagnosis as well as during therapy
[8], indicating the potential to boost NK-cell cytotoxicity to increase immunotherapy
efficacy.

Absence of MHC-I on NBL cells should trigger missing-self recognition of NBL by NK-
cells. We have previously shown, however, that secretion of IFNy by NK-cells upon
NBL cell recognition results in induction of expression of MHC-I on NBL cells, thereby
resulting in evasion of missing-self mediated cytotoxicity by NK-cells [9]. This suggests
that the high degree of plasticity in MHC-I expression may allow alternate evasion of both
cytotoxic T- and NK-cells. As illustrated in Chapter 9, we hypothesize that the generation
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of a cell that can both engage in NK-cell mediated cytotoxicity, for example via missing-
self recognition, as well as in recognition of malignant transformation in MHC-I context
will result in the generation of a cell type that can no longer be evaded by MHC-I plasticity.

Autologous CD34+ stem cell harvest to rescue hematopoiesis after high-dose
chemotherapy in HR-NBL patients provides a unique opportunity for additional
cell therapy-based immune boosting strategies. Several groups have succeeded in
generating mature and functional T-cells from CD34+ stem cells by co-culture with a
bone marrow-derived stromal OP9 cell line transduced with Notch Ligand (DL1) [12-15].
De Smedt and colleagues have adapted this protocol to generate NK-cells instead [16].
Interestingly, they show that Notch signaling, necessary for commitment to the T- but
not the NK-cell lineage [16,17], during NK-cell development results in the generation
of a thymic NK-cell (tNK) population that can be identified by intracellular CD3e
expression (cyCD3) without presence of a fully rearranged TCR [16]. We hypothesize
that introduction of a NBL-specific T-cell receptor (TCR) in these cyCD3+ NK-cells may
provide a cell type both engaging in missing-self and MHC-I mediated cytotoxicity.

In this pilot study, we implemented the ex vivo OP9/DL1 co-culture protocol in which
CD34+ stem cells are differentiated into tNK-cells [16] and studied the feasibility to
introduce an NBL-specific TCR in these cells. The effect of TCR introduction in CD34+
stem cells on co-culture derived NK-cell (CC NK-cell) development, phenotype and
(NBL-directed) functionality was studied. These pilot data show feasibility and potential
of engineered OP9/DL1 CC NK-cells to target MHC-I plasticity in HR-NBL.

MATERIALS & METHODS

Primary Cell Isolation

Fresh umbilical cord blood (CB) and peripheral blood (PB) was collected after informed
consent was obtained in accordance to the Declaration of Helsinki. The collection
protocol was approved by the Ethical Committee of the University Medical Center (UMC)
Utrecht. CB or PB mononuclear cells (C/PBMC) were isolated by means of Ficoll-Paque
PLUS separation (GE Healthcare Bio-Sciences AB). CD34* stem cells were isolated
from CB, NK-cells or CD8* T-cells from PB using magnetic bead separation according
manufacturer’s instructions (Miltenyi Biotec). Cells were cryopreserved at-80 °C until use.

Cell Lines and Reagents

The Murine, bone marrow-derived OP9 stromal cell line overexpressing DL1 were
kindly provided by the University of Toronto. K562 (ATCC® CCL-243) and T2 cells
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(ATCC® CRL-1992) were used as a missing-self and antigen-specific model readout
system, respectively. Wildtype GIMEN were obtained via the Academic Medical Center
of Amsterdam, eGFP-luciferase transduced GIMEN were generated as described
previously (Chapter 8). IMR32 were obtained via the Princess Maxima Center for
Pediatric Oncology, CHP212 and NLF were provided by the Dana Faber Cancer Institute.
OP9/DL1 cells were cultured in alpha MEM medium (Life Technologies) supplemented
with 10% heat-inactivated fetal calf serum (FCS) (Sigma-Aldrich) and 1% penicillin/
streptomycin (p/s) (50 units/mL) (Life Technologies). K562 and T2 were maintained
in Glutamax™ supplemented RPMI (Life Technologies) with 10% FCS and 1% p/s,
GIMEN and IMR32 in Glutamax™ supplemented DMEM with 10% FCS, 1% p/s, and 2%
non-essential amino acids (Life Technologies). All cells were cultured under standard
culturing conditions and split biweekly.

CD137L overexpressing K562 feeder cells were generated by lentiviral introduction of
CD137L. The CD137L sequence was codon optimized and synthesized by Genscript,
cloned into our pCCL-cPPT-hPGK-GFP-bPRE4-SIN lentiviral transfer vector in place
of the GFP sequence, and viral particles were generated according to a previously
established protocol (Chapter 8). Cells were transduced at a multiplicity of infection
(MOI) of 1 and sorted based on CD137L expression (BD FACS Aria).

OP9/DL1-CD34+ Stem Cell Co-culture

Following thawing, CD34* stem cells were resuspended in NK co-culture medium
comprising alpha-MEM medium, supplemented with 2.2 g/L sodium bicarbonate
(Sigma-Aldrich), 5% FCS, 1% p/s, 50 pg/ml phosphor-ascorbic acid (Sigma-Aldrich),
IL-7 (5 ng/ml), FLT3 ligand (5 ng/ml), SCF (50 ng/ml), and IL-15 (20 ng/ml) and put on
an 80% confluent layer of OP9/DL1 cells. Medium was replenished biweekly, progenitor
cells were transferred to a new OP9/DL1 layer weekly. Developing progenitors were
harvested from the monolayer via forceful pipetting and filtering using a 40 um nylon
cell strainer (Sigma-Aldrich). Cells were resuspended at a concentration between 5x10°
and 1x10¢ cells/mL and added to a new monolayer of OP9/DL1 stromal cells. Cells were
co-cultured with stromal cells for a total duration of four weeks.

Transduction of CD34+ Stem Cells

CD34+ stem cells were transduced with lentiviral particles encoding the HLA-A2
restricted PRAME HSS1 TCR (specific against SLLQHLIGL) [18] that were generated
previously (Chapter 8). CD34+ cells were thawed and resuspended at a concentration
of 2.5x10%6 cells/mL in StemMacs medium (Miltenyi Biotec) supplemented with FLT3
ligand (100 ng/ml) (Miltenyi), SCF (100 ng/ml) (Miltenyi) and TPO (20 ng/ml) (Miltenyi).
Cells were transduced at an MOI of 10 and incubated overnight under standard culturing
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conditions, after which remaining lentivirus was washed away and the NK co-culture
was initiated as indicated above.

Cell Phenotyping

Cell differentiation during co-culture was monitored weekly using a flow cytometry
panel containing antibodies against CD7 PE (MT701), CD56 PE-Cy7 (NCAM16.2),CD16
BV510 (3G8), CD158b FITC (CH-L) (all BD Biosciences), CD25 PerCP-Cy5.5 (BC96),
CD3 AF700 (UCHT1), CD34 BV605 (581) (all Sony Biotechnology), NKp46 BV711
(CD28.2), CD62L BV421 (DREG-56), pan abTCR BV685 (IP26), NKG2D PE/Dazzle495
(1D11) (all Biolegend), CD5 (L17F12) APC, and Fixable Viability Dye eFluor780 (both
Life Technologies).

After 4 weeks of co-culture, cells were harvested and cultured using several culture
protocols (see below) and checked regularly for maturity using a flow cytometry panel
containing antibodies against CD56 PE/Cy7, NKG2D PE/Dazzle495, CD3 AF700, CD62L
BV421, NKp46 BV711, KIR2D PE (NKVFS1) (Miltenyi Biotech), CD8 PerCP-Cy5.5 (RPA-
T8), CD4 APC (RPA-T4) (Both Biolegend), CD16 BV510 (eBiosciences) and Fixable
Viability Dye eFluor780.

Transduction efficiency was determined one week post-transduction. As these
progenitors do not express CD3 yet, this was done by intracellular staining using the
Fixation/Permeabilization Solution of BD according manufacturer’s instructions (BD
Biosciences). Cells were stained extracellularly with antibodies against CD5 APC, CD16
BV510, CD34 BV605, CD7 PE, CD56 PE-Cy7, and Fixable Viability Dye eFluor780, fixed
and permeabilized, after which they were stained intracellularly for CD3 AF700 and the
VB1 chain present in the PRAME HSS1 TCR (REA662) (Miltenyi Biotec).

Flow cytometry analysis for all indicated panels was performed on a BD LSRFortessa,
data were analyzed using FACSDiva V8.0.1 and FlowJo V10.7.1 (all BD Biosciences).
Data from these panels are depicted as raw flow cytometry plots, % of cells, fold
changes, or mean fluorescent intensity (MFI).

CD34+ Stem Cell Derived NK Maturation Protocols

After four weeks of co-culture, cells were harvested from the stromal cell layer and
split to test the effect of different culture protocols on NK-cell phenotype/maturation.
Cells were resuspended at 5x10° cells/mL in Glutamax supplemented RPMI with 10%
human serum and 1% p/s (huRPMI). Cells were cultured in the presence of IL-15 only
(20 ng/ml), or IL-15 combined with either IL-2 (50 U/mL), a short pulse of IL-21 (20 ng/
mL) on day 7), IL-12 (5 ng/mL), IL-12 and I1L-18 (2 ng/mL), or irradiated feeders (50 Gy,
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feeder:NK ratio of 2:1) (IBL437) for ten days. Cytokines and media was replenished and
cell density was adjusted biweekly. Cells were immunophenotyped after 10 days with
the flow cytometric panel described above.

Transduced cells were taken off the stromal cell layer after four weeks and cultured
for 10 days with either IL-15 only (20 ng/mL), or with a rapid expansion protocol (REP)
adopted in our lab for T-cell expansion [19]. This REP protocol consists of co-culture
of the transduced cells with irradiated LCL-TM (80 Gy) and donor-pooled PBMCs (35
Gy) in huRPMI, together with PHA-L (1 pg/mL (Oxoid BV), IL-15 (20 ng/mL) (Miltenyi
Biotec), and IL-2 (50 U/mL) (Novartis).

Functional Assays

Cytotoxic capacity of CC NK-cells was assessed using a flow-based cytotoxicity assay.
NK-cells were either pre-stimulated overnight with 1000 U/mL IL-2 and 50 ng/mL IL-15
or left unstimulated. Indicated target cells were labeled with Cell-Tracer Violet (CTV)
(Life Technologies) according to manufacturer’s instructions. Cells were co-cultured at
indicated effector to target ratios (E:T) for indicated durations (5h or overnight). Cells
were spun down, supernatants were harvested for cytokine determination, and 7-AAD
(BD Biosciences) was added to evaluate cytotoxicity. Supernatants were analyzed
to determine secretion of cytokines and other molecules of cells by Legendplex
(Biolegend) according to manufacturer’s instructions.

The protocol above was modified to determine the antigen-specific cytotoxic capacity
of PRAME HSS1 TCR transduced NK-cells. Transduced CC NK-cells were cultured
overnight with the antigen-presenting T2 model cell line, which was pre-incubated for
1h with 1 pg/mL of SLLQHLIGL peptide (Think Peptides).

Healthy-donor PB NK-cells served as controls. Previously generated PRAME HSS1
TCR transduced CD8+ T-cells (Chapter 8) served as controls in the antigen-specific
T2 cytotoxicity assay. Samples were measured on a BD FACSCanto, analyzed using
FACSDiva V8.0.1 and FlowJo V10.7.1, and visualized using Graphpad Prism 8.3. Data
are presented as mean = standard deviation (SD).

Transcriptome Analysis

Cryopreserved CC NK-cells were thawed and stained for CD7 PE, CD5 APC, CD56 PE-
Cy7, CD3 BV510 (OKT3) (Biolegend). CD7+CD5-CD3-CD56bright cells were sorted
using a BD FACSAria (BD Biosciences). To generate controls, two buffy coats were
ordered from Sanquin and PBMCs were isolated using Ficoll-Paque PLUS separation.
CD45+ cells were isolated using magnetic bead separation according manufacturer’s
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instructions (Miltenyi Biotec). Cells were stained for CD45 PE/Cy7 (HI30) (BD
Biosciences), CD3 BV510, CD56 FITC (NCAM16.2) (BD Biosciences), and CD16 APC
(CB16). CD45+CD3+CD56- T-cells and CD45+CD3-CD56+CD16+ NK-cells were sorted
using a BD FACSAria (BD Biosciences). RNA was extracted using the RNeasy mini
kit (QIAGEN) following the manufacturer’s instructions. Sequencing libraries were
generated using a modified CELseq2 protocol [20] with a sequence depth of 10
million. Sequencing and analysis was performed by Single Cell Discoveries (Utrecht,
the Netherlands). Data are visualized using Graphpad Prism 8.3.

RESULTS

CD34+ stem cells differentiate into cells with an NK-like phenotype upon
OP9/DL1 co-culture

We adjusted a previously established OP9/DL1 — CD34+ cell co-culture to generate mature
T-cells [12]. De Smedt and colleagues reported that addition of IL-15 to the co-culture
skewed the differentiation of stem cells towards tNK-cells development [16]. Indeed,
longitudinal phenotyping revealed a decrease in CD34+ cells over time, which coincides
with an increase in CD5-CD7+CD56+ cells (Figure 1A). We observed that NK-cells develop
exclusively from the CD5-CD7+ cell fraction (Figure 1B), unlike T-cells, known to develop
from CD5+CD7+ cells [21,22]. The CD56+ cell fraction gained expression of NK-cell
markers NKp46, NKG2D, and CD16 along the course of the co-culture (Figure 1C). After
four weeks of co-culture, NKG2D and NKp46 was present on the majority of CD56+ cells
(92.2% and 75.6% respectively), whereas CD16 expression was detected on 24.3% of the
cells. Of note, in the example of Figure 1B, 52.3% of the generated cells have committed
to the CD5+CD7+ T lymphoid lineage, and 51% of the CD5-CD7+ fraction expressed CD56
and other NK-related factors, indicating that about 20% (ranging between 9.0 and 27.1%)
of all generated cells represent the NK-like fraction of interest.

After 4 weeks of co-culture, cells were harvested from the OP9/DL1 layer and cultured
in the presence of IL-15 for a week to allow further maturation. The fraction of CD56+
cells increased in this week from 18.6% to 90.3% (Figure 1D), which is thought to be a
result of death by neglect of T-cell progenitors. Comparison of the transcriptome of
sorted co-culture-derived CD56+ cells with PB NK- and T-cells from two healthy donors
confirmed the generation of cells with an NK-like phenotype (Figure S1).

Unlike PB NK-cells, CC NK-cells were CD56bright, corresponding to an immature,
cytokine-releasing NK-cell phenotype (Figure 2B). Interestingly, cell surface expression
of the activating NK-cell receptors NKp46 and NKG2D was similar between PB NK and CC
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NK-cells (Figure 2C), which corresponds to a cytotoxic NK-cell phenotype. Transcriptome
analysis confirmed the CD56brightCD16- phenotype of CC NK-cells (Figure 2D). Analysis
of additional markers reported to be correlated with cytotoxic CD56dimCD16+ and
cytokine-releasing CD56brightCD16- cells further pointed towards a shared phenotype
between the two in CC NK-cells. Some cytotoxic markers (e.g. Granzyme-H, -B, -M, CD69,
CX3CR1) were expressed to a lower extent, whereas others were expressed similarly or
higher (e.g. Granzyme —A,-K, Perforin, IL2Ra). High expression of CD56, KIT and IL2RB
in turn pointed towards a cytokine-releasing phenotype, however, low expression of
IL7R, CCR7, and L-selectin argues against that. [23,24]
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Figure 1. Differentiation of CD34+ stem cells into cells with an NK-like phenotype during OP9/DL1 co-culture.
(A) CD34 (green) and CD56 (red) expression over time during OP9/DL1 CD34+ stem cell co-culture. CD34 expression
is determined in the total, alive population. CD56 expression reflects the % of CD34-CD5-CD7+ cells expressing
CD56. Every time point reflects at least 4 donors. (B) CD5 and CD7 expression in CD34- cells after 4 weeks of co-
culture. Red population reflects the CD56+ cell population. (C) Expression of NKG2D (blue), NKp46 (orange), and
CD16 (pink) in CD34-CD5-CD7+CD56+ cell fraction over time during OP9/DL1 co-culture. Data are shown from at
least 3 donors. (D) % of CD56 expressing cells at the end of OP9/DL1 co-culture (left) and after 1 week of culture
in huRPMI supplemented with 20 ng/mL IL-15. Data reflect 6 donors. (A+C+D) Data are shown as mean * SD.
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Figure 2. Co-culture derived NK-cells are CD569", but show a high cytotoxic capacity.
(A) Comparing RNAseq expression data of CC NK-cells to healthy-donor PB T- and NK-cells. Technical duplicates
are averaged, expression of CC NK-cells from one donor is shown, average expression of T- and NK-cells from
two healthy-donors is shown. Expression levels are depicted relative to T-cells (log2(fold-change)). (B) NK-cell
phenotype of CC and PB NK-cells based on CD56 and CD16 expression. PB NK: n=8, CC NK: n=4. (C) Expression
of NKG2D and NKp46 in CC and PB NK-cells. PB+CC NK: n=3. (D) Comparing RNAseq expression data of NK-cell
subset markers of CC NK-cells to healthy-donor PB NK-cells. Technical duplicates are averaged, expression of CC
NK-cells from one donor is shown, average expression of NK-cells from two healthy-donors is shown. Expression is
depicted as log2(normalized counts). (E) % of standardized killing after 5h of co-culture of NK-cells with K562 cells
(E:T = 10:1) to assess the cytotoxic capacity of NK-cells. PB+CC NK: n=2. (F) Cytokine production and expression
of other molecules by PB or CC NK-cells upon overnight co-culture with K562 target cells (ET = 10:1), n=3. (E+F)
Cells were pre-stimulated overnight with 71000 U/mL IL-2 and 50 ng/mL IL-15. Data shown as mean + SD
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To determine whether these phenotypic features correlate to the cytotoxic- and cytokine-
releasing capacity of cells, NK-cells were co-cultured with the NK sensitive K562 cell
line. In contrast to the CD56bright phenotype, but in line with the other phenotypical
features, we observed that CC NK-cells targeted K562 to the same extent as PB NK-
cells (Figure 2E). Analysis of supernatants of these co-culture assays revealed low
cytokine releasing capacity (TNFa and IFNy), but superior levels of granzymes (GZM)
A+B (3.8 and 4.7x higher, respectively) of CC NK-cells when compared to PB NK-cells
(Figure 2F). These data indicate the potent cytotoxic capacity of generated CC NK-cells.

Co-culture derived NK-cells elicit a potent anti-neuroblastoma reponse

To investigate their capacity to recognize and target NBL cells, NK-cells were either
left unstimulated or pre-stimulated overnight with IL-2 and IL-15, after which they were
co-cultured for 5 hours (Figure 3A) or overnight (only unstimulated) (Figure 3B) with
the GIMEN and IMR32 NBL cell lines. Short- and long-term cytotoxic efficacy of GIMEN
and IMR32 similar between PB and CC NK-cells. In line with the K562 cytotoxicity assay,
secretome analysis after overnight co-culture with GIMEN revealed a low cytokine
releasing capacity (TNFa and IFNy) and superior levels of GZM A+B (6.6 and 3.1-fold
higher, respectively) of CC NK-cells compared to PB NK-cells (Figure 3C). A trend to
lower levels of secreted granulysin and perforin was observed in CC NK- compared to
PB NK-cell co-cultures.

Skewing co-culture NK phenotype and functionality by different cytokine
combinations

To investigate whether phenotype, cytokine secretion capacity, and/or cytotoxicity can
be affected by the culture protocol after co-culture, we studied the effect of different
cytokine combinations on CC NK phenotype and function upon removal from the co-
culture. These cytokines were selected based on their described effects in NK-cell
maturation [25].

A week of culture with the different cytokine combinations did not result in major
differences in NK phenotype, based on CD56 and CD16 expression (Figure 4A). An
overall increase in CD56dim cells was observed compared to the cells that were taken
from the stromal cell layer, however, the majority of the cells remain CD56bright and
CD16-in all conditions. We next performed a preliminary experiment, with CC NK-cells
from one donor, in which we determined the cytotoxicity of cells cultured with different
cytokine combinations towards the GIMEN NBL cell line. We observed similar cytotoxic
capacity in all but the IL-15 + [L-12 + IL-18 conditions (Figure 4B). Supernatant analysis
did not reveal any clear differences in secreted cytolytic factors (Figure S2). Strikingly,
we did observe a major increase in secreted cytokines (mostly IFNy, but also TNFa)
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in the IL-15 + IL-12 + IL-18 culture condition (respectively 13.1 and 2.3-fold higher than
IL-15 cultured cells), and to a lesser extent also in the IL-15 + IL-12 condition (4.8 and
1.4-fold increase compared to IL-15 cultured cells) (Figure 4C). MHC-I expression on
the live cell fraction after overnight co-culture was increased in all co-cultures, but
this increase was most prominent in both conditions in which cytokine secretion was
enhanced (16.3-fold increase in IL-15 + IL-12 + IL18 condition, 7.5-fold increase in IL-12
+1L-18) (Figure 4D). These results have to be validated before hard conclusions can be
drawn, but do stress the importance to consider which cytokines are used to expand
and culture cells based on downstream applications.
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Figure 3. Co-culture derived NK-cells elicit cytotoxicity towards NBL cell lines.

5 hour (A) or overnight (B) cytotoxicity assay with GIMEN (left) or IMR32 (right) NBL cells at an E:T of 10:1. NK-cells
were either pre-stimulated with 1000 U/mL IL-2 + 50 ug/mL IL-15 or left unstimulated in the 5h assay (A), NK-cells
were left unstimulated in the overnight assay (B), 5h PB NK & CC NK IMR32: n=2, CC NK GIMEN: n=3, 24h: n=2. (C)
Cytokine production and expression of other molecules by pre-stimulated PB or CC NK-cells upon overnight co-
culture with GIMEN target cells (ET = 10:1), CC NK: n=4, PB NK: n=2. Data are shown as mean # SD.
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Figure 4. Phenotype and functionality after NK-cell culture with NK maturation-associated cytokine

combinations.

(A) NK-cell phenotype of CC NK-cells cultured with different cytokine combinations based on CD56 and CD16
expression. n=4 per group (IL-15+feeders: n=3). (B-D) Overnight co-culture of CC NK-cells with the GIMEN NBL line
cultured with different cytokine combinations. Cytotoxicity (E:T 5:1) (n=1 per group) (B), cytokine secretion (E:T
10:1) (n=3 per group) (C), and MHC-I expression (E:T 5:1) (n=1 per group) after co-culture on live target cells (D)
are shown. MHC-| expression is based on panHLA-ABC staining and shown as mean fluorescent intensity (MFI).
Data are shown as mean (+ SD).

TCR introduction in CD34+ stem cells results in the generation of anti-
gen-specific NK-cells

A unique feature of these CC NK-cells is their Notch-signaling induced cyCD3e
expression, without the presence of a fully rearranged TCR [16] (Figure 5A). This
provides the opportunity to introduce a recombinant TCR in these NK-cells, without
the need to co-introduce CD3 subunits to allow for surface translocation. In the final
part of this project, we sought to exploit cyCD3e expression of these CC NK-cells
to generate TCR expressing NK-cells. This way, we aim to generate a cell type that
can both engage in NK receptor mediated cytotoxicity as well as in antigen-specific
cytotoxicity to maximize the anti-NBL effect of the cell product.
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CD34+ stem cells were transduced overnight with a lentiviral vector expressing
the PRAME, ., c-SPecific HSS1 TCR, after which cells were co-cultured using the
established OP9/DL1 protocol to generate CC NK-cells. After 1 week of co-culture, we
observed HSS1 TCR expression in 40.4% of the culture (Figure 5B, left). In mature CC
NK-cells, we observed that all HSS1 TCR+ cells show coinciding CD3 surface expression,

indicating that the CD3-TCR complex is translocated to the cell surface (Figure 5B, right).

TCR+ CC NK-cells were subsequently co-cultured with K562 cells and peptide-pulsed
antigen presenting T2 cells to determine NK-specific and antigen-specific cytotoxic
capacity. Targeting of MHC-negative K562 cells revealed undisturbed NK receptor
mediated cytotoxicity upon TCR introduction (Figure 5C). Furthermore, co-culture with
peptide-pulsed T2 cells revealed efficient antigen-specific targeting, similar to HSS1
expressing T-cells, whereas unpulsed T2 cells were left undisturbed (Figure 5D).
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Figure 5. Transduction efficiency and functionality of TCR transduced CC NK-cells.

(A) Evaluation of extra- and intracellular CD3 expression. (B) Left: Evaluation of intracellular VB1 expression after
1 week of co-culture to evaluate transduction efficiency, n=3. Right: Evaluation of HSS1 TCR and CD3 surface
expression in mature CC NK-cells. (C) % of standardized killing after 5h of co-culture of CC NK-cells with K562
cells (E:T = 10:1) in TCR- and TCR+ NK-cells. NK-cells were pre-stimulated with 1000 U/mL IL-2 and 50 ng/mL IL-15
overnight before co-culture with K562 cells. TCR-: n=2. TCR+: n=3. (D) % of standardized killing after overnight co-
culture of TCR+ CC NK-cells with unpulsed or PRAME HSS1 SLLQHLIGL peptide-pulsed T2 cells (ET = 10:1). The
cytotoxic capacity was compared to HSS1 TCR+ CD8+ T-cells, n=3. Data are shown as mean * SD.
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Pure, mature TCR+ co-culture NK-cells population generation, despite initial
disturbances of culture dynamics upon TCR introduction

As we hypothesized that TCR introduction in the stem cell phase might skew towards
commitment to the T lymphoid lineage, the effect of TCR introduction to CD34+ stem
cells on the co-culture dynamics was studied in more detail. Even though no obvious
differences were observed in the percentage of CD5-CD7+ cells, from which CC NK-cells
arise, we did observe an increase in T lymphoid lineage commitment, as the abundance
of CD5+CD7+ cells increased (Figure 6A). Delay of the time point of TCR introduction did
increase the percentage of CD56+ cells expressing a TCR, with a maximal transduction
efficacy of 83.5% when transduction was delayed to day 14 of co-culture (Figure S3A).
However, we observed an even more dramatic increase in cells committing to the T
lymphoid lineage (CD5+CD7+), coinciding with decreased abundance of CD5-CD7+
cells (Figure S3B). Consequently, we conclude that delaying TCR introduction does
not result in restoration of culture dynamics and will not aid in maximizing the yield of
TCR+ CC NK-cells.
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Figure 6. Culture dynamics after TCRintroduction in co-culture NK-cells.

(A) Culture dynamics in TCR- and TCR+ NK co-cultures based on CD5 and CD7 expression at the end of OP9/DL1
co-culture, TCR-: n=3, TCR+: n=5. (B-D) TCR+ culture dynamics based on CD5 and CD7 expression (B), expression
of CD56 (C), and percentage of TCR+ NK-cells (D) at the end of co-culture or after 10 days of culture with either 20
ng/mL of IL-15 or according to a REP protocol developed for T-cells (with pooled irradiated feeders, 1 pg/mL PHA,
50 U/mL IL-2, and 5 ng/mL IL-15). n=2 per group. (E) Fold expansion between day 1 and day 10 of culture with the
respective culture strategies, n=2 per group. Data are shown as mean + SD.
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At the end of the co-culture stage, the majority of transduced cells (69.8%) were CD5+CD7+.
Cells were subsequently cultured for 10 days with either IL-15 or on a REP culture protocol
developed for T-cell expansion (irradiated feeder cells, PHA-L, IL-2, and IL-15). Interestingly,
the CD5+CD7+ population almost completely disappeared from the culture (Figure 6B).
Furthermore, a simultaneous increase of CD56+ cells in the culture was shown, indicating
that NK-cells overtook the culture (Figure 6C). When comparing the percentage of TCR+ NK-
cells between IL-15 and REP culture conditions, we observed a marked expansion benefit
of TCR+ NK-cells during REP expansion but not during culture with IL-15 (Figure 6D). This
increase coincided with massive expansion rates during REP culture (Figure 6E). These
results indicate that T-cell progenitors die when taken off the co-culture layer, whereas
NK-cells remain viable. In addition, the REP culture protocol seems to specifically activate
and expand TCR+ NK-cells, which is underlined by the observation that untransduced CC
NK-cells did not expand during REP culture (data not shown). Altogether, these data show
that, despite initial disturbance of the co-culture dynamics upon TCR introduction, we are
able to generate high numbers and good purity of TCR+ CC NK-cells.

Superior cytotoxic capacity in TCR+ co-culture NK-cells

As TCR+ CC NK-cells are able to elicit both NK-cell mediated as well as antigen-
mediated cytotoxicity, we co-cultured donor-matched TCR- and TCR+ CC NK-cells
overnight with three HLA-A2+PRAME+ cell lines (GIMEN, CHP212, NLF) to study the
effect of TCR introduction on the cytotoxic capacity against NBL cells. The extent of
targeting of cell lines by TCR- CC NK-cells varied; cytotoxic capacity against GIMEN
was 11.5%, CHP212 36.5%, and NLF 52.2% (Figure 7). In all cell lines, a clear increase
was observed in overnight cytotoxicity of TCR* CC NK-cells, ranging from 27% in NLF,
27.8% in GIMEN, to 29.5% in CHP212. These results have to be validated with additional
donors, but show the potential to combine NK- and T-cell mediated cytotoxicity to
enhance targeting of NBL cells.
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Figure 7. Effect of TCR introduction in CC NK-cells on cytotoxic capacity of cells.

% of standardized killing after overnight co-culture of TCR- and PRAME HSS1 TCR+ CC NK-cells with HLA-
A2+PRAME+ GIMEN, CHP212, and NLF. Cells were not pre-stimulated and co-cultured overnight at an E:T of 1:1.
Data reflect duplos from two donors. Data are shown as mean + SD.
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DISCUSSION

NK-cells have been shown to be a particularly important immune subset in anti-NBL
immune responses, as they can recognize NBL cells via missing-self cytotoxicity,
expression of other NK-receptor ligands, and are important mediators during
dinutuximab-based immunotherapy. Nonetheless, the cytotoxic NK-cell ratio is shown
to be majorly decreased at NBL diagnosis as well as during therapy, indicating the
need to boost NK-cell cytotoxicity to maximize their NBL-specific cytotoxic capacity.
We here report effective ex vivo generation of tNK-cells from CB-derived CD34+ stem
cells. TCR-introduction in the CD34+ stem cells results in the generation of functional
TCR+ tNK-cells that can engage in NBL cytotoxicity via NK ligand cytotoxicity as well
as via TCR antigen-specific cytotoxicity.

Phenotypic and functional analysis of the generated CC NK-cells did show a discrepancy
between NK phenotype and functionality. CC NK-cells were CD56brightCD16dim/-,
which corresponds to an immature, cytokine-releasing phenotype. In contrast to this,
functional assays and supernatant analysis revealed a cytotoxic capacity similar to PB
NK-cells, pointing towards a mature, cytotoxic NK-cell phenotype. This was underlined
by transcriptome analysis, in which we observed mixed expression of markers ascribed
to the two NK-cell subsets. As tissue-resident NK-cells have been described to differ
in phenotype from peripheral NK-cells, we studied literature to learn more about tNK-
cells. Even though literature in human is scarce, tNK-cells are indeed suggested to
be part of the CD56brightCD16dim/- NK-cell fraction [26,27]. Their function is largely
unknown, but they are suggested to be important in circumventing uncontrolled
proliferation of thymocytes and regulation of T-cell selection, which explains their
cytolytic potential. Besides that, tNK-cells in mice are actively transported from the
thymus to the periphery, suggesting roles intrathymically as well as in the periphery
[26]. The combined cytokine-releasing and cytotoxic capacity of these CC NK-cells
makes them an interesting candidate as a cell source for cell therapy strategies in NBL.

NK-cells are not only important in endogenous tumor cell lysis, but are also important
effector cells during dinutuximab-based immunotherapy [28]. GD2-bound dinutuximab
can be recognized by NK-cells via binding to CD16, resulting in antibody-mediated
cytotoxicity (ADCC). As expression of CD16 in CC NK-cells is low, these NK-cells
may not be the best candidate to directly boost dinutuximab efficacy. Nonetheless,
the capacity of CC NK-cells to engage in ADCC should be functionally examined in
vitro before hard conclusions can be drawn. When aiming to maximize dinutuximab-
mediated cytotoxicity, one could decide to co-culture CD34+ stem cells with OP9 cells
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that do not express Notch ligand instead, as this has been shown to cause generation
of conventional NK-cells [16].

We hypothesize, however, that the high degree of plasticity in MHC-I surface display
in NBL is an important mechanism by which NBL tumors bypass targeting by both
cytotoxic T- and NK-cells. Combining NK receptor-mediated cytotoxicity with recognition
of malignant transformation in MHC-I context in one engineered cell product may result
in a cell type that can no longer be evaded by MHC-I plasticity. We here show that
TCR introduction in CC NK-cells is feasible and results in cell surface expression and
functionality of the TCR. Even though currently only studied in two donors, we show
a clear enhanced cytotoxic capacity of PRAME HSS1 TCR* CC NK-cells to three NBL
cell lines. These data indicate the feasibility and potential to use TCR* CC NK-cells to
overcome MHC-I plasticity-mediated immune escape by NBL.

We show that culture of CC NK-cells with different cytokine combinations may affect
its functionality. Even though results are preliminary, we observe that the combination
of IL-15, IL-12, and IL-18, and to a lesser extent also IL-15 and IL-12, results in a major
increase in cytokine-releasing capacity of NK-cells, which goes hand-in-hand with an
increase in MHC-1 expression of GIMEN target cells. This stresses the importance
to consider different NK-cell culture protocols based on downstream applications.
Interestingly, we observe that “standard” culturing with IL-15, and the relatively modest
release of IFNy and TNFa and MHC-1 expression accompanied with this, is sufficient
to induce superior cytotoxicity of TCR+ CC NK-cells.

The main limitation of this protocol is that currently, after four weeks of OP9/DL1
co-culture, only 20% of the generated cells are NK-cells, which is in line with previous
findings of de Smedt and colleagues [16]. In TCR-transduced cultures, this yield is even
lower. The majority of cells is CD7+CD5+, which corresponds to a T-cell progenitor
phenotype [29]. The generated mixed phenotype is not surprising, as T- and tNK-
cells are thought to have a common thymic progenitor [30-32]. An interesting clue to
increase culture efficacy might be the difference in Notch-dependency between T-cells
and tNK-cells [16,33]. While T-cells require high levels of Notch signaling during the
whole developmental phase [33], four days of Notch-signaling was sufficient to generate
cyCD3+ NK-cells [16]. In follow-up experiments, we will culture CD34+ stem cells with
OP9/DL1 for a short period, after which we will switch to wildtype OP9 to investigate
whether this may increase culture efficacy.

A striking observation was that the impure population of cells after OP9/DL1 co-culture
turned into a pure NK-cell population after a week of culture in absence of OP9/DL1 cells.
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We hypothesize that the T-cell progenitors either do not have a fully rearranged TCR yet,
or if they do, they died by neglect due to lack of positive selection. This hypothesis is
underlined by two studies in which T-cells are generated in the OP9/DL1 system that
show the need for agonistic peptide stimulation at the end of co-culture to generate
mature T-cells [12,21]. In addition, culture of transduced cells using a T-cell specific
REP-protocol induced selection of TCR+ CC NK-cells. This indicates that, while most
T-cell progenitors still died due to lack of positive selection, TCR- CC NK-cells are not
activated by the PHA- and feeder based rapid expansion protocol, while TCR+ CC NK-
cells are. These findings are remarkable, as Luhm et al. show massive expansion when
using a similar PHA- and irradiated PBMC feeder based protocol [34]. Nonetheless,
PHA-concentration in their protocol was 100-fold higher than in our culture protocol,
which may explain this discrepancy. One hypothesis is that TCR-mediated signaling due
to HLA-mismatch against the donor-pooled PBMC fraction may result in overgrowing
of the TCR+ NK-cell population. Despite the fact that we are already able to generate
a pure TCR+/- CC NK-cell population, optimization of the OP9 co-culture protocol is
required to decrease the degree of expansion of mature NK-cells required to generate
sufficient cell numbers for a potential cell therapy product.

We here show one strategy in which NK receptor-mediated cytotoxicity is combined
with MHC-I restricted targeting of tumor cells. Other strategies might involve TCR
introduction in NKT-like cells, NK receptor expressing y6 T-cell fraction, or conventional
NK-cells. A clear disadvantage of all three strategies over the use of CC NK-cells is
that these cells have to be expanded in mature states to reach sufficient numbers for
cell therapy product generation, which may decrease in vivo persistence. In addition,
the absence of an endogenous TCR in the CC NK-cells avoids the risk of mispairing of
recombinant and endogenous TCR chains. The use of conventional NK-cells requires
additional co-transduction with CD3 subunits [35-37], which decreases efficacy and
increases complexity of engineering. An advantage of T-cell based strategies is their
ability to create immunological memory to prevent future relapse. Notwithstanding,
it is now recognized that NK-cells are also able to generate a memory-like phenotype
[38,39]. Studies into in vivo persistence of these CC NK-cells are required to appreciate
their potential.

In follow-up experiments, we aim to determine whether this protocol can be applied to
generate CC NK-cells from CD34+ cells from apheresis material of HR-NBL patients.
This is important, as HR-NBL often disseminates to the bone marrow [40,41], which
may affect fitness of NBL patient-derived CD34+ stem cells. In addition, future work will
involve mouse studies to test in vivo efficacy of the generated CC NK-cells, for example
using the immunocompetent humanized MISTRG mouse model [42]. Finally, efforts
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should be made to change the protocol to meet good manufacturing process (GMP)
compliance, as the current protocol utilizes multiple types of non GMP-compliant feeder
cells. GMP-compliant engineered K562 are generated and used to expand NK-cells for
clinical trials [43]. The OP9/DL1 stromal cells can be replaced by either coating of the
culture vessel with Notch ligand [12] or by beads expressing Notch ligand [44]. Lastly,
pooled irradiated PBMC feeders for T-cell expansion can potentially be replaced by
either aCD3/CD28 antibodies, beads, or other GMP-compliant engineered feeders [45].

Altogether, this study provides foundation for further investigation of the potential to
use ex vivo generated cyCD3+ NK-cells from CD34+ stem cells as a cell therapy source
to increase therapy efficacy in children with HR-NBL. In addition, in concordance with
the engineered NKT-cells in Chapter 9, this study further supports our hypothesis that
generating a cell product combining NK receptor-mediated cytotoxicity with MHC-I
restricted targeting is a promising strategy to overcome MHC-I plasticity-related
immune evasion by NBL.
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Figure S1 - Transcriptome analysis of NK- and T-cell markers.
Comparing RNAseq expression data of CC NK-cells to healthy-donor PB T- and NK-cells. Technical duplicates are
averaged, expression of CC NK-cells from one donor is shown, expression of T- and NK-cells from two healthy-

donors is shown. Expression levels are depicted as normalized counts.
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Figure S2 - Secreted cytolytic markers after overnight co-culture with GIMEN NBL cells.
Co-culture of the GIMEN NBL line with CC NK-cells cultured with different cytokine combinations (E:T = 10:1).
Cytolytic markers were analyzed in the supernatant. Data shown as fold change compared to IL-15 condition

(mean * SD), n=3 per group.
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Over the past decades, impressive progress has been made in the treatment of high-risk
neuroblastoma (HR-NBL). In 1990, children with HR-NBL had a 19% 5-year survival rate
in the Netherlands, this increased to 43% in 2014 [1]. Treatment is, however, extremely
aggressive and elaborate, combining (high-dose) chemotherapy, surgery, radiation, and
immunotherapy. Long-term toxicity in survivors is observed in up to 95% of the patients
and include ototoxicity, endocrinopathies, pulmonary-, cardiac and renal dysfunction,
and increased risk of secondary malignant neoplasms [2]. Besides this, still about 50%
of the children dies, despite the intensive treatment regimen. Consequently, there is
a desperate need for more effective, but also more targeted, less toxic, therapeutic
strategies.

Immunotherapy has now established itself as a novel treatment pillar and has brought
significant improvement for patients in terms of survival as well as quality of life
[3]. Immunotherapeutic strategies generally aim to emphasize differences between
tumor and healthy tissue, thereby inducing tumor immunogenicity. This can be
achieved with so-called active strategies, in which agents are administered to induce
endogenous immune activation (e.g. vaccination, immune checkpoint inhibition, and
administration of immunogenic (chemo)therapy). Alternatively, passive strategies
involve administration of active immune system components (e.g. adoptive cell therapy
(like CAR T-cell strategies) and antibody therapy).

Unlike adult tumors, pediatric tumors are characterized by a scarcity of targetable
molecules due to their low mutational burden. This significantly decreases recognition
by the immune system. In addition, a subset of pediatric tumors, such as NBL, arise
from embryonic tissues that intrinsically lack immunological features. This majorly
limits immunotherapy efficacy in HR-NBL and other embryonal tumors. Nonetheless, the
potential of immunotherapeutic interference is underlined by the success of addition
of the NBL-antigen GD2 directed monoclonal antibody dinutuximab to the treatment
regimen, which resulted in a 20% 2-year and 10% 5-year increase in event-free survival
in patients suffering from HR-NBL [4,5].

We hypothesize that the observed relapse in about half of the patients, together
with the decrease in event-free survival over-time, is a result of inadequate adaptive
immune activation. This thesis postulates that the clue to further enhance (immuno)
therapy efficacy in HR-NBL is to effectively engage T-cells, thereby enhancing anti-
tumor cytotoxicity and creating immunological memory to prevent future relapse. The
research described in this thesis focused on strategies to establish enhanced T-cell
immunogenicity of HR-NBL to improve outcome of children suffering from HR-NBL.
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PART I - IMMUNE RESPONSES DURING NEUROBLASTOMA THERAPY

The first section of this thesis revolves around immune monitoring in HR-NBL patients
at diagnosis and during therapy. Chapter 2 summarizes studies into the (implications
of) presence of immune subsets in NBL, Chapter 3 proposes a strategy to synchronize
flow cytometers between centers to avoid inconsistencies in interpretation of results.
Chapter 4 reports findings from our first prospective, in-depth longitudinal pilot study
into immune dynamics along the HR-NBL treatment course. A visual summary of our
pilot data can be found in Figure 1.

Figure 1. Immune-enhancing and immune-regulatory effects observed in peripheral blood immune sub-
sets during the multimodal NBL treatment regimen consisting of (high-dose) chemotherapy followed by
autologous stem cell rescue, surgery, radiation, and immunotherapy. Created with BioRender.com

To me, summarization of studies into the (implications of) presence of immune subsets
in NBL, together with our preliminary pilot data provided valuable lessons for future
study design and direction of thinking for therapeutic interference:
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Immune infiltration in NBL: a strong prognostic factor?

The importance of considering immune infiltration in NBL is stressed by Mina and
colleagues, who found that the prognostic value of the amount of infiltrating T-cells at
diagnosis is higher than the criteria currently used to stage NBL [6]. This is what we,
tumor immunologists, anticipate on in our studies, but quite some skepticism remains
on feasibility of inducing immune infiltration in solid tumor masses. In my opinion,
studies like this set the stage for extension of immune interfering strategies to increase
outcome of patients with HR-NBL.

Predicting local responses in the periphery: the importance of paired monitoring

Most research so far has focused on analysis of tumor-infiltrating lymphocytes (TILs)
after biopsy or debulking surgery. However, this is not an option when you are interested
in monitoring immune dynamics during therapy. Monitoring cell subsets and soluble
molecules in peripheral blood (PB) is easily accessible and not very invasive, to me
making PB the preferred source for monitoring. Nonetheless, paired monitoring studies
between PB and cells from the tumor microenvironment (TME) are currently largely
lacking. As the immune system is a multifaceted system, it is important to study how
findings in the circulation can be related to the TME. To get better insight into this, we
will collect blood samples in our upcoming longitudinal immune monitoring protocol
(the DINO study) at the timepoint of biopsy/debulking surgery and compare this to
matched biopsy/tumor samples.

Drawing conclusions based on total immune cell subsets: tempting but risky

We noticed that in-depth immunophenotyping in HR-NBL is largely lacking, or only
performed in small cohorts with inconsistency between studies in included markers.
In my opinion, one should be careful drawing conclusions on total subsets of cells. A
first example of this is the presence and abundance of Tregs in the total CD3+ fraction,
which may be a major confounding factor in correlation with prognosis. Another
example is the early NK-cell recovery-based timing of immunotherapy after autologous
stem cell rescue. Based on our pilot data, NK-cells (CD56+CD3-) indeed recover early
after transplant. If we, however, zoom in on the subsets of NK-cells, we observe that
they are mainly of the more “immature” (CD56brightCD16-) rather than the cytotoxic
(CD56dimCD16+) phenotype necessary for effective dinutuximab-based cytotoxicity [7].
Availability of these data back when immunotherapy was embedded in the treatment
protocol might have resulted in different positioning. This demonstrates the necessity
to standardly embed immunophenotyping in clinical trials to retrospectively study
immune dynamics and correlation with clinical response.
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The lack of in-depth phenotyping is most probably mainly due to lack of knowledge
on clinical relevance, together with limited accessibility of material in pediatric patient
cohorts. Evolving technologies, like spectral flow cytometry and CyTOF, will be a main
gamechanger here, as a lot more markers can be measured simultaneously, increasing
the amount of information that can be subtracted from a sample.

Functional immune monitoring: it's what's inside that matters

Even though flow-based immunophenotyping is instrumental, it does not provide
information on the functionality of cells. The failure of T-cells from HR-NBL patients
to proliferate and produce cytokines upon stimulation with aCD3 to me was one of
the most important findings from our pilot study. This dysfunction is already present
at diagnosis and can therefore not fully be attributed to the intensive treatment. We
speculate that tumor deposition and/or tumor-related suppressive factors present in
the bone marrow niche may cause the observed dysfunction. Remarkably, repressive
capacity of Tregs seemed to be intact. To this end, it is important to study functionality
of other immune cell types, like NK-cells and neutrophils, as, if the tumor deposition
hypothesis holds true, one might expect similar issues in these cell subsets.

To study the cause behind the observed T-cell dysfunction, single cell transcriptomics
could potentially provide insights into pathway disturbances in cells. Nonetheless,
single-cell proteomics would be even more instrumental to learn more about activation
status of pathways. The Isoplexis Isolight can analyze the single cell intracellular
proteome of T-cells upon stimulation, which can in the near future even be coupled
to transcriptomics. Ideally, a genome-wide CRISPR screen (or knock-in screen) on
patient-derived T-cells would be very interesting to study key regulators involved in
the inhibition of proliferation [8]. Such an experiment would, however, not be feasible in
such a pediatric cohort as required cell numbers will not be met. Alternatively, one could
go for a more targeted approach, in which the proteomics data will guide to pathways
or proteins which could be studied in more detail with knock-in/out experiments.

Immune stimulation strategies during dinutuximab-based immunotherapy:
don't ditch it, replace it

Ladenstein and colleagues concluded from a phase Il clinical trial that there was no
benefit of IL-2 administration during the dinutuximab-based immunotherapy phase
[9]. This study, together with the fact that GM-CSF is no longer available in large parts
of Europe, resulted in omission of the immunostimulatory cytokines from the current
immunotherapy protocol.
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Although | understand the current decision from a clinical perspective, the data from
our pilot study clearly show the immunostimulatory effects of these cytokines. IL-2
cycles markedly induced NK-cell expansion, maturation state, and NK-cell activation-
associated protein markers. GM-CSF cycles induced expansion and increase in
activation-associated plasma proteins of neutrophils, monocytes, and eosinophils. |
think that these positive effects are counteracted by the dramatic expansion of Tregs,
both in IL-2 and GM-CSF containing immunotherapy cycles. A bell started ringing, as
| learned before about efforts to administer low doses of IL-2 to autoimmune patients
to induce Treg expansion. Indeed, similar IL-2 doses are used in these patient cohorts,
causing preferential Treg expansion [10]. Our pilot supports the hypothesis that selective
stimulation of cell types involved in dinutuximab-based cytotoxicity may enhance
immunotherapy efficacy and increase survival in HR-NBL patients.

When | started studying NK-cells, | quickly became puzzled about the selection of
IL-2 as an NK-stimulatory cytokine, and not a more restricted cytokine, like IL-15. Now
| understand IL-2 was selected as an immunostimulatory cytokine based on in vitro
studies and, most importantly, availability in clinical grade setting. Instead of omitting,
| suggest searching for better immunostimulatory strategies. Interesting efforts are
made in the field to more specifically stimulate NK-cells, for example by IL-15 [11,12],
the anti-KIR antibody Lirilumab (NCT02813135), and the CD122-biased cytokine agonist
NKTR-214 [13,14]. Efforts like these are important, as, even though we see an about
10% increase in 5-year survival upon immunotherapy addition to the treatment protocol,
relapse is still observed in about half of the HR-NBL patients. Nonetheless, monitoring
during the new, cytokine lacking immunotherapy phase will provide more insight into
whether the observed immunostimulatory effects can be ascribed to the presence of
immunostimulatory cytokines.

Alone we can do so little; together we can do so much ~ Helen Keller

Quite some inconsistencies were observed between markers included in monitoring
studies summarized in Chapter 2, making it difficult to compare studies and draw
conclusions on discrepancies. Standardization of panels across centers is very
important, not only because NBL is a rare disease, but also because a lot of different
treatment arms are present in the current treatment protocols. As different drugs may
have different effects on (subsets of) immune cells, it is important to discriminate
between treatment regimens. With only 10-14 HR-NBL patients diagnosed in the
Netherlands annually [1], it will take years before we reach enough patients per
treatment arm to draw firm conclusions. | would advocate for standardized, harmonized,
immune monitoring, either in all centers treating patients according the the Society
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of pediatric oncology Europe NBL group SIOPEN HR2 (or later) treatment protocol or
in a centralized laboratory to maximize the knowledge we will gain from these trials.

All in all, my conclusion from this thesis section is that, even though standard in-
depth immune monitoring is largely lacking, efforts that have been made show its
potential to guide and modulate immune responses, predict treatment responses,
and steer clinical decision making in the future. | strongly envision that monitoring
will allow evidence-based rather than empirical positioning and development of
(additional) immunotherapy strategies, something required to make the most out of
immunotherapeutic interventions to increase survival chances of children with HR-NBL.
Our upcoming, in-depth, longitudinal immune monitoring initiative (the DINO study) will
hopefully lay the groundwork for many more immune monitoring initiatives, in NBL, but
also in other (pediatric) cancers.

Part II & III - Improving Neuroblastoma Immunogenicity via Pharmacologi-
cal- and Cell-based Therapy Strategies

In the first section of this thesis, the presence of immune cells and their capacity to elicit
an immune response against NBL have been discussed. However, the immune system
can be as potent as it can be, but if the tumor fails to express ligands and other markers
needed to be recognized by the immune system, a strong anti-tumor response will be
avoided. Section Il & Ill of this thesis focuses on strategies to enhance adaptive immune
engagement in NBL to increase anti-tumor cytotoxicity and create immunological
memory to prevent future relapse. Section Il focuses on pharmacological strategies;
section Ill explores cell therapy-based strategies.

Section Il revolves around pharmacological induction of expression of major
histocompatibility complex class | (MHC-1) on tumor cells, a main prerequisite
for immunogenicity to CD8* T-cells. Chapter 5 summarizes literature on MHC-I
dysregulation in cancer and provides an overview of MHC-I upregulatory strategies
described in literature. We took an unbiased approach, in which drug repurposing
libraries were screened for their effect on MHC-I surface display. To this end, a high-
throughput flow cytometry protocol was developed to assess MHC-I surface display
(Chapter 6). In addition, we developed a protocol to engineer T-cells to express a tumor-
specific T-cell receptor (TCR) (Chapter 7), with which we engineered T-cells expressing
a TCR against the NBL-antigen PRAME, which could be used in subsequent T-cell
cytotoxicity assays. Chapter 8 summarizes the findings from the drug repurposing
screens, identifying histone deacetylase inhibitors (HDACI) as an MHC-| surface display
inducing drug class. A visual summary from our main findings is presented in Figure 2.
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Figure 2. Drug repurposing screening revealed HDAC inhibition as a promising strategy to increase

immunogenicity of NBL.

HDAC inhibition enhances antigen presentation, inmunoproteasome induction, and NK-cell ligand expression,
thereby increasing NBL immunogenicity. IAP inhibition required intact NFKB signaling, limiting its application in
HR-NBL. Created with BioRender.com

Section Il explores cell-therapy based strategies to target and induce immunogenicity
of NBL. The projects discussed in this section arose around our hypothesis about
MHC-I plasticity-mediated evasion of both T- and NK-cells. We hypothesize that
generation of a cell product that can both engage in missing-self cytotoxicity as well
as in recognition of malignant transformation in MHC-I context will result in an effector
cell that cannot be evaded by MHC-I plasticity. This thesis section explores different
immune cell sources to engineer such a cell product. Chapter 9 reports the potential
to use CD3*CD56* NKT-like cells, Chapter 10 describes an OP9/DL1 co-culture system
to differentiate genetically engineered CD34+ stem cells into TCR+ thymic NK-cells. A
visual summary of explored strategies is displayed in Figure 3.
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Figure 3. Explored strategies to harness immune cells against MHC-I plasticity-mediated immune evasion.
NCR = natural cytotoxicity receptor. Created with BioRender.com

Embryonal tumors from an immunological perspective: a separate class of
tumors?

Even though all are classified as “cancer”, it is now widely accepted that the pathobiology
of pediatric tumors deviates from adult tumors [15]. From an immunological perspective
and based on the data in this thesis, | think we can even take this one step further,
and state that pediatric tumors should be further subdivided into embryonal (e.g.
malignant rhabdoid tumors, medulloblastoma, and NBL) and non-embryonal tumors
(e.g. hematological tumors and gliomas). Where non-embryonal cell-derived tumors
immunologically tend to behave more like adult tumors (except for the lack of targetable
molecules due to the lower mutational burden), embryonal tumors intrinsically seem to
lack immunological features due to their origin. To me, this is one of the main take-home
messages from the research described in this thesis section: in embryonal tumors, like
NBL, we should not be talking about MHC-I downregulation, but about lack of MHC-I
upregulation.

Why do | think this is so important? Differentiation of the NBL cell of origin, a neural
crest cell stage, into differentiated parental cells is regulated by a complex regulatory
scheme of transcriptional and epigenetic modifications [16]. Treatment with HDACI
seems to trigger the NBL cells to change their epigenetic landscape, thereby inducing
a cell lineage switch which goes hand-in-hand with induction of tumor immunogenicity.
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So, unlike non-embryonal tumors, | believe that embryonal tumors do not escape
immune clearance. Instead, they simply are non-immunogenic in the first place. This
makes these types of tumors of particular interest to me forimmunomodulatory therapy
strategies, for example with HDACI [17,18]. For future research, | would like to study the
possibility to find embryonal tumor overarching pharmacological and/or cell therapy-
based strategies to induce immunogenicity.

The more mature, the better in hide and seek: A plot twist!

It has been shown that the more NBL cells differentiate, the less aggressive the
tumor becomes, and the better it responds to chemotherapeutic strategies [19,20].
It is hypothesized that differentiation goes hand in hand with increased overall
immunogenicity, thereby subjecting these cells to immunotherapeutic strategies.
This is substantiated by the observation that low-risk tumors have a higher degree of
differentiation, which is accompanied with more detected TILs in the TME [6]. These
findings underlie the rationale for administration of the retinoic acid isoform isotretinoin
during the consolidation phase of the current therapy regimen to force differentiation
of remaining tumor cells, which is combined with the anti-GD2 antibody dinutuximab.

This all sounds very sound: the closer the cells come to a mature, differentiated
phenotype, the more they present to the immune system, resulting in immunogenicity.
Surprisingly, a collaborative study with the George lab from Harvard revealed the contrary
[21]. NBL tumors contain a mixed population of both undifferentiated, mesenchymal
(MES) cells and committed adrenergic (ADR) cells, which can interconvert [22,23]. In
our collaborative study, correlation between the NBL cell lineage and immunogenicity
was examined more closely [21]. A dataset of 498 primary NBL tumors revealed
that more undifferentiated tumors with a higher MES-score had significant higher
expression of markers related to innate and adaptive immunogenicity signatures [21].
In line with this, we observed a cell lineage switch to a MES phenotype upon treatment
with the HDACI Entinostat, which was accompanied by increased innate and adaptive
immunogenicity signatures (Chapter 8). Figure 4 provides a revised schematic on how
NBL immunogenicity is related to cell lineage and differentiation state.

If these findings hold true, this will have major implications for the way we look at
(immuno)therapy strategies in NBL. First, it has been reported that MES cells are more
resistant to chemotherapy, skewing treated NBL tumors to a more MES phenotype
[22]. This would then provide a window for immunotherapeutic strategies to eliminate
the remaining chemo-resistant tumor cells. Second, and maybe even more urgent,
these data would directly argue against combining isotretinoin with immunotherapy,
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as isotretinoin is administered to induce differentiation and rewire ADR signaling in
remaining NBL cells [24].

As the current immunotherapy regimen is directed to GD2, it is also important to
consider GD2 expression in the different cell lineages. One study in TH-MYCN mice
reports that GD2 expression is lost with the conversion from the ADR to MES lineage
[25]. In contrast, no difference in expression of GD2 synthase was observed between
human ADR and MES cell lines and patient-derived organoids [26]. In addition, mouse
studies with Vorinostat, another type | HDACI, even reported an increase in GD2 and GD2
synthase expression [27]. Future experiments should be performed to conclude whether
this is also observed upon Entinostat treatment. Moreover, studies in human setting
are required to conclude whether GD2 expression is correlated with NBL cell lineages.

The seemingly positive correlation between tumor aggression and immunotherapy
efficacy complicates the timing of therapy components. On the one hand, we
would like to skew the tumor to a more committed ADR cell lineage, as these more
differentiated cells are reported to have a less aggressive phenotype. On the other hand,
immunotherapy, and subsequent generation of immunological memory, may be most
effective when tumors display a more aggressive MES phenotype. Hypothetically, as
MES resistance to chemotherapy skews cells towards a more MES phenotype, timing
of immunotherapy after chemotherapy would be ideal. Nonetheless, the immune status
after chemotherapy is often disturbed and might require passive immunotherapy
strategies, like adoptive T-cell therapy, to ensure efficacy.

Besides this, the isotretinoin issue remains, as consolidation with isotretinoin may
decrease the likelihood of activation of immunological memory upon tumor rechallenge.
As MES cells have been reported to be largely resistant to differentiation induced by
retinoic acid (and might even aid proliferation and migration of cells) [22], one might
hypothesize that isotretinoin administration before or during chemotherapy might be an
interesting strategy. These hypotheses, however, are all based on indirect observations
in other research and should be studied in more detail to be able to conclude the benefit
of isotretinoin in any therapy stage.

Altogether, this shows that the tumor cell status is extremely important in immune
recognition and immunotherapy efficacy. The observed tumor cell plasticity shows
that not only the (immuno)therapy strategy itself, but also the timing is extremely
important and may make or break a therapeutic strategy. More in-depth knowledge on
these processes and implications for therapy efficacy are required to be able to make
educated decisions. Nevertheless, | hope this section aids to the notion that empirical
decision making is tempting (and sometimes required), but risky.
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Figure 4. NBL immunogenicity in relation to cell lineage.

Undifferentiated, mesenchymal NBL cells are more immunogenic, but also more aggressive and less sensitive
to chemotherapy. Committed, adrenergic NBL cells are less immunogenic, but more sensitive to chemotherapy.
Created with BioRender.com

Entinostat treatment to increase NBL immunogenicity: steps from bench to
bedside

Combining HDACi with immunotherapy to maximize immunotherapy efficacy is
increasingly studied in both pediatric and adult cancer cohorts [28-30]. Our in vitro
study showed a multimodal effect of Entinostat on tumor cells, positively affecting
both T- and NK-cell immunogenicity. In addition, previous studies using an NBL
mouse model showed that Vorinostat, another class | HDACi, decreased abundance
and immunosuppression of myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs), which may further increase immunogenicity [27,31].
The effect of HDACi on lymphocyte subsets is more debated and seems to be HDACi
class dependent. We did observe intact T-cell proliferation in the presence of a high-
dose of Entinostat. In addition, others have reported increased expression of natural-
cytotoxicity receptors on NK-cells, suggesting that NK-cell function may even be
enhanced [32,33]. Immunocompetent NBL mouse models would aid in understanding
the net effect of multi-modal immune editing by Entinostat. An orthotopic, competent
mouse model would be fit to study this effect [27]. Alternatively, and probably more
translatable to the human situation, a humanized, competent mouse-model could be
used, for example MISTRG mice repopulated with a human immune system [34]. Co-
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administration of PRAME HSS1 TCR expressing T-cells is possible in this model, thereby
enabling control of the presence of tumor-specific T-cells.

The second hurdle that has to be overcome is the minimum age required to receive
Entinostat. The current multi-center INFORM2 trial (NCT03838042), which is also
conducted in our center, studies the effect of Nivolumab and Entinostat in children and
adolescents with high-risk refractory malignancies. Even though refractory or relapsed
NBL patients could be eligible for this study, the minimum age for inclusion is 6 years.
This age restriction is due to the currently available formulation [35], requiring patients
to be able to swallow tablets and have a minimum body surface area of 0.9 m?, and not
due to toxicity issues. A change in formulation is required to solve this issue and make
Entinostat available for the majority of NBL patients.

The last major hurdle remaining is that of positioning of Entinostat in the multi-
modal treatment regimen. Current trials in NBL position HDACI prior to (Vorinostat,
NCT02559778) or during (Vorinostat, NCT03332667) immunotherapy, or in refractory/
relapsed disease (Entinostat, INFORM2). Considering the observed switch to a more
mesenchymal tumor lineage, which is correlated with resistance to chemotherapy, |
think positioning Entinostat after chemotherapy but prior to or during immunotherapy
would be ideal to most effectively target the remaining tumor cells after initial
chemotherapy. In vivo mouse studies in which the HR-NBL therapy regimen is mimicked
could aid in evaluation of most effective positioning.

Never bet on one horse: future directions to determine the potential of other
drug hits

Besides inhibitor of apoptosis inhibitors (IAPi) and HDACI, we found four other drug
categories that upregulate MHC-I expression on NBL cells: topoisomerase inhibitors
(TIi), tyrosine kinase inhibitors (TKi), proteasome inhibitors, and antimalarials.
Validation in other in vitro NBL models is required to verify results.

Studies into the immunomodulatory capacity of Tli and TKi would be of particular
interest in NBL. The Tli topotecan is currently administered to refractory/relapsed
HR-NBL patients included in the VERITAS study. In addition, a wide range of TKis
affected MHC-I expression during our drug screen. Especially TKis targeting the ALK
pathway are of interest, as both ALK and downstream RAS-MAPK kinases are frequently
mutated in HR-NBL [36], and several clinical trials are evaluating the anti-tumor effect of
TKis targeting these pathways in refractory/relapsed HR-NBL. An immunomodulatory
effect of these drugs, besides the anticipated antineoplastic effect, might make them an
even more interesting candidate to improve treatment for HR-NBL patients. As reviewed
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in Chapter 5, a similar effect on MHC-I expression was reported upon repression of
tyrosine kinase pathways as well as by Tlis in various pre-clinical adult cancer models.

We initially started this pharmacological screening project to find compounds re-
sensitizing NBL cells to NFkB pathway activation, as we previously found high expression
of two key regulators of NFkB signaling; N4BP1 and TNIP1 [37]. Unfortunately, such
a drug was not identified during this project. Literature describes two interesting
compounds we could aim future research at. The first ones are the Cyanopyrrolidine
derivates (W02017109488), which have been patented to specifically targeting one of
the key downstream factors of N4BP1: Cezannel. The second one is Clomipramine,
which negatively regulates another downstream factor, ltch. Another strategy would
be to screen libraries of small molecules that specifically target Cezanne1, a strategy
described for other deubiquitinase inhibitors [38].

Cytokine-induced MHC-I expression in a clinical setting: is there a potential?

MHC-I expression-enhancing cytokines, although encouraging in a pilot clinical trial in
HR-NBL [39,40], have limited systemic therapeutic applicability due to severe toxicities
resulting from their broad range of biological activities [41]. Finding better tolerable
compounds that increase MHC-I expression on tumor cells is one strategy, but another
strategy would be a targeted delivery strategy of cytokines, for example by immune
cells.

One elegant way is the gene-therapy-mediated delivery of cytokines, in which
hematopoietic stem cells are transduced with a vector expressing IFNy/TNFa/IFNa
controlled by the pro-tumoral macrophage-specific Tie2 promotor [42,43]. This way,
expression of the cytokines is targeted to the tumor site. Based on current data, IFNa
seems to be the most promising candidate for delivery, as they have been shown to
repolarize MDSCs and TAMs to a less pro-tumorigenic phenotype [44].

The autologous transplant after high-dose chemotherapy during NBL treatment would
provide an excellent opportunity for this gene-therapy based strategy. However, we
have to be cautious with these type of strategies, as lentiviral integration of the Tie2-
regulated transgenes will be random, which is in my opinion a particularly critical
point in multipotent hematopoietic stem cells. In addition, | believe that virtually every
endogenous promotor will be activated during some type of physiological process, as
it is an endogenous promotor for a reason. Tie2, for example, seems to have an effect
in the maintenance of adult vasculature [45]. Nonetheless, the approach will always
be a lot more targeted than systemic delivery. More studies should be performed to
determine safety and tolerability. It would be interesting to see if we would be able
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to introduce one of these cytokines in a T-cell therapy product, under expression of
promotors particularly activated in T-cells in the TME, for example a promotor important
in dampening T-cell activation in the tumor.

Another strategy would be to use the endogenous capability of cells to produce
cytokines upon activation. Two of these strategies are explored in this thesis: the use
of tumor-specific TCR transduced co-culture derived thymic NK-cells (Chapter 10)
or CD3+CD56+ NKT-cells (Chapter 11). Both strategies result in the generation of a
functional cell product, which can recognize in both TCR-dependent and a more NK-
like, TCR-independent manner. Theoretically, recognition of missing-self or natural
cytotoxicity receptor (NCR) engagement results in NK-cell activation, which in turn
causes release of IFNy. IFNy induces MHC-1 expression, thereby sensitizing the tumor
cells to TCR-mediated cytotoxicity. But which strategy is the way to go?

The big advantage of the use of co-culture derived thymic NK-cells is that they
do not have to be majorly expanded once mature, thereby potentially increasing
their persistence compared to products produced from mature NK-cells [46]. The
disadvantage, on the other hand, is that they are NK-cells, hitting hard and fast, but
not necessary displaying longevity and memory formation. Notwithstanding, NK-cells
are now recognized to also be able to generate a memory-like phenotype [47,48]. The
question remains, however, if the thymic NK-cells we generate in vitro can generate
such a memory response.

CD3+CD56+ cells, on the other hand, are a relatively abundant lymphocyte subset
(1-11%), can be easily expanded with conventional T-cell expansion protocols, and are
capable to generate immunological memory [49]. The observed T-cell dysfunction in
HR-NBL patients discussed in the first part of this thesis, however, might complicate
the expansion and potency of generated autologous cell products. Nonetheless, several
autologous cell engineering strategies are studied in clinical trials, indicating that the
observed dysfunction can be overcome ex vivo. Besides this, the total CD3+CD56+ cell
fraction is heterogeneous and includes both pro- and anti-tumorigenic cell subsets
[50]. Where CD1d-restricted type | NKT (invariant NKT) and CD1d-unrestricted NKT-
like cells have been described to promote tumor immunity, CD1d-restricted type Il
NKT-cells are reported to suppress tumor immunity [50]. Recently, FlowSOM analysis
of deep phenotypical characterization of the full CD3+CD56+ cell fraction of healthy
donors revealed even more complexity, as 19 individual subsets were identified by
clustering [49]. Future experiments should focus on the difference in anti-tumor
capacity of heterogeneous and more homogenous cell products, the potential skewing
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of populations due to permissiveness to lentiviral transduction, and discrimination of
the most promising cell fractions within the heterogeneous CD3+CD56+ cell fraction.

Focus on MHC-I expression to increase T-cell engagement: Old-fashioned or
is there something to it?

One might wonder, a whole thesis section on inducing MHC-I expression to increase
T-cell immunogenicity, is this not a bit old-fashioned? Chimeric Antigen Receptor (CAR)
T-cells are already around for years and unconventional, MHC-I unrestricted T-cells, like
iNKT-cells, y6 T-cells, and MAIT-cells are increasingly acknowledged for their anti-tumor
capacity. Moreover, the MHC-I locus is highly polymorphic, complicating the generation
of cell therapy products to individuals with designated HLA-A/B/C polymorphisms.

Many CART engineering strategies are currently in pre-clinical and clinical development
in NBL [51]. Two of the main studied targets are GD2 and B7H3. Even though CART
initially showed limited success in NBL (and solid tumors in general), many strategies
are in development to boost efficacy. Preferential use of specific T-cell subsets,
inclusion of IL-15 (or other cytokines) into the vector design to boost a stem-cell memory
phenotype [52,53], studies into the optimal CAR design (e.g. length of spacer, type of
signaling domain, origin of the scFv domain) [54], CART targeting the suppressive TME
[55], and use of alternative cell types (e.g. NK- or iNKT-cells) are all promising strategies
to improve efficacy [56]. The main advantage of CART is that they are unrestricted
of antigen-presentation and MHC-I expression, which makes that one CAR receptor
design can be used as a backbone for every CART-product. This in contrast to MHC-I
targeting strategies, in which different TCRs have to be identified in different HLA
contexts to be able to treat all. The main disadvantage of CART is that they can only
target surface proteins, which represents only a fraction of all proteins expressed.
This is especially problematic in pediatric cancer, as the mutational burden is low,
and the list of promising targets is already limited. Besides this, the “unnatural” CART
structure subjects it to potential immunogenicity against the CAR, causing less CART
persistence [57]. In addition, it is increasingly recognized that the persistence of CART-
cells is further affected by the harsh, “unnatural” way of stimulation [58]. | think both
MHC-I-restricted and CART strategies have their advantages and disadvantages, and
the future will tell which strategy will be most effective.

Then on to native MHC-I| unrestricted T-cells. Based on this thesis and literature, |
believe that the lack of immunogenicity of NBL is not restricted to MHC-I restricted
T-cells. In a collaborative study we observed that, even though all tested NBL organoids
express CD277 (the protein recognized by yd T-cells), co-culturing these organoids
with endogenous yd T-cells did not result in cytotoxicity [59]. When aB T-cells
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were engineered to express a y6 TCR (a cell product named TEG002), we observed
cytotoxicity in half of the tested organoids, but only when cells were pre-treated with
pamidronate [59]. yb T-cells namely recognize elevated levels of phosphoantigens in
stressed cells, which can be induced by treatment with pamidronate, but also with
chemo(immuno)therapy strategies with temozolomide [60]. In addition, in an ongoing
research effort (unpublished), we observed that T-cells expressing a recently identified
“pan-cancer” TCR, against the monomorphic MHC-I related protein 1 (MR1) [61], are
also not able to target most NBL cells.

CD1d, the MHC-I like molecule recognized by iNKT-cells, is hardly expressed on NBL cells
(own unpublished data and [62]), limiting their contribution in cytotoxicity of NBL. An
interesting observation, which gives food for thought, is that TAMs in the TME, however,
are subjected to CD1d-mediated cytotoxicity by iNKTs, resulting in the generation of
a more permissive tumor environment, indirectly increasing immunogenicity of tumor
cells [63]. This again is an example to advocate for the use of immunocompetent
models with presence of all sorts of immune cells to be able to study the net anti-tumor
effect of cell therapy strategies.

And finally, last but not least, another bold thought. CD4+ T-cells have been treated
as bystanders in tumor elimination for years, but are increasingly recognized in their
importance in long-term remission [64-66]. This makes me wonder, besides introduction
of MHC-I restricted TCRs in CD4+ T-cells, is there also a potential for MHC-II restricted
T-cell strategies? Several cancer types have been reported to express MHC-II [67], and
our transcriptome data indicates induction of expression of MHC-Il expression in NBL
cells upon Entinostat treatment (unpublished data). These data have to be confirmed
on a protein level, but could provide a rationale for MHC-II restricted adoptive TCR
therapy strategies. In addition, even though MDSCs and TAMs in the TME express low
levels of MHC-II, class | HDACs are reported to enhance MHC-II presentation, which may
provide another interesting immune modulating option of MHC-II restricted adoptive
T-cell therapy [27,31].

To conclude, the potential of many MHC-I unrestricted T-cells are evaluated in
NBL. | believe that the embryonal origin of NBL cells causes an overall lack of
immunological features, not restricted to MHC-I and conventional T-cells. Consequently,
immunogenicity enhancing strategies are also required to utilize their potential. These
non-conventional T-cells do have the advantage of recognizing molecules which are
non-polymorphic in the population, which would decrease the complexity of generation
of a cell product to treat NBL patients regardless of HLA background. Nonetheless,
the broad repertoire of presented peptides in MHC-I, the native signaling cascades in
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T-cells, and the abundance of MHC-I restricted T-cells compared to MHC-I unrestricted
T-cells to me makes that there is definitely something to MHC-I restricted T-cell therapy
strategies.

Let's mention the elephant in the room: it's not just MHC-I presentation

Lack of MHC-1 expression on tumor cells might be one of the main, most basal limiting
factors in cytotoxic T-cell activation, but many additional immunomodulatory processes
in the TME limit T-cell engagement in NBL. Consequently, expression of checkpoint
ligands, secretion of all sorts of immunomodulatory proteins, presence of suppressive
cell populations (e.g. TAMs, MDSCs, and Tregs), and impaired T-cell functionality are
all additional factors that have to be tackled to maximize cytotoxic anti-tumor capacity
of cytotoxic T-cells.

| think a multi-faceted therapy approach is required to beat the immunomodulatory
capacity of the tumor and its environment to be able to truly master this game of hide
and seek. Unraveling the ideal regimen and timing, however, is easier said than done.
We first need to better understand the dynamics and implications of the individual
immunomodulatory processes and the total impact of (timing of) manipulations in
fully immunocompetent settings. It is quite important to not only study interventions
on their own, but also complete treatment regimens, as | think every component of
a regimen may affect subsequent treatments. A lot can be learned from humanized,
immunocompetent mouse models, like the MISTRG model [34], but of course findings
have to be related to the human situation. To that end, studying biopsies/debulking
material at diagnosis, after induction chemotherapy, and in case of relapse could aid
in relating findings between mouse and human setting.

Even if we manage to make the tumor immunogenic and the immune system functional,
tumor cells look a lot like their healthy counterparts, resulting in no, or a very narrow,
immune response against tumor cells. To this end, pipelines are needed to find tumor-
specific or treatment-induced changes that could be picked up by immunotherapeutic
strategies. Cell surface proteomics and transcriptome analysis could aid in
identification of these differences. One promising technique is ribosome profiling
(RiboSeq), a technique the van Heesch lab recently introduced in the Princess Maxima
Center. As a pilot, we performed RiboSeq on a patient-derived NBL organoid before
and after Entinostat treatment. Interestingly, we identified new, previously unannotated,
treatment-induced neo-antigens (unpublished data), which shows the potential of such
a technique. The question, however, remains if these treatment-induced effects are
tumor-specific, or whether they can also be found in treated healthy tissues. In addition,
it remains to be observed if neo-antigen expression is shared in patient populations.
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Besides this, studying tumor-specific antigens in untreated NBL is a challenge, as it
remains questionable which tissue should be used to compare to. In a collaborative
project, we will try to tackle these questions in the coming years and optimize the
pipeline to identify new general tumor-specific or treatment-induced neo-antigens to
increase immunogenicity of NBL and other pediatric tumors.

All'in all, my conclusion from the second and third section of this thesis is that there are
many unknowns and many possibilities and efforts to increase NBL immunogenicity.
My biggest eye-opener is that NBL immunogenicity is not positively correlated to
differentiation status of cells. The observation that more committed ADR cell lineages
seem to be better targeted by chemotherapy, and undifferentiated MES cell lineages
by immunotherapy, tells me that combining the two in one regimen is even more
promising as | previously already recognized. The plasticity in cell lineage may have
huge implications on therapy efficacy and timing of individual therapy components in
the treatment regimen may make or break therapy strategies.

CONCLUDING REMARKS

The research described in this thesis focuses on strategies to enhance NBL
immunogenicity to improve outcome of children suffering from HR-NBL. The main
objective was to find pharmacological and cell-based strategies to induce one of the
most important prerequisites for cytotoxic T-cell engagement: cell surface display of
MHC-I. The ultimate goal is to effectively engage T-cells, thereby enhancing anti-tumor
cytotoxicity and creating immunological memory to prevent future relapse.

To improve the current therapy regimen, we need to understand why the current strategy
fails. The pilot data of the functional, longitudinal immune monitoring strategy we
developed shows clues for therapy improvement and emphasizes the potential of such
a monitoring strategy to study therapy responses in patients. However, we can show
the potential, but we do need collaborative approaches within the European association
involved with neuroblastoma research (SIOPEN) to gain enough power to be able to
draw firm conclusions in such a rare disease treated with many different treatment
arms.

We identified HDAC inhibition as a promising approach to induce surface display of
MHC-I expression on NBL cells, thereby causing in vitro susceptibility to NBL-specific
T-cell cytotoxicity. The HDACI Entinostat induces a general increase in factors important
in both innate and adaptive immunogenicity, which, to our surprise, was accompanied
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by a switch towards a more undifferentiated, MES NBL cell lineage. This implies that
chemo-resistant NBL cells are more sensitive to immunotherapy, and vice versa.
These new insights in cell lineage plasticity in response to chemo- and immunotherapy
stresses the importance of considering therapy timing to reach maximum therapy
efficacy.

Immune monitoring during therapy revealed that, besides the low immunogenicity of
NBL cells in general, immune cells themselves may be dysfunctional, which further
complicates the generation of NBL-specific immune responses. Adoptive cell therapy
strategies may therefore be required complementary to immunogenicity-enhancing
strategies to maximize anti-tumor responses. This thesis hints to the potential of cell
therapy strategies which combine natural NK-cell cytotoxicity with TCR-mediated
cytotoxicity of T-cells in one cell to overcome MHC-I plasticity-related immune evasion.

Altogether, understanding of the impact of (timing of) individual components of the
HR-NBL treatment regimen on tumor destruction, tumor phenotype, immunogenicity,
and immune cell function is key to further improve efficacy of the treatment
regimen. This thesis identifies and shows the potential of strategies to increase NBL
immunogenicity to, among others, T-cells, to induce an NBL-specific immune response
and generate immunological memory to prevent future relapse. This is a start, but
translating our findings to a fully immunocompetent setting, together with investigation
of other immunogenicity-restricting processes, is needed to bring mastering of this
game of hide and seek to the next level.
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Neuroblastoom is een zeldzame vorm van kinderkanker. Het is een tumor die ontstaat
uit embryonale voorlopercellen, genaamd blasten (vandaar “blastoom”), die in
gezonde situatie uitrijpen tot allerlei componenten van het sympathische zenuwstelsel
(vandaar “neuro”), waaronder het bijniermerg en andere delen van het sympathische
zenuwstelsel. Primaire tumormassa’s presenteren zich daarom vaak op deze locaties in
het lichaam. De gemiddelde leeftijd bij diagnose is 18 maanden en de overlevingskans
van patiénten is enorm afhankelijk van het stadium van de ziekte. Kinderen met laag-
risico neuroblastoom hoeven vaak niet behandeld te worden en overleven in meer
dan 90% van de gevallen, terwijl kinderen met hoog-risico (HR) neuroblastoom op dit
moment slechts in de helft van de gevallen meer dan 5 jaar na diagnose nog in leven
zijn. Het risico wordt onder andere hoger met leeftijd, genetische afwijkingen in de
tumor en mate van uitzaaiing door het lichaam.

Met 10-14 diagnoses per jaar in Nederland wordt HR-neuroblastoom geclassificeerd als
een zeer zeldzame ziekte. Door de agressiviteit van deze tumor is neuroblastoom echter
wel de oorzaak van 15% van de wereldwijde aan kinderkanker toe te schrijven doden.
Deze cijfers benadrukken de noodzaak van ontwikkeling van betere behandelstrategieén
ter genezing van kinderen met HR-neuroblastoom.

Kinderen met HR-neuroblastoom worden behandeld met een intensief behandelregime,
bestaande uit chemotherapie, bestraling, chirurgische resectie van de tumor
en immuuntherapie. Immuuntherapie wordt gegeven in de vorm van het anti-
GD2 antilichaam dinutuximab dat tumorcellen beter zichtbaar maakt voor het
immuunsysteem. Toevoeging van immuuntherapie aan het behandelregime heeft
gezorgd voor toename in overlevingskansen van kinderen met hoog risicoziekte. Na
twee jaar werd een 20% toename in eventvrije overleving gezien, na vijf jaar was deze
toename nog 10%. Dit laat het potentieel zien van immuuntherapeutische interventie
ter verbetering van de behandeling van neuroblastoom.

Ook al zien we deze toegevoegde waarde van immuuntherapie, de realiteit is dat
nog steeds ongeveer de helft van de kinderen een recidief krijgt. Daarnaast neemt
de toegevoegde waarde van de immuuntherapie over de jaren af. Wij denken dat
dit komt omdat het huidige antilichaam-gebaseerde immuuntherapieregime vooral
gericht is op activatie van het aangeboren immuunsysteem, getraind om hard en snel
te handelen, maar het aangeleerde immuunsysteem onvoldoende activeert. Activatie
van het aangeleerde immuunsysteem is van belang om immunologisch geheugen te
bewerkstelligen om een recidief te voorkomen. Onze hypothese is dan ook dat het
verhogen van T-cel herkenning cruciaal is om de effectiviteit van immuuntherapeutische
interventies tegen neuroblastoom te maximaliseren.
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Dit proefschrift richt zich op strategieén om herkenning van neuroblastoom
door T-cellen te verhogen en draagt bij aan identificatie van nieuwe (additionele)
immuuntherapeutische interventies om overlevingskansen van kinderen met
neuroblastoom te verbeteren. Dit proefschrift is onderverdeeld in drie delen. Deel 1 van
dit proefschrift onderzoekt het potentieel van het monitoren van immuunreacties tijdens
de behandeling van kinderen met neuroblastoom. Immuunmonitoren zou bijvoorbeeld
ingezet kunnen worden als tool om nieuwe potentiéle therapeutische strategieén en
biologische markers voor het al dan niet aanslaan van behandelingen te identificeren.
Deel 2 beschrijft de identificatie van medicijnen die T-cel herkenning van neuroblastoom
verhogen. Deel 3 van dit proefschrift onderzoekt de potentie van celtherapeutische
strategieén om herkenning van neuroblastoom door het immuunsysteem te verbeteren.

DEEL 1 - IMMUUNREACTIES TIJDENS HET BEHANDELREGIME VAN
HR-NEUROBLASTOOM

Met slechts 10-14 Nederlandse hoog-risico patiénten per jaar zijn patiéntgroepen
vaak te klein om behandelprotocollen goed te kunnen optimaliseren en vergelijken.
Dit wordt onderschreven door het feit dat de dosis, timing en combinatie van
immuuntherapeutische componenten momenteel vooral gekozen zijn op basis van
ervaring. Zo worden bijvoorbeeld de status van het immuunsysteem van patiénten
en individuele effecten van behandelcomponenten nog weinig in acht genomen bij
het opstellen van behandelprotocollen. Twee recente studies, een naar het individuele
effect van IL-2 in een eerder behandelregime, de ander naar het effect van de snelheid
van infusie van de antilichaamtherapie, laten het belang en potentieel zien van dit
soort studies om de slagingskans van behandelingen te maximaliseren. Diepgaand
monitoren van het immuunsysteem tijdens behandeling wordt momenteel echter nog
weinig uitgevoerd.

Hoofdstuk 2 vat de huidige literatuur over de status van het immuunsysteem van
kinderen met neuroblastoom bij diagnose en tijdens therapie samen. Individuele studies
laten veelbelovende aanwijzingen zien over waarom het effect van immuuntherapie
niet maximaal is. Observaties hinten naar nieuwe interessante (additionele)
immuuntherapeutische strategieén. Wat ook opviel is de inconsistentie tussen wat en
de manier waarop er gemonitord wordt in individuele studies. De kleine patiéntgroepen
per centrum zorgen er daardoor vaak voor dat het onmogelijk is om harde conclusies te
trekken op basis van verkregen data. Wij pleiten voor gestandaardiseerde monitoring
van het immuunsysteem in alle kinderen die behandeld worden volgens het huidige
Europese behandelprotocol. Op deze manier kan maximale kennis worden opgedaan
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om het behandelregime in de toekomst verder te verbeteren. In Hoofdstuk 3 beschrijven
we een strategie waarmee flowcytometers met verschillende complexiteit op elkaar
afgestemd kunnen worden om inconsistentie van interpretatie van resultaten tussen
centra te voorkomen. In Hoofdstuk 4 beschrijven we de resultaten van onze eerste pilot
studie waarin we de dynamiek van het immuunsysteem tijdens het behandelregime
bestudeerd hebben in 25 patiénten met HR-neuroblastoom. Buiten het feit dat deze pilot
interessante aanwijzingen verschaft voor het verbeteren van de timing van (individuele
componenten van) het immuuntherapieregime is voor mij een misschien nog wel
belangrijkere conclusie: beoordeel nooit een boek naar zijn kaft. We zien dat (subsets
van) immuuncellen op het eerste gezicht aanwezig zijn, maar als we vervolgens de
functionaliteit van bepaalde celtypes bepalen, zijn deze disfunctioneel. Het is dus van
belang om niet alleen aanwezigheid, maar ook functionaliteit van immuuncellen te
monitoren om betrouwbare conclusies te kunnen trekken. De afgelopen jaren hebben wij
gewerkt aan het opstellen van een gestandaardiseerd protocol om het immuunsysteem
tijdens het behandelregime te monitoren. Op het moment van schrijven kan deze
studie, bekend als de DINO studie, ieder moment van start gaan in het Prinses Mdxima
Centrum. Ons ultieme doel is om dit monitoring protocol in samenwerking met andere
Europese instituten uiteindelijk te implementeren voor alle kinderen behandeld met het
Europese HR-neuroblastoom behandelprotocol.

DEEL 2 - VERBETEREN VAN T-CEL HERKENNING VAN NEURO-
BLASTOOM VIA FARMACOLOGISCHE VERHOGING VAN MHC-I

In het eerste deel van dit proefschrift hebben we gekeken naar de aanwezigheid en
capaciteit van immuuncellen om HR-neuroblastoom te herkennen. Een complicerende
factor in herkenning van neuroblastoom door het immuunsysteem is echter dat de
cellen grotendeels onzichtbaar zijn voor het immuunsysteem, omdat de voorloper cellen
waaruit de tumor ontstaat normaal alleen tijdens de embryonale fase, maar niet in
een volgroeid kindje, aanwezig zijn. We kunnen dus strategieén ontwikkelen om het
immuunsysteem maximaal potent te maken, maar zolang de tumor geen moleculen
op het oppervlak toont die immuuncellen nodig hebben voor herkenning, zal het
immuunsysteem de tumor niet elimineren. Een molecuul noodzakelijk voor herkenning
door killer T-cellen is MHC klasse | (MHC-I).

Hoofdstuk 5 geeft een overzicht van de onderliggende mechanismen van disregulatie in
MHC-I expressie in allerlei soorten kanker en beschrijft strategieén die geidentificeerd
zijn om MHC-I expressie in verschillende tumorsoorten te bewerkstelligen. Een
belangrijke conclusie van dit hoofdstuk is dat het van belang is onderscheid te
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maken tussen tumoren met irreversibele verandering in MHC-1 expressie, veroorzaakt
door onomkeerbare aanpassingen in het DNA, en reversibele MHC-I disregulatie,
veroorzaakt door omkeerbare disregulatie in cellulaire processen. Afwezigheid van
MHC-1 in HR-neuroblastoom wordt veroorzaakt door een reversibele disregulatie, wat
perspectief biedt voor het verhogen van MHC-| expressie (en dus T-cel herkenning) met
geneesmiddelen. Verschillende cytokines (moleculen die een belangrijke rol spelen
in de afweer) met een bekend effect op MHC-I expressie verhogen MHC-I expressie
in neuroblastoom. Cytokines hebben echter een hele brede biologische activiteit,
waardoor het gebruik als medicijn leidt tot veel bijwerkingen. Daarom hebben we
ons in dit deel van het proefschrift gericht op de identificatie van farmacologische
strategieén om MHC-I expressie in neuroblastoom te induceren. Hoofdstuk 6 beschrijft
de ontwikkeling van een “high-throughput” screening methode waarmee we, onder
andere, MHC-I expressie verhogende medicijnen kunnen identificeren met behulp van
flowcytometrie. In Hoofdstuk 7 wordt de ontwikkeling van een protocol besproken
waarmee we T-cellen van navelstrengbloed en gezonde donoren genetisch kunnen
modificeren om herkenning van specifieke tumoren, zoals neuroblastoom, te kunnen
bewerkstelligen. Dit protocol kan vervolgens gebruikt worden om tumor-specifieke
T-cel herkenning in het lab te bestuderen. Hoofdstuk 8 laat de resultaten zien van het
screenen van het effect van ~3800 medicijnen op MHC-I expressie in neuroblastoom.
Hier identificeren we Entinostat, een zogenoemde histon deacetylase remmer, als
een veelbelovend medicijn om T-cel herkenning van neuroblastomen te verbeteren,
onder andere via inductie van MHC-| expressie. We zien dat tumorcellen zich na
behandeling met Entinostat compleet anders gaan gedragen, waarbij ze switchen van
een zogenoemd “adrenerg” naar een meer “mesenchymaal” type. Dit gaat hand-in-hand
met een verhoging van allerlei factoren belangrijk in immuunherkenning van de tumor,
niet beperkt tot herkenning van T-cellen alleen. Dit is een opvallende observatie, omdat
dit de tot voor kort geldende hypothese dat meer uitgerijpte neuroblastomen beter door
het immuunsysteem kunnen worden herkend, tegenspreekt. Deze observatie wordt
ondersteund met data uit een samenwerking met het George lab van het Dana Farber
instituut in Boston. Deze bevindingen vragen naar mijn mening om herziening van de
hypotheses waarop (de timing van) behandelcomponenten, zoals het combineren van
immuuntherapie met isotretinoine, gebaseerd zijn.

DEEL 3 - CELTHERAPEUTISCHE STRATEGIEEN TER VERBETERING VAN
NEUROBLASTOOM HERKENNING DOOR IMMUUNCELLEN

Ons immuunsysteem heeft een veiligheidsmechanisme ingebouwd waardoor cellen
die zichzelf niet meer laten zien aan het immuunsysteem herkend en geélimineerd
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worden. Afwezigheid van MHC-I expressie op het oppervlak van cellen induceert
bijvoorbeeld activatie van natural killer cellen (NK-cellen), die MHC-I negatieve cellen
vervolgens elimineren. Echter, activatie van NK-cellen gaat samen met uitscheiden van
cytokines waarvan we weten dat ze MHC-| expressie op neuroblastoom cellen kunnen
verhogen. Het gevolg is dat de MHC-I expressie tijdelijk omhooggaat waardoor die
tumorcellen niet geélimineerd worden door NK-cellen, maar ook weer afneemt zodra
er geen geactiveerde cellen meer in de omgeving van de tumor zijn. We hypothetiseren
dat deze zogenoemde plasticiteit in MHC-I expressie zorgt voor het ontwijken van
eliminatie van neuroblastoom door zowel T- als NK-cellen.

De studies in dit deel van het proefschrift zijn ontstaan rond de hypothese dat
neuroblastomen eliminatie door het immuunsysteem niet langer kunnen ontwijken via
MHC-I plasticiteit wanneer een celtherapie product tumoren kan elimineren in zowel
aan- als afwezigheid van MHC-I expressie. We onderzoeken het gebruik van twee
verschillende bronnen van immuuncellen om een dergelijk product te genereren. In
Hoofdstuk 9 worden cellen die van nature in bloed voorkomen, NKT-cellen, uit bloed
geisoleerd en genetisch gemanipuleerd met een neuroblastoom-specifieke T-cel
receptor (TCR) zodat tumorcellen met MHC-1 op het oppervlak herkend worden. In
Hoofdstuk 10 beschrijven we een kweeksysteem waarmee we van navelstrengbloed
verkregen stamcellen genetisch manipuleren met dezelfde neuroblastoom-specifieke
TCR en vervolgens laten uitrijpen tot NK-cellen. Deze cellen worden in zowel aan-
als afwezigheid van MHC-I expressie geactiveerd. In beide gevallen zien we dat de
celproducten met een neuroblastoom-specifieke TCR tumorcellen beter elimineren
dan niet gemanipuleerde cellen. Vervolgonderzoek, zowel in het lab als in muizen, zal
moeten uitwijzen wat de meest veelbelovende strategie is om een dergelijk celtherapie
strategie te ontwikkelen.

Tot slot worden in Hoofdstuk 11 van dit proefschrift de belangrijkste conclusies
getrokken en worden resultaten in perspectief gezet. Al met al kunnen we concluderen
dat het begrijpen van de impact van de (timing van) verschillende onderdelen van het
behandelregime op de eliminatie, immuunherkenning en fitheid van hetimmuunsysteem
zelf de sleutel is tot verbetering van de behandeling. Dit proefschrift identificeert en
laat de potentie zien van strategieén om immuunherkenning van neuroblastoom, onder
andere door T-cellen, te verhogen. Dit onderzoek legt de basis voor het effectief inzetten
van T-cellen in de bestrijding van HR-neuroblastoom, om immunologisch geheugen te
genereren en recidieven te voorkomen. Vervolgonderzoek in muis en mens is nodig
om geidentificeerde strategieén verder te onderzoeken om de komende jaren nég
beter te worden in verstoppertje en neuroblastoom niet langer een kans te bieden om
onvindbaar te blijven.
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Een PhD haal je niet in je eentje. Er zijn zoveel mensen die er de afgelopen jaren voor
me zijn geweest, wetenschappelijk maar juist ook op persoonlijk vlak. Jullie zijn zo
belangrijk voor mij, dus daarom heb ik besloten om mijn lengte van stof (weer eens)
de vrije loop te laten, hier komt ie.

Jolet & Lisa, we go many years back. Jol, vanaf de basisschool al vriendinnetjes en met
z'n tweeén gaan studeren en samenwonen in Utrecht. Wat was het fijn om elkaar altijd
dichtbij te hebben toen we samen vanuit het Friese land naar Utrecht verhuisden. Ik ben
zo trots op alles wat je bereikt hebt de afgelopen jaren, en zo leuk dat we uiteindelijk
allebei medisch onderzoek zijn gaan doen! Ook al woon je al jaren aan de overkant van
de plas, ik heb nog steeds het gevoel dat we elkaar in twee woorden begrijpen. Lies,
wat een geluk dat jullie een jaar in Nederland kwamen wonen en dat we toen bij elkaar
in het voetbalteam en op school terecht kwamen. En nog meer geluk dat je Nederland,
en sinds 2.5 jaar zelfs Utrecht, zo leuk vond dat je hier bent komen wonen. Dankjewel
dat je altijd voor me klaarstaat Lies, it means the world!

Samen beginnen met studeren, dat schept een band. Gezellig samen studeren en
ieder feestje afgaan tijdens onze studie, wat overbleef is een hechte vriendschap.
Fabian, Noél, Kim, Annet, dankjewel voor de oneindige gezelligheid, onze heerlijke
nerdgesprekken, de eeuwige referenties naar mijn (al dan niet imponerende) lengte en
niet te vergeten de tequila’s ‘sunder’ ice (hé Noél?).

Hercu Herman, zaterdag is de mooiste dag van de week! Kampioen in de derde
helft worden we elk jaar op afstand. Dank jullie wel voor alle gezelligheid en
ontspanmomentjes op- en buiten het veld! Ik ben blij dat ik onze senior beschermer
mag zijn! ;)

Joélle & Angelique, dreamteam tijdens alle mastervakken en daarna doorgegroeid
als ‘mooi weer afdwingers’ met jullie fantastische mannen. Dankjewel voor alle
lol, cocktailfeestjes, gezelligheid en goede gesprekken. An, dankjewel voor je
onvoorwaardelijke support, begrip en vertrouwen. A.A. Milne liet het mijn favoriete beer
in een rood truitje heel treffend zeggen: “It makes such a difference to have someone
who believes in you”.

Cathy, dankjewel voor je supervisie tijdens de eerste stappen die ik in het lab zette. Ik
heb zoveel geleerd van jouw wetenschappelijke blik, kritische houding en de vrijheid
die je me gaf in het project. (Former) team Waseem, and in particular Christos, Roland,
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Annie & Abe, | get a big smile on my face every time | think about my time in London.
Thank you so much for making me feel at home, and for all your time and patience
in teaching me all the technical and tactical aspects of lymphocyte engineering (and
science in general). | have so much respect for you as scientists (Abe, in particular your
ridiculously high lentiviral titers, your talent to create an amazing atmosphere, your
entrepreneuring skills, and not to forget your essay about Beyonce). More importantly,
thank you for the cozy dinners, karaoke- and pub nights and getting through the day
after together (I'm sure you remember the particular morning | am referring to, Christos?
;). Roland (a.k.a. professor Terminal), do you remember our bet on me writing the word
‘rigmarole’ somewhere in my thesis? Did you ever find it? Here it is again, in my PhD
thesis. | bet | won.

Stefan, dankjewel voor je vertrouwen in mij. Ik herinner me nog goed ons gesprek na
het inleveren van mijn masterthesis, een enorme boost voor het geloof in mezelf als
wetenschapper. De afgelopen vier jaar gaf je me ruimte om mezelf te ontwikkelen, maar
was je er ook altijd als ik iemand nodig had om mee te sparren. Altijd kritisch op elkaar
en de bedachte theorie€n, maar ook altijd tijd voor een grapje of scherpe opmerking.
Ik heb veel respect voor hoe je alle ballen hoog weet te houden en bovenal een goede
sfeer in de groep weet te garanderen. Ik heb heel veel zin in de komende jaren, ben
benieuwd wat we voor elkaar gaan boksen! Miranda, ik was zo blij om je enthousiasme
te zien toen ik je vroeg mijn copromotor te zijn! Dankjewel dat je me hebt geleerd om
niet te vergeten om af en toe een klinische bril op te zetten.

My dear paranymphs Brigitte, Ester, and Vania. Thank you for helping me arrange this
big day, and more importantly for standing by my side in the past 4.5 years. | really
couldn’t and didn’t want to choose between you three, so I'm happy Vania set the stage
with her three paranymphs, haha! Dear Vania, thank you for your positivity, your smile,
the delicious cakes, the supporting messages on my desk during long days/nights
at work, and most importantly: for being my friend. Lieve Ester, dankjewel voor alle
gezellige dagen in het lab, de bergen met werk die je voor ons allemaal (en mij in het
bijzonder) verzet en de gezellige hapjes, drankjes en borrels na het werk. Ik ben zo blij
dat we de komende tijd nég intensiever kunnen gaan samenwerken en samen allerlei
mooie dingen klaar te gaan boksen! Lieve, lieve Bri, ik denk dat het feit dat jouw beste
vriendinnetje binnen 10 minuten opmerkte hoeveel wij op elkaar lijken (en dan niet qua
uiterlijk), genoeg zegt. Ik kijk enorm naar je op in hoe jij in het leven staat en voel me
mega gezegend met wie je voor mij bent en wat je me hebt geleerd de afgelopen jaren.
Ik vind het ZO leuk om te zien hoe geweldig goed je op je plaats zit nu bij defensie! We
komen er wel ;).
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Lieve BoNi’s, baboons, NilLis, team Pierkens, of hoe we onszelf ook noemen, haha.
Shanice, Bas, Maud, Niek, Celina, Coco, Denise, Caro, Linde, Maike, Konradin, Joyce,
Jorik, Tiago, Suze, en Leiah (ja ook jij bent one of the team!). Dank jullie wel voor alle
gezelligheid, koffietjes en wetenschappelijke discussies! Maike, ik heb zoveel respect
voor je keuze om je PhD niet af te maken en ik ben zo blij om te zien hoe goed je nu
op je plek zit bij CellPoint! Lieve lieve Lin, wat vind ik het moeilijk dat je je al zo’n lange
tijd niet jezelf voelt. Ik vind je een fantastische wetenschapper, vrouw en vriendin, ik
weet zeker dat je hier uiteindelijk sterker uitkomt. Leiah, dé enige echte uitvindster van
e. colia-sparaginase. Elke vrijdag weer het zelfde grapje met Stefan, wat zijn we toch
een harde werkers hé!? Wat is het heerlijk om je als appendix van de Nierkens groep te
hebben: lachen is gezond hé!

Loutje, Caitlyn, Marta, Diana, Iris, Laura, Anne, and Saskia. Thank you for thrusting me
as your supervisor and for teaching me an incredible lot. | enjoyed all our meetings, lab
sessions, and reading the beautiful theses you produced. Iris, z6 leuk dat onze wegen
elkaar op zo’n grappige manier weer kruisten en wat bijzonder dat we samen een hele
mooie review hebben kunnen publiceren (met prachtige figuren van je moeder!). Als
er ooit nog een Bernebrége retinie komt dan hebben wij vast het sterkste verhaal te
vertellen, haha! Loutje, je hebt echt een speciaal plekje in mijn hart veroverd afgelopen
jaar. Wat ben je enorm gegroeid: als wetenschapper, maar nog veel meer qua vertrouwen
in jezelf! En nu gewoon begonnen aan een Master! Z¢6 trots! Caitlyn, I'm happy | found
someone who likes NK(T) cells as much as | do, haha. | am so excited to be able to
continue working with you the coming years! You are going to rock that PhD, I'm sure
of that!

Mam, Marieke en Aline. Dankjewel dat jullie mij gesteund hebben in mijn pad tot Doctor.
Wat ik ook zou willen worden of zijn, ik heb het gevoel dat jullie me daarin altijd zouden
steunen, heel erg bedankt daarvoor. Marieke, je hebt een van de leukste en schattigste
wezentjes op aarde gecreéerd, ik ben trots dat ik mezelf tante mag noemen van jullie
prachtige dochter Eden.

Lieve Paul, Margreet, Tessa & Robbin. Dankjewel voor wie jullie voor mij zijn en wat jullie
allemaal voor mij doen. Ik weet dat ik maar hoef te bellen en jullie op de stoep staan als
ik jullie nodig heb. Paul, dankjewel voor alle verhuizingen en hulp met klusjes in mijn
huis. Gelukkig heb ik nu je oude boormachine, dan hoef ik je niet overal meer voor te
vragen, haha! Dank jullie wel voor jullie steun in, en het af en toe even in perspectief
zetten van, de lange weg tot Doctor. Wat zou pap onze sterke band bijzonder hebben
gevonden.
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Lieve Guus, je zult het de afgelopen 1.5 jaar af en toe vast zwaar hebben gehad met
het aanhoren van mijn eeuwige verhalen over werk, mijn thesis en de wetenschap.
Dankjewel voor de knuffels, de nodige boosts in mijn zelfvertrouwen en al je wijze
raad (waar ik niet altijd genoeg mee doe). Ik heb zdveel zin in onze avonturen samen,
ik hou van jou!

En dan wil ik eindigen met jou Pap, aan wie ik elke letter van deze thesis opdraag. Wat is
het verdrietig dat je mij niet hebt kunnen zien ontwikkelen tot de vrouw die ik nu ben. Als
je één droom had voor je kinderen dan was het wel dat op het gebied van studeren ons
niets tekort mocht komen. Nou pap, ik nam het vrij letterlijk en heb het studeren aan de
universiteit nu toch wel ongeveer uitgespeeld! Je bent een voorbeeld voor mij geweest
in hoe je met een flinke dosis enthousiasme en een ijzeren doorzettingsvermogen
uiteindelijk kan komen waar je wil. Die wijze lessen hebben mij gevormd tot wie ik
nu ben. Ik dacht laatst weer eens aan ‘ons’ Disney versje dat we ‘s avonds voor het
slapengaan samen oplazen. Het viel me op dat er eigenlijk een prachtige analogie is
met ‘mijn’ wetenschap: misschien een klein puzzelstukje van een grote puzzel, maar
wel mijn puzzelstukje:



Mijn eigen zee

Mijn zee is in het algemeen,
heel groot, en blauw, en plat.
Maar, dat zag ik al meteen,
voornamelijk erg nat!

ik ben de baas van deze zee,
ik heb hem zelf gevonden!

Maar konijn, die schudde nee,
en zei toen onomwonden:

“De zee die is oneindig groot;
je kunt er varen met een boot!
Deze plas is véél te klein,
om een echte zee te zijn!"

Pfu, ik lachte toen en zei alleen:
Blijf jij maar lekker zeuren!
De horizon, daar ga ik heen,
ik ga naar haaien speuren!

Mijn zee is dan een regenplas,
maar dat kan mij niets schelen.
Ik hoef me sinds mijn zee er was,
ndédit meer te vervelen!
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