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CHAPTER 1

This thesis describes new insights in mechanisms of MHC class 1 antigen (cross)-presentation
in dendritic cells and neuroblastoma tumor cells. MHC-1-mediated peptide presentation is the
common denominator regulating not only the initiation of a T cell response but also its efficacy
within tissue. On the one hand, MHC-1 (cross-)presentation is required for dendritic cells to
effectively activate antigen-specific CD8" T cells. On the other hand, MHC-1 peptide presentation
is required on target cells to be effectively recognized and killed by the CD8* T-cells. The work
presented in this thesis is aimed to better understand DC and neuroblastoma biology to facilitate
optimal anti-tumor CD8* T-cell reactivity for eventual translation into therapeutic use against
cancer.

T-cell responses

The human defence against infected or transformed cells relies to large extent on the recognition
and killing capacities of cytotoxic CD8" T-cells (also cytotoxic T lymphocytes; CTLs). CTLs
differentiate from naive CD8" T-cells upon recognition of their cognate peptide antigen in a
stimulatory setting, also providing co-stimulatory and adhesion cues. Each CD8* T-cell carries a
unique T-cell receptor (TCR) with which it recognizes peptide/MHC-1 complexes at the surface
of infected or transformed cells. Naive T-cells have not yet encountered their cognate peptide
antigen, therefore rendering them undifferentiated and unable to actively kill target cells.
Stimulation of their specific TCR will induce naive CD8* T-cells to develop into effector CTLs.
Additionally, some T-cells will differentiate into long-lived memory T-cells ensuring quick recall
defence in case of a second encounter with the same pathogen.

Antigen presentation

The key to CD8* T-cell activation is presentation of the cognate peptide antigen. The molecules
involved in antigen presentation belong to the major histocompatibility complex (MHC) genes.
It is the MHC class 1 molecule that is equipped for peptide presentation towards CD8" T-cells.
In humans, each individual carries 6 alleles encoding for MHC-1 molecules; 2 copies of HLA-A, 2
copies of HLA-B and 2 copies of HLA-C. MHC genes are moreover highly polymorphic. The wide
diversity of different HLA alleles ensures MHC-1 peptide presentation towards a wide variety of
TCRs. MHC-1 is expressed by all nucleated cells and binds and presents peptides derived from
cytosolic proteins. This way, MHC-1 gives a snapshot of what is going on inside the cell on the
cellular surface. Infected cells and tumor cells will present unusual peptides that are recognized
as foreign by CD8* T-cells.

The antigen presentation machinery (APM) comprises all proteins necessary to present a peptide
as complexed with MHC-1 (Fig. 1). Assembly of stable peptide/MHC-1 complexes occurs within
the endoplasmic reticulum (ER) with the help of several ER-resident chaperone molecules. MHC-
1 incorporates relatively short peptides of 9-14 amino acids. Such peptides are produced in the
cytosol through proteolytic activity of the proteasome and subsequently transported from the
cytosol into the ER lumen by the transporter associated with antigen processing (TAP). Additional
peptide trimming may occur in the ER lumen by endoplasmic reticulum aminopeptidases ERAP1
and ERAP2. Peptides that fit are loaded into the MHC-1 molecule after which the peptide/MHC-1
complex travels towards the plasma membrane (1).

As MHC-1 antigen presentation is critical for T-cell recognition of infected cells, many viruses

10



GENERAL INTRODUCTION

O

CD8T cell

Figure 1. MHC class 1 antigen
presentation pathway. Protein that
are expressed in the cytoplasm are
broken down into smaller peptides by
I Qytosolic | the proteasome. The peptides enter the

protein | Jymen of the endoplasmic reticulum

proteasome (ER) through the transporter associated

S with antigen processing (TAP). The

T peptides are further trimmed by ER-
S associated peptidases (ERAP) within
the ER. Immature MHC class 1 molecules
TAP that reside in the membrane of the ER
_ become fully folded and loaded with
% ) R peptide through help of chaperone

fFll;”Vd ‘ ERAP | Ui proteins (purple). The mature peptide/
“:HE] folded MHC class 1-complex travels to the
- =0 MHC 1 plasma membrane where it can be

recognized by the T cell receptors (TCR)
of CD8* T cells.

Golgi

have evolved ways to circumvent MHC-1 presentation (2). Viral strategies that hamper antigen
presentation include interference with TAP peptide transport, reducing MHC-1 membrane

levels or shielding off the membrane-expressed MHC-1. Moreover, many cancers have acquired
mechanisms to avoid anti-tumor T-cell reactivity, including down-regulation of MHC-1, up-
regulation of T-cell inhibitory receptors and establishing an immune inhibitory microenvironment
(3, 4).

Dendritic cells

Specialized in antigen presentation are the cell subsets collectively called antigen presenting cells
(APCs), including B cells, macrophages and dendritic cells. Dendritic cells (DCs) are essential for
eliciting CTL responses as they display antigenic peptide/MHC complexes to naive T-cells within
the lymph nodes, stimulating T-cell activation and differentiation. Such priming of naive T-cells is
crucial for inducing cellular cytotoxicity as well as T-cell memory against a given antigen.

DCs continuously sample the extracellular environment while patrolling tissues of the body. Upon
encounter of foreign or otherwise non-self material (such as derived from tumors) in the presence
of sufficient inflammatory mediators, DCs take up the material through phagocytosis and travel
towards the lymph node. To prime CD8* T-cells, DCs must be able to present the phagocytosed
antigen in the context of MHC-1 molecules. As mentioned above, MHC-1 is primarily designed for
the presentation of cytosolic peptides. Through a process called cross-presentation, particularly
DCs are able to transfer peptides derived from extracellular antigens to the MHC-1 molecule.

1"
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Two routes are described by which phagocytosed antigen gains access to the MHC-1 loading
machinery; the vacuolar route and the cytosolic route (Fig. 2) (5-10). In the vacuolar route, the
antigen is taken up and broken down into peptides inside the endosomal pathway. MHC-1 picks
up these antigenic peptides while traveling towards the plasma membrane, or when MHC-1 is
recycled from the plasma membrane back into the endosomal pathway. DCs were even described
to contain a specific cross-presentation compartment to which both MHC-1 and phagocytosed
antigens are targeted (11-14). In the cytosolic route, the antigen inside the phagosome is
transported over the endosomal membrane into the cytosol. There, it enters the conventional
MHC-1 loading pathway through the proteasome, TAP and the ER lumen. Endosome-to-cytosol
transport of antigen has been reported by several groups (15-18). Moreover, increasing evidence
indicates that antigen type and surrounding signals shape the DC to use either pathway or both
for MHC-1 cross-presentation (19, 20).

As more and more details have been elucidated about the mechanisms of cross-presentation,
induction of an antigen-specific CD8* T-cell response could be augmented. For example, targeting
of antigens towards certain receptors would allow for particular MHC-1-directed antigen
processing and loading. Moreover, combinations of antigen uptake and TRL stimuli may result
in higher antigen cross-presentation levels. As our knowledge about antigen presentation in
dendritic cells expands, their use in immunotherapies can be improved and fine-tuned.

T-cells against cancer

Cancer immunotherapy is an active field of research with great successes particularly in the last
decade, which include tumor-targeting monoclonal antibodies (mAbs), adoptive cell transfers
and immune-checkpoint inhibitors (21-23). Tumor-targeting mAbs convey their anti-tumor
activity through either 1) altering signaling functions on receptors expressed by tumor cells
(i.e. cetuximab; anti-EGFR), 2) neutralizing signals produced by tumor cells (i.e. bevacizumab;
anti-VEGF) or 3) recognizing a tumor-associated antigen on the cell surface of tumor cells (i.e.
retuximab; anti-CD20). In the latter case, the tumor-bound antibody may activate members
of the innate immune system to destroy the tumor cell via antibody-dependent cell-mediated
cytotoxicity (24, 25), antibody-dependent cellular phagocytosis (26) and/or complement-
dependent cytotoxicity (27).

The recent successes in immune-checkpoint blockade therapy and adoptive cell transfers
are focused on activation of adaptive immune cells, in particular T-cells. Immune-checkpoint
blockade therapy consists of mAbs directed against T-cell inhibitory receptors, such as CTLA-
4, PD-1 or its ligand PDL-1. By blocking inhibitory signals, anti-tumor CTLs are (re)-activated in
the host immune system. Although they use a non-specific mechanism of T-cell activation, the
clinical efficacy of immune-checkpoint inhibitors has become apparent in recent years (23).
While immune-checkpoint inhibitors strengthen a broadly-activating polyclonal T-cell response,
adoptive cell transfers (ACT) pursue tumor-specificity. In ACT, patient-derived lymphocytes are
collected, undergo treatment ex vivo and are re-administered into the patient. The ex vivo
treatment may involve expanding and selecting tumor-specific CTLs (28, 29), introducing tumor
specificity with a transgenic TCR (30-33) or chimeric antigen receptor (CAR) (34-37) and modifying
proliferative, secretory, tumor-infiltrating or cytotoxic potential (38-41). These strategies have
resulted in highly effective anti-tumor T-cells in various patients (42).
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Figure 2. Pathways of antigen cross-presentation in dendritic cells. In the cytosolic
pathway (left), antigen (green) is taken up into a phagosome and subsequent transported from
the phagosomal lumen into the cytoplasm. There the antigen enters the classical MHC class 1
presentation pathway involving proteasomal degradation, TAP transportation into the ER and
loading into ER-resident MHC class 1 molecules. Alternatively, antigenic peptides produced by
the proteasome may enter the endosomal pathway through endosomal TAP and are loaded
into (recycling) MHC class 1 molecules residing in the endosomal membrane. In the vacuolar
pathway (right), antigen is taken up into a phagosome and broken down into peptides by endo-
lysosomal proteases. Antigenic peptides produced inside the phagosome are directly loaded
into (recycling) MHC class 1 molecules residing in the endosomal membrane.

T-cell recognition of neuroblastoma tumors

Pediatric neuroblastoma patients face a devastating survival rate of merely 20% when diagnosed
with high-risk disease (stage 4). Neuroblastoma is the most common extra-cranial solid tumor
in infants and accounts for 15% of all pediatric cancer deaths (43). Neuroblastoma is a tumor of
the embryonic neural crest, specifically the peripheral sympathetic nerve precursor cells that
give rise to all sympathetic neurons of the body. Neuroblastoma tumors can occur anywhere
along the sympathetic chain, but is commonly found in the adrenal gland or the paraspinal
ganglia. Instead of differentiating into healthy neurons, numerous errors that may occur during
embryonic development of the neural crest cells have ceased their differentiation (44, 45). The
cells are led astray and now contribute to the growth of a neuroblastoma tumor.

Immunotherapy for neuroblastoma patients includes an antibody therapy, combined with
IL-2, directed against neuroblastoma TAA ganglioside 2 (GD2) that is highly expressed on
neuroblastoma membranes. Unfortunately, this immunotherapy appears insufficient as relapses
still occurred in the majority of the patients (46, 47). Given that antibody-based immunotherapy
relies on innate immune responses, high-risk neuroblastoma patients might benefit more from
immunotherapy engaging adaptive immunity focusing on CD8" T-cells. However, strategies to
evade T-cell recognition have been observed in neuroblastoma. A lack of MHC-1 expression
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has been reported (48-51), making neuroblastoma cells unseen by CTLs. Furthermore, a T-cell
antigen that is broadly expressed by neuroblastoma tumors has yet to be found.

The aim of this thesis is to identify key molecules and processes regulating MHC-1 antigen
presentation in dendritic cells as well as neuroblastoma tumor cells. Our premise is that under
conditions of optimal MHC-1 antigen presentation by both cell types, dendritic cells can instruct
antigen-specific T-cells, while neuroblastoma will be their target of destruction. Collectively, this
thesis serves as preclinical research towards improved neuroblastoma immunotherapy.
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Abstract

Dendritic cells (DCs) are essential for the induction of adaptive immune responses against tumor
cells, by virtue of their capacity to effectively cross-present exogenous antigens. Dying tumor cells
are considered as a source of antigens for the development of DC-based vaccines. Tumor cells
dying through apoptosis, rather than necrosis, now appear to provide cell-associated antigens
that efficiently induce adaptive immune responses. In this review, we describe cell biological
processes associated with cross-presentation of apoptotic cell antigens, for increased induction
of protective CD8"* T-cells.
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HOW SIGNALS DERIVED FROM DYING CANCER CELLS DRIVE ANTIGEN CROSS-PRESENTATION

Introduction

Antigen cross-presentation:

The immune system plays an instrumental role in both development and (treatment-assisted)
resolution of malignant tumors (1-3). Within the immune system, dendritic cells (DCs) are pivotal
for activation of immune responses. DCs are defined as CD11c" cells, representing a collection
of distinct cellular subsets based on additional membrane markers (4) and transcription factors
(5). DCs are equipped to present fragments of exogenously acquired antigens as peptide/MHC
| complexes to CD8-positive T cells, a process referred to as antigen cross-presentation (6;7).
Cross-presentation by DCs is essential for developing CD8* T cell responses against cell-associated
antigens such as tumor cells, as was demonstrated by the lack of CD8* T cell responses against
cellular-derived antigen upon depletion of CD11c* populations (8).

Cross-presentation is a specialized antigen presentation process, for which DCs are particularly
well equipped. Other antigen presenting cells, such as B cells, monocytes and macrophages
cannot readily stimulate naive CD8"* T cells after encounter of exogenous antigen (9). Much effort
inthe last decade was put into understanding underlying mechanisms that facilitate optimal cross-
presentation. As a result, distinct DC subsets are now described that possess superior capacity
to cross-present antigens, i.e. CD8* and CD103* DCs in mice (6). In 2010, a human counterpart
of such a subset was described, defined by the expression of the BDCA3 marker (10). As these
studies unfolded, the idea of superiority in cross-presenting DC subsets was challenged, with
the postulate that all DCs can cross-present antigens when triggered under the right conditions
(11;12). Inflammatory cytokines, Toll-like receptor ligands and CD40 signaling through CD4* T cell
help, can mature DCs and efficiently prime them for antigen cross-presentation (13;14).

Encounter of tumor antigens by DCs:

Uptake of soluble or complexed antigens by DCs involves mechanisms including passive
pinocytosis, active phagocytosis or translocation via gap junctions (15). Antigen delivery routes
greatly influence cross-presentation efficiency within DCs. Hence, antigen cross-presentation can
specifically be enhanced through antibody opsonisation and targeting of antigen to DC-expressed
cell surface receptors (16-22). Alternatively, DCs can internalize dying tumor cells harbouring
tumor antigens. All possible antigens expressed by the dying cell are thereby theoretically
made available for cross-presentation, although only a fraction of antigenic peptides end up
being presented as peptide/MHC | complexes to CD8* T cells. In the light of tumor vaccination
stratagies, researchers have now explored the use of ex vivo killed tumor cells as a vaccine in
itself or as cargo for DCs as a DC-based vaccine. The types of cell death induced ex vivo to kill
tumor cells comes in different flavours, including apoptosis and necrosis. Apoptosis is a form of
programmed cell death initiated by multiple signals that altogether trigger a highly regulated
intracellular process of destruction (23;24). This cell death process can take up 10-20 hours.
During this time, one can observe changes at the plasma membrane, but the process also has
organized foci within the cytosol and the nucleus of the dying cell. Of note, necrosis was long
considered to be a form of incidental cell death whereby the cell does not follow organized
trajectories. Recently this notion has changed with the appearance of evidence showing in vivo
necrosis to be subjective to regulation as well (25). Different from such necrotic cells, apoptotic
cells maintain their membrane integrity for prolonged duration (26;27) but will eventually also
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Figure 1. Experimental induction of
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succumb to membrane rupture, a status called secondary necrosis or late apoptosis (28). From
the viewpoint of DCs, (early) apoptotic and necrotic cells are presumably very different entities
that will be handled differently by the DC with divergent consequences for the elicitation of
immune reactivity.

Approaches to distinguish types of tumor cell death:

For study purposes, apoptosis is often induced in vitro by introducing DNA damage via irradiation
with ultraviolet light or gamma rays (Figure 1). Apoptotic cells expose phosphatidyl serine on
the outer leaflet of the plasma membrane (29) which can specifically be bound by the Annexin
(Anx) V protein. Membrane integrity can be visualized by the use of propidium iodide (PI) or
7-aminoactinomycin D (7-AAD) that only stain cells when integrity is lost. Apoptotic cells are thus
characterized as AnxV+PI- cells and can be monitored by flow cytometric analyses. Necrosis is
commonly induced by multiple freeze-thaw cycles using liquid nitrogen. Freezing the cells will
cause damage to the cell membrane leading to inevitable membrane rupture. Some investigators
induce necrosis by heating or osmotic shock to the same effect. In theory, apoptotis and necrosis
are clearly distinguishable but experimentally, inducing cell death can result in a mixed population
of apoptotic and (secondary) necrotic cells. Furthermore, some studies refer to late apoptotic
cells as necrotic cells. Such discrepancies can be misleading in crediting biological effects to
either apoptotic or necrotic cells.

Taking this into account, in this review we give an overview of studies comparing in vitro induced
apoptotic and necrotic cells in their efficiency to elicit adaptive immune responses against
cellular antigens. Herein, we will refer to apoptotic and necrotic cells as they are shown in figure
1. We will discuss how DCs specifically handle dying cells and the subsequent consequences for
immunity. We also highlight which features of dying cells are important for their immunogenicity.

Immune responses against apoptotic versus necrotic cells

In vitro tumor antigen cross-presentation studies:
While for both apoptotic and necrotic cells, adaptive immune responses can be raised against
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cell-associated antigens, comparison of the two conditions reveals differences in the efficiency
by which they do so. Given its prerequisite for adaptive immunity against cellular antigens (8),
cross-presentation is often used as a presage in in vitro studies. In such studies, isolated DCs are
incubated with either apoptotic or necrotic cells after which cross-presentation is measured by
addition of antigen-specific or unfractionated CD8* T cells, followed by measurement of IFNy
release. Alternatively, specific lysis of target cells expressing the antigen by the activated CD8* T
cellsis measured. For several tumor cell lines it was shown that apoptosis was superior to necrosis
in facilitating cross-presentation of tumor-expressed antigen to CD8* T cells by DCs (30;31). These
findings were confirmed using primary tumor cells from B cell ymphoma and melanoma patients
(32;33). Of note, when TNF was supplemented during tumor cell-DC incubation, T cell activation
increased and the superior effect of apoptosis was lost (33). These studies suggested that an
inherent stimulatory effect of apoptotic cells accounts for enhanced CD8* T cell activation. When
non-tumor cells, however, were used as a source of antigen, apoptotic and necrotic cells induced
comparable levels of cross-presentation (34;35). Using a healthy cells system in which antigen
was introduced through virus infection and the cells were subsequently induced to undergo
cell death, apoptotic cells were again better than necrotic cells (36). Taken together, these
data suggest that tumor cells (or virus-infected cells) are more immunogenic under apoptotic
conditions than healthy cells.

Immunogenicity of apoptotic cellsis further demonstrated using conditions that contain increased
numbers of apoptotic cells. Enhanced CD8* T cell activation was observed when DCs received
tumor cells with higher apoptotic cell abundance (37). Interestingly, late apoptotic cells were
shown to be even more immunogenic than early apoptotic cells (38). The same phenomenon
was observed by Buttiglieri et al., although the methods for induction of early and late apoptosis
were dissimilar in both studies: immunogenic differences between the dying cells may possibly
relate to the specific compounds used to induce cell death instead of the stage of apoptosis
observed (39).

In vivo tumor antigen cross-presentation studies:

To test potential efficacy as a tumor cell vaccine, dying tumor cells are injected directly into
mice and adaptive immunity against tumor cell antigens is measured. To this end, CD8" T cells
are isolated from lymph nodes or spleen and tested for specific lytic capacity against tumor cell
targets. In other cases, the mice are re-challenged with live tumor cells and tumor outgrowth is
monitored. Such studies consistently reveal apoptotic cell’s enhanced capacity for eliciting anti-
tumor immune responses (40-44). For example, the differential treatment of established tumors
resulted in either apoptotic or necrotic cell death of the tumor mass and respectively resulted in
protective and non-protective CD8* T cells responses (41).

A different approach to determine dying cell immunogenicity in vivo is through injection of DCs
that are pulsed with apoptotic or necrotic cells ex vivo. The loaded DCs interact with immune
cells in vivo, thereby eliciting a particular response. Again, DCs loaded with apoptotic cells
performed better than DCs loaded with necrotic cells in protection against tumor development
in both therapeutic and vaccination models (31;45;46). Moreover, cytolytic activity of splenic T
cells was higher when animals received DCs loaded with apoptotic cells compared to DCs loaded
with necrotic cells (45). In contrast, Kotera et al. show that apoptotic and necrotic cells to be
equally protective against established tumors or naive tumor challenge (47).
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Besides apoptosis there is a second manner of programmed cell death, which involves break-
down of cellular content by autophagic vesicles. This type of cell death proved favourable,
inducing anti-tumor immune responses that were even better than those by apoptotic cells
(48). Corroborating this work, in 2004 it was already observed by Schmitt et al. that inoculation
of tumor cells undergoing a caspase-independent death was more protective than caspase-
dependent cell death against a subsequent tumor cell challenge (49).

While in vitro studies remain ambivalent, in vivo studies robustly show apoptotic cells to be
the preferred inducers of CD8* T cells responses against tumors. However, the experimental
design of DC vaccination studies do not always clarify how the DCs are handled specifically
before injection. For example, in experiments where dying cells are not excluded before injection
of DC, MHC-deficient dying cells should be used to prevent direct presentation. Moreover,
when using necrotic cells it is often not stated whether only membrane debris or lysates are
used. Nevertheless, it is clear that dying cells depend on DCs to facilitate anti-tumor immune
responses. This notion has already reached clinical practice, since several groups have used DCs
loaded with cell lysates as a therapeutic vaccine in melanoma and pediatric solid tumor patients
and showed objective clinical responses in a number of them (50-52). It remains a challenge to
improve such vaccines with the application of a more immunogenic form of dead tumor cells,
rather than necrotic debris.

Maturation rate of phagosomes determines efficiency of cross-presentation

Dendritic cell subsets:

Since the revelation that DCs represent multiple specialized DC cell subsets, investigators have
shown that particularly the murine CD8* DCs cross-present cell-associated antigens in lymphoid
tissues and CD103* DCs in non-lymphoid tissues. This capacity was attributed to the ability of
CD8* DCs to internalize dying cells (53). Indeed in mice it was shown that injected dying cells
were traced back particularly in CD8* DCs of the spleen (54). When the cells were injected
intranasally, CD103* DCs but not CD11b* DCs were shown to have taken up the apoptotic cells
in the lungs (55). DC subsets in the meantime are now also described in human and include the
BDCA3* DCs, considered to be the equivalent of mouse CD8* DCs, and BDCA1* DCs. Isolation of
BDCA3* and BDCA1* DCs from peripheral blood allows for in vitro assessment of phagocytosis
capacity. Different from mice, both human subsets can take up dying cells but only BDCA3* DCs
presented cell-associated antigen to CD8* T cells (56). Comparison of lymphoid tissue-derived
BDCA3*and BDCA1* DCs also revealed equal uptake of dying cells and slightly better presentation
by the BDCA3* DCs (12).

Receptor engagement:

Differential receptor expression between DCs that cross-presented cell-associated antigen and
DCsthatdo not suggested a possible explanation why dying cells were handled differently between
the DC subsets. Clec9A (DNGR1), a member of the C-type lectin receptor family, was identified
to be selectively high expressed by CD8*, CD103* and BDCA3* DCs (57;58). Further investigation
showed that clec9A can sense dying cells through the recognition of F-actin filaments (59), which
was favourable for the ability to cross-prime CD8* T cells (20). Interestingly, the uptake of dying
cells appeared independent of clec9A expression, which is concordant with the observation that
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clec9A-negative DC subsets can take up dying cells as well. Rather, post-internalization events
were influenced by clec9A engagement. As such, the activation of clec9A did not result in DC
activation, measured by cytokine secretion, but instead, caused clec9A co-localization with early
endosomes marked by EEA-1, Rab5a and Rab27a. Likewise, phagocytosed dying cells colocalized
with Rab5a+ endosomes 60 minutes after uptake. Subsequently, 240 minutes after uptake the
cells were associated with Rab11* structures, which are considered as recycling endosomes. This
localisation with Rab5a* and Rab11* vesicles required the expression of clec9A (60).

Receptor engagement can drive cargo-sorting into distinct endosomal compartments, causing
cargo to be specifically sorted into either static or dynamic early endosomes that mature
into recycling or degrading endosomes, respectively (61). Recycling endosomes differ from
degrading endosomes in that they maintain a mild acidic interior whereas degrading endosomes
progressively acidify in time. Therefore, proteolytic activity is lower in recycling endosomes
compared to degrading endosomes. Several studies provide evidence that low proteolytic activity
benefits cross-presentation in both mice and human DCs (62-66). Furthermore, the mannose
receptor and DC-SIGN were shown to target their cargo into slow-maturing endosomes (67) and
targeting antigens to these receptors can enhance cross-presentation (17;22).

Endosomal pH:

Data from the last decade together suggest that tempering the endosomal acidification can
benefit antigen cross-presentation. In this regard it was shown that Rab27a could regulate
phagosomal pH by recruiting Nox2 towards the phagosomal membrane (63). Nox2 is part of the
NADPH oxidase complex that maintains neutral pH (65). Both the absence of Rab27a or Nox2
was detrimental for cross-presentation (63;66). Slow antigen degradation allows for prolonged
storage of the antigen within designated phagosomes. Accordingly, storage compartments
were described and were shown to be long-lasting. When peptides were eluted out of MHC |
molecules of the DC at 16 hours after antigen uptake, antigen presentation could still be fully
recovered indicating the antigen was still intracellularly present to supplement peptides for MHC
| presentation (68). Therefore, given the fact that apoptotic cells are recognized by clec9A, their
immunogenicity might be the result of being intracellulary navigated into Rab27a* storaging
phagosomes, that are characterized by mild acidification and slow proteolysis that thereby
facilitates prolonged MHC | cross-presentation of cell-associated antigens (Figure 2).

Apoptotic cells induce prolonged immune responses

The superior cross-priming capacities of apoptotic cells may in part be explained by prolonged
antigen storage, although the cell biological bearing for this process are not yet fully understood.
Comparison between CD8" DCs and CD11b+ DCs showed that cross-presentation of apoptotic
material was not only higher in CD8* DCs, but also lasted longer (69). A third DC subset called
merocytic (mc)DCs could even exceed the cross-presentation capacity of CD8* DCs (42). This
effect could be blocked by administration of DPI, a compound shown to accelerate endosomal
acidification (65;66), suggesting that aberrant antigen processing and storage influenced cross-
presentation. Indeed, phagosomal pH remained high in CD8" and mcDCs but decreased in CD11b*
DCs after uptake. In vivo CD8* T cells responses after vaccination with loaded DCs were also
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Figure 2. CLEC9A direct
apoptotic material toward storage
compartments. Apoptotic  cells
are taken up by dendritic cells
(DCs). Upon engagement of C-type
lectin domain family 9, member
) A (CLEC9A) on the DC surface,

apoptotic cells are directed to
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stronger and prolonged when CD8* or mcDCs were used compared to CD11b* DCs (69). Similar
observations were made when directly injecting apoptotic or necrotic tumor cells (40). The
specific lysis by CD8* T cells was observed up to 9 days after mice were injected with apoptotic
cells. Instead, necrotic cells only induced responses for up to 4 days, with initial responses also
being inferior to those induced by apoptotic cells (40). Histological determination of apoptotic
or necrotic cell vaccination sites shows rapid recruitment of T cells, B cells, macrophages and
DCs by both apoptotic and necrotic cells (44). However, only in case of apoptotic cell vaccination
T cells and DCs were still present after 10 days (44). The importance of antigen persistence was
also established by the use of MHC I-lacking cells. Such cells were rapidly removed by NK cells,
therefore unable to elicit CD8* T cell responses. However, when NK cells were depleted it was
shown that the cells persisted and antigen-specific cross-priming of CD8* T cells was observed
(70).

From these studies, a dual role for apoptotic cells in antigen persistence can be proposed. First
of all, by interfering with phagosomal pH levels apoptotic cells persist longer within the DCs
resulting in prolonged cross-presentation of cellular antigens. Secondly, apoptotic cells facilitate
persistent immune cell recruitment or alternatively, durable survival of recruited immune cells.

Arole for type 1 interferons in antigen persistence

Upon exposure to apoptotic cells, mcDCs secreted type 1 interferons whereas CD8" DCs or
CD11b* DCs did not (69). Bone marrow-derived FIt3-stimulated DCs also respond to apoptotic
cells by producing type 1 interferon (42) while necrotic cells were unable to induce cytokine
secretion. In human, so far only plasmacytoid DCs were found to secrete IFNa upon stimulation
with apoptotic cells (71;72).

Interestingly, type 1 interferons were shown to be of great importance for immune rejection
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of tumors in vivo (73). Blocking the IFNa-receptor (IFNAR) with specific antibodies significantly
increased tumor outgrowth. Similarly, IFNAR” mice showed enhanced tumor development. The
importance of type 1 interferons was also shown in a model where in vivo tumor cell death was
induced. Here, cross-presentation of tumor antigens was diminished in IFNa/p knock-out mice
that were transferred with antigen-specific CD8* T cells indicating that IFNa/B sensitivity was
required on immune cells other than CD8* T cells (74). Indeed, Diamond et al. demonstrated
that IFNa/p sensitivity was specifically required on CD8* DCs for induction of anti-tumor CTL
responses (73). As such, pre-treatment of CD8* DCs with IFNa increased cross-presentation
of cell-associated antigens (75). Apoptotic cells were shown to be persistently present in IFN-
treated DCs compared to non-treated DCs, in a DPI-dependent manner which indicates that type
1 interferons may somehow modulate phagosomal pH levels of DCs. In human DCs, delayed
endosomal acidification as well as antigen storage in Rab5* and Rab11* compartments was
also detected upon exposure to apoptotic cells (76). Additionally, MHC | localized to antigen
storage compartments upon IFNa treatment in DCs. Remarkably, besides antigen survival within
DCs there is also evidence for survival of the DC itself after IFNa stimulation. CD8" DCs that
internalized apoptotic cells particularly upregulated expression of anti-apoptotic genes Bcl2 and
Bcl-XI, which resulted in prolonged survival of antigen-bearing DCs (75).

In pDCs, IFNa secretion was associated with LC3-coated phagosomes that internalized DNA-
immune complexes (77). In macrophages, apoptotic cells were shown to be taken up into LC3-
coated phagosomes (78). Moreover, endosomal ROS production by nox2 specifically recruited
LC3 towards the endosomal membrane (79). Given the fact that apoptotic cells were indirectly
able to attract nox2 to its phagosomal membrane, it could be speculated that they are also taken
up in LC3-coated structures in DCs. Whether LC3 recruitment to the phagosome is necessary for
IFNa secretion by the DC however remains elusive.

While it is clear that DCs benefit from IFNa signalling for presentation of cell-associated antigens,
the very same DCs do not per se produce type | interferons themselves upon exposure to apoptotic
cells. However, neighbouring immune cells have been shown to produce these cytokines when
they encounter apoptotic cells. Accordingly, pDCs can help CD11c* DCs to cross-prime tumor cell
specific CD8" T cells in an IFNa-dependent manner (80). Also in a vaccination setting using CD8+
and merocytic DCs, pre-incubation of the DCs with dying tumor cells in the presence of pDCs
increased survival rates, suggesting synergism between pDCs and cDCs in eliciting anti-tumor
immune protection (74). Thus, optimal handling of the apoptotic cells may be achieved by DCs in
response to IFNa production by surrounding cells, such as pDCs.

Interactions between apoptotic cells and dendritic cells

Recently, a concept of immunological cell death has emerged which proposes that cells can die
either a silent or immunological death, depending on the death stimulus they received (81-84).
Immunological cell death was supposed to be accompanied by release of so-called danger-
associated molecular patterns or DAMPs, including HMGB1, heat shock proteins and ATP.
DAMPs consist of secreted or membrane-bound molecules that are immunologically silent when
intracellularly expressed by the cells, but have the ability to stimulate immune responses when
they are exposed.

An apparent paradox appears when considering that apoptotic cells display superior
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immunogenicity compared to necrotic cells, while necrotic cells rather than apoptotic cells
release many DAMPs (48;85;86). Indeed, necrotic cells were shown to efficiently mature DCs in
vitro (87) whereas apoptotic cells could not. Such observations would

suggest that DAMPs do not endorse the immunogenicity of dying cells. However, several studies
clearly show a critical role for DAMPs during anti-tumor immune responses.

Supernatants of necrotic cells can act as protective adjuvants for antigen vaccination (88), but
when HMGB1 was knocked down in the necrotic cells the adjuvancy of their supernatants was
diminished. Accordingly, adding recombinant HMGBL1 to cellular antigens induced enhanced anti-
tumor immunity and protection against tumor challenge. These results indicate that HMGB1 is a
potent stimulator of adaptive immune responses in the presence of antigen, but is not exclusive
given the fact that HMGB1 knock-down did not result in 100% rescue phenotype. The importance
of HMGB1 was also established by the use of blocking antibodies and siRNA for in vivo cross-
presentation of cell-associated antigens and induction of protective anti-tumor immunity (89).
In particular, HMGB1 was shown to bind TLR4. Also TLR47- mice showed decreased capacity to
clear tumor cells.

Heat shock proteins (HSPs) were described as members of the DAMP family as well and published
research supports their importance for anti-tumor immunity (90-92). The cross-presentation
of soluble and cell-associated antigens was increased when complexed with HSPs (91;93-95).
Human recombinant HSP70 did not induce maturation, as measured by surface expression of co-
stimulatory molecules or cytokine secretion by DCs (93). Immune signalling therefore is probably
not responsible for enhanced cross-presentation by HSPs. Increased uptake of antigen could
account for this effect because intracellular peptide concentrations were higher when antigen
was delivered in complex with HSP70. Similar results were obtained with the ER-resident protein
calreticulin. Calreticulin can translocate to the plasma membrane during apoptosis, a condition
in which it could function as a DAMP through facilitating increased target cell uptake by DCs
(96). Supplementation of recombinant calreticulin to soluble antigen, however, did not result in
enhanced cross-presentation (97) indicating that also calreticulin does not engage in immune
signalling within DCs.

Finally, there is evidence for the involvement of the NLRP3 inflammasome in DC-mediated
adaptive immune responses against tumors: the exposure of DCs to dying tumor cells activated
within DCs the NLRP3 inflammasome which was dependent on expression of purinergic
receptors (98). Purinergic receptors can bind ATP that was shown to be secreted by the dying
cells. Inflammasome activation leads to caspase 1 activity, thereby facilitating the secretion of
bioactive IL1B. Indeed, caspase 1 and IL1-receptor knock-out mice showed the necessity for IL13
secretion and sensitivity for cross-priming. Release of ATP by dying cells is therefore of great
importance for anti-tumor immune responses. Alternatively, TLR ligands were also observed to
stimulate NLRP3-dependent IL1B production by DCs (99). Perhaps other DAMPs besides ATP may
be responsible for inflammasome activation in DCs.

Altogether, for cross-presentation of cell-associated antigens many factors are involved which
are either intrinsically expressed by DCs or present in the micro-environment (Table 1). Both an
apoptotic cell death modality and DAMP release by necrotic cells are specifically important for
induction of tumor-specific adaptive immune responses. At first glance, these observations do
not seem to reconcile but this notion might actually be rash. As mentioned previously, apoptotic
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Table 1. Factors that contribute to cross-presentation of tumor antigen by dendriticcells.
Intrinsic Extrinsic

Ref. Ref.
Membrane receptors Inflammatory cytokines
Clec9A 20 Type 1interferons 73-76
Purinergic receptors 98 TNF 33
CD40 14 GM-CSF 13
TLR4 89 DAMPs
HSP receptor 19 HMGB1 88, 89
Fcy receptor® 18, 21 Heat shock proteins 91, 93-95
DC-SIGN* 22 ATP 98
DEC-205* 16
Cytosolic proteins
Rab27a 63
Rac2 66
Nox2 66

cells can also adopt a necrotic state when membrane integrity is eventually lost. The current
definitions of apoptotic and necrotic cells suggest static conformations but may be considered as
the same entity parted solely by time. As more research on this subject emerges, this apparent
paradox will likely be resolved. The regulated changes that are associated with apoptosis are
required to make the cells visible for DCs. Apoptotic cells are recognized and internalized,
possibly encouraged by DAMPs such as calreticulin and HSPs, leading to degradation of the
cellular material. Only when the DC expresses clec9A is the apoptotic cell redirected into storage
compartments waiting for what will happen next. During recognition and internalization, the
apoptotic cell will continue with the process of dying. One possibility is that apoptotic cells
may undergo secondary necrosis within the phagosomes of the DC. Once necrosis within the
phagosomal constraints happens, DAMPs will be released locally where they can bind to their
receptors and actuate their immunogenic effect. Because clec9A ensures direction towards long-
lived recycling compartments, chances are that recycled TLRs will encounter the DAMPs released
by the dying cell. Alternatively, DAMPs can be released by surrounding dying cells that are not
(yet) internalized. TLR signalling will activate DCs and cause their maturation, to support the
subsequent priming of antigen-specific CD8" T cells. In contrast, the direction of apoptotic cells
towards degrading lysosomes should propagate full degradation and silent cell death. As such,
features of apoptotic cells and DAMP release work together to establish optimal CD8* T cell
responses against cell-associated antigens. In particular, the apoptotic cells facilitate efficient
uptake, storage and survival of the antigen whereas the DAMPs accomplish DC maturation and
activation (Figure 3).

Concluding remarks

As we learn more about the process, it has become even more overt that cross-presentation of
cell-associated antigens by DCs is a complex process. Many factors are involved that eventually
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Figure 3. Type I interferon
signaling influences antigen
persistence within dendritic
cells. Plasmacytoid DCs
(pDC) and perhaps also
conventional DCs (cDC)
produce interferon a (IFNa)
upon the recognition of
apoptotic cells. The exposure
of cDCs to IFNa results
in 1) the upregulation of
pro-survival factors such
as BCL-2 and BCL-X; 2)
the  prolonged  storage
of apoptotic material in
intracellular compartments;
and 3) the localization of
MHC class I molecules to
storage compartments.

determine the outcome of a tumor-specific immune response. Important questions include
whether some DC subsets have preference for cross-presenting antigens from certain forms of cell
death and if there might be a combination of cell death and DAMPs that defines immunogenicity.
In addition, much interest goes out to understanding the mechanisms of antigen loading and
handling within DCs that lead to optimal cross-presentation and cross-priming of CD8 T cells.
Whether DAMPs specifically contribute to antigen processing, we believe is important to
understand how adaptive immune responses against tumor cells are raised. Particularly in
regard to DC vaccines, which have become increasingly appealing as a treatment of tumor
patients. Successes have been made with DC vaccines, but there is clear need for improvement.
By elucidating the processes that are critical for the induction of sustained anti-tumor immune
responses by DCs, we can continue improving DC vaccines and cancer treatments.
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CHAPTER 3

Abstract

Viruses may interfere with the MHC class | antigen presentation pathway in order to avoid CD8*
T cell-mediated immunity. A key target within this pathway is the peptide transporter TAP. This
transporter plays a central role in MHC class I-mediated peptide presentation of endogenous
antigens. In addition, TAP plays a role in antigen cross-presentation of exogenously derived
antigens by dendritic cells (DCs). In this study, a soluble form of the cowpox virus TAP inhibitor
CPXV012is synthesized for exogenous delivery into the antigen cross-presentation route of human
monocyte-derived (mo)DCs. We show that soluble CPXV012 localizes to TAP* compartments
that carry internalized antigen and is a potent inhibitor of antigen cross-presentation. CPXV012
stimulates the prolonged deposition of antigen fragments in storage compartments of moDCs,
as a result of reduced endosomal acidification and reduced antigen proteolysis when soluble
CPXV012 is present. Thus, a dual function can be proposed for CPXV012: inhibition of TAP-
mediated peptide transport and inhibition of endosomal antigen degradation. We propose this
second function for soluble CPXV012 can serve to interfere with antigen cross-presentation in a
peptide transport-independent manner.
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Introduction

Cytotoxic CD8* T lymphocytes (CTLs) are vital for the defense against cancerous or virus-infected
cells. CTLs mount an immune response upon recognition of antigenic peptides presented by MHC
class | (MHC 1) molecules on the surface of target cells. In most cells, the peptides presented by
MHC | are derived from proteasomal degradation of cytosolic proteins. The generated peptides
are subsequently transported into the ER by the transporter associated with antigen processing
(TAP). TAP and other proteins of the MHC | peptide-loading complex ensure proper loading of
peptides into the peptide-binding groove of MHC | molecules. Upon successful peptide loading,
MHC | travels from the ER to the cell surface, where it displays its peptide cargo to CD8* T cells.
Besides its prominent role in presentation of antigens derived from intracellular proteins, MHC
| can also function in presentation of exogenous antigens in certain cell types. This process,
called antigen cross-presentation, plays an important role in the activation of naive CD8" T cells
by antigen presenting cells (APCs), most notably by dendritic cells (DCs) 3. Cross-presentation
requires phagocytosis of extracellular antigen and subsequent endosomal processing *. In
addition, proteins typically involved in endogenous MHC | antigen presentation may also play a
role in cross-presentation, including the proteasome and TAP *°,

Upon exogenous antigen uptake by DCs, two main pathways are involved in MHC | antigen
cross-presentation (reviewed in 1%4). A TAP-independent vacuolar pathway requires lysosomal
acidification and subsequent antigen degradation by endolysosomal proteases. The generated
peptides are directly loaded onto MHC | molecules in endo-lysosomal compartments >, A
second, TAP-dependent, cross-presentation pathway involves the translocation of phagocytosed
cargo into the cytosol. There, the proteins are degraded into peptides by the proteasome. These
peptides are translocated by TAP into the ER lumen for access to the endogenous MHC | loading
route. Alternatively, peptides may be re-imported into the endo-lysosomal compartment by
endosomal TAP 2 for access to recycling MHC | molecules 2223, Human dendritic cells generally
depend on both TAP-dependent and —independent pathways for antigen cross-presentation *
2426 The preferred pathway for cross-presentation may vary depending on the nature and size of
the internalized antigen.

Various viruses have developed proteins to tackle critical nodes in the MHC | presentation
pathway, including TAP. Through TAP inhibition, viruses interfere with MHC | presentation of
viral peptides, thereby avoiding T cell immunity #33. To date, viral TAP inhibitors are found in
herpesviruses, including herpes simplex virus, varicelloviruses, human cytomegalovirus and
Epstein-Barr virus **, and several cowpox virus (CPXV) strains 3*3%3¢ By blocking TAP, these viral
inhibitors deprive MHC | molecules from antigenic peptides and interfere with the subsequent
induction of a robust CTL response.

Recently, the mechanism of action of the cowpox virus-derived TAP inhibitor CPXV012 was
elucidated 3%37. CPXV012 is a type Il transmembrane protein that localizes to the ER. Here, it
directly binds to TAP and blocks peptide transport by steric interference with ATP binding. The
ER-luminal domain of CPXV012 is necessary and sufficient for this inhibitory effect 3.

Here, we made use of the luminal active domain of CPXV012 (soluble CPXV012; sCPXV012) outside
the physiological context of CPXV infection and tested it effects during exogenous delivery into
endosomes of human DCs. We found sCPXV012 to inhibit antigen cross-presentation without
affecting antigen uptake or MHC | surface display. Soluble CPXV012 is internalized into
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Figure 1. Levels of antigen cross-presentation in CPXV012-treated moDCs (n=5). Human
moDCs were cultured, harvested and replated in the absence of presence of soluble CPXV012 or
control peptide. After 2 hours, 3 ug pp65 antigen (A and B) or 107 M pre-processed pp65(495-
503) (C) was added to the culture. The next day, pp65-specific CTLs were added to the
moDCs in a 1:1 ratio in the presence of Golgi-stop. After 4,5 hours, activation of the CTLs was
evaluated by determining intracellular levels of IFNy and TNF, and surface LAMP1 expression
by antibody staining. Expression levels were measured by flow cytometry. Statistical analysis
was performed on (B) treated conditions compared to DMSO control using one-sample t-tests
and (C) comparison between treated conditions using Mann-Whitney U test, p<0.05 were

considered significant.
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TAP*LAMP1* compartments that also include internalized antigen. Surprisingly, sCPXV012 blocks
endosomal acidification, which results in antigen preservation and thus, reduced production of
antigenic peptides for MHC | presentation. We identified the soluble CPXV012 protein, previously
characterized as a potent inhibitor of TAP, to inhibit antigen cross-presentation in DCs through
a second, TAP-independent mechanism. To our knowledge, this is the first protein-based
compound to interfere with endosomal acidification.

Results

Soluble CPXV012 inhibits antigen cross-presentation. The cowpox virus protein CPXV012
interferes with the MHC | antigen presentation pathway by blocking TAP in the ER 3% 3%,
The TAP-inhibiting domain of CPXV012 is located in the ER-luminal 35 amino acid residues
of CPXV012 3. Endogenous expression of the active domain of CPXV012 is sufficient for TAP
inhibition and preventing MHC | antigen presentation at the cell surface **. To evaluate the
ability of the CPXV012 active domain to interfere with cross-presentation of exogenous antigen
by dendritic cells, a synthetic peptide comprising amino acid residues 35-69 of full length
CPXV012, sCPXV012, was prepared. The inhibitory capacity of sCPXV012 was tested in a cross-
presentation assay using human monocyte-derived dendritic cells (moDCs). In this assay, moDCs
are incubated with the viral antigen pp65. This results in endocytosis and processing of pp65,
and MHC I-mediated presentation of pp65-derived peptides *. We have shown previously that
pp65 cross-presentation can occur through both the cytosolic and the vacuolar pathway *. MHC
I-mediated cross-presentation of pp65-derived peptides was measured using MHC |-restricted
pp65-specific CTLs. Activation of the CTLs upon cognate interaction was evaluated by measuring
LAMP1 (CD107a) surface expression and intracellular IFNy and TNF cytokine production (figure
1). The addition of sCPXV012 reduced antigen cross-presentation in a concentration-dependent
manner. At the highest concentration of sCPXV012 (20 uM), cytokine production and LAMP1
expression by CTLs was reduced by 70-80% (figure 1). At lower concentrations of sCPXV012,
cytokine production and LAMP1 expression by CTLS was reduced to 50-60% (using 10 uM
sCPXV012) or 35-40% (using 5 M sCPXV012). As negative controls, we included DMSO only or
an irrelevant peptide, both showing no effect on antigen cross-presentation by moDCs (figure
1B). sCPXV012 did not change general MHC | surface expression levels (figure S1), suggesting
that endogenous peptide presentation is not hampered. Indeed, T cell activation through direct
presentation of pre-processed pp65(495-503) peptide remained unchanged in the presence of
sCPXV012 (figure 1C). These combined results indicate that exogenous addition of sSCPXV012 can
inhibit antigen cross-presentation of pp65 by moDCs.

Identification of the minimal region in sSCPXV012 required for inhibition of cross-presentation.
To identify the amino acid residues within the active domain of sCPXV012 that are crucial for
inhibition of cross-presentation, a series of sCPXV012 peptide variants were synthesized and
tested (figure 2).

Stretches of five amino acids were replaced by alanine residues in sCPXV012 (figure 2A). The
viability of moDCs was not affected when incubated with sCPXV012 peptide variants (data not
shown). The peptides were added to moDCs in the presence of pp65 antigen, and pp65-specific
CTL activation was measured (figure 2B). In these experiments, wild type sCPXV012
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Figure 2. CPXV012 core domain facilitates inhibition of antigen cross-presentation (n=4).
A, C and E. Overview of soluble mutant CPXV012 peptides used. In each variant, a stretch of five
amino acids is replaced by alanine residues. B, D and F. Antigen cross-presentation by human
monocyte-derived dendritic cells in the absence or presence of 5 uM of the indicated CPXV012
peptide variants. Data are shown as % of DMSO control. Statistical analysis was performed on
(B) treated conditions compared to DMSO control using one-sample t-tests and (F) comparison
between treated conditions using Mann-Whitney U test, p<0.05 were considered significant.

reduced cross-presentation to 80% of the levels of untreated moDCs. Replacement of the first 5
N-terminal amino acids by alanine residues (Alal) increased the inhibitory activity of sCPXV012
almost two-fold, to approximately 63% of the levels of untreated moDCs, whereas peptides Ala2-
Ala7 showed no inhibition at all. In fact, Ala5 and Ala6 even increased the amount of activated
pp65-specific CTLs possibly suggesting an increase of antigen cross-presentation.

In addition to alanine-substituted peptides, we synthesized peptides that were truncated at the
N- or C-terminus (figure 2C). Soluble CPXV012 with 5 N-terminal amino acid residues removed
(A5SN) robustly inhibited antigen cross-presentation (figure 2D). Further N-terminal truncations

42



CPXV012 INHIBITS ANTIGEN CROSS-PRESENTATION

Figure 3. CPXV012
core peptide and pp65
antigen are taken up into
TAP*LAMP1* compartments
(n=3). Confocal images of
human moDCs loaded with
CPXV012 core peptide for 2
hours, following followed by
pp65 internalization for four
more hours. DCs were stained
for either LAMP1, TAP1 or
pp65. Overlays are shown in
the bottom panel. Each column
represents a dinstinct visual
field. Bar size: 7.5 pm.

LAMP1

overlay overlay

of sSCPXV012 abolished its inhibitory activity. The C-terminally truncated peptides A5C and A10C
also inhibited antigen cross-presentation, but removal of 15 or more C-terminal amino acid
residues completely abrogated the inhibitory activity of sSCPXV012.

Previous mutagenesis studies on endogenously expressed full length CPXV012 indicated that the
core 25 amino acid residues in the active domain are crucial for TAP inhibition, whereas residues
1-5 and 31-34 are dispensable . In line with this study, the results obtained with the peptide
variants indicate that a core region, represented by amino acid residues 6-30 of sCPXV012, is
essential for its inhibitory function. Therefore, a smaller CPXV012 peptide was tested, comprising
these 25 amino acid residues (figure 2E). This core peptide showed superior inhibitory capacity
compared to wild type sCPXV012 as well as the other peptide variants tested (figure 2F). Thus,
sCPXV012 contains a core domain that allows for highly effective inhibition of antigen cross-
presentation when delivered to human moDCs exogenously.

Co-localisation of antigen and sCPXV012 in LAMP1* compartments. Antigens endocytosed by

DCs are routed to various compartments of the endolysosomal pathway. Specific antigen storage
compartments facilitate efficient loading of MHC | with peptides &% 22384 |n these LAMP1* and
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CPXV012 wt CPXV012 core CPXV012 Alal CPXV012 Ala5

Figure 4. CPXV012 peptide variants localize to endosomal compartments also containing
internalized pp65 antigen (n=3). Confocal images of human moDCs loaded with CPXV012
peptide variants (2hrs) and pp65 antigen (4hrs), respectively. Overlays are shown in the bottom
panel. Each column represents a distinct visual field. Bar size: 7.5 um.

TAP* compartments, antigen is further processed for cross-presentation by MHC I.

To test whether sCPXV012 is directed to LAMP1*TAP* compartments after uptake by moDCs,
the intracellular location of the sCPXV012 core peptide was visualized in moDCs using confocal
microscopy. MoDCs were exposed to sCPXV012 core peptide for 2 hours prior to incubation
with pp65 antigen. After 4 hours, cells were stained for sCPXV012 peptide and either LAMP1,
TAP1, or pp65 (figure 3). Soluble CPXV012 core peptide was internalized by dendritic cells and
partially colocalized with LAMP1 and TAP1. In addition, sCPXV012 core peptide showed strong
colocalization with pp65 antigen. These results indicate that both sCPXV012 core peptide

and pp65 are endocytosed and colocalize in part to the TAP1* and LAMP1* antigen storage
compartment.
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Not all sCPXV012 variants efficiently inhibited cross-presentation (see figure 2). This may result
from a lack of inhibitory activity, or inefficient trafficking to pp65* antigen storage compartments
after uptake of CPXV012 peptide by moDCs. Therefore, colocalization of inhibitory and non-
inhibitory CPXV012 variants and pp65 was investigated 4 hours after incubation with moDCs
(figure 4).

Similar to the uptake of CPXV012 core peptide (figure 3), Alal, Ala5 and the wild type CPXV012
peptide were endocytosed and colocalized with pp65. Although Ala5 lost its capacity to inhibit
cross-presentation (figure 2B), it still traffics to pp65* intracellular compartments, and its
intracellular location is similar to that of the peptides still inhibiting cross-presentation. These
results show that the differences in MHC | cross-presentation inhibition by sCPXV012 are not
explained by differential uptake of the sCPXV012 peptide variants.

Preservation of pp65 protein in the presence of sCPXV012. Cross-presentation of internalized
antigen requires degradation of the antigen for the release of antigenic peptides, suitable for
loading onto MHC | molecules. To investigate whether sCPXV012 interferes with the process of
antigen break-down we measured the levels of pp65 antigen in dendritic cells.

Dendritic cells were loaded with sCPXV012 for 2 hours after which pp65 antigen was added
for another 4 hours. Then, DCs were harvested and stained intracellularly with anti-pp65
antibodies. WT sCPXV012-treated moDCs contained higher levels of pp65 antigen compared
to DMSO-treated control cells (Figure 5). Similarly, treatment with Alal or core peptide also
showed increased presence of pp65 antigen. In contrast, the non-inhibitory peptide Ala5 failed
to enhance intracellular pp65 antigen levels.

Thus, inhibition of cross-presentation by sCPXV012 coincides with increased intracellular antigen
levels, suggesting a role for sSCPXV012 in antigen preservation within endosomes.

Soluble CPXV012 inhibits antigen degradation by blocking endosomal acidification. As sCPXV012
causes retention of intracellular antigen in moDCs, we tested the effects of SCPXV012 on antigen
degradation. To this end, sCPXV012 was added to moDCs in combination with DQ-BSA, a protein
that releases fluorescence upon degradation within the endosomal pathway. Four hours after
uptake, the fluorescence within moDCs was measured (figure 6A). While BSA uptake was similar
between the tested conditions (figure 6A, right panel), moDCs incubated with WT sCPXV012
showed less fluorescence compared to DMSO-treated moDCs when using protease-sensitive DQ-
BSA (figure 6A, left panel) indicating blocked protein degradation. Accordingly, mutant sCPXV012
peptides with superior inhibitory capacity (Alal and core) further inhibited protein degradation.
Furthermore, protein degradation levels measured in moDCs treated with the non-inhibitory
Ala5 peptide was comparable to the levels of the DMSO control.

Endosomal proteolysis is dependent on the activity of proteases within the endosome and is
regulated by the pH. For optimal proteolysis, an acidic environment is required established by
proton influx into the endosomes, as mediated by vacuolar ATPase proton pumps *. Soluble
CPXV012 may thus inhibit protein degradation by preventing acidification of endosomes. The
endosomal pH was tested by adding sCPXV012 to dendritic cells in combination with pHRodo-
dextran, a compound eliciting fluorescence in acidic environments (figure 6B). DMSO-treated
control DCs showed the highest fluorescence, indicating normal endosomal acidification.
Acidification was prevented by sCPXV012 peptide, as the fluorescence measured in these moDCs
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Figure 5. Antigen preservation in CPXV012-treated
moDCs (n=4). A. Human moDCs were loaded with the
indicated CPXV012 peptide variants for 2 hrs, followed
by pp65 loading for 4 hrs. moDCs were harvested,

125 permeabilized and stained with anti-pp65 antibodies.
. Levels of pp65-positive moDCs were measured by
flow cytometry. Quantification of the data is shown in
B. Statistical analysis was performed on comparison
@ between treated conditions using Mann-Whitney U
test, p<0.05 were considered significant.
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was significantly decreased. Similarly, Alal and core peptides that inhibited cross-presentation
as well as DQ-BSA proteolysis, also blocked endosomal acidification. In contrast, Ala5 peptide,
which lacks inhibition of cross-presentation or DQ-BSA proteolysis indeed shows higher pH-
dependent fluorescence compared to WT sCPXV012. The inability of antigen cross-presentation
in the presence of sCPXV012 strongly correlated with a decrease in antigen processing in the
presence of sSCPXV012, showing a Spearman rank correlation coefficient of R=0,833 (figure 6C).
Altogether, sCPXV012 interferes with the antigen cross-presentation abilities of moDCs
through prevention of endosomal acidification. This results in antigen preservation rather than
degradation into antigenic peptides.

Discussion

When endogenously expressed, the active domain of CPXV012 is present in the ER lumen where
it limits the availability of peptides for loading onto class | complexes, through blockage of the
TAP transporter 3% 3% During CPXV infection, direct antigen presentation by infected cells is
therefore blocked while antigen cross-presentation by DCs was not affected *%. In this study,
we take the active domain of CPXV012 outside its physiological context of CPXV infection and
show that it is able to inhibit antigen cross-presentation when exogenously delivered to moDCs.
Soluble CPXV012 is internalized into LAMP1* endosomal compartments that carry TAP in their
membrane. Pp65 antigen is also targeted to these compartments, where it is processed for cross-
presentation. Unexpectedly, sSCPXV012 interferes with the endosomal processing of antigen by
blocking acidification of the endosome, thereby preventing antigen proteolysis. Thus, we show
a second function for CPXV012, in interfering with DC antigen cross-presentation in a TAP-
independent manner.
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A. Figure 6. CPXV012 blocks antigen
DQ-BSA Alexa647-BSA processing in dendritic cells

N (n=5). Human moDCs were loaded

30000 30000 with the indicated CPXV012 peptide

) ) n.s. variants for 2 hrs, followed by DQ-

BSA (A, left panel), Alexa647-BSA
(A, right panel) or pHRodo-dextran
(B) loading for 4 hrs. DCs were
10,000 harvested and levels of fluorescence

were measured by flow cytometry.
C. Cross-presentation data (figure
o. 2B) and DQ-BSA processing data

© e W o@ (figure 6A, left panel) of sCPXV012
peptide variants were tested for
correlation using Spearman’s rank
B C correlation test. Statistical analysis
' dextran-pHRodo ' correlation was performed on comparison

between treated conditions using
* R,=0,8333 Mann-Whitney U test, p<0.05 were
considered significant.
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The TAP-independent vacuolar pathway of cross-presentation includes antigen processing and
MHC | loading within endo-lysosomal compartments. Several reports indicate that antigen cross-
presentation can depend exclusively on the vacuolar pathway *°, Inhibition of endosomal
acidification ¥ or endosomal proteases ' ® abrogated cross-presentation through TAP-
independent pathways. Our study shows that sCPXV012 inhibits antigen cross-presentation by
preventing antigen degradation. Upon entering the endosomal pathway through endocytosis,
sCPXV012 can block antigen cross-presentation through interference with pH-dependent antigen
degradation, separate from its function as TAP inhibitor.

Our finding that sCPXV012 can target pH-dependent endosomal antigen degradation is relevant,
as for both TAP-dependent and TAP-independent pathways of antigen cross-presentation,
endosomal proteolysis is considered crucial #4345,

In addition, sCPXV012 may directly affect the TAP-dependent cross-presentation pathway by
inhibiting TAP in the endosome. CPXV012 peptide was shown to act on the luminal domain
of TAP 3 which is accessible from inside the endosome. As CPXV012 peptide localizes to TAP*
compartments, it is possible that endosomal TAP is inhibited by CPXV012 peptide. In line
with this, the inhibitory capacity of CPXV012 alanine variants correlates well with the ability
of full-length endogenously-expressed CPXV012 variants to inhibit peptide transport by TAP 3,
There, TAP inhibition was observed for full-length variants with an intact core domain exactly
corresponding to those variants that showed inhibitory activity against cross-presentation in the
study presented here.

Possibly, inhibition of endosomal acidification may even promote the TAP-dependent antigen-
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cross presentation route *¢, but such analysis falls beyond the scope of our manuscript. Our
data do however support that sCPXV012 might have a dual role by inhibiting both endosomal
acidification and blocking import of antigens by TAP.

Nevertheless, without excluding a possible role for sCPXV012 blocking endosomal TAP, the
pronounced inhibition of antigen proteolysis by sSCPXV012 observed in the current study smothers
antigen cross-presentation directly at initiation. Thereby, sCPXV012 is the first protein-based
compound to block endosomal acidification. Other acidification inhibitors include lysomotropic
agents such as chloroquine, ammonium chloride or siramesine that broadly block acidification
of the entire endo-lysosomal pathway within the cell. A protein-based acidification inhibitor
offers the possibility of affecting specific compartments using targeted delivery by antibody-
receptor engagement or by fusion to ligands. CPXV012 peptide can thus be used to investigate
the role of acidification in different endosomal uptake routes, including pathways used by plasma
membrane proteins and intracellular pathogens.

Methods

Reagents and antibodies. DQ-BSA (Cat. D12050), pHRodo-dextran (Cat. P10361), Hoechst (Cat.
H1399) and TO-PRO3 (T3605) were purchased from Thermo Fisher Scientific. Antibodies used:
anti-HLA-A/B/C (Clone W6/32, Biolegend); anti-CD11c (Clone B-Ly6, BD Biosciences); anti-CD3
(Clone UCHT1, Sony Biotechnology); anti-CD8 (Clone RPA-T8, BD Biosciences); anti-LAMP1 (Clone
H4A3, BD Biosciences); anti-TNF (Clone MAB11, Sony Biotechnology); anti-IFNy (Clone 4S.B3,
BD Biosciences); anti-MHC-I (W6/32, Sony Biotechnology); anti-pp65 mouse mAb (Advanced
Biotechnologies Inc, Eldersburg, MD, USA); anti-TAP1 (clone 148.3, EMD Millipore); anti-mouse
FITC-conjugated donkey pAb (Jackson ImmunoResearch); Cy3-conjugated streptavidin (Jackson
ImmunoResearch).

CPXV012 peptide synthesis. The sequences of the CPXV012 peptide variants are indicated
in Fig. 2. The control peptide is derived from the ER-luminal domain of pseudorabies virus
TAP inhibitor UL49.5, and comprises amino acid residues 28-59 of this protein (sequence:
STEGPLPLLREESRINFWNAACAARGVPVDQP). The ER-luminal domain of UL49.5 is not capable
of inhibiting TAP when expressed in cells  or when added as a peptide (figure 1B). Synthetic
peptides were prepared by normal Fmoc chemistry using preloaded Tentagel resins, using
PyBop/N-methylmorpholine for in situ activation and 20% piperidine in N-methylpyrrolidinon
for Fmoc removal *. Couplings were performed for 75 min. After final Fmoc removal, peptides
were cleaved with trifluoroacetic acid/H20 19:1 v/v containing additional scavengers when C
or W residues were present in the peptide sequence. Peptides were isolated by ether/pentane
precipitation and checked for purity using reversed-phase UPLC—mass spectrometry. The integrity
was tested using MALDI-TOF mass spectrometry. Cysteines were replaced by the isosteric alpha-
amino-n-butyric acid. Lyophilized peptides were dissolved in DMSO. Peptide concentrations were
confirmed by the NanoDrop spectrophotometer (Thermo Scientific) using the absorbance of Trp
at 280 nm. Peptides were aliquoted in Eppendorf LoBind microcentrifuge tubes (Sigma-Aldrich)
and kept at -20 °C for short-term storage.
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Human monocyte-derived DC culture. Peripheral blood mononuclear cells (PBMCs) from healthy
donors were separated from peripheral blood by ficoll isopaque density gradient centrifugation
(GE Healthcare Bio-Sciences AB). CD14* monocytes were isolated by positive selection with
CD14 MACS beads (Miltenyi). CD14* cells were cultured at a concentration of 1x10%/ml for 5
days at 37°C and 5% CO, in X-VIVO15 medium containing 450 U/mL GM-CSF (Immunotools) and
300 U/mL IL-4 (Immunotools). Cytokines were refreshed after 3 days. DCs were collected for
experiments on day 5 by incubation in PBS (4°C) for 1 hour. Generally, moDCs cultured from at
least 3 different donors were used for experiments.

Cross-presentation assay. A HCMV pp65-specific CD8* T-cell clone was prepared previously *.
In brief, T-cells from an HLA-A*0201* donor were stained with HLA-A2/pp654957503 tetramers,
and subsequently single-cell sorted in a 96-well plate (Thermo) containing irradiated B-LCL
feeder cells (1 x 10° cells/mL, irradiated with 70 Gy) and PBMCs from 3 healthy donors (1 x
106 cells/mL, irradiated with 30 Gy). One ug/mL leucoagglutinin PHA-L (Sigma-Aldrich) and 120
U/mL of recombinant IL-2 (Immunotools) were added. T-cell clones specific to pp65,,, ., were
selected using tetramer staining. Positive clones were restimulated and expanded during several
stimulation cycles and frozen in aliquots that were freshly thawed before each use in an assay.
DCs were loaded with soluble HCMV pp65 protein (Miltenyi Biotec, purity > 95%, low endotoxin;
<10 EU/mL) and incubated overnight at 37°C and 5% CO, for processing. HCMV pp65-specific
CD8'T cells were cocultured with pp65—loaded DCs for 4 to 6 hours in the presence of Golgistop
(1/1500; BD Bioscience). Cells were subsequently stained for surface markers and presence of
intracellular IFNy and TNF, followed by flow cytometry—based analysis.

Flow cytometry. For stainings, cells were first washed twice in PBS containing 2% FCS (Invitrogen)
and 0.1% sodium azide (NaN3 Sigma-Aldrich). Next, antigen nonspecific binding was prevented by
prior incubation of cells with 10% mouse serum (Fitzgerald). Cells were incubated with indicated
fluorophore-conjugated mouse anti-human antibodies for 20 minutes on ice and washed twice.
In case of intracellular stainings, cells were fixed and permeabilized (Fix/Perm kit BD Biosciences)
after surface staining and subsequently stained with indicated antibodies for 30 minutes on ice
and washed twice. Cells were taken up in PBS (2% FCS/0,1% NaN3) to be used for measurement
using either FACSCanto Il or Fortessa with FACS Diva Version 6.13 (BD Bioscience). Analysis was
done using FlowJo Version 10 software.

Confocal microscopy. MoDCs were cultured in a LabTek 8 well chamber coated with 8GX alcain
blue. After five days, cells were incubated with peptide (5 uM) or DMSO as a vehicle control. After
2h, pp65 (3 ug/ml) was added and cells were incubated for 4 hours. Cells were subsequently
washed and fixed for 10 min at RT using PBS supplemented with 4 % formaldehyde. Cells were
permeabilized in PBS supplemented with 0.1 % Triton for 10 min at RT, and blocked for 30 min
with PBS supplemented with 5% normal goat serum. Next, slides were incubated with primary
antibodies. Cells were washed and incubated with secondary antibodies. After washing, slides
mounted on a microscope slide using Mowiol 4-88 (Carl Roth, Germany). Samples were imaged
using a Leica TCS SP5 confocal microscope equipped with a HCX PL APO CS x 63/1.40-0.60 OIL
objective (Leica Microsystems, The Netherlands). Fluorescent signals were detected with PMTs
set at the appropriate bandwidth using the 488 nm argon laser for FITC, the 543 helium neon
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laser for Cy3, and the 633 nm helium neon laser for TO-PRO3. Images were processed using the
Leica SP5 software.

Statistics. For statistical testing between two groups non-parametric Mann-Whitney tests are
used. P-value of p<0,05 is considered significant. All calculations were performed using GraphPad
Prism 6.
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Figure S1. MHC 1 surface levels in CPXV012-treated moDCs (n=3). Indicated concentrations
of soluble CPXV012 were added to human moDCs for 24hrs. Next, DCs were harvested, stained for
surface MHC [ and measured by flow cytometry.
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CHAPTER 4

Abstract

Reactivation of human cytomegalovirus (CMV) is hazardous to patients undergoing allogeneic
cord blood transplantation (CBT), lowering survival rates by approximately 25%. While antiviral
treatment ameliorates viremia, complete viral control requires CD8* T-cell-driven immunity.
Mouse studies suggest that cognate antigen-specific CD4+ T-cell licensing of dendritic cells (DCs)
is required to generate effective CD8* T-cell responses. For humans, this was not fully understood.
We here show that CD4* T cells are essential for licensing of human DCs to generate effector and
memory CD8+ T-cell immunity against CMV in CBT patients. First, we show in CBT recipients
that clonal expansion of CMV-pp65-specific CD4* T cells precedes the rise in CMV-pp65-specific
CD8* T cells. Second, the elicitation of CMV-pp65-specific CD8* T cells from rare naive precursors
in cord blood requires DC licensing by cognate CMV-pp65-specific CD4* T cells. Finally, also
CD8* T-cell memory responses require CD4* T-cell-mediated licensing of DCs in our system, by
secretion of gamma interferon (IFN-y) by pp65-specific CD4* T cells. Together, these data show
that human DCs require licensing by cognate antigen-specific CD4* T cells to elicit effective CD8*
T-cell-mediated immunity and fight off viral reactivation in CBT patients.
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Introduction

Cytomegalovirus (CMV)-seropositive patients who are immunocompromised are at increased
risk for developing potentially life-threatening CMV reactivation. Especially after allogeneic cord
blood (CB) transplantation (CBT), the first weeks of immune reconstitution are hazardous for
developing CMV reactivation, which is associated with decreased survival rates (1, 2). Antiviral
treatment can reduce CMV viremia, but effective viral control requires induction of CMV-
directed immunity by T lymphocytes. In particular, CD8* cytotoxic T lymphocytes (CTLs) fulfill a
predominant role in protection against CMV disease (2,-4). Therefore, strategies that increase
early CMV-specific adaptive immune responses after transplantation are currently being explored,
which could ultimately help to establish full clearance of, and long-term immunological memory
against, CMV. In the human setting, cell-based therapy is being explored, geared toward dendritic
cell (DC)-mediated activation of CTLs (5, 6). The elicitation of antigen-specific CTL immunity was
in mouse models shown to require cognate CD4* T-cell licensing (7,-10). Furthermore, priming
of naive CD8* T cells requires both the CD4* T-helper cells and CD8* T cells to recognize antigen
on the same antigen-presenting cell (5, 11, 12). Such CD4* T-cell help can involve CD40 ligand
(CD40L) binding to CD40 on DCs (9, 13, 14). For humans, a requirement for CD4* T-cell help in DC
licensing for formation of effector and memory CTLs has not yet been demonstrated. It is also
not yet clear what are the signaling pathways through which CD4* T cells might execute their
licensing.

CMV-specific CD4* T-cell clones are present in the healthy population, suggesting a role for antigen-
specific CD4* T cells in immunity against CMV, as 50 to 80% of adults experience CMV infection
in their lifetime (6, 15). Moreover, effective control of CMV infection was attained in patients
when CMV-specific T cells, of which 77% were CD4* T cells, were infused (16). Further, human
DCs loaded with both HLA class | and Il/peptide complexes were more effective at generating
antigen-specific CTL responses than were those loaded with solely major histocompatibility
complex (MHC) class I/peptide complexes (17). In a different setting, not only the absence of
antigen-specific CTLs but also the absence of specific CD4* T-helper cells resulted in higher CMV
loads (18). Thus, CD4* T-helper cells are likely to participate in CMV control.

We set out to clarify the role of human CD4* T-helper cells in DC licensing for CTL-mediated
immunity for both CTL priming and memory CTL activation. First, we show in CBT recipients that
clonal expansion of CMV-pp65-specific CD4* T-helper cells precedes the expansion of primary
CMV-pp65-specific CTLs. We clarified that DC licensing is cognate, as expansion of primary
CMV-pp65-specific CTLs from naive CB precursors requires the presence of pp65-specific CD4*
T-helper cells, in cocultures. Finally, also DC licensing is required for CTL memory, as DCs licensed
by CD4* T cells, which they do through secretion of gamma interferon (IFN-y), stimulate much
more efficient CMV-pp65-specific CTL memory responses. Together, these data imply that in
humans CD4* T-helper cells are pivotal in DC licensing to elicit CD8* T-cell immunity during CMV
reactivation in CBT patients.

Materials and Methods

Patient inclusion and human samples. Approval for this study was obtained from the ethics
committees of the University Medical Centre Utrecht (METC-05-143, METC-11-063, and METC-
13-437). Written informed consent was obtained from all participating patients or their legal
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representatives prior to CBT. In this consent, it was stated that their medical data may be used
for research purposes. According to the hospital's standard operating procedures, regular
blood samples were taken for viral load detection by quantitative PCR (qPCR) and T-cell number
measurements (see below). All children below the age of 18 who received an allogeneic CBT
between 2010 and 2013 at the hematopoietic stem cell transplant (HSCT) unit of the Wilhelmina
Children's Hospital were evaluated. All patients received a fludarabine- and busulfan-containing
regimen with early-given (day -9) antithymoglobulin (19). Eight patients suffered from CMV
reactivation post-CBT. These patients were all CMV positive prior to transplantation. Two were
excluded because maximum CMV loads did not reach 1,000 copies/ml. From the 6 other patients,
CMV loads and CD4* and CD8* counts were evaluated and plotted over time. We also included
8 control patients who did not have events that are likely to impact the T-cell counts (T-cell-
impacting events), such as viral reactivations of >1,000 copies (cp)/ml (human herpesvirus 6 [HHV-
6], CMV, Epstein-Barr virus [EBV], or adenovirus), graft-versus-host disease (GvHD) of >grade 2,
or graft rejection. CD4* T-cell counts within the first 3 months after CBT were evaluated using the
area under the curve (AUC) trapezoidal method: 5(cell numbertime y + cell numbertime x)/2)
x (time y - time x) (20). Trends in CD4* T-cell count were evaluated using a Pearson correlation
coefficient.

Immune phenotyping. Immune phenotyping was performed on whole-blood samples every other
week once the leukocyte count was >0.4 x 10°/liter. Absolute numbers of T cells (CD3*) helper T
cells (CD3* CD4*), and cytotoxic T cells (CD3* CD8*) were determined using Trucount technology
(BD Biosciences). A volume of 20 ul of CD3-fluorescein isothiocyanate (FITC), CD45-peridinin
chlorophyll protein (PerCP), and CD19-allophycocyanin (APC) or CD3-FITC, CD8-phycoerythrin
(PE), CD45-PerCP, and CD4-APC reagent (Multitest; BD Biosciences) was added to a Trucount
tube containing a known quantity of beads, followed by 100 ul of EDTA-treated whole blood and
incubated for 15 min at room temperature. Erythrocytes (RBCs) were subsequently lysed for 15
min with 450 pl of fluorescence-activated cell sorting (FACS) lysing solution (BD Biosciences).
Samples were acquired using a FACSCalibur cytometer and analyzed with Multiset software
(BD Biosciences). Qualitative and subset analyses of T-cell compartments were performed as
described previously (21).

Cord blood dendritic cell culture. CD34* cells were isolated according to the manufacturer's
instructions (Miltenyi Biotec) and expanded using 20 ng/ml interleukin-3 (IL-3) (Invitrogen), 20
ng/ml IL-6 (BD Biosciences), and 50 ng/ml stem cell factor (SCF) and 50 ng/ml FLT3-L (both from
Peprotech). For DC culture, 3 x 10 CD34+ cells were cultured in a T25 flask (Thermo) in X-Vivo
medium (Lonza) containing 2 mM |-glutamine, 100 U/ml penicillin-streptomycin, and 5% human
serum in the presence of 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF)
and 20 ng/ml IL-4 (all from Invitrogen), 20 ng/ml SCF, and 100 ng/ml FLT3-L at 37°C and 5% CO2
for 7 days.

CD8* T-cell priming assay. CB CD34*-derived DCs were loaded with 10 pug/ml pp65 (Miltenyi
Biotec; purity, >95%; low endotoxin; <10 endotoxin units [EU]/ml), medium, or 10 pug/ml bovine
serum albumin (BSA) (Roche; 10,000 DCs in 100 ul 5% X-Vivo plus human serum per well, 96-well
plate [Thermo]). Then, 50,000 donor-matched naive CD8* T cells were added (separated from
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CD34 fraction using Miltenyi Biotec magnetically activated cell sorting [MACS] beads according
to the manufacturer's instructions) together with medium, 50,000 CD4"* T cells (separated using
MACS beads), or 10 pug/ml CD40 agonist clone 7 (Bioceros). All were cocultured for 3 weeks at
37°C and 5% CO2 for 7 days. On days 8 and 15, CD34+-derived DCs were loaded with 1 x 107%°M
NLV peptide and irradiated with 30 Gy. Ten thousand DCs were plated per well, and the T cells
were added for restimulation. Every week at days 2 and 5, IL-7 and IL-15 (Immunotools) were
added, both at a final concentration of 5 ng/ml. After 3 weeks, cells were stained with an HLA-A2
pp654°% pentamer (Prolmmune) and positive cells were single-cell sorted and stimulated for
several weeks as described under “CD8* T-cell cloning.” Prior to cryopreservation, a small aliquot
of T cells (1 x 105 to 5 x 10°) was harvested for T-cell receptor (TCR) sequencing.

TCRB chain sequencing. TCRB chains were sequenced as previously described (22). Briefly, a
one-sided anchored reverse transcription-PCR (RT-PCR) was performed in order to amplify TCRP
mRNA. Amplified products were purified from the agarose gel and ligated into a pGEM-T Easy
vector (Promega), followed by transformation into chemically competent Escherichia coli DH5a
bacteria. Thirty-two bacterial colonies were screened for the presence of a TCR construct and
subsequently sequenced via capillary electrophoresis. Sequences were analyzed using web-
based software (www.imgt.org) (23), and TCRs were identified using the official ImnMunoGeneTics
nomenclature as previously shown (24).

Cross-presentation assay. Cross-presentation essays with monocyte-derived DCs (MoDCs) and
CMV peptide NLVPMVATV (NLV)-specific CD8* T-cell clones were performed as described in
reference 25. In addition, stimulation of DCs was performed by coincubation after loading with a
range of CD40 antibody (0.1 to 10 pug/ml clone 7; Bioceros), a range of pp65°~>%-specific CD4* T
cells or donor-matched nonspecific T cells (CD4 MACS; Miltenyi Biotec), or a range of recombinant
IFN-y (Immunotools). Blocking of the CD40-CD40L interaction was done by preincubating CD4*
T cells with 10 ug/ml CD40L antibody for 30 min at 37°C and 5% CO, (Bioceros). Blocking of
the CD80/CD86 (B7-1/B7-2)-CD28/CD152 (CTLA-4) interaction was done by preincubating the
loaded DCs with 10 pg/ml anti-CD80/CD86 for 30 min at 37°C and 5% CO, (10 pg/ml abatacept).
Blocking of CD137-CD147L interaction was done by preincubating CD4+ T cells with 10 ug/ml
CD137 antibody (clone 4b4-1; BioLegend) (26) for 30 min at 37°C and 5% CO,.

For the supernatant exchange experiment, pp65-loaded HLA-DRB1*01 MoDCs were cocultured
with cognate CMV-pp65°>%3-specific CD4* T cells overnight. Next, we collected the supernatant,
added this in the presence of phosphate-buffered saline (PBS) or 10 pg/ml IFN-y blocking
antibody (BD Biosciences) to new pp65-loaded MoDCs, and incubated the cells for another 24 h.
After incubation, DCs were washed and human CMV (HCMV) pp65-specific CD8* T cells were
cocultured with pp65-loaded DCs for 4 to 6 hiin the presence of GolgiStop (1/1,500; BD Bioscience).
Cells were subsequently stained for surface markers and the presence of intracellular IFN-y and
tumor necrosis factor (TNF), followed by flow cytometry-based analysis.

CD4+ T-cell cloning. HCMV-pp65-specific CD4* T cells were isolated from HLA-DRB1*0101*
peripheral blood mononuclear cells (PBMCs) using the IFN-y secretion assay (Miltenyi
Biotec, Bergisch Gladbach, Germany). Briefly, PBMCs were stimulated with 2 pg/ml pp65-
KYQEFFWDANDIYRI peptide (HLA-DRB1*0101 binding pp65 peptide), and after 4 h of stimulation,
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IFN-y-secreting CD4* T cells were isolated using FACS. The CMV-pp65-specific CD4* T-cell line was
stimulated three times weekly with irradiated (30-Gy) allogeneic PBMCs (1 x 10° cells/ml) and
800 ng/ml phytohemagglutinin (PHA; Murex Biotec Limited, Dartford, United Kingdom).

CD8+ T-cell cloning. An HLA-A*0201-restricted, HCMV-pp65-specific CD8* T-cell clone was
prepared. In brief, T cells from an HLA-A*0201* donor were stained with HLA-A2/pp65%°%
tetramers and subsequently single-cell sorted in a 96-well plate (Thermo) containing irradiated
B lymphoblastoid cell line (B-LCL) feeder cells (1 x 10° cells/ml, irradiated with 70 Gy) and
PBMCs from 3 healthy donors (1 x 10° cells/ml, irradiated with 30 Gy). One microgram/milliliter
leucoagglutinin PHA-L (Sigma-Aldrich) and 120 U/ml of recombinant IL-2 (Immunotools) were
added. T-cell clones specific to pp65*°% were selected using tetramer staining. Positive clones
were restimulated and expanded during several stimulation cycles and frozen in aliquots that
were freshly thawed before each use in an assay.

Monocyte-derived DC culture. Peripheral blood mononuclear cells (PBMCs) from healthy
HLA-A*02.01/HLA-DR*01.01-positive donors were separated from peripheral blood by Ficoll
Isopaque density gradient centrifugation (GE Healthcare Bio-Sciences AB) and either were
used directly or frozen until further experimentation. For DC induction, PBMCs were incubated
at 37°C and 5% CO, for 1 h with plastic for the monocytes to adhere, in X-Vivo 15 medium
(Lonza) containing 2 mM I-glutamine, 100 U/ml penicillin-streptomycin, and 2% human serum
(all obtained from Invitrogen). Cells were washed 3 times with PBS (room temperature) and
subsequently cultured for 5 days at 37°C and 5% CO, in X-Vivo 15 medium containing 450 U/ml
GM-CSF (Immunotools) and 300 U/ml IL-4 (Immunotools). Cytokines were refreshed after 3 days.
DCs were collected for experiments on day 5 by incubation in PBS (4°C) for 1 h.

DC maturation assay. Day 4 monocyte-derived DCs (MoDCs) were incubated overnight (O/N)
in the presence of medium, pp65 (3 pg/ml), pp65 and CD40 antibody clone 7 (10 ug/ml;
Bioceros), pp65 and CD40L antibody clone 5¢8 (10 ug/ml; Bioceros), pp65 and 200,000 pp65°-52-
specific CD4* T cells, or poly(l-C) (30 pg/ml; Sigma-Aldrich) and lipopolysaccharide (LPS) (100
ng/ml [Sigma-Aldrich]). In mouse DCs, maturation signals elicited via LPS triggering stimulated
acquisition of antigen cross-presentation capacity (27). Cells were subsequently harvested and
analyzed for costimulatory marker expression using flow cytometry.

Flow cytometry. For staining, cells were first washed twice in PBS containing 2% fetal calf serum
(FCS) (Invitrogen) and 0.1% sodium azide (NaN,; Sigma-Aldrich). Next, antigen nonspecific
binding was prevented by prior incubation of cells with 10% mouse serum (Fitzgerald). Cells were
next incubated with combinations of Pacific blue, phycoerythrin (PE), fluorescein isothiocyanate
(FITC), allophycocyanin (APC), and PE-Cy7-conjugated mouse anti-human antibody (Ab) (CD3,
CD4, CD8, CD11c, CD40, CD45, CD69, CD80, CD83, CD86, CD107a, HLA-DR, HLA-ABC, and TRAIL).
Where indicated, after surface staining, T cells were washed twice in PBS-2% FCS-0.1% NaN,) and
fixed, permeabilized, and intracellularly stained using monoclonal antibodies (MAbs) to IFN-y
and TNF. Cells were acquired on a FACSCanto Il cytometer and analyzed using FACS Diva version
6.13 (BD Bioscience) or FlowlJo version 7.6.5 software. Data were analyzed using GraphPad Prism
5.
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Detection of cytokines in culture supernatant. Cytokine concentrations were measured by
the MultiPlex Core Facility of the Laboratory of Translational Immunology (LTl) using Luminex
technology with in-house-developed bead sets and Bio-Plex Manager version 6.1 software (Bio-
Rad Laboratories) as previously described (28).

Detection of CMV-specific CD4* and CD8" T cells in patient samples. NLV-specific CD8" T cells
were detected using HLA-A2 pp65°% pentamer (Prolmmune) or HLA-B7 pp65**% tetramer
(produced in-house). Antigen-specific CD4* and CD8* T cells were detected with intracellular
IFN-y staining after stimulation with a pp65 and IE-1 15-mer overlapping peptide mix (JPT Peptide
Technologies), as described in reference 29.

Results

CD4* and CD8" T-cell dynamics after cord blood transplantation in patients with and without
CMV reactivation. We studied early T-cell reconstitution in pediatric patients undergoing
complete immune reconstitution through allogeneic cord blood transplantation (CBT), in relation
to CMV reactivation. Six CBT recipients experienced CMV reactivation (>1,000 virus copies/ml),
and eight control patients were included (without infectious complications). We analyzed the
reconstitution of CD4* and CD8* T cells and CMV loads (Fig. 1). We observed expansion and
contraction of the CD8* T-cell population as CMV viral load increased and regressed (Fig. 1A). The
control patients instead experienced a consistent and gradual increase in CD8* T-cell numbers
during reconstitution (Fig. 1B). The CD4* T-helper cell numbers also fluctuated more in patients
with CMV reactivation than in control patients (Fig. 1C). Such an expansion and contraction
pattern for CD4* T cells was previously observed in reconstitution under viral pressure (30). Of
note, while the total numbers of CD4* T cells were comparable during the first 90 days after CBT
(Fig. 1D, measured as area under the curve of CD4* T-cell measurements during the first 90 days
post-SCT), in CMV-reactivating patients the percentage of activated, HLA-DR*/CD38* CD4* T cells
was increased (Fig. 1E and F).

CMV-specific CD4* T-helper cells precede primary CMV-specific CTL expansion after CBT. We
hypothesized that CD4* T cells, through DC licensing, may support CMV-specific CTL responses, as
was shown in mouse-based research (31,-33). Cognate interaction between CD4" T-helper cells
and DCs would thereby enable DCs to stimulate more effective CTL responses. To first investigate
expansion of the primary CMV-specific CTL population in relation to CMV viremia, we analyzed
PBMCs from 4 available CBT recipients who exhibited CMV reactivation (Fig. 1G, patients 1 to 4).
We measured a sample prior to and during CMV reactivation and after CMV control (time points
indicated in Fig. 1A). As control samples, we included samples from two patients, 5 and 6, who
carried CMV prior to CBT and yet did not reactivate (Fig. 1G). In all CBT patients who cleared CMV
reactivation, we observed expansion of the primary CMV-specific CTL population (Fig. 1G, right
column, patients 1 to 4; mean, 127 days post-SCT). These cells were of CB origin, as confirmed
by chimerism analyses (data not shown). The two control patients, 5 and 6, did not elicit CMV-
specific CD8* T cells at 120 and 180 days post-SCT. Early on during CMV reactivation, CMV-specific
CTLs did not yet expand, except in patient 4 (Fig. 1G). Considering the CMV-specific CD4* T-helper
cell population, we next measured IFN-y production in CD4* T cells after stimulation with a
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Figure 1. T-cell dynamics in CBT recipients. (A and B) T-cell development over time in
CBT recipients with (A) or without (B) CMV reactivation (load of >1,000 copies/ml). Red
and blue lines represents CD4* and CD8* T-cell numbers, respectively (absolute counts). The
black dashed line represents CMV loads (copies/ml). The numbers 1, 2, and 3 (in blue circles)
correspond with referred time points in panel G. (C) CD4* T-cell dynamics (R? of CD4* trendline)
and median in the first 90 days after transplantation in CBT recipients without (dots) or with
(squares) CMV reactivation. A high R? indicates little fluctuation from the predicted trendline.
(D) Total CD4* T-cell numbers (area under the curve [AUC]) and median in the first 90 days
after transplantation in CBT recipients without (dots) or with (squares) CMV reactivation. ns,
not significant. (E) Mean percentage (+ standard error of the mean [SEM]) of activated CD4*
T cells in CBT recipients with (red line) or without (black line) CMV reactivation (average of
15 days per data point). (F) AUCs and medians of activated CD4* T cells in the first 90 days.
(G) Percentages of pp65-specific CD4* and CD8* T cells (tetramer and/or IFN-y release upon
pp65-peptide mix stimulation) before CMV reactivation (1), during CMV reactivation (2),
and after CMV clearance to below detection limits (3) (see panel A) in 4 CBT recipients with
reactivation (1 to 4) and 2 CBT recipients without reactivation (5 and 6). Red boxes, CD4* T
cells; blue boxes, CD8* T cells (corresponding to panels A and B). No samples were available
during CMV reactivation for patient 3. Significance in panels C, D, and F was determined using
a nonparametric Mann-Whitney test.
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CMV-pp65-overlapping peptide mix as described previously (3, 18, 34) (also data not shown).
We observed expansion of the primary CMV-specific CD4* T-helper cell population in all analyzed
samples of reactivating patients, early on during CMV reactivation (Fig. 1G, middle column).
Finally, in control patient 6, we detected CMV-specific CD4* T cells at day 180, indicating that
CMV-positive patients (IgG positivity prior to SCT) may eventually develop anti-CMV T cells but
later than do patients who reactivate.

Taken together, recovery of the CMV-pp65-specific CD4* T-cell population precedes expansion of
primary CMV-pp65-specific CTLs, supporting a role of CD4* T cells in CD8* T-cell priming.

CD4* T-cell licensing of DCs is necessary to prime naive CD8' T cells in vitro. To address whether
cognate CD4" T cells facilitate DC licensing for CD8" T-cell priming, we performed cocultures
of CB-derived naive CD8" T cells with donor-matched CD34*-derived DCs, in the presence or
absence of polyclonal donor-matched CD4* T cells. DCs had been preloaded with pp65 protein or
BSA, and cocultures were allowed to proceed for 3 weeks of duration. Using HLA-A2 pentamers
loaded with the CMV-derived peptide NLVPMVATV (NLV/A2 in short), we identified pp65*°%-
specific CTLs (Fig. 2A). Only when CD8* T-cell priming had been performed in the presence of
pp65 protein and CD4* T cells did we observe CD8* T cells that bound NLV/A2 pentamers (bright
fluorescence, >log4 intensity) (Fig. 2B). To confirm that NLV/A2 reactivity represents pp65+°%-
specific CD8* T cells, we performed single-cell sorting of events over log4 intensity and derived
clones. As a control, we sorted several cells from the cultures with BSA or pp65 without CD4* T
cells (>log3.5 intensity, as not much NLV/A2 reactivity was present). We succeeded in derivation
of 5 independent CMV-specific CTL clones but only from DC/CTL cultures supplemented with
both pp65 and CD4* T cells (Fig. 2C). Of note, we derived one CMV-specific CTL clone from DC/
CTL cultures supplemented with both pp65 protein antigen and anti-CD40 antibody but no
CD4* T cells. Together, these data show that CD4* T cells can license DCs to expand a primary
CTL population and that such DC licensing can involve CD40-CD40L interaction, as previously
observed in mice (Fig. 2D, clone 6) (7, 9, 13, 35, 36).

We wished to further strengthen the finding that the T-cell clones grown from rare precursor cells
within the polyclonal cord blood T-cell population harbor in fact TCRs specific to CMV-derived
epitopes, using DNA sequencing of the recombined CDR3[ TCR regions as a second method (Fig.
2C and D). We found that our derived CDR3p sequences are frequently shared in CMV-specific
CD8* T cells, supporting CMV specificity (Fig. 2D) (37). CDR3B sequence variants were unique and
not yet described (37).

We next investigated the cellular characteristics of CTL clones that were generated from naive
CB precursors. All clones had an effector memory phenotype (CD45ROMe"/CCR7-/CD62L"/
CD27™, Fig. 2E) (38). CD5, CD25, and CD127 levels were comparable, while CD28 expression
varied between different clones (Fig. 2F), and none of the clones expressed PD-1 or CTLA-4 in a
resting state (data not shown). Functionally, we could not detect cytokine production, possibly
since clonal expansion ensued for nearly 3 months, inducing T-cell exhaustion. Using phorbol
myristate acetate (PMA)/ionomycin, we circumvented this state, now yielding high levels of
cytokine production (Fig. 2G), indicating that these clones were able to respond appropriately. In
conclusion, we used human CB-derived cocultures of antigen-loaded DCs and naive lymphocytes
to show that CD4* T-cell licensing of DCs is necessary for antigen-specific CD8* T-cell priming.
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Figure 2. CD4* T-cell licensing of DCs is necessary to prime naive CD8* T cells in vitro.
(A) Gating strategy and pentamer staining of CMV-pp65-specific CD8* T cells. SSC, side scatter;
FSC, forward scatter. (B) Gating strategy and pentamer staining of primed CB-derived CD8*
T cells. DCs were loaded with 10 ug/ml BSA (left graph) or 10 ug/ml pp65 (middle and right
graph) and cocultured with donor-matched naive CD8" T cells in the absence (middle graph)
or presence (left and right graphs) of CD4* T cells. High-level pentamer staining events (>log
intensity) were single-cell sorted and clonally expanded for 4 to 6 weeks (representative of
independent experiments). (C) Representative pentamer staining of two individually derived
CD8" T-cell clones. (D) Characteristics of 6 clones from 3 independent experiments. Shown are
mean fluorescence intensity (MFI) values of pentamer stainings and TCR sequences. Clone 6
was produced using a CD40 agonist antibody. TRBV, T-cell receptor beta variable gene; TRB]J,
T-cell receptor beta joining gene. (E and F) Phenotype analysis of pp65-specific CD8* T-cell
clones. (G) Cytokine production (IFN-y, TNF, and IL-2; pg/ml) of CD8* T cells after PMA/
ionomycin stimulation.

Cognate CD4* T cells induce licensing of DCs for enhanced memory CTL responses. DCs are not
only instrumental during T-cell priming but also important for restimulation of antigen-specific
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Figure 3. Cognate CD4* T cells induce licensing of DCs for enhanced memory CTL
responses. (A to D) Summary and representative plots of CD8* T-cell activation. (A) MoDCs
were loaded with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATV-specific
CD8* T cells in the absence (upper graphs) or presence (lower graphs) of HLA-DRB1*01/
KYQEFFWDANDIYRI-specific CD4* T cells. Freshly thawed T cells were gated based on CD3
and CD8 expression and analyzed for activation-induced production of IFN-y (left) and TNF
(middle) and LAMP-1 surface expression (right). (B) Summary (mean + standard error of the
mean [SEM]) of HCMV pp65, . . cross-presentation. Bars represent production of IFN-y after
coculture with MoDCs loaded with 3 pg pp65 in the presence of antigen-specific CD4* T cells
(mean, 120.9%; SEM, 15.8%; n = 6). The black bar shows a maximum response after stimulation
with NLV peptide-loaded DCs. (C) Mean fluorescence intensity (MFI) of CD8* T-cell cytokine
production (IFN-y and TNF) and LAMP-1 surface expression after coculture with pp65-loaded
DCs with (red bars) or without (white bars) 100,000 antigen-specific CD4* T cells (mean +
SEM, n = 4). (D) MFI of IFN-y, gated on IFN-y-producing CD8* T cells (mean + SEM, n = 4). (E)
MoDCs were loaded with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATV-
specific CD8* T cells in the presence of donor-matched polyclonal CD4* T cells (mean + SEM, n
= 4). Significance in all panels was determined using a nonparametric Mann-Whitney test. *, P
<0.05.

T-cell clones. We therefore next asked whether human cognate CD4* T cells are necessary to
licensing of DCs for CD8* T-cell memory (10). To this end, we derived human HLA-A2*01*/HLA-
DRB1*01* monocyte-derived DCs and loaded these with pp65 protein antigen for presentation via
HLA-DRB1 and HLA-A2. Next, we induced licensing of the DCs by administration of CMV-pp65°>%-
specific CD4* T cells recognizing HLA-DRB1*01/KYQEFFWDANDIYRI complexes presented by the
DCs (50,000 DCs and increasing numbers of CD4* T cells) (39). Medium was refreshed to avoid the
possibility of CD4* T-cell-derived cytokines directly stimulating CTL activation. We added 50,000
memory CMV-pp65*°%-specific CTLs to the licensed DCs and determined memory CTL activation
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by intracellular cytokine staining after 4 hours of coculture of clones (25) in the presence of
GolgiStop. NLVPMVATV peptide (1 x 10° M) was added to DCs as a positive control for CTL
activation (Fig. 3B). We found that upon licensing of DCs, CD8* T-cell activation was enhanced,
as determined by percentages of IFN-y- and TNF-producing cells and surface-expressed LAMP-1
(Fig. 3A and B) or amounts of IFN-y and TNF produced (Fig. 3C and D and data not shown). Next, is
cognate CD4"* T-cell licensing required for DC-mediated CTL memory responses? We repeated the
DC licensing experiment using polyclonal DRB1*01*-restricted CD4* T cells and found that CD4+
T cells needed to be antigen specific to induce DC licensing, as no induction of CTL activation
was seen after addition of polyclonal CD4* T cells (Fig. 3E). Finally, CD4* T cells enhanced CTL
stimulation via DC licensing and not by direct stimulation of the memory CTLs, as coculture of
CD4* T cells, pp65, and CD8* T cells in the absence of DCs did not yield cytokine production by
the memory CTLs (Fig. 3B).

CD40-CD40L, CD80/86-CD28, and CD137-CD137L are not involved in CD4* T-cell-mediated
memory CD8* T-cell activation. We next asked if CD4" T cells facilitate licensing of DCs via CD40L
molecules, as was suggested in mouse studies (7, 9, 13, 35, 36). We therefore exchanged cognate
CD4* T cells with a stimulating CD40 antibody in our MoDC/CTL cocultures described for Fig. 3. As
a negative control, we included an agonist CD40L antibody. We observed only a modest effect on
CD8* T-cell activation (Fig. 4A). The CD40L antibody did not influence CD8* T-cell activation. We
confirmed these data by performing the CD4* T-cell coincubation experiments in the presence of
CD40L-blocking antibodies (Fig. 4B). We similarly tested CD80/CD86 (B7-1/B7-2)-CD28 signaling,
considering their importance in DC/T-cell interaction (40) and that CD80/86 blockade using
abatacept is used in several autoimmune disorders (41, 42). Abatacept treatment did not inhibit
the CD4* T-cell-induced activation of memory CD8* T cells (Fig. 4C). CD137-CD137L (4-1BB—4-
1BBL) was also recently implicated in DC-mediated T-cell priming (40, 43). We therefore tested
whether blocking of CD137L modulates CD4* T-cell-induced activation of memory CD8* T cells.
This was not the case (Fig. 4D). Taken together, we conclude that CD4* T-cell-induced licensing of
DCs is not attributable to CD40L-, CD28-, or CD137L-mediated interaction.

Finally, is enhanced stimulation of memory CTLs by licensed DCs a mere consequence of cognate
CD4* T-cell-mediated upregulation of DC surface molecules (Fig. 4E and F)? This does not seem to
be the case, as incubation of pp65-loaded DCs with antigen-specific CD4* T cells or CD40L did not
cause an overt increase of HLA-ABC; costimulatory marker CD40, CD80, or CD86; or HLA-DR (Fig.
4E and F). Instead, cognate CD4* T-cell licensing of DCs may involve the enhanced stimulation of
memory CTLs via increased antigen presentation of HLA-A2/NLVPMVATV complexes.

Identification of candidate soluble CD4* T-cell-secreted mediators for licensing of DCs.

Cognate CD4* T cells may exert DC licensing for enhanced CTL memory responses via secretion
of soluble mediators. To test this hypothesis, we cocultured pp65-loaded HLA-DRB1*01 MoDCs
with cognate CMV-pp65°°23-specific CD4* T cells overnight. Next, we collected the supernatant
and added this to new pp65-loaded MoDCs. After overnight incubation, CTL activation was
assessed (Fig. 5A). We found that the enhanced DC licensing was transferred via the supernatant,
indicating that CD4*-mediated DC licensing occurs at least partly through soluble factors (Fig. 5B).
To identify possible proteins involved, we next analyzed culture supernatants of cocultures of
pp65-loaded HLA-DRB1*01 MoDCs with cognate CMV-pp65°°2-specific CD4* T cells or polyclonal
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Figure 4. CD40-CD40L, CD80/86-CD28, and CD137-CD137L are not involved in CD4*
T-cell-mediated memory CD8* T-cell activation. (A) IFN-y production of CD8* T cells after
coculture with pp65-loaded DCs in the presence of a CD40 (dark blue) or CD40L (light blue)
agonist. (B to D) IFN-y production of CD8" T cells after coculture with pp65-loaded DCs
and antigen-specific CD4* T cells in the presence of CD40-CD40L blocking (B), CD80/CD86
blocking (C), or CD137-CD137L blocking Ab (mean + standard error of the mean [SEM], n =
4). Significance in all panels was determined using a nonparametric Mann-Whitney test. (E
and F) Expression of DC maturation markers CD40, CD80, and CD86 (E) and HLA-ABC (F) after
stimulation with medium (white bars), pp65 (gray bars), pp65- and antigen-specific CD4* T
cells (red bars), and pp65 and anti-CD40 (black bars) (mean + SEM, n = 4). *, P < 0.05; ** P <
0.01; ns, not significant.

HLA-DRB1*01-restricted CD4* T cells (37°C, O/N), by cytokine multiplex array. The supernatants
of cognate DC/T-cell cocultures but not DC/polyclonal T-cell cocultures contained increased
amounts of IFN-y, TNF, and IL-6 cytokines and CCL3 and CCL4 chemokines (Fig. 5C and D).
Intracellular cytokine staining confirmed that both IFN-y and TNF are produced by cognate CD4*
T cells when cocultured with medium, pp65-loaded MoDCs, or PMA/ionomycin (Fig. 6A). While
IL-12 was proposed as a cytokine produced by human CD1c* DCs involved in CD8* T-cell priming
(44), we did not detect IL-12 (Fig. 5E) or IL-10 or IL-15 (data not shown) in our human DC/T-cell
cocultures.

IFN-y produced by cognate CD4* T cells enhances memory CTL stimulation by licensed DCs.

The multiplex array revealed IFN-y as a candidate cytokine produced by cognate CD4* T cells that
enhances DC licensing and consequential memory CTL stimulation, mainly since IFN-y was the
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Figure 5. Identification of candidate soluble CD4* T-cell-secreted mediators for licensing
of DCs. (A) Schematic outline of supernatant exchange experiments. (B) Summary (mean +
standard error of the mean [SEM]) of HCMV pp654_503 cross-presentation. Bars represent
production of IFN-y after coculture with loaded MoDCs in the presence of supernatant of pp65-
loaded MoDCs (white bar) or pp65-loaded MoDCs cocultured with antigen-specific CD4* T cells
(blue bar). (C to E) Cytokine and chemokine production. MoDCs were loaded with pp65 and
cocultured for 12 to 16 h without T cells (white bars) or with antigen-specific (orange and red
bars) or polyclonal (gray bars) CD4* T cells. Shown are amounts (pg/ml) of TNF (80 to 1,270
pg/ml), IL-6 (71 to 176 pg/ml), IFN-y (0 to 50 pg/ml), CCL3 (6.9 to 31 ng/ml), CCL4 (2.6 to
5.9 ng/ml), and IL-12 measured with multiplex assay (mean + SEM, n = 4). Significance in all
panels was determined using a nonparametric Mann-Whitney test. *, P < 0.05; **, P < 0.01; ***,
P <0.001.

only factor produced exclusively by cognate CD4* T cells and not by DCs (Fig. 5C). We confirmed
this by intracellular IFN-y staining of the stimulated CD4* T cells (Fig. 6A). To address the possibility
that IFN-y contributes to DC licensing, we again performed supernatant exchange experiments as
described above, but only now, we preincubated the supernatant

with IFN-y-blocking antibodies (10 pug/ml) or PBS as a control. We found that the increased DC
licensing partly depends on IFN-y, although other factors are likely to contribute (Fig. 6B).

Next, we added recombinant IFN-y (ranging from 0.15 to 150 ng/ml) to 50,000 pp65-loaded
HLA-A2*01* MoDCs in the absence of CMV-pp65°°2-specific CD4* T cells. After 12 to 16 h,
we added 50,000 memory CMV-pp65*°%-specific CTLs and analyzed cells for CTL stimulation
by intracellular cytokine staining after 4 hours of coculture in the presence of GolgiStop.
NLVPMVATV peptide (1 x 10° M) was included as a positive control for CTL activation (Fig. 6C).
We found increased CD8* T-cell stimulation in an IFN-y dose-dependent manner, as determined
by percentages of IFN-y- and TNF-producing cells and surface-expressed LAMP-1 (Fig. 6C and D)
or amounts of IFN-y and TNF produced. Thus, the coculture of CMV-pp65 antigen-loaded DCs
with cognate CD4* T cells provokes IFN-y production by these CD4* T cells, which consequently
facilitates the display of CMV-pp65 peptide/A2 complexes to CD8* T cells. In conclusion, cognate
CD4* T cells enhanced DC licensing for memory CD8" immunity, in @ manner that requires MHC
class II-TCR interaction and subsequent release of IFN-y by CD4* T cells. Primary antigen-specific
CTL expansion also requires cognate CD4* T cells, but here, DC licensing appears to work via the
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Figure 6. IFN-y produced by cognate CD4* T cells enhances memory CTL stimulation by
licensed DCs. (A) Intracellular staining for IFN-y gated on CD3- and CD4-positive cells after
12 to 16 h of coculture of antigen-specific CD4* T cells with medium (left graph), pp65-loaded
MoDCs (middle graph), or PMA/ionomycin (right graph). (B) CTL activation after coculture with
pp65-loaded MoDCs and supernatant of pp65-loaded MoDCs cocultured with antigen-specific
CD4* T cells in the presence of PBS (white bar) or IFN-y-blocking antibodies (blue bar). (C)
Summary (mean + standard error of the mean [SEM]) of HCMV pp65, _ . cross-presentation.
Bars represent production of IFN-y after coculture with MoDCs loaded with 3 ug pp65 in the
presence of recombinant [FN-y (0.15 to 150 ng/ml, mean + SEM, n = 4). (D) MoDCs were loaded
with HCMV-derived pp65 and cocultured with 50,000 A2/NLVPMVATV-specific CD8* T cells in
the absence (upper graphs) or presence (lower graphs) of recombinant IFN-y. Freshly thawed
T cells were gated based on CD3 and CD8 expression and analyzed for activation-induced
production of IFN-y (left) and TNF (middle) and LAMP-1 surface expression (right). Significance
in all panels was determined using a nonparametric Mann-Whitney test. *, P < 0.05.

CD40-CD4O0L axis, as in mice (7,-9). Taken together, these data provide mechanistic support for
how early reconstitution of CD4* T cells in CBT recipients helps early antigen-driven CD8* T-cell-
mediated immune protection against viral reactivation.

Discussion

Infection-related mortality and GvHD are major causes of death after CBT in both adults and
pediatric patients (45, 46). Patients are particularly vulnerable to viral reactivation, including
reactivation with CMV (1), Epstein-Barr virus (EBV) (47), human herpesvirus 6 (HHV-6) (48),
and varicella-zoster virus (VZV) (49). As the immune system is rebuilt from stem cell precursors,
immune protective CD8* T cells are formed, which exhibit antigen-specific receptors that recognize
epitopes from viruses, including CMV. It had not been fully understood whether and how virus-
specific CD4* T cells participate in CD8* T-cell-mediated protection against viral reactivation. From
mouse-based research, a role of CD4* T cells in CD8* T-cell priming was
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Figure 7. Three suggested mechanisms for CD4* T-cell-mediated CTL priming. (1) Three-
cell interaction, where an antigen-specific CD4* T cell and CD8* T cell are in close proximity,
interacting through the same DC. The CD4* T cell directly influences CTL priming by cytokine
release. (2) Sequential two-cell interaction, where the DC is licensed by an antigen-specific
CD4* T cell. This licensing happens by a combination of signals 1, 2, and 3; our data support
this model best. (3) Sequential; CD4* as antigen-presenting cell (APC), where the CD4* T cell
acquires antigen-presenting cell capacities by receiving peptide-MHC complexes. One proposed
mechanism is via exosomes.

deduced. For example, effective CTL induction was seen only when CD4* T cells were present
(50,-53). At the same time, from SCT studies, there had been speculation that CD4* T cells may
somehow bolster CD8* T-cell-mediated viral immune protection (54). For example, studies show
that not only CMV-specific CD8* T cells but also CMV-specific CD4* T-cell numbers can be used
to predict the risk for reactivation in patients after allo-SCT (34). Additional support for CD4*
T cells in CMV immunity comes from CBT patients, showing that recovery of CD4* CD45RA* T
cells is required to clear CMV viremia (55). From mouse-based research, it was learned that the
induction of virus antigen-specific CD8* T cells requires the prior licensing of DCs by interaction
with cognate, antigen-specific CD4* T cells (7,-12, 56) (summarized in Fig. 7). It was our aim to
show the possible applicability of such studies to viral reactivation after SCT in human patients.
We here show that antigen-specific CD4* T cells precede the rise of antigen-specific CD8" T cells
after CBT, which are necessary to control CMV reactivation. Using a CB-based culture system, we
further show that CD4* T cells are required to prime antigen-specific CD8* T cells. These results
are in line with conclusions based on mouse work.

The role of CD4* T cells in providing help in elicitation of CTL-mediated viral control may be
different when using bone marrow or mobilized peripheral stem cells, although in these settings,
CD4* T-cell reconstitution is also correlated with long-term survival (57, 58). When using adult
bone marrow or mobilized peripheral stem cells, CMV-specific CD4* and CD8" T cells can be
detected independently of CMV viremia, but levels of CMV-specific CD4* (54) or CD8* (3,59) T
cells are protective in these settings. A major difference is the fact that these patients receive
antigen-specific CD8* T cells from their donor that can clonally expand, circumventing the
required priming in the CB setting. Therefore, expansion of antigen-specific CD8* T cells could
be seen as early as 21 days after SCT (59). The mechanism by which CD4* T cells contribute to
survival in the bone marrow or mobilized peripheral stem cell transplantation setting is not fully
known, although it has been shown that CD4* T-cell help is important to maintain CTL effector
function in chronic viral infections in mice. Our data presented here on how cognate antigen-
specific CD4* T cells provide DC licensing for effective memory CD8* T-cell responses by secreting
IFN-y provide experimental support for the described observations (60).
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As stated in the introduction, CMV reactivation after CBT correlates with decreased survival rates
(61,-64). Besides CMV-induced pneumonitis, CMV reactivation is associated with increased risk
of GvHD, while GvHD is also a risk factor for viral reactivations (62, 65,-68). CMV is the most
frequent reactivation, but other viruses also hamper survival. Reactivation of EBV (47), HHV-6
(48), and VZV (49) plays a major role after CBT. We here describe that CMV control coincides
with the presence of CMV-specific CD8* T-cell expansion, which is preceded by the appearance
of a CMV-specific CD4* T-cell population. Using CB-based cocultures, we show the requirement
for cognate CD4* T cells in DC licensing for the expansion of antigen-specific CD8" T cells. We
believe that this is a general mechanism that can be applied broadly to antiviral and possibly
even antitumor immune responses. Especially considering the important role of CD8* T cells in
relapse control, this work supports the importance of monitoring the CD4* T-cell reconstitution
early after CBT and paves the road to CD4* T-cell-based intervention strategies.
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CHAPTER 5

Abstract

Replicon particles of Rift Valley fever virus, referred to as nonspreading Rift Valley fever virus
(NSR), are intrinsically safe and highly immunogenic. Here, we demonstrate that NSR-infected
human dendritic cells can activate CD8* T cells in vitro and that prophylactic and therapeutic
vaccinations of mice with NSR encoding a tumor-associated CD8 peptide can control the
outgrowth of lymphoma cells in vivo. These results suggest that the NSR system holds promise
for cancer immunotherapy.
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Results

Dendritic cells (DCs) are the most potent antigen-presenting cells in the body and are
instrumental in directing adaptive immune responses against pathogens and tumors. DCs are
naturally targeted by many arboviruses. Infection induces DC maturation and presentation of
virus-associated antigens, explaining the interest in using these viruses as therapeutic vectors of
tumor-associated antigens. Members of the positive-strand RNA virus families Togaviridae and
Flaviviridae have been extensively evaluated for cancer immunotherapy (1,-4), some of which
have already entered clinical trials (2). Remarkably, arboviruses with segmented negative-strand
RNA genomes have remained largely unexplored in this field. The genome segments of these
viruses form double-stranded RNA panhandles that, in some viruses, contain a 5’ triphosphate.
This structure is an optimal ligand for the cytoplasmic pattern recognition receptor RIG-I and
thereby an excellent inducer of adjuvanting innate immune responses (5). We therefore propose
that arboviruses with segmented negative-strand RNA genomes that activate RIG-1 hold promise
for cancer immunotherapy.

Rift Valley fever virus (RVFV), a member of the Bunyaviridae family, was recently shown to
productively infect immature DCs with high efficiency (6). Whereas wild-type RVFV counteracts
innate immune responses via the NSs protein (7), infection of DCs with RVFV variants lacking the
NSs protein was shown to result in strong interferon (IFN) responses triggered by RIG-I signaling
(8). We recently developed RVFV particles that lack not only the gene for

NSs but also the glycoprotein-encoding genome segment (9). The resulting nonspreading
RVFV (NSR) particles are unable to produce progeny virions, ensuring their safe application (9).
Moreover, the absence of the gene for NSs provides a slot for the expression of a gene of interest.
Vaccination with NSR particles was shown to be highly effective in protecting livestock from RVFV
(10,-12), and NSR particles expressing the influenza virus hemagglutinin gene protected mice
from lethal influenza (13). The remarkable efficacy of NSR-based vaccines in both inbred and
outbred animals, particularly its association with Thl-type immune responses (13), prompted
the present study on the use of NSR for cancer immunotherapy.

Initially, we investigated whether NSR-infected human monocyte-derived DCs (MoDCs) can
activate CD8* T cells in vitro. MoDCs were derived from peripheral blood mononuclear cells of
healthy donors by Ficoll-Isopaque density gradient centrifugation (GE Healthcare Bio-Sciences
AB) and cultured as previously described (14). Infection of DCs was remarkably efficient, resulting
in over 90% green fluorescent protein (GFP)-positive cells under optimal conditions (data not
shown). To study the T-cell activation capacity of infected DCs, an NSR variant was constructed
that encodes the immunodominant NLVPMVATV epitope of human cytomegalovirus pp65
(pp65%9°°%3) fused to the C terminus of GFP (Fig. 1A). NSR particles encoding this fusion protein
(NSR,,,) and particles encoding GFP only (NSR__,) were used to infect DCs obtained from an HLA
A2-positive donor. As a positive control, DCs were incubated with a synthetic NLVPMVATV peptide
(1 uM), and culture medium was used as a negative control. After overnight incubation, HLA
A*0201-restricted, NLVPMVATV-specific CD8* T cells (14) were added to the DCs and cocultured
for 4.5 h. T cells were harvested, stained for CD3, CD8, and CD107a (LAMP-1) surface markers,
and subsequently intracellularly stained for IFN-y and tumor necrosis factor (TNF). The results
of this experiment demonstrate that NSR can be successfully used as a vector to deliver specific
immunogenic epitopes to human DCs, which trigger an effector function in corresponding CD8*
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Figure 1. (A) Schematic representation of the NSR S segment encoding GFP (top) or the
C-terminally fused pp65 . ., epitope (bottom) in an antigenomic orientation. (B) NSR-infected
human DCs activate antigen-specific CD8" T cells. HLA A2* DCs were infected with NSR_, or
NSR , and cultured overnight. As a negative control, DCs were left untreated; as positive
control, DCs were loaded with synthetic peptide pp65, 5503 AN A2-restricted CD8* T cell clone
specific for the pp65,,, . epitope was added for 4.5 h of incubation in the presence of GolgiStop
(Becton Dickinson) and analyzed for activation. The expression of IFN-y, TNF, and LAMP-1 in
the CD8/CD3-positive cell population is depicted. All three parameters are induced specifically
in NSR -infected cells and not in NSR  -infected cells. FS, forward scatter.

T cells (Fig. 1B).

To investigate the feasibility of using NSR for cancer immunotherapy, we made use of C57BL/6 Kh
(B6, H-2b) mice and E.G7-OVA cells, a chicken ovalbumin (OVA) gene-transfected clone of mouse
lymphoma EL4 cells obtained from the American Type Culture Collection (Manassas, VA, USA).
(The animal experiments described here were conducted in accordance with the Dutch Law on
Animal Experiments [Wod, ID no. BWBR0003081] and approved by the Animal Ethics Committee

82



ABUNYAVIRUS VECTOR FOR CANCER IMMUNOTHERAPY

A Cc
1000 p<0.0001
SONSRo) 5 N @GBS § |
J 8
SIINFEKL & 600 ——
% oo
© 400 .
£ 200
T a"
4
g o —
ELISpot -200 - -
s© &
& &
Figure 2. (A) Schematic representation of the NSR S segment encoding the OVA, . . peptide

fused to GFP in an antigenomic orientation. (B) Representation of the regimens used for
vaccination with NSR__ or control NSR__ vaccine. (C) ELISPOT assay showing IFN-y responses

of splenocytes collected from mice that were vaccinated with either NSR ., or NSR . (n = 6).

Symbols represent individual counts of IFN-y spot-forming cells (sfc). Statistical significance
(Student's t test) is indicated.

of the Central Veterinary Institute [permit no. 2014101.c].) An NSR variant was constructed that
encodes the CD8-restricted SIINFEKL epitope of OVA (OVA*72%) fused to GFP (NSR ) (Fig. 2A). To
determine whether NSR |, vaccination elicits a cellularimmune response specific for this epitope,
mice were vaccinated twice via the intramuscular route (thigh muscle), at a 1-week interval, with
108 50% tissue culture infective doses of NSR_  (Fig. 2B). Control mice were vaccinated with
NSR_,- One week after the second vaccination, spleen cells were collected and evaluated for the
ability to produce IFN-y after stimulation with a synthetic SIINFEKL peptide (10 pg/ml; Invitrogen)
in an enzyme-linked immunospot assay (ELISPOT) assay (10). This experiment demonstrated that
NSR,,, vaccination elicits a SIINFEKL-specific cellular immune response (Fig. 2C).

We finally asked whether prophylactic or therapeutic vaccination with NSR_, can reduce the
outgrowth of E.G7-OVA tumor cells (Fig. 3A). Mice were subcutaneously inoculated with 10°
E.G7-OVA cells and euthanized by cervical dislocation when the tumor size reached 5,000
mm?®. Both prophylactic and therapeutic vaccinations via the intramuscular route with NSR_
resulted in increased survival times compared to those of control mice that had received NSR_,
(Fig. 3B). Therapeutic vaccination resulted in complete tumor clearance in 2/10 mice, whereas
prophylactic vaccination resulted in clearance of tumors in 6/10 mice. As expected, recultured
tumor cells collected from NSRGFP-vaccinated mice upon necropsy were found to express OVA,
as determined by a commercial OVA enzyme-linked immunosorbent assay (ELISA; Agro-Bio).
Surprisingly, tumor cells collected from mice vaccinated with NSR_ did not express detectable
levels of OVA (Fig. 3C). This finding suggests that small numbers of the inoculated cells did not
express OVA or lost OVA expression in time and that tumor cells expressing OVA were efficiently
cleared by either prophylactic or therapeutic vaccination.

The present work demonstrates that NSR particles can successfully deliver an immunogenic
peptide to human DCs and that these cells are capable of activating CD8* T cells. In addition,
vaccination of mice with NSR expressing a single CD8-restricted epitope resulted in the complete
clearance of lymphoma cells expressing the targeted antigen. Future experiments will address the
efficacy of NSR vaccination to control outgrowth of tumors expressing self-antigens. Considering
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Figure 3. (A) Prophylactic and therapeutic regimens used for vaccination with NSR , or control
NSR__ vaccine. The primary therapeutic vaccination was applied when more than 50% of the
E.G7-OVA-inoculated mice had palpable tumors. (B) Survival curves of mice prophylactically (P,
solid lines) or therapeutically (T, interrupted lines) vaccinated with NSR ., or NSR . Statistical
analyses were performed with GraphPad Prism. Log-rank (Mante el Cox) tests revealed
statistically significant differences (P < 0.0001) between NSR . and NSR , vaccinations with
either a prophylactic or a therapeutic regimen. (C) Detection of OVA in supernatants of cultured
E.G7-0OVA cells by ELISA. Cells were recultured for 7 days after being collected from mice (n
= 3/group) that had reached the humane endpoint. Statistical significance (Student's t test
with Welch's correction for unequal variances) is shown. E.G7-OVA cells that were used for the
inoculation of mice were used to obtain a positive-control (+ Control) sample.

that self-antigens are much less immunogenic, NSR particles will be designed to express not only
CD8* peptides but also CD4* and B-cell epitopes.
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CHAPTER 6

Abstract

Neuroblastoma is the most common solid tumor in children with an estimated 5-year progression
free survival of 20-40% in stage 4 disease. Neuroblastoma actively avoids recognition by natural
killer (NK) cells and cytotoxic T lymphocytes (CTLs). Although immunotherapy has gained traction
for neuroblastoma treatment, these immune escape mechanisms restrain clinical results.
Therefore, we aimed to improve neuroblastoma immunogenicity to further the development
of antigen-specific immunotherapy against neuroblastoma. We found that neuroblastoma
cells significantly increase surface expression of MHC | upon exposure to active NK cells and
thereby readily sensitize neuroblastoma cells for recognition by CTLs. We show that oncoprotein
PRAME serves as an immunodominant neuroblastoma as NK-modulated neuroblastoma cells
are recognized by PRAME, . ./A2-specific CTL clones. Furthermore, NK cells induce MHC
| upregulation in neuroblastoma through contact-dependent secretion of IFNy. Our results
demonstrate remarkable plasticity in the peptide/MHC | surface expression of neuroblastoma
cells, which is reversed when neuroblastoma cells experience innate immune attack by sensitized
NK cells. These findings support the exploration of NK cells as adjuvant therapy to enforce
neuroblastoma-specific CTL responses.
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Introduction

Tumor cells evade immune surveillance most notably through changes in surface expression of
membrane receptors, antigen presentation and/or initiation of an inhibitory microenvironment
(1). Cancer immunotherapies that target these immune evasion mechanisms have resulted in
clinical benefits (2-4), providing experimental support for plasticity in the immunogenicity of the
tumor and its microenvironment. Neuroblastoma, which is considered a poorly immunogenic
tumor, accounts for 15% of childhood cancer deaths (5). It is the most common solid tumor
in infancy that manifests in extracranial neural tissues. Despite intense treatments, stage 4
neuroblastoma patients have merely 20% survival rates due to tumor relapses.

Recently, interest for immunotherapy in neuroblastoma patients has grown. Antibody therapy in
neuroblastoma initially yielded promising event-free survival benefits (6), however tumor relapse
still occurred in the majority of the patients. The cytotoxic effects of antibody therapy do not
involve adaptive immune cells that exert specific immunity against the tumor antigen. To date,
the best clinical results for anti-tumor immunotherapy were obtained with strategies that are
aimed at generating or improving adaptive immune responses (7-10), such as adoptive T-cell
therapy and checkpoint inhibitors. We therefore hypothesize that stimulating antigen-specific
immune responses may be imperative for effective immunotherapy in neuroblastoma patients.
Antigen-specific immunotherapy requires the expression of tumor-associated antigen(s) (TAA)
by the neuroblastoma cells and sufficient TAA-derived peptide/MHC | complex display on the
neuroblastoma cell surface to allow for recognition by antigen-specific T-cells. Neuroblastoma
has established several mechanisms for the direct evasion of CTL recognition. Most importantly,
neuroblastoma tumors show down-regulated surface expression of major histocompatibility
complex | (MHC 1) molecules (11-14). In addition, the expression of co-stimulatory and adhesion
molecules which assist in CTL activation are also decreased on neuroblastoma surfaces (15-17).
Of note, the absence of MHC | on neuroblastoma tumors should trigger the active recognition
by cytotoxic immune cells of the non-specific innate immune system: the natural killer (NK)
cells. Neuroblastoma, however, adapted its surface display of activating and inhibitory NK cell
receptors in order to also avoid NK-mediated killing (16-19).

Neuroblastoma further enforces its non-immunogenicity through the expression of only few TAA
(20, 21), which limits the repertoire of antigen-specific CTLs responsive against neuroblastoma.
TAA encoded by cancer/germline genes, including PRAME, NY-ESO1, MAGE and GAGE, can
be expressed by neuroblastoma tumors (20, 21). Whereas the expression of most cancer/
germline antigens in neuroblastoma was shown to be very heterogeneous, PRAME expression
was observed in 94% of stage 4 neuroblastoma samples. However, specific CTL activity against
PRAME-expressing neuroblastoma cells has not yet been described.

Here we investigated whether neuroblastoma cells can be triggered into peptide/MHC | display,
as a possible approach towards antigen-specific immunotherapy. Specifically, we investigated
whether neuroblastoma cells that have experienced innate immune pressure by NK cells change
theirimmunogenic potential towards adaptive CTLs. We found that neuroblastoma cells increase
their surface levels of MHC | in response to active NK cells. This effect is contact-dependent and
identifies interferon-gamma as the major factor inducing MHC | upregulation, which could be
recapitulated in patient-derived stage 4 neuroblastoma cell cultures. Furthermore, we show for
the first time that PRAME serves as an immunogenic tumor antigen for neuroblastoma as
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Figure 1. Class I MHC modulation on neuroblastoma cells by NK cell exposure. A. 30,000
GIMEN, Sy5y or Sk-N-SH cells were co-cultured with B cells, naive NK cells or activated NK
cells at indicated effector:target ratios for 24 hours. Neuroblastoma cells were harvested and
stained for MHC I. MHC I levels were measured by flow cytometry. Representative FACS plots
are shown. Data was quantified in B. (n = 3). C. Viable neuroblastoma cells were counted for
each condition.

NK-modulated neuroblastoma cells present PRAME-derived peptide/MHC | complexes and
are now recognized by PRAME-specific CTLs. Our data reveals that the immunogenic potential
of neuroblastoma is amendable to environmental signals, as opposed to being caused by
irreversible genetic mutations, a feature that could contribute to the development of antigen-
specific immunotherapies for neuroblastoma.

Results

NK cell exposure upregulates surface MHC | on neuroblastoma. By virtue of actively suppressed
MHC | membrane expression (11-14), neuroblastoma is a potential target for NK cells (22).
We investigated changes in neuroblastoma MHC | expression after NK cell immune pressure,
considering that tumor cells often have the ability to escape immune-mediated cytotoxicity. As
naive NK cells were shown unable to eradicate neuroblastoma cells, we additionally used NK
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Figure 2. PRAME CTL recognition of neuroblastoma cells. A. PRAME gene expression of
88 individual primary neuroblastoma tumors of different disease stages and healthy tissues
(NCBI GEO Accession No. GSE 16476; http://www.ncbi.nlm.nih.gov/geo/). B. PRAME gene
expression determined by qPCR of PBMCs (negative control) and neuroblastoma cell lines
GIMEN, Sy5y and Sk-N-SH relative to GAPDH. C. Overview of HLA-A haplotypes carried by
GIMEN, SySy and Sk-N-SH cells. D. Activation of PRAME | .., /A2-specific CTLs, clone HSS1
and HSS3, by HLA-A2 negative or HLA-A2 positive neuroblastoma cells.

cells that were prior stimulated with IL-2 and IL-15 (Fig. S1), similar to NK cells used in cellular
immunotherapy.

NK cells were isolated from healthy donor PBMCs and added these to established neuroblastoma
cell cultures, in increasing effector:target ratios (co-cultures of 15,000 or 60,000 or 150,000 NK
cells with 30,000 neuroblastoma cells; O/N, 37°C). B cells purified from the same donor PBMCs
served as a control population. We observed the significant upregulation of MHC | at the cell
surface of GIMEN, Sy5y and Sk-N-SH neuroblastoma lines (Fig. 1AB), specifically when exposed to
activated NK cells. With increasing amounts of NK cells, the average increase in MHC | expression
was 8, 15 and 26-fold. Stimulation of neuroblastoma cells with the IL2/IL15 cytokine mix alone did
not induce MHC | upregulation (Fig. S2). Furthermore, activated NK cells showed lytic capabilities
because a notable fraction of the neuroblastoma cells were killed in the co-cultures (Fig. 1C).
Interestingly, neuroblastoma cells that were not readily killed by NK cells showed enhanced
membrane expression of MHC I. Of note, addition of naive NK cells, or B cells, did not result in
cell lysis (Fig. 1C), in accordance with earlier work (16, 19).

These results indicate that peptide/MHC | surface expression on neuroblastoma tumors can be
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induced by exposure to activated but not naive NK cells. We therefore next addressed whether
elevated MHC | levels might elicit increased immune recognition by CTLs.

PRAMIE is an immunogenic antigen for neuroblastoma. The activation of CTLs requires triggering
of their antigen-restricted T-cell receptor (TCR) by specific peptide/MHC | complexes. We
therefore performed an in silico data search for neuroblastoma-specific antigen expression. In an
independent dataset of 88 individual neuroblastoma tumors (NCBI GEO Accession No. GSE 16476;
http://www.ncbi.nlm.nih.gov/geo/), we found PRAME (also known as MAPE) to be significantly
expressed in high-risk neuroblastoma tissues (Fig. 2A). Healthy neuronal tissues were negative
overall for PRAME expression with the exception of healthy testis, hence its designation as a
cancer/testis antigen (23, 24).

We first confirmed PRAME mRNA expression in neuroblastoma cell lines, using quantitative
real-time PCR (Fig. 2B). All three neuroblastoma cell lines showed a positive signal for PRAME
expression, though with variety between the cell lines, while PRAME was not detected in
the negative control PBMCs. In order to address the possibility that increased MHC | surface
expression may trigger CTL activation, we employed two different high affinity clones of PRAME-
specific CTLs (HSS1 and HSS3). These CTL clones were isolated from patients with a mismatch
bone marrow transplantation and previously described to specifically recognize PRAME-derived
peptide SLLQHLIGL in combination with HLA-A2 subtype of the MHC | family (25). Gene-profiling
of the neuroblastoma cell lines showed GIMEN to carry the HLA-A2 allele whereas Sy5y and
Sk-N-SH did not (Fig. 2C). As expected, neither of the HLA-A2-negative cell lines was recognized
by PRAMESLLQHLIGL/A2-specific CTLs (Fig. 2D). However, high HLA-A2 expression attained by
retroviral introduction of the HLA-A2 gene into Sy5y and Sk-N-SH cells yielded specific recognition
by SLLQHLIGL/A2-specific CTLs (Fig. 2D; white and black squares, respectively). HLA-A2+
neuroblastoma cells were not recognized by A2-restricted CTLs with different antigen-specificity
(minor antigen HA1, a non-neuroblastoma antigen), indicating that CTL activation was driven
by antigen presentation and not a non-specific stimulation caused by lentiviral transduction
(unpublished data). This indicates that neuroblastoma cells are intrinsically capable of presenting
PRAMESLLQHLIGL/A2 complexes and suggests that the surface display of MHC | complexes that
carry immunodominant peptides is actively suppressed. In support, PRAME CTLs were unable
to recognize the endogenous HLA-A2-positive GIMEN cells (Fig. 2D; grey squares). Without
intervention, endogenous MHC | levels appear be too low to stimulate PRAMESLLQHLIGL/A2-
specific CTLs whereby neuroblastoma escapes CTL-mediated anti-tumor attack.

Activated NK cells transform neuroblastoma cells into CTL targets. We next studied whether the
increase in MHC | surface display, as accomplished by prior NK cell exposure, would increase the
tumor antigen-specific recognition of neuroblastoma by PRAME-specific T-cells. In a multi-step
co-culture setup (Fig. 3A) GIMEN cells or HLA-A2-transduced Sy5y cells (Sy5y+A2) were exposed
1:1 to activated NK cells for 24 hours (see Fig. S1). Then either GIMEN or Sy5y+A2 cultures
were washed thoroughly and replated in the presence of PRAMESLLQHLIGL/A2-restricted
CTLs for 24 hours (30,000 neuroblastoma cells with 6,000 T-cells). GIMEN neuroblastoma cells
that were modulated by activated NK cells, in contrast to naive NK cells, were recognized by
PRAMESLLQHLIGL/A2-restricted CTLs (Fig. 3B and Fig. S3). Furthermore, A2-restricted CTLs
recognizing a peptide derived from minor antigen HA1 or CMV pp65 protein (negative
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Figure 3. NK cells transform neuroblastoma cells into PRAME CTL targets. A. Schematic
overview of performed experiment. Neuroblastoma cells are exposed to naive or activated NK
cells for 24 hours (ratio 1:1), washed thoroughly and replated in the presence of indicated
CTLs. After 24 hours the culture supernatants were collected and IFNy levels were determined
by ELISA as measure of CTL activation. B and C. Activation of indicated CTLs by GIMEN cells
(B) or Sy5y+A2 cells (C) left untreated or after exposure to naive or activated NK cells (n = 4).

control) could not be activated, supporting that NK cell-modulated neuroblastoma cells do
not spontaneously activate CTLs. Also, CTLs were not activated by NK cells only, both before or
after incubation with neuroblastoma cells (unpublished data). As positive control A2-restricted
CTLs were used that recognize a peptide derived from USP11 (ubiquitin specific peptidase 11),
a highly expressed housekeeping protein, which showed T-cell activation in all conditions. The
Sy5y+A2 cells, by virtue of their transduced high HLA-A2 expression rate showed enhanced basal
recognition, which was however further increased after exposure to activated NK cells but not
naive NK cells (Fig. 3C).

Altogether, we show that interactions with activated NK cells transforms neuroblastoma cells
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into targets for CD8+ T-cells. Moreover, neuroblastoma cells display antigen specificity through
MHC | presentation of the PRAME-derived SLLQHLIGL antigenic peptide.

NK cells induce MHC I upregulation in neuroblastoma through contact-dependent IFNy production.
To gain more insight into the manner by which active NK cells accomplished upregulation of
antigenic peptide/MHC complexes on neuroblastoma cells we performed various co-culture
experiments. Using a transwell system, we first showed that direct contact between the NK cell
and the neuroblastoma cells is necessary for MHC | upregulation, as activated NK cells are unable
to do so when cell-cell contact is prevented (Fig. 4A). We collected culture supernatants of these
co-cultures, transferred them to untreated neuroblastoma cells and measured MHC | changes.
Only supernatants of NK-neuroblastoma co-cultures that had been allowed continuous cell-cell
contact could recapitulate MHC | upregulation in fresh neuroblastoma cells (Fig.4B). Thus, NK
cells elicit class | MHC upregulation in a strict contact-dependent manner.

We hypothesized that secretion of IFNy, which can be locally produced by activated immune
cells and stimulates antigen presentation in neuroblastoma cells (26), may trigger the enhanced
MHC | expression triggered by activated NK cell contact. Indeed, both IFNy and IP10 (Interferon-
induced protein 10) were present in supernatants of activated NK-neuroblastoma cell co-
cultures but absent in culture supernatants of neuroblastoma cells co-cultured with B cells or
naive NK cells (Fig.4C). Moreover, there was no IFNy production in a contact-independent co-
culture using activated NK cells (Fig 4C). Thus, cell-cell interactions between activated NK cells
and neuroblastoma cells elicits the production of IFNy. To confirm that IFNy was required for
the MHC | upregulation in neuroblastoma cells we used IFNy blocking antibodies during the
co-culture. The IFNy blocking antibodies were able to inhibit MHC | upregulation by 60% (Fig.
4D and Fig. S4) indicating that IFNy is the major contributor to MHC | upregulation in this co-
culture. In contrast, IP10 does not appear to play a role in MHC | upregulation, as incubation
with IP10 blocking antibodies did not inhibit MHC | expression levels on neuroblastoma (Fig. 4D).
Additionally, we investigated the direct effect of IFNy on neuroblastoma MHC | levels. Incubation
with recombinant IFNy could enhance MHC | surface expression on neuroblastoma cells (Fig. 4E)
and subsequently increased PRAMESLLQHLIGL/A2-restricted CTL recognition of both GIMEN (Fig.
4F) and Sy5y+A2 cells (Fig. 4G).

In summary, contact-dependent production of IFNy stimulates the presentation of peptide/MHC
| complexes at the cell surface of neuroblastoma cells, for antigen-specific presentation and
recognition by PRAMESLLQHLIGL/A2-restricted CTLs.

» Figure 4. Contact-dependent release of IFNy enhances MHC I on neuroblastoma. A.
Activated NK cells were co-cultured with neuroblastoma cells in a contact-dependent (direct)
or -independent (transwell) system for 24 hrs. MHC I levels on the neuroblastoma cells were
measured by flow cytometry. Representative FACS plots are shown and data was quantified in a
bar graph. B. Supernatant of the co-cultures in A were transferred to untreated neuroblastoma
cells and incubated for 24 hrs. Subsequently, MHC I levels on the neuroblastoma cells were
measured by flow cytometry as in A. C. Concentrations of IFNy and IP-10 were measured in the
supernatant of GIMEN cells left untreated or co-cultured with naive or activated NK cells (direct
and transwell). D. GIMEN cells were incubated with activated NK cells in the presence of [FNy-
or IP-10-blocking antibodies for 24 hours. MHC I levels were measured by flow cytometry. E.
Neuroblastoma cells were treated with recombinant IFNy for 24 hours and MHC I levels were
measured by flow cytometry. F and G. Activation of PRAME_ | ... /A2-specific CTLs, clone HSS1
and HSS3, by GIMEN (F) or Sy5y+A2 (G) cells that were prlorr treated with recombinant IFNy
for 24 hours.
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Primary stage 4 neuroblastoma cells increase MHC | upon IFNy stimulation. Finally, we asked
whether primary patient-derived neuroblastoma cells do upregulate MHC | upon IFNy exposure,
as this data would validate our findings in neuroblastoma cell lines. To this end we used tumor
initiating cells (TIC) that were recently obtained from primary neuroblastoma tumors or bone
marrow infiltrates of stage 4 neuroblastoma patients. TICs were shown to maintain genetic
and morphological phenotype of the originating tumor (27). By flow cytometry we confirmed
the neuroblastoma phenotype of four TICs as they showed positive membrane expression of
CD56, GD2, and CD81 (28-30) (Fig. 5A). Steady-state MHC | levels were low, as expected for
neuroblastoma tumor cells (Fig. 5B and C). After stimulation with IFNy for 24 hours the surface
expression of MHC | increased significantly in all four primary tumor cell types. In untreated
conditions merely 3.1% (1.1-4.5) of the cells showed positive expression for MHC | which was
increased up to approximately 76.9% (55.3-98.2) after IFNy stimulation (Fig. 5C).

Thus, we confirmed in primary neuroblastoma cells the ability to upregulate MHC | surface levels
in response to IFNy. Altogether, these results indicate that the cells of primary neuroblastoma
tumors actively use plasticity in immunogenic surface display of MHC | to avoid immune
recogntion.

Discussion

High-risk neuroblastoma is currently being treated by radiotherapy, chemotherapy, surgical
resection and stem cell transplantation. More recently, these treatment strategies were
complemented by antibody-based immunotherapy directed against neuroblastoma membrane
marker GD2. The initial promising survival benefits of anti-GD2 therapy (6) encourages the
possibility of immunotherapy in neuroblastoma. Unfortunately, the treatment was not sufficient
since relapse still occurred in the majority of the patients. This suggests that immunotherapeutic
approaches that induce adaptive immunity are additionally needed for complete eradication of
relapsing tumor cells.

Cellular immunotherapy is still in its infancy, partly because of immune evasion: how can a
cellular immunotherapy be effective if tumor cells are non-immunogenic and tumor-associated
antigens are kept hidden? We here described a preclinical study that was aimed at improving
TAA peptide presentation in MHC | on neuroblastoma cells. Non-immunogenic neuroblastoma
cells, both from the tumor mass and bone marrow metastasis, could be pressured into surface
display of immunogenic features, that were recognized by T-cells. The immunogenic potential of
neuroblastoma cells exhibits a remarkable plasticity that can be exploited for clinical application.
We show that NK cells increase neuroblastoma MHC | levels in a contact-dependent manner. To
date, no definitive studies on NK cell infiltration in human neuroblastoma tissue samples were
performed. Though, Facchetti et al. succeeded in culturing NK cells from isolated lymphocytes
of bulk neurobalstoma tumors (31). While in vitro these NK cells proliferated and were able
to produce cytokines upon IL-2 stimulation, in vivo the intratumoral NK cells were presumably
inactive evidenced by the absence of MHC | expression in immunohistochemical stainings of
neuroblastoma tumor sections (24). In this study we have shed light on the regulation of MHC
| surface expression in neuroblastoma and the manner in which NK cells contribute to the
modulation thereof.

We found IFNy to play a major role in MHC | upregulation on neuroblastoma cells. In addition to
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Figure 5. Patient-derived stage 4 neuroblastoma cells show IFNy-induced MHC I
upregulation. Tumor cells were stained for neuroblastoma markers CD56, GD2 and CD81
and analyzed by flow cytometry. Representative plots are shown in A. MHC I surface levels
were measured on indicated neuroblastoma cells (711T and 772T from tumor mass; 700B
and 691B from bone marrow metastasis) which were left untreated or were stimulated with
IFNy for 24 hours. Representative plots are shown in B. Summarized data for all four primary
neuroblastoma cells in C.

upregulation of MHC I, NK cells might also enhance the efficiency of antigen processing as Lorenzi
et al. have shown that IFNy can increase the expression of peptide transporter TAP and ERAP
peptidases in neuroblastoma cells (26). One could consider IFNy treatment of neuroblastoma
patients prior to cellular immunotherapy. However, because several studies have shown that
interferon treatment has severe toxic effects (32-35) there is reluctance to use IFNy in cancer
patients. As an alternative, IFNy could be delivered to tumor cells by active immune cells such as
ex vivo expanded NK cells.

NK cell therapy has shown to induce therapeutic effects in a stage 4 neuroblastoma mouse
model (36). Moreover, in a phase Il clinical trial Kloess et al. infused ex vivo expanded allogeneic
NK cells into neuroblastoma patients, but tumor cytotoxicity was only observed with high-
dose (2107 cells/kg) infusions (17). Growing sufficient numbers remains a challenge for cellular
therapies. We were able to show effect with using modest numbers of NK cells suggesting that
merely a couple of active NK cells at the tumor site can predispose the tumor for T-cell attack. We
hypothesize that dual immune pressure reduces neuroblastoma’s resources for immune evasion,
leaving them little option for immune escape. We propose that these new findings may be useful
for exploration towards multi-attack immunotherapy combining NK cells and T-cells.

We showed for neuroblastoma cells which are modulated by interaction with active NK cells, that
the presence of endogenous levels of PRAME is sufficient for productive peptide presentation to
T-cells. Morandi et al. used peptide-pulsed T2 cells to mimic PRAME antigen presentation and
were able to stimulate patient-derived PRAME-specific CTLs, which indicates not only presence
but also functionality of PRAME T-cells in the neuroblastoma patient T-cell pool (37). Altogether,
we envision these T-cells to eliminate neuroblastoma tumor cells that were made immunogenic
by preceding NK cell therapy.

Thus far, there is limited experimental support for direct cooperation between NK and T-cells
regarding MHC I modulation and anti-tumor immunity. In human colorectal carcinoma, infiltration
of both NK cells and CD8+ T-cells resulted in prolonged patient survival compared to tumors
without NK cells (38). In addition, MHC | analysis of colorectal carcinoma tumors in rats that were
injected with IL-2 stimulated NK cells showed enhanced MHC | staining in tumor parts closer

97




CHAPTER 6

to NK cell infiltrates (39). Similarly, enhanced influx of IL-2 activated NK and CD8+ T-cells into
neuroblastoma tumors increased survival in a neuroblastoma mouse model (40). Furthermore,
Mocikat et al. showed in a lymphoma tumor model that tumor cells that were previously not
recognized by CTLs become CTL targets when injected into mice in a NK cell-dependent manner
(41). Synergy between NK cells and CD8+ T-cells concerning tumor eradication is commonly
ascribed to increased cytolytic activity within the tumor mass, regardless of the absence of
specific receptors such as MHC I. Perhaps underlying such synergy is the modulatory effect of NK
cells on tumor immunogenicity that predisposes the tumor for killing by CTLs.

The current study contributes to designing the optimal immunotherapy for neuroblastoma
patients. Our findings here support the development of an NK cell-based cellularimmunotherapy
that may serve as adjuvant therapy together with an antigen-specific immune therapy. The
present study contributes to relevant insights for the development of anti-neuroblastoma
immunotherapies suggesting that activation of both innate activity and antigen-specific cells may
hold promise for treatment of high-risk neuroblastoma patients.

Materials and Methods

Cells and reagents. Neuroblastoma cell lines GIMEN, Sk-N-SH and SH-Sy5y were obtained via the
Acadamic Medical Center of Amsterdam and maintained in DMEM supplemented with 10% FCS
(Biowest), 2 mM glutamine (Life Technologies), 50 units/ml penicillin (Life Technologies) and 50
pg/ml streptomycin (Life Technologies). Microarray analysis was performed at AMC on various
cell lines (NCBI GEO Accession No. GSE 16476; http://www.ncbi.nlm.nih.gov/geo/) confirming
neuroblastoma expression profiles, which were confirmed for selected neuroblastoma markers
(LIN28B, MYCN, GD2, CD56 and CD81) by gPCR and/or FACS analysis when cells arrived at UMC
Utrecht (2012). Cells were frozen in individual aliquots after less than 10 passages and tested
regularly for mycoplasma contamination. Tumor initiating cells were cultured as previously
described (27). T-cell clones HSS1, HSS3 are high avidity T-cell clones specific for PRAME-derived
peptide SLLQHLIGL presented in the context of HLA-A*02:01 (25). These T-cell clones recognize
HLA-A*02:01 positive targets only when loaded with the PRAME peptide or when endogenously
expressing PRAME (25). T-cell clone HSS12 is specific for peptide FTWEGLYNV derived from
USP11 (ubiquitin specific peptidase 11) presented in the context of HLA-A*02:01 (25). The minor
histocompatibility antigen specific T-cell clone HA1-CTL, and the cytomegalovirus specific T-cell
clone pp65-CTL both also recognize their specific peptide in the context of HLA-A *02:01 and
were used as negative controls. T-cell clones were stimulated every 2 weeks with 1 x 106 cells/
ml irradiated allogeneic PBMCs (30Gy), 800 ng/ml PHA, and 100 IU/ml IL-2 (Chiron, Amsterdam,
The Netherlands). 10-14 days after restimulation the T-cells were used for the different assays.

Flow cytometry. For staining, cells were first detached with trypsin (Life Technologie) and
washed twice in PBS containing 2% FCS (Biowest) and 0.1% sodium azide (NaN3, Sigma-Aldrich).
Next, antigen nonspecific binding was prevented by prior incubation of cells with 10% mouse
serum (Fitzgerald). Cells were next incubated with combinations of pacific blue, fluorescein
isothiocyanate (FITC), and allophycocyanin (APC) —conjugated mouse anti-human antibodies. The
following monoclonal antibodies were used: mouse-anti-human CD3 (Clone UCHT1, Biolegend),
mouse-anti-human CD19 (Clone HIB19, BD Biosciences), mouse-anti-human CD56 (Clone B159,
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BD Biosciences), and mouse-anti-human HLA-ABC (Clone W6/32, Biolegend). Cells were acquired
on FACSCanto Il and analyzed using FACS Diva Version 6.13 (BD Bioscience) or FlowJo version
7.6.5 software. Data were analyzed using GraphPad Prism 5.

Co-cultures. Peripheral blood mononuclear cells (PBMCs) from healthy donors were separated
from peripheral blood by ficoll isopaque density gradient centrifugation (GE Healthcare Bio-
Sciences AB) and stained with anti-CD3, anti-CD19 and anti-CD56 antibodies. CD19+ B cells
and CD3-CD56+ NK cells were isolated by FACS sorting and subsequently cultured in RPMI
supplemented with 10% human serum (Sigma). For NK cell activation 1000 U/ml interleukin-2
(Proleukin) and 50 ng/ml interleukin-15 (Immunotools) were added for 18 hrs. B cells, naive NK
cells or activated NK cells were harvested, washed, counted and added to neuroblastoma cells
at indicated effector:target ratios for 24 hrs. For cell-cell contact experiments neuroblastoma
cells were added to the lower part of the transwell system (Greiner Bio-one, 1um pore size) and
immune cells were added to the upper part and cultured for 24 hrs. For blocking experiments the
NK cells were mixed with anti-IFNy (BD Biosciences) or anti-IP10 (R&D) neutralizing antibodies
(1ug/ml) and subsequently added to the neuroblastoma cells.

Quantative real-time PCR. Total RNA was isolated using tripure (Roche) according to the
manufacturer's instructions. cDNA was synthesized from up to 1 pg of total RNA using the iScript
cDNA synthesis kit (Biorad). Real-time PCR was performed using 1Q SYBR Green PCR Supermix
(Biorad) and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad), according to the
manufacturer's instructions. PCR assays were done in triplicate. Data were calculated as values
relative to GAPDH and further analyzed using Graphpad Prism 5.

HLA typing. One million cells were used for typing of the HLA-A locus of neuroblastoma cells.
The LABType SSO HLA A Locus typing kit (OneLambda) was used according to manufacturer’s
instructions.

Retroviral transduction. Neuroblastoma cells were transduced with a retroviral vector
encoding for HLA-A*0201 and the marker gene NGF-R. By MACS separation the NGF-R positive
neuroblastoma cells were enriched.

CTL activation. Neuroblastoma cells were pretreated with NK cells (1:1) or 1000 U/ml recombinant
IFNy (eBioscience) as indicated for 24 hrs. Then, neuroblastoma cells were harvested, washed
thoroughly and replated in the presence of CTLs (30,000 neuroblastoma cells with 6,000 CTLs).
After 24 hrs culture supernatants were collected and CTL activation was measured as production
of IFNy, IL-2 and TNF.

Cytokine detection. Cytokine concentrations were measured by the MultiPlex Core Facility of the
LTI using Luminex technology with in house developed bead-sets and Bio-Plex Manager Version
6.1 software (Bio-Rad Laboratories) as previously described (42). IFNy concentrations were
measured using ELISA (eBiosciences).

Statistics. Differences in MHC | surface expression levels, T cell activation levels, and cytokines
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(IFNy and IP10) secretion levels were analyzed with non-parametric Mann-Whitney U test
between separate groups. Values of p<0.05 were considered significant. Analyses were performed
with GraphPad Prism 5 software.
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Supplementary Figure 1. NK cell activation. CD3-CD56. NK cells were FACS sorted
from healthy donor PBMCs and cultured in absence or presence of IL2 and IL15 for 18 hours.
Membrane expression of CD25 and CD69 was determined on the NK cells by flow cytometry as
measure of cell activation. Representative FACS plots are shown in A. Data was quantified in B.
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Supplementary Figure 2. IL2/IL15 cytokines do not influence neuroblastoma
MHC I levels. GIMEN cells were left untreated or stimulated with IL2 and IL15 for 24 hours.
MHC I levels were measured by flow cytometry.
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Supplementary Filgure 3. PRAME-CTL activation by NK cell-modulated
neuroblastoma cells. GIMEN A. and Sy5y+A2 B. cells were exposed to naive or activated
NK cells, derived from three different donors, for 24 hours (ratio 1:1), washed thoroughly and
replated in the presence of PRAME-specific CTLs. After 24 hours the culture supernatants were
collected. IL-2 and TNF levels were determined by Luminex as measure of CTL activation.
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Supplementary Figure 4. NK cell-induced MHC I upregulation on neuroblastoma
is IFNy-dependent. Sy5y and Sk-N-SH cells were incubated with activated NK cells in the
presence of IFNy- or IP-10-blocking antibodies for 24 hours. MHC I levels on the neuroblastoma
cells were measured by flow cytometry.
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CHAPTER 7

Abstract

Neuroblastomatumors have low MHC-1 expressionand express few neo-antigens, supportingtheir
immune escape. Here, we aimed to evoke MHC-1 gene expression to enhance immunogenicity.
A genome-wide CRISPR/Cas9 knock-out screen combining MHC-1 surface expression and
activity of transcription factor NF-kB identified TNIP1 and N4BP1 as inhibitory factors of NF-
kB-mediated MHC-1 expression in neuroblastoma. In advanced stage patients, neuroblastoma
expression levels of TNIP1 and N4BP1 correlate with worse survival. Depletion of TNIP1 or
N4BP1 stimulated the activation of NF-kB, increased MHC-1 surface display and recognition by
antigen-specific CD8+ T-cells. We confirmed that TNIP1 targets canonical NF-kB member RelA
by preventing activation of the RelA/p50 NF-kB dimer. N4BP1 instead binds deubiquitinating
enzyme CEZANNE and triggers degradation of NF-kB-initiating kinase NIK through stabilization
of TRAF3, thereby inhibiting the non-canonical pathway. Thus, targeting of NABP1/CEZANNE or
TNIP1 in neuroblastoma tumors might increase peptide/MHC1-mediated tumor reactivity and
thereby improve immunotherapy.
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Introduction

Neuroblastoma accounts for 15% of pediatric cancer mortality (Davidoff 2012, Maris 2010,
Louis et al. 2015). It is the most common solid tumor in children with survival rates of merely
20% in advanced stage (stage 4) disease (Davidoff 2012). Neuroblastoma is an embryonic
cancer that originates from neural crest cells. The mutational burden of neuroblastoma tumors
is low (Cheung et al. 2013, Schumacher et al. 2015), hence so far no neo-antigens have been
reported for neuroblastoma. Instead, expression of cancer/testis antigens have been described
in neuroblastoma (Oberthuer et al. 2004, Soling et al. 1999, Wolfl et al. 2005, Jacobs et al. 2007)
reflecting the embryonically undifferentiated status of this type of tumor.

Immunotherapy for stage 4 neuroblastoma gains traction. Currently, anti-GD2 antibody therapy
is standard protocol succeeding radiotherapy, chemotherapy, surgery and autologous stem cell
transplantation. In addition, various immunotherapies are in trial stages (Booker et al. 2009,
Croce et al. 2015, Seeger 2011). However, due to its low immunogenicity (Raffaghello et al. 2005,
Coughlin et al. 2006, Favrot et al. 1991, Foreman et al. 1993, Castriconi et al. 2004, Raffaghello
et al. 2004, Morandi et al. 2012, Shurin et al. 1998, Liu et al. 2012), neuroblastoma tumors are a
challenge to be treated with immunotherapies. In particular, low levels of MHC class 1 (MHC-1)
prevents recognition and lysis of neuroblastoma cells by cytotoxic T lymphocytes (CTLs).
Activation of NF-kB in neuroblastoma cell lines induces transient MHC-1 membrane expression
(Forlonietal. 2010, Lorenzi et al. 2012, van 't Veer et al. 1993) which facilitates recognition by CTLs
in vitro (Lorenzi et al. 2012, Bao et al. 2011, Vertuani et al. 2003, Spel et al. 2015), underscoring
that reconstitution of MHC-1 in these tumors might increase their immunogenicity. In this study,
we aimed to identify target proteins that control peptide/MHC-1 display in neuroblastoma by
performing a genome-wide CRISPR knock-out screen combining NF-kB activity and cell-surface
MHC-1 membrane expression.

Results

Low expression of MHC-1 and NF-kB in neuroblastoma. MHC-1 expression is low in
neuroblastoma tumors and cell lines (Wolfl et al. 2005, Morandi et al. 2013, Lampson et al.
1983). Because neuroblastoma is an embryonic tumor that arises when immunological features
are not fully developed yet, we asked whether MHC-1 gene expression in neuroblastoma tumor
cells actually differs from healthy developing neural crest cells. Using gene expression datasets,
we compared MHC-1 gene expression between neuroblastoma tumors and healthy neural crest
cell and found no differences (Fig.1A). When neural crest cells differentiate into neurons, MHC-1
expression is unlocked in mature neuronal cells (Garay et al. 2010, Boulanger 2009, Shatz 2009).
Indeed, compared to healthy mature nerve tissue, MHC-1 gene expression in neuroblastoma
tumors is low (Fig.1A). Neuroblastoma appears to reflect the underdeveloped state of the neural
crest in which MHC-1 expression is still low, but can be evoked.

Transcription factors that stimulate the expression of MHC-1 were not highly expressed in
neuroblastoma, compared to healthy neural crest cells (Fig.1B and S1). NLRC5 and IRF1 showed
similar expression levels between neuroblastoma tumors and neural crest cells (Fig.S1A). In
contrast, gene expression of the NF-kB family members (RelA, RelB, NFKB1, NFKB2 and Rel)
differed between neuroblastoma tumors and neural crest cells. Expression of RelA, RelB and
NFKB1 was significantly decreased in neuroblastoma tumors (Fig.1B). Also compared to mature
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Figure 1. Identification of NF-kB and MHC-1 suppressors in neuroblastoma. A and B. Gene
expression datasets of neural crest cells, healthy nerve tissue and neuroblastoma tumors were
analyzed for the expression of MHC-1 alleles HLA-A, HLA-B and HLA-C (A); NF-xB alleles RelA,
RelB, and NFKB1 (B). Two-way ANOVA test was used, p<0.05 was considered significant. C. Gene
expression of HLA-A in neuroblastoma tumor samples (cohort of 183 stage-4 neuroblastoma
patients) was correlated with NFKB genes. Significance test for the Pearson correlation coefficient
r was conducted, p<0.5 was considered significant. D. Generation of an NF-kB reporter cell line.
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&« NF-xB activation and MHC-1 expression of the reporter cells was measured when
untreated or after treatment with TNF or TRL ligands (LPS + polyl:C). E. Schematic overview
of the performed screen. In short, neuroblastoma cells containing a NF-kB-eGFP reporter were
subjected to a lentiviral CRISPR/Cas9 library. Cells were stained for MHC-1 using fluorescent-
labeled antibodies and sorted by FACS. DNA was isolated from the collected populations and
prepared for deep-sequencing to reveal the CRISPR content per population. F. CRISPR screen
results are shown as log2 fold change of gRNAs in NF-kB+MHC+ population vs. NF-kB-MHC-
population. Significant gRNAs are highlighted and significant genes are depicted in circles. G.
In a cohort of 183 stage-4 neuroblastoma patients the expression levels of NF-kB suppressors
CYLD, N4BP1, TNIP1 and TRAF2 were correlated with survival data. Log-rank test was used,
p<0.05 was considered significant.

nerve cells, RelA and NFKB1 expression was reduced. Furthermore, gene expression of MHC-1
alleles correlated with NFKB gene expression in stage-4 neuroblastoma tumors (Fig.1C ans S1C).
NF-kB family member Rel was upregulated in neuroblastoma (Fig.S1B), which is in agreement
with its role in anti-apoptotic signaling (Gilmore et al. 2011, Hunter et al. 2016).

Thus, the abnormal development from healthy neural crest cell to malignant neuroblastoma
coincides with down-regulation of NF-kB family members. In line with this observation, several
studies have shown that transcriptional activity of NF-kB in neuroblastoma cells is indeed
repressed (van 't Veer et al. 1993, Lorenzi et al. 2012, Forloni et al. 2010). These data together
support that reversal of repressed NF-kB might steer neuroblastoma away from tumorigenic
development and possibly unlock MHC-1 expression for immunogenic display.

Identification of NF-kB-dependent MHC-1 suppressors in neuroblastoma. NF-kB is repressed in
neuroblastoma on both gene level (Fig.1B) as well as activation level (Forloni et al. 2010, Lorenzi
et al. 2012, van 't Veer et al. 1993). Active NF-kB can temporarily restore MHC-1 expression in
neuroblastoma. In order to establish stable MHC-1 expression in neuroblastoma, we set out to
identify the factors that negatively regulate NF-kB-mediated MHC-1 expression in neuroblastoma.
To this end, we generated a clonal cell line bearing a NF-kB reporter, which upon activation of
the NF-kB pathway expresses eGFP (Fig.1D). Indeed, elevated MHC-1 levels were observed upon
stimulation of the NF-kB pathway using TNF or TLR ligands. These cells were mutagenized by
lentiviral transduction using a genome-wide CRISPR/Cas9 knock-out library containing 118.000
individual gRNAs with an average of 6 gRNAs per gene (Sanjana et al. 2014). The mutagenized
cells were expanded and stained for cell surface expression of MHC-1. NF-kB"¢MHC"¢ and NF-
KBPSMHCP* populations were isolated using FACSsorting. Using deep-sequencing we identified
the enriched gRNAs for both population (Fig.1E).

GuideRNAs that were traced back in significantly different amounts between NF-kB"¢MHC" and
NF-kBPSMHCP* populations are highlighted in figure 1F. Combining the data of all gene-specific
gRNAs used (average of 6 per gene), a total of 4 genes showed to significantly impact NF-kB
activity and MHC-1 expression upon depletion in neuroblastoma cells (Fig.1F). These included
Nedd4 binding protein 1 (N4BP1), TNFAIP3 interacting protein 1 (TNIP1), cylindromatosis
(CYLD) and TNF-receptor associated factor 2 (TRAF2). The expression of the identified NF-«kB
suppressors N4BP1, TNIP1 and TRAF2 correlated with worse survival in stage-4 neuroblastoma
patients (Fig.1G), suggesting an important role for NF-kB suppression in malicious outcome of
neuroblastoma.

CYLD and TRAF2 are well-established regulators of NF-kB and previously described (Kovalenko
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Figure 2. Effect of N4BP1 and TNIP1 depletion on NF-kB and MHC-1 across cell lines. A.
The eGFP fluorescence produced by NF-kB reporter activity was measured in single cell clones
of AN4BP1 and ATNIP1 neuroblastoma GIMEN cells compared to WT (= empty vector control).
B. Confocal images of WT, AN4BP1 and ATNIP1 neuroblastoma GIMEN cells stained for total
RelA protein (green) and phospho-RelA protein (red). Nuclei are depicted in blue. Scale bar
represents 10pum. C. N4BP1 or TNIP1 was depleted in indicated cell lines and surface expression
of MHC-1 was measured by flow cytometry. D. Relative gene expression of MHC-1 alleles HLA-A
and HLA-B was measured by qPCR in WT, AN4BP1 and ATNIP1 cells. Fold increase of HLA-A
expression (black) or HLA-B expression (white) in knockout cells compared to WT cells is
depicted in the graphs. Mann-Whitney U-tests were used, p<0.05 was considered significant.

et al. 2003, Brummelkamp et al. 2003, Wu et al. 2005). The inhibitory activity of TNIP1 on NF-«kB
is concentrated on the canonical pathway (Heyninck et al. 1999, Mauro et al. 2006, Cohen et al.
2009), whereas for N4BP1 the mechanism remains elusive.

These results suggest that upon depletion of N4BP1 or TNIP1, NF-kB"¢MHC"& neuroblastoma
cells transform into cells endowed with stable expression of MHC-1 and an active NF-kB
transcription factor.
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Depletion of NF-kB suppressors enhances MHC-1 in neuroblastoma. Using CRISPR/Cas9,
we generated N4BP1- and TNIP1-depleted single cell neuroblastoma reporter clones and
empty vector-treated wild type (WT) reporter cells for control purposes. NF-kB activity and
MHC-1 expression were measured by flow cytometry. Depletion of N4BP1 or TNIP1 resulted
in expression of the NF-kB reporter, indicating functional NF-kB activation and transcriptional
activity (Fig.2A). Activation of NF-kB was also shown by confocal microscopy of WT and knock-
out neuroblastoma cells (Fig.2B). Total RelA protein localized to the cytosol in WT cells, but
spontaneously translocated to the nucleus in AN4BP1 and ATNIP1 cells. Nuclear translocation
requires phosphorylation of RelA protein, thus phospho-RelA was only detected in AN4BP1 and
ATNIP1 cells and not WT neuroblastoma cells. In addition, AN4BP1 and ATNIP1 cells showed
increased surface levels of MHC-1 compared to WT cells (Fig.2C), corroborating the findings of
the CRISPR screen.

To investigate whether the inhibitory effects of N4BP1 and TNIP1 on NF-kB and MHC-1 are specific
for neuroblastoma, we generated a panel of N4BP1 and TNIP1 mutants in a range of cell lines
(Fig.S2). MHC-1 expression levels were measured in WT and knockout cells using flow cytometry
(Fig.2C). Depletion of N4BP1 or TNIP1 generally resulted in increased MHC-1 membrane
expression across five neuroblastoma cell lines. Differences in gene expression of either HLA-A or
HLA-B genes were measured using gPCR (Fig.2D). Interestingly, in non-neuroblastoma cell lines
HEK293T and BLM, MHC-1 upregulation was not clearly different between WT and knockout
cells. The high steady-state expression levels of MHC-1 in HEK293T and BLM make them less
prone for MHC-1 increase. Western blot analysis of AN4BP1 and ATNIP1 cells of HEK293T and
BLM shows increased levels of phospho-RelA, indicating that NF-kB is activated (Fig.S3). These
results suggest that NF-kB inhibition by N4BP1 and TNIP1 is conserved across multiple cell types,
but its effect on MHC-1 levels is controlled at the cell type level.

Anti-tumor T-cell reactivity against NF-kB-active neuroblastoma cells. Expression of MHC-
1 on neuroblastoma cell surface determines T-cell recognition (Spel et al. 2015, Lorenzi et al.
2012, Vertuani et al. 2003). We next addressed if increased MHC-1 expression in AN4BP1 and
ATNIP1 neuroblastoma cells can result in functional antigen presentation and T-cell reactivity,
and therefore performed co-culture experiments using neuroblastoma cells and MHC-matched
antigen-specific CTLs. To this end, we generated WT and knockout neuroblastoma cells that
stably express the model antigen pp65, and exposed these cells to MHC-1-restricted pp65-
specific CTLs. We found that while CTLs were activated upon co-culture with AN4BP1 or ATNIP1
cells, WT cells failed to do so (Fig.3A). Indicative of T-cell activation and granule release, the CTLs
produced IFNy and showed LAMP1 surface staining, respectively.

Demethylating agent decitabine (DAC) has been shown to increase MHC-1 expression and
is currently being scrutinized in several clinical trials for neuroblastoma patients (Adair et al.
2009, Serrano et al. 2001, Krishnadas et al. 2015). Treatment with decitabine indeed increased
MHC-1 levels on neuroblastoma cells to a similar extent as AN4BP1/TNIP1 depletion (Fig.3B).
The combination of DNA demethylation with active NF-kB transcription shows a 2-fold higher
induction of MHC-1 surface expression. Such a synergistic effect is also observed when testing
the T-cell reactivity against decitabine-treated knockout cells. T-cell recognition of AN4BP1 and
ATNIP1 cells increased by 7-fold and 5-fold, respectively, when treated with decitabine (Fig.3A).
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Figure 3. CD8" T-cell recognition of AN4BP1 and ATNIP1 neuroblastoma cells. WT,
AN4BP1 and ATNIP1 neuroblastoma GIMEN cells stably expressing pp65 model antigen were
left untreated or were treated with decitabine for 72 hrs. A. After co-culture with pp65-specific
CD8* T-cells in a 1:1 ratio, T-cells were stained for surface LAMP1 expression and intracellular
production of IFNy and analyzed by flow cytometry. B. Membrane MHC-1 expression levels
were measured by flow cytometry. Mann-Whitney U-tests were used, p<0.05 was considered
significant.

Thus, active NF-kB makes neuroblastoma cells immunogenic for T-cell reactivity. These results
highlight the significance of NF-kB modulation for anti-neuroblastoma immunotherapies, alone
or as adjuvant treatment to currently tested protocols.

Differential NF-kB activation in AN4BP1 and ATNIP1 cells. TNIP1 modulates NF-kB activity by
destabilizing the IKK complex (G'Sell et al. 2015) with a consequential sequestering of RelA by IkB,
less nuclear translocation and diminished transcription of target genes including MHC-1. How
N4BP1 modulates NF-kB activity remains unclear. In order to investigate which NF-kB members
play a role in AN4BP1 cells, we looked at the expression levels of the five transcriptionally active
subunits (phospho-RelA, RelB, p50, p52 and c-Rel) of NF-kB by Western blot. Compared to WT,
AN4BP1 cells showed increased levels of phosphorylated RelA, of RelB and p52 (Fig.4A). This is
different from ATNIP1 cells that only showed increases in p-RelA and RelB, but no effects on the
other subunits. Next, we tested whether these subunits also contribute to NF-kB-mediated gene
expression by mutating each subunit in the AN4BP1 or ATNIP1 neuroblastoma reporter cells.
We designed guideRNAs against the NF-kB genes RelA, RelB, NFKB1 and NFKB2 and cloned them
into the Cas9-lentiviral vector. Seven days after transduction, the cells were harvested and NF-kB
reporter activity was measured by flow cytometry. In AN4BP1 cells, NF-kB reporter activity was
decreased when RelA or NFKB2 (=p52) was depleted (Fig.4B). In ATNIP1 cells, NF-kB reporter
activity was decreased only when RelA was depleted. In contrast, RelB depletion did not affect
reporter activity in either AN4BP1 or ATNIP1 cells, despite increased RelB expression.

Thus, while N4BP1 and TNIP1 both inhibit NF-kB activity, they appear to do so using different
mechanisms. In AN4BP1 cells both RelA and p52 contribute to NF-kB-mediated gene transcription,
indicating that N4BP1 inhibitory effect targets two subunits simultaneously. In ATNIP1 cells on
the other hand, is only RelA the driver of NF-kB-mediated gene activation.
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Figure 4. Contribution of NF-kB family members to increased NF-kB activity in AN4BP1
and ATNIP1 neuroblastoma cells. A. Inmunoblot analysis of phospho-RelA, RelB, c-Rel,
p50 (cleaved from p105) and p52 (cleaved from p100) in WT, AN4BP1 and ATNIP1 cells. B.
Genes encoding RelA, RelB, p105 (=NFKB1) and p100(=NFKB2) were depleted in AN4BP1 and
ATNIP1 neuroblastoma GIMEN cells using the CRISPR/Cas9 lentiviral construct. An empty
vector construct was used as negative control. After a week, cells were collected and NF-kB-
eGFP reporter signal was measured by flow cytometry. One-way ANOVA tests were used,
p<0.05 was considered significant.

N4BP1 coordinates degradation of NF-kB-initiating kinase NIK. To gain more insight into the
mechanism by which N4BP1 inhibits both p-RelA and p52, we decided to elucidate the binding
partners of N4BP1. To this end, a protein-protein interaction experiment was performed
combining antibody-mediated pulldown with mass spectrometry. WT neuroblastoma cells
were transfected with His-tagged N4BP1-expressing constructs and after 48 hours lysed for
co-immunoprecipitation experiments using anti-His beads. The pellets were analyzed by mass
spectrometry to identify proteins bound to N4BP1-His.

Among all proteins that were found to bind N4BP1, one in particular caught our attention. The de-
ubiquinating enzyme CEZANNE was significantly enriched in N4BP1-His co-immunoprecipitates
(Fig.5A). As observed for N4BP1, also CEZANNE expression levels correlated with worse survival in
stage-4 neuroblastoma patients (Fig.5B). Mechanistically, CEZANNE stabilizes TRAF3 by removing
TRAF3-bound ubiquitin modifications, thereby controlling NF-kB activation (Hu et al. 2013).
Stabilized TRAF3 takes part in a protein complex that retains NIK and facilitates ubiquitination
and degradation of NIK. Conversely, the degradation of TRAF3 causes NIK to accumulate and
phosphorylate down-stream targets thereby initiating p100 cleavage into p52 and activation of
non-canonical NF-kB. In addition, TRAF3 degradation was shown to also activate the canonical
pathway involving RelA (Bista et al. 2010).

To confirm that N4BP1 is involved in stabilizing TRAF3 and break-down of NIK, the protein levels
of TRAF3 and NIK were measured in WT and AN4BP1 cells using Western blot (Fig.5C and D). In
AN4BP1 cells, we detected decreased levels of TRAF3 protein compared to WT cells, suggesting
that TRAF3 is degraded when N4BP1 is absent. Additionally, higher levels of NIK kinase are
detected in AN4BP1 cells compared to WT cells indicating that NIK accumulates in absence of
N4BP1. Given that TRAF3 degradation and subsequent NIK accumulation leads to processing of
p100 into p52, these results could explain the spontaneous activation of non-canonical NF-kB in
AN4BP1 neuroblastoma cells.
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Figure 5. N4BP1 inhibits both canonical and non-canonical NF-kB through CEZANNE.
A. Identification of possible binding partners of N4BP1. WT neuroblastoma cells were
transfected with N4BP1-His6 or left untreated. After 48 hours, cells were lysed and proteins
were immunoprecipitated using anti-HIS-beads. Immunoprecipitates were analyzed by mass
spectrometry. B. Immunoblot analysis of TRAF3 in WT and AN4BP1 cells. C. Immunoblot
analysis of NIK in WT and AN4BP1 cells treated with proteasome inhibitor MG132. D. The
amount of sequestered RelA protein in WT and AN4BP1 cells. Total RelA protein of WT and
AN4BP1 cells was immunoprecipitated using beads and analyzed for presence of [xB protein.

TRAF3 was shown to also control the canonical pathway through attenuating phosphorylation
and degradation of the Inhibitor of NF-kB (IkB) (Bista et al. 2010), which sequesters RelA protein.
To determine the role of IkB in AN4BP1 cells, we measured the levels of IkB bound to RelA
using immunoprecipitation followed by Western blot (Fig.5E). We found that RelA was hardly
in complex with IkB in AN4BP1 cells, rendering RelA free for activation, which was not the case
in WT cells. In WT cells, IkB abundantly bound to RelA suggesting sequestering and inhibition of
RelA and canonical NF-kB.

Thus, N4BP1 inhibits both canonical and non-canonical NF-kB using CEZANNE to stabilize TRAF3,
resulting in degradation of NIK and sequestering of RelA by IkB. Upon depletion of N4BP1, TRAF3
is degraded, NIK levels accumulate and IkB detaches from RelA.

Discussion

In this study, we investigated the repressed NF-kB-mediated MHC-1 expression in neuroblastoma.
We show that gene expression levels of NF-kB members are actively repressed during
tumorigenic development of neural crest cells towards neuroblastoma tumor cells. Repression
of NF-kB proteins in neuroblastoma has been reported previously (van 't Veer et al. 1993,
Forloni et al. 2010, Lorenzi et al. 2012). Van ‘t Veer et al use neuroblastoma rat cell lines to
show decreased expression of p105/p50 protein and regulation thereof by the oncogene NMYC.
In contrast, a study in human neuroblastoma cell lines shows low transcriptional availability of
NF-kB in neuroblastoma in an NMYC-independent manner (Forloni et al. 2010). In support of
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the latter study, the performed CRISPR/Cas9 knock-out screen we describe here also did not
identify NMYC as a negative regulator of NF-kB; NMYC may not be involved in NF-kB inhibition
in neuroblastoma. Of note, we found no role for p105/p50 in NF-kB-active neuroblastoma cells
indicating that the NMYC-p50 regulation that was found by van ‘t Veer et al was not apparent in
our experimental set-up.

Nevertheless, restoration of canonical NF-kB can increase MHC-1 expression in neuroblastoma
(Forloni et al. 2010, Lorenzi et al. 2012, van 't Veer et al. 1993). Transfection of NMYC-amplified
cells with a p50-expressing construct showed MHC-1 expression (van 't Veer et al. 1993).
Moreover, transfection of RelA increased MHC-1 membrane levels in neuroblastoma (Lorenzi
et al. 2012, Forloni et al. 2010). In AN4BP1 and ATNIP1 cells we clearly observe activation of
canonical NF-kB as RelA is dissociated from IkB protein and highly phosphorylated. In addition,
in AN4BP1 cells we also observe activation of non-canonical NF-kB involving the RelB and p100/
p52 proteins.

In 2009 N4BP1 was implicated in NF-kB regulation by Fenner et al (Fenner et al. 2009). In a co-
immunoprecipitation experiment using poly-ubiquitin, N4BP1 and other proteins were isolated.
A number of these ubiquitin-binding proteins were revealed as negative regulators of NF-kB.
Although N4BP1 was not followed-up in this study, its ubiquitin-binding capacity implicated the
possibility for regulating NF-kB. Then, in 2011 a direct role of N4BP1 in controlling NF-kB activity
was first observed (Li et al. 2011). Through overexpression in NF-kB reporter cells, N4BP1 was
found as the biggest negative regulator of NF-kB. We here extend the knowledge about N4BP1
as an NF-kB suppressor by showing its interaction with de-ubiquitinating enzyme CEZANNE.
CEZANNE regulates TRAF3 levels (Hu et al. 2013), by which it controls both canonical and non-
canonical NF-kB (Bista et al. 2010). As such, N4BP1 prevents NF-kB activation by orchestrating
CEZANNE-mediated de-ubiquitination of TRAF3 thereby stabilizing TRAF3 protein. Intact TRAF3
results in constant degradation of NIK and thus obstruction of non-canonical NF-kB activation.
Also, RelA protein was sequestered by IkB when TRAF3 was present leading to inhibition of
canonical NF-kB.

The NF-kB suppressors N4BP1, CEZANNE and TNIP1 independently correlate with worse survival
in stage-4 neuroblastoma patients. Despite the clear role shown here of NF-kB suppressors
preventing T-cell recognition, there is yet no evidence for an immunological reason underpinning
this difference in survival. Since low expression of NF-kB suppressors did not prevent
neuroblastoma development, a survival difference might be explained by predisposition of the
tumor for post-treatmentimmune responses. One possibility is that after stem cell transplantation
of neuroblastoma patients, newly developing immune cells can eliminate residing tumor cells
that express low levels of NF-kB suppressors better than tumor cells that express high levels
of NF-kB suppressors, which would result in better clearance of NF-kB-active neuroblastomas.
Alternatively, low expression of NF-kB suppressors may render neuroblastoma tumors more
sensitive for current treatment. For example, NF-kB activation is required for certain cytotoxic
agents to kill neuroblastoma cells (Bian et al. 2001, Armstrong et al. 2007). Also, efficacy of
retinoic acid-induced differentiation of neuroblastoma cells requires an active NF-kB pathway
(Feng et al. 1999, Condello et al. 2008, de Bittencourt Pasquali et al. 2016).

Taken together, we have uncovered that aberrant NF-kB functioning in neuroblastoma results
in decreased MHC-1 expression, escape from T cell immune surveillance and poor survival in
stage-4 patients. The strategy chosen here, combining a NF-kB reporter and MHC-1 cell surface
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staining in combination with a genome-wide CRISPR/CAS9 library, has to our knowledge not
been performed before. The identification of novel and previously identified members of the NF-
kB signaling pathway illustrates that this strategy has been successful. However, it is important
to note that most described NF-kB and MHC-1 regulators were not identified using this method.
A possible explanation for this is the quality of this early generation CRIPSR/CAS9 library is not
optimal. A library containing more, and better validated, gRNAs targeting each gene could lead
to a better separation of mutants. Nevertheless, we have identified NF-kB suppressors which
may serve as drug targets to increase neuroblastoma immunogenicity which is necessary for
immunotherapies to translate into clinical benefits for stage-4 neuroblastoma patients.

Methods

Cells and culture conditions. Neuroblastoma cell lines GIMEN, Sk-N-SH, SH-Sy5y Sk-N-BE and
IMR32 were obtained via the Acadamic Medical Center of Amsterdam. Melanoma cell line BLM
was obtained via the Radboud University Medical Center of Nijmegen. All cells were maintained
in DMEM GlutaMAX supplemented with 10% FCS (Biowest), 50 units/ml penicillin (Life
Technologies) and 50 pg/ml streptomycin (Life Technologies) and cultured at 37°C at 5% CO2.

Reagents and antibodies. Human recombinant TNF was purchased from Miltenyi. Decitabine,
LPS and poly(I:C) were purchased from Sigma Aldrich. Hoechst was purchased from Thermo
Fisher Scientific. Antibodies used: anti-CD3 (Clone UCHT1, Sony Biotechnology); anti-CD8 (Clone
RPA-T8, BD Biosciences); anti-LAMP1 (Clone H4A3, BD Biosciences); anti-TNF (Clone MAB11,
Sony Biotechnology); anti-IFNy (Clone 4S.B3, BD Biosciences); mouse-anti-human HLA-ABC
(Clone W6/32, Biolegend); anti-actin (polyclonal, Santa Cruz); anti-RelA (Clone D14E12, Cell
Signaling Techniques); anti-phospho-RelA (Clone 93H1, Cell Signaling Techniques); anti-RelB
(Clone C1E4, Cell Signaling Techniques); anti-Rel (Clone D3B8S, Cell Signaling Techniques);
anti-p100/p52 (Clone 18D10, Cell Signaling Techniques); anti-p105/p50 (Clone D7H5M, Cell
Signaling Techniques); anti-IkBa (Clone 112B2, Cell Signaling Techniques); anti-TRAF3 (polyclonal,
Cell Signaling Techniques); anti-NIK (polyclonal, Cell Signaling Techniques).

Constructs and plasmids. For generating NF-kB reporter cells, a pTRH1 plasmid was used
containing a NF-kB transcriptional response element (TRE) and a minimum CMV (mCMV)
promoter followed by eGFP gene and upstream of the blasticidin S resistance gene (BSR)
from Bacillus cereus (Lee et al. 2013). N4BP1- and TNIP1-knockout cells were generated using
pXPR_001 (Addgene) and gRNAs sequences 5 -(g)CTCCAAAGACCATCCGGGC- 3’ for N4BP1
and 5 — (g)ACTGGTGCTGGCTTGTCACT-3’ for TNIP1. Where (g) represents a non-annealing
nucleotide that was added to the actual gRNA to initiate gRNA transcription. Empty pxpr_001
vector was used as negative control. Mutations in AN4BP1 and ATNIP1 cell lines were validated
by PCR using primers: Fw_N4BP1: 5 —GTTGTTTTTGCCTTAGTATGGGTCTTGC- 3’ ; Rv_N4BP1:
5’ —ACCTACCAACCAGACTACAATATCTGC- 3’ ; Fw_TNIP1l: 5 -AGGCCATTTTCTCAGACTACCTGG-
3 ; RV_TNIP1: 5 -CGATGGACTTGCCCAATATCACC- 3’ Clonal cell lines GIMEN AN4BP1 and
ATNIP1, used in all follow-up experiments, were analyzed by TA-cloning (Strataclone PCR
cloning kit, agilent #240205). At least 20 colonies were picked and subjected to sequencing
to ensure no allele would be unannotated. For non-clonal cell lines (as shown in fig.52B),
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PCR product was subjected to sanger sequencing to obtain mutation profiles based on TIDE
assay (Brinkman et al. 2014). Using nested sanger sequencing primers Fw_N4BP1_seq: 5 —
CTACAGCTCTCCAAGTGAAACATTTGAG-3’ and Fw_TNIP1_seq: 5" -CATTCTCCCACACTCGAGTGG- 3'.
RelA-, RelB-, p100- and p105-knockout cells were generated using pL-CRISPR.SFFV.tRFP (Addgene)
and gRNA sequences 5" -GCTTCCGCTACAAGTGCGAG-3’ and 5’-(g)AGCGCCCCTCGCACTTGTAG-3’
for RelA; 5" —GCCACGCCTGGTGTCTCGCG- 3’ and 5’ —(g)TGGGGACACTAGTCGGCCCA- 3’ for RelB;
5’ —(g)CCATCCCATGGTGGACTACC- 3’ and 5 -GGCACCAGGTAGTCCACCAT- 3’ for NFKB1; 5" — (g)
AGAGGCTTCCGATTTCGATA- 3’ and 5’ — (g) CTTCACAGCCATATCGAAAT- 3’ for NFKB2. N4BP1-His6)
was purchased from Source Bioscience.

Gene expression analysis. Gene datasets were selected from the Gene Expression Omnibus:
neural crest cells (GSE14340), neuroblastoma Hiyama cohort (GSE16237), neuroblastoma
Delattre cohort (GSE12460), neuroblastoma Lastowska cohort (GSE13136), neuroblastoma
Versteeg cohort (GSE16476) and healthy nerve tissue (GSE7307). Gene expression data (U133
P2 microarray chip, MAS5.0 normalization) was accessed through the Genomics Analysis and
Visualization Platform (r2.amc.nl).

Flow cytometry. Cells were detached with trypsin (Life Technologie) and washed twice in PBS
containing 2% FCS (Biowest) and 0.1% sodium azide (NaN3, Sigma-Aldrich). Next, antigen
nonspecific binding was prevented by prior incubation of cells with 10% mouse serum (Fitzgerald).
Cells were incubated with indicated anti-human antibodies for 30 minutes on ice and washed
twice. In case of intracellular stainings, cells were fixed and permeabilized (Fix/Perm kit BD
Biosciences) after surface staining and subsequently stained with indicated antibodies for 30
minutes on ice and washed twice. Cells were taken up in PBS (2% FCS/0,1% NaN3) to be used for
measurement using either FACSCanto Il or Fortessa with FACS Diva Version 6.13 (BD Bioscience).
Analysis was done using FlowJo Version 10 software.

CRISPR screen sequence analysis. Raw sequence reads were extracted from the FASTQ files using
AWK and subsequently, using regular expression in SED, sequences of 19-21b flanked by ACCG
and GTT were distilled. Bowtie 1 (Langmead et al. 2009) was used to align the reads to the
lentivirus library in two consecutive rounds. In the first round, a single mismatch was allowed
while demanding alignment to only a single guide. In the second round, the reads that aligned
to multiple guides in the first round where re-aligned with a more stringent setting of zero
mismatches to see if they could be aligned unambiguously.

Scoring sgRNA using differential expression analysis. Readcount files were generated from
Bowtie output using a shell script and differential expression analysis was carried out using the
R package DESeq2 (Love et al. 2014). The NF-kBlowMHClow population from both screens were
used as replicates for the low population and the NF-kBhighMHChigh populations as replicates
for the high population. Guides that had 20 or less reads in the total of 4 samples were removed.
Differences in guide abundance between the low and high populations were tested using a Walt
test with default size factor normalization of DESeq2. Shrinkage of Log2FoldChanges was applied.
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Scoring genes. Guides with an FDR-corrected (Bejamini-Hochberg) p-value that met the threshold
of 0.05 were scored significant. Using a custom Python script, the number of guides per gene with
a p-value below or equal to the threshold was determined. Genes having at least three significant
guides with identical directionality were scored significant. To include the non-targeting control
guides in this analysis, 167 imaginary genes were randomly assigned 6 non-targeting control
guides.

Immunofluorescence microscopy. Cell were cultured in LabTek 8 well chambers in culture
medium. Cells were subsequently washed and fixed for 10 min at RT using PBS supplemented
with 4% formaldehyde. Cells were permeabilized and blocked for 60 min with PBS supplemented
with 5% BSA and 0,3% Triton-X100. Next, slides were incubated with primary antibodies diluted
in PBS supplemented with 1% BSA and 0.3% Triton-X100 for 16 hours. Cells were washed
with PBS and incubated with secondary antibodies for 1 hour. After washing, slides mounted
on a microscope slide using Mowiol 4-88 (Carl Roth, Germany). Samples were imaged using a
Zeiss LSM710 confocal microscope equipped with a Plan-Apochromat 63x1.40 oil differential
interference contrast M27 objective (Zeiss). Fluorescent signals were detected with PMTs set at
the appropriate bandwidth using 633 nm helium neon laser for Alexa647. Images were processed
using the Zeiss Enhanced Navigation (ZEN) 2009 software.

Quantative real-time PCR. Total RNA was isolated using RNA isolation columns (Qiagen) according
to the manufacturer's instructions. cDNA was synthesized from 1 ug of total RNA using the iScript
cDNA synthesis kit (Biorad). Real-time PCR was performed using IQ SYBR Green PCR Supermix
(Biorad) and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad), according to the
manufacturer's instructions. PCR assays were done in triplicate. Data were calculated as values
relative to GAPDH and further analyzed using Graphpad Prism 7.02.

T-cell activation assay. A HCMV pp65—specific CD8+ T-cell clone was prepared previously. In
brief, T-cells from an HLA-A*0201+ donor were stained with HLA-A2/pp65495-503 tetramers,
and subsequently single-cell sorted in a 96-well plate (Thermo) containing irradiated B-LCL
feeder cells (1x105 cells/mL, irradiated with 70 Gy) and PBMCs from 3 healthy donors (1 x 106
cells/mL, irradiated with 30 Gy). One ug/mL leucoagglutinin PHA-L (Sigma-Aldrich) and 120 U/
mL of recombinant IL-2 (Immunotools) were added. T-cell clones specific to pp65495-503 were
selected using tetramer staining. Positive clones were restimulated and expanded during several
stimulation cycles and frozen in aliquots that were freshly thawed before each use in an assay.
Neuroblastoma cells were co-cultured with HCMV pp65-specific CD8+T-cells 4,5 hours in the
presence of Golgistop (1/1500; BD Bioscience). Cells were subsequently stained for surface
markers and presence of intracellular IFNy and TNF, followed by flow cytometry—based analysis.

Immunoblotting. Cells were lysed in sample buffer, separated by SDS—PAGE and transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore) by wet western blotting. Membranes
were blocked with 4% non-fat milk powder (Campina) in PBS 0.1% Tween-20 (Bio-Rad) for 1
hour and subsequently incubated with a primary antibody for 16 hours at 4°C. After washing,
membranes were incubated with HRP-coupled secondary antibody for 1 hour followed by
analysis on chemidoc imaging system (Bio-Rad).
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Immunoprecipitation assay. Cells were lysed in PBS(1% CHAPS, 30 mM Tris-HCL pH 8.0, 150
mM NaCl) for 30 minutes on ice and spun down at 13,000g for 15 minutes. Supernatants were
incubated with uncoupled or antibody-coupled beads (Protein A-agarose beads, Roche) for 16
hours under constant agitation. Beads were separated from lysates by centrifugation, washed
twice and resuspended in sample buffer. Protein interactions were analyzed usingimmunoblotting
(see above).

Mass spectrometry. Immunoprecipitation beads were heated in sample loading buffer for 5 min.
at 950C, eluates were run into the stacking of a 4-12% Bis-Tris gel and coomassie-stained bands
were excised. Proteins were reduced with 6.5mM DTT, alkylated with 54 mM iodoacetamide
and digested in-gel with trypsin (Gold, mass spectrometry grade, Promega, 3 ng/uL) overnight
at 370C. Extracted peptides were vacuum dried, reconstituded in 10% formic acid and analyzed
by nanoLC-MS/MS on an Orbitrap Fusion Tribrid mass spectrometer equipped with a Proxeon
nLC1000 system (Thermo Scientific). Peptides were loaded directly on the analytical column
(Agilent Poroshell EC-C18 120 2.7 um, 50 umx500 mm, packed in-house) and separated in a 140-
min gradient containing a 124-min linear increase from 6-30% solvent B (0.1% formic acid/80%
acetonitrile), with 0.1% formic acid/water as Solvent A. Further settings were as described
previously (Ameziane et al. 2015).

Proteomic analysis. Raw data was analyzed by MaxQuant (version 1.5.8.3) (Cox et al. 2014)
employing the label-free quantitation (LFQ) algorithm and the ‘match between runs’ tool, with
default settings. MS/MS data were searched against the human Swissprot database (20,197
entries, release 2016_09) complemented with a list of common contaminants and concatenated
with the reversed version of all sequences. Trypsin/P was chosen as cleavage specificity allowing
two missed cleavages. Carbamidomethylation (C) and oxidation (M) were set as fixed and
variable modification, respectively. LFQ intensities were log2-transformed in Perseus (version
1.5.5.3) (Tyanova et al. 2016) after which proteins were filtered for at least two valid values (out
of 3 total). Missing values were replaced by imputation based on a normal distribution using
a width of 0.3 and a downshift of 1.8. p-values of all quantified proteins were calculated in a
Student’s t-test and plotted against the log2 (bait/control) LFQ abundance difference in a Volcano
plot. Proteins were considered enriched by immunoprecipitation when they met the criteria
p<0.05 and log2 LFQ[bait/control] > 2.

Survival analysis. RNA seq dataset (GSE62564) was selected from the Gene Expression Omnibus
and analyzed through the Genomics Analysis and Visualization Platform. Kaplan-Meier estimates
of overall survival were determined using expression cut-offs based on statistical significant

differences using log-rank test.

Statistics. All statistical analyses were performed using Graphpad Prism 7.02.
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Supplemental figure 1. Gene expression of transcription factors regulating MHC-1
in neuroblastoma. Gene expression datasets of neural crest cells, healthy nerve tissue and
neuroblastoma tumors were analyzed for the expression of NLRC5, IRF1 (A) and NF-«B alleles
NFKB2 and REL (B). Two-way ANOVA test was used, p<0.05 was considered significant. C. Gene
expression of MHC-1 alleles HLA-B and HLA-C in neuroblastoma tumor samples (cohort of 183
stage-4 neuroblastoma patients) was correlated with NFKB genes. Significance test for the
Pearson correlation coefficient r was conducted, p<0.5 was considered significant.
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Supplemental figure 2. Generation of cells deficient for N4BP1 and TNIP1 using CRISPR/
CAS9. To obtain AN4BP1 and ATNIP1 cell lines, CRISPR/CAS9 targeting the 4th exon of N4BP1
or the 3rd exon from TNIP1 were used to mutate the respective genes. gRNAs were cloned in
pxpr_001 vector, encoding for both gRNA, CAS9 and puromycin resistance. Virus was obtained
using standard protocols and cells were transduced. After 48 hours, cells were selected using
0.75 ug ml! puromycin for 48 hours or until non-transduced control populations died. A. GIMEN
clonal AN4BP1 and ATNIP1 cell lines were generated by limiting dilutions to ensure clonality.
Allele annotations of the clonal cell lines are shown. N4BP1 is found mutated differently on 3
independent alleles while the same -2 mutation is found in all alleles in TNIP1 mutated cells. B.
TIDE analysis for polyclonal AN4BP1 and ATNIP1 cell line, Sk-N-BE is shown as example.
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HEK293T BLM

Supplemental figure 3. Activation of NF-kB in non-neuroblastoma cell lines. Inmunoblot
analysis of phospho-RelA in WT, AN4BP1 and ATNIP1 mutants in HEK293T or BLM.
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CHAPTER 8

Introduction

Fifteen percent of all pediatric cancer deaths are caused by neuroblastoma tumors (1-3).
Neuroblastoma is the most common solid tumor in infancy, with merely 20% survival within the
high-risk disease group. Patients are generally diagnosed between ages 0-18 months. Low-risk
and intermediate-risk neuroblastoma is well treatable by surgical resection, chemotherapy and/
or radiotherapy, resulting in >93% cures (2, 4). Treatment options for high-risk neuroblastoma
patients are hematopoietic stem cell transplantation, in addition to chemotherapy, radiotherapy
and surgical resection. Yet, survival rates remain detrimental due to tumor relapses.
Neuroblastoma classifies as an embryonic tumor, rising from incompletely committed peripheral
nerve precursor cells of the neural crest that have become cancerous during development and
differentiation (5). Long-term survival is primarily related to the degree of differentiation, with
high-risk patients exhibiting more primitive crest-like tumors compared to low-risk patients
with more differentiated tumors who have a more favorable outcome (6). Therefore, standard
treatment for high-risk neuroblastoma includes administration of neuronal differentiating agents
after chemotherapy (7).

Since 2005, high-risk neuroblastoma patients can receive immunotherapy consisting of anti-GD2
antibodies and IL-2 (8). Unfortunately, while initial results seemed promising, the majority of
the patients undergoing anti-GD2/IL2 treatment eventually relapses. Still, immunotherapy has
given remarkable results in the cancer field overall, during the last decades (9-11). Embryonal
tumors like neuroblastoma may be less immunogenic than adult tumors, providing fewer targets
for immune intervention. My goal here, was to clarify immunogenic features of neuroblastoma
tumors, to provide new cues for immunotherapy to apply towards effectively targeting these
type of tumor cells.

Immunogenicity during embryonic development

The immunogenicity of any cell describes its ability to be seen by the immune system as well
as its ability to provoke an immune response. MHC 1 antigen presentation is one immunogenic
feature that is pivotal for T cell recognition of cells and thus underpins a cell’s immunogenicity
towards CD8* T cells. During embryogenesis the fetal immune system is in development, as is the
immunogenicity of all somatic cells to prepare forimmune-mediated defense against pathogens.
Embryonic stem cells (ESC) are considered immune-privileged as they display very low levels of
MHC class 1 molecules on their cell surface (12, 13, 14). Hence, ES cells are not immunogenic yet.
With each consecutive differentiation step, MHC 1 expression will increase until the cell reaches
final differentiation (15, 16). As a result, ESC-derived cells appeared to be less well rejected than
adult cells when transplanted into immune-competent mice (13, 17). The major component
responsible forimmune rejection of the adult cells was shown to be CD8* T cells. Moreover, upon
induction of MHC 1 expression in ESC-derived cells they could be killed by CD8* T cells as well,
indicating the importance of MHC 1 expression for immunogenicity. | will give additional support
for the importance of MHC 1 expression to cellular immunogenicity below.

While the brain has long been thought to lack MHC 1 expression, it is now clear that neuronal
cells do express MHC 1 in the steady-state (18, 19, 20, 21), albeit at low levels. Indeed, peripheral
nerve cells were shown to express MHC 1 to similar extent as other fully differentiated neural
crest derivatives such as melanocytes and smooth muscle cells (22, 23, 24, 25, 26, 27, 28, 29,
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30). Peptide/MHC 1 expression appears to be sufficient for antigen presentation, as healthy
melanocytes could be recognized by an antigen-specific CD8+ T cell clone (31). Furthermore, T
cell immunity against melanocyte-expressed antigen has also been shown in patients suffering
from vitiligo (32).

Studies investigating herpes infection provide evidence for MHC 1-mediated T cell immunity
against peripheral nerves. Herpes simplex virus (HSV) causes skin infections associated with
sores, vesicles or ulcers. Typically, HSV persists in peripheral nerves as a latent infection that
can reactivate at any moment. Latency of HSV is controlled by CD8* T cells (33, 34, 35). CD&*
T cells isolated from HSV-infected neural ganglia at latency state can block viral reactivation in
vitro, whereas CD4* T cells can’t (33). In further support, in vivo mouse experiments showed that
depletion of CD8* T cells triggers significantly higher viral copies during the latency phase of HSV-
infected mice compared to control mice (34). Furthermore, perforin’ or granzymeB (grB)” mice
were unable to control HSV latency. Indeed, in co-cultures of infected neurons with perforin”-or
grB7 HSV-specific CTLs reactivations were observed. In contrast, wild type CTLs were able to
establish latency (34). Control of HSV latency by CD8* T cells is dependent on MHC 1 expression.
Given that in HSV-infected neurons, down-regulation of MHC 1 resulted in abrogated latency and
viral reactivation (36). These studies indicate that endogenous MHC 1 antigen presentation in
peripheral nerves is sufficient for recognition by CD8* T cells.

Neuroblastoma tumors typically present with extremely low levels of MHC 1, especially in high-
risk patients (37). Neuroblastomas with low classical (HLA-A, -B, and -C) MHC 1 expression were
shown to have higher non-classical HLA expression (HLA-E, -F, and -G), whose plasma levels
correlated with worse survival (38). Aberrant NFkB activity causes both low MHC 1 and decreased
expression of the antigen processing machinery required for functional antigen presentation by
the MHC 1 molecule. In some cases, these proteins can be re-expressed by exposure to IFNy (39,
40, 41), then allowing for CD8* T cell recognition of the neuroblastoma cells (39, 41).

Development of neuroblastoma tumors

Neuroblastoma arises in cells of the peripheral nervous system, most commonly the sympathetic
nerves of the adrenal gland or the paraspinal ganglia. As neuroblastoma is found in children as
young as 3 months old, the cause of the tumor is thought to lie in aberrant development and
differentiation during embryogenesis rather than exogenous mutagenic factors.

Initiation of neural tissue development begins with the formation of the neural tube around day
26-30 after conception. In this process called neurulation, the dorsal positioned neural plate
folds inwards to form not only the neural tube but also the aligning neural crest cells (Figure
1A-C). Neural stem cells will develop in the linings of the neural tube and give rise to all tissues
of the central nervous system, including the brain and spinal cord. Concurrently, the neural crest
cells give rise to diverse cell lineages that will migrate throughout the embryo and develop into
various tissues, including the skull, smooth muscle cells of the heart, melanocytes, peripheral
nerves and more.

The neural crest tissue can be divided into four functional regions along the anterior-to-posterior
axis: the cranial neural crest, the trunk neural crest, the vagal/sacral neural crest and the cardiac
neural crest. Of these, the trunk neural crest cells contain the precursors for the sympathetic
nerves and dorsal root ganglia. Additionally, some trunk neural crest cells migrate towards the
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Figure 1. Neural crest cell induction and differentiation. A. Central in the ectodermal layer
resides the neurectoderm, consisting of the neural plate and the neural plate border. On the
ventral side of the ectoderm is the mesoderm layer positioned. B. The neural plate, the ectoderm
and the mesoderm start the production of neural crest-inducing signals while the neural plate is
growing inwards. C. Neural crest cells start migrating out of the ectodermal layer alongside the
neural tube. D. Neural crest cells can migrate back into the ectodermal layer for differentiation
into melanocytes. Other neural crest cells will upregulate the expression of Phox2B which
marks their commitment to sympathetic neuron differentiation. Phox2B-expressing cells of the
trunk neural crest migrate towards areas of the dorsal root ganglia, sympathetic ganglia and
adrenal medulla where final neuron differentiation occurs through down-regulation of MYCN
and signaling through RA receptors (RAR) and neurotrophin receptors (NTR). N = neural tube,
A = aorta, Y = yolk sac.

skin layer to become melanocytes (Figure 1D).

An elaborate interplay of signals determines the formation, migration and differentiation of
neural crest cells and its destined lineages (3, 42-44). Induction of the neural crest requires
the surrounding ectoderm, neurepithelium and mesoderm to produce signals consisting of
bone morphogenetic protein (BMP), Wnt, fibroblast growth factor (FGF), retinoic acid (RA) and
Notch (43, 45-47) (Figure 1B). These cascading signaling gradients allow for the neural crest
cells to separate from the neurepithelium and ectoderm and trigger their migration (Figure 1C).
Migration of neural crest cells is controlled by the permissiveness of the extracellular matrix
(48-50), and a range of guidance signals (51). Part of the migrating neural crest cell precursors
will activate the transcription factor Phox2B, which drives differentiation toward sympathetic
neurons (52) (Figure 1D). When arrived at their destined location, post-migratory sympathetic
precursors differentiate into their mature status, which is accompanied by down-regulation of
MYCN and subsequent signaling through neurotrophin receptors and retinoic acid receptors (45,
53, 54) (Figure 1D).

Errors that may occur during the development of neural crest cells and the differentiation of
its diverse lineages contribute to the formation of neuroblastoma tumors. In spite the fact that
no single mutation or genomic alteration accounts for all neuroblastoma cases (55), certain
genetic changes are more common than others. In 40% of high-risk neuroblastomas the MYCN
gene is amplified (56), directly antagonizing the process of neuronal differentiation. Anaplastic
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lymphoma kinase (ALK), a transcriptional target of MYCN, regulates survival of migratory neural
crest cells and stimulates self-renewal (57, 58). In 5% of the high-risk neuroblastoma cases ALK
was shown to have gain-of-function mutations (59).

In 23% of high-risk neuroblastomas that lack MYCN amplifications, rearrangements of the
telomerase reverse transcriptase gene could be found (60). TERT rearrangements result in
overexpression of TERT, which lengthens the telomeres and thereby prolongs the lifespan of
neuroblastoma cells. Telomere length is also regulated by the ATRX gene, an epigenetic factor
of the SWI/SNF family of chromatin modifiers that play a critical role in neural crest maturation
(61). In 11% of high-risk neuroblastomas ATRX is inactivated resulting in preservation of telomere
length.

The transcription factor Phox2B carries loss-of-function mutations in 4% of high-risk
neuroblastoma. Since Phox2B plays a critical role in sympathetic neuron differentiation,
neuroblastoma cells expressing mutated Phox2B were shown to resist RA-induced neuroblastoma
differentiation (62).

Although many different genetic defects are found in neuroblastoma tumor, the majority appears
involved in differentiation processes of neuronal development. In line with this observation,
part of high-risk neuroblastoma treatment regimen is focused on differentiating the immature
cancerous cells using retinoic acid. Indeed, results of a randomized phase Ill trial of high-dose
13-cis-RA after chemotherapy showed increased 3-year event-free survival (EFS) of 14% in high-
risk neuroblastoma patients (63). Also following autologous bone marrow transplantation,
13-cis-RA treatment resulted in 14% higher 3-year EFS (63).

Nuclear factor kappa B during neuronal development

In cancer, nuclear factor kappa B (NFkB) signaling is often affected. In most tumors NFkB is
constitutively active, including in prostate cancer, small and non-small lung cancer, breast cancer
and head and neck cancer (64). In contrast, in neuroblastoma, abnormally low levels of NFkB
have been reported on both protein and gene level (39, 65, 66, This thesis: chapter 7). The NFkB
family of transcription factors consists of five members: RelA (p65), RelB, c-Rel, NFkB1 (p50) and
NFkB2 (p52) (Figure 2A). Unlike the RelA, RelB and C-Rel, p50 and p52 are proteolytically cleaved
from precursors p105 and p100 (67). All five NFkB subunits can form homo- and heterodimers.
Different combinations of NFkB dimers can have different target DNA preferences and different
effects on gene activity. RelA, RelB and c-Rel harbor transactivation domains at the C-terminus,
which are absent in p105 and p100 (68). NFkB can be activated through the canonical or
non-canonical pathway (Figure 2B), primarily activating p50/p65 or p52/RelB homodimers,
respectively.

NFkB plays a pivotal role in embryonic development and neurogenesis (69-72). In mice, NFkB
is shown to be active in zones of neurogenesis (69, 70). RelA knockout mice die at E15 due
to liver degeneration (73, 74). IKKa/B double knockout mice die at E12 due to apoptosis of
neural epithelial cells and impaired neurogenesis (75). Specifically neural crest derivatives are
effected when mutations occur in regulating kinases within the non-canonical pathway, TGFbeta-
activating kinase 1 (TAK1) or TAK1-binding protein 2 (TAB2). Patients carrying TAK1 mutations
present with skeletal dysplasia of the skull (76, 77). A TAB2 deficiency was discovered in patients
suffering from congenital heart defects (78) (Figure 2B).
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Figure 2. NFkB aberrations in neuronal development. A. Representation of the five NFkB
family members. The NFkB transcription factor can consist of any two members of the NFkB
family. Which combination determines its transcriptional targets and activity. B. Regulation
of the canonical and non-canonical activation pathways of NFkB. Among other kinases, the
TAK1/TAB2 complex regulate the canonical pathway by phosphorylating IKK. In turn, the
IKKo/B-complex phosphorylates IkB which is then targeted to the proteasome for degradation,
freeing the p50/p65 NFkB dimer. After phosphorylation of p65, this NFkB dimer translocates
to the nucleus to initiate gene transcription. The non-canonical pathway is activated when
NIK phosphorylates IKKa. The IKKa/a-complex phosphorylates p100, which is then partially
degraded by the proteasome producing the RelB/p52 NFkB dimer. RelB/p52 can directly
translocate to the nucleus to start gene transcription. Proteins highlighted with an asterisk
were found to have an important role in neuronal development; the effect observed when they
are deficient or mutated is depicted.
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During embryonic development, the NFkB levels change. Human embryonic stem cells display
low levels of NFkB (79). Upon differentiation, the NFkB levels increase (80, 81). In fact, forced
expression of RelA in ES cells drives differentiation and results in loss of pluripotency (82). In
particular, epithelial-to-mesenchymal transition (EMT) was shown to depend on active NFkB
levels (82, 83), a crucial step that underlies the formation of neural crest cells as they delaminate
from the neurepithelium into the mesenchyme.

Besides playing a role in early development of neural crest cells, NFkB is also involved in the
differentiation and maturation into neurons. In the healthy developing hippocampus, neuronal
differentiation was established through PKC-dependent NFkB activation (70). With regard to
neuroblastoma, Kérner and colleagues showed that retinoic acid (RA) induced phenotypical
differentiation of neuroblastoma cells, measured by dendrite outgrowth (84). However, NFkB
was not activated in their experiments. Nonetheless, NFkB was implicated in RA-mediated
differentiation by using neuroblastoma cells with dominant negative IkB activity. RA was unable
to differentiate these NFkB-null cells (85). In support of these data, RA-mediated NFkB activation
was observed in multiple studies (86-89), suggesting that NFkB is pivotal for neuroblastoma
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differentation. Moreover, differentiation of neuroblastoma cells using neural growth factor NGF
also resulted in NFkB activation (88).

NFkB & MHC 1 in neuroblastoma

Different from tumors in adult patients that usually harbor numerous mutations acquired
during their life time driving tumorigenesis, neuroblastoma tumors derive from erroneous
underdeveloped cells, accompanied by decreased MHC 1 levels and suppressed NFkB activity.
Since the expression of MHC 1 is under transcriptional control of NFkB (90), NFkB may not only be
involved in differentiation of neuroblastoma but also regulate immunogenicity of neuroblastoma
tumors.

NFkB directly transactivates the gene transcription of MHC 1 heavy chains, as well as the
B2-microglobulin (B2m) light chain. In induced pluripotent stem cells, NFkB signaling was
demonstrated to be required for MHC 1 expression (91). Not only MHC 1 itself, but also the
expression of genes encoding the antigen presentation machinery, including TAP1 and TAP2,
ERAP1 and ERAP2 and tapasin, is regulated by NFkB transcription factors (39, 90). Therefore, it
stands to reason that MHC 1 downregulation in neuroblastoma tumors is influenced by aberrant
NFkB signaling. Indeed, reports have shown that in neuroblastoma tumor cells expressing very
low MHC 1 levels, NFkB signaling was impaired (39, 40, This thesis: chapter 7). Indeed, MHC 1 gene
transcription was diminished when NFkB binding sites were deleted from the promoter region in
neuroblastoma cells (92). Furthermore, upon inhibition of NFkB, MHC 1 levels decreased in both
steady-state and TNF-treated conditions (40). Moreover, by reconstituting NFKB expression, MHC
1 surface expression was restored (39, 40, This thesis: chapter 7).

Research into the mechanistic insights showed that n-Myc suppresses NFkB activity in
neuroblastoma, thereby down-regulating MHC 1 expression (66). This data was contradicted
by Forloni and colleagues in 2010, who showed that n-Myc does not regulate MHC 1 in
neuroblastoma although MHC 1 expression did depend on NFkB (40). Indeed, n-Myc levels did
not influence NFkB activation upon RA-treatment either (86). Instead, n-Myc may play a role
in preventing neuroblastoma differentiation as n-Myc was shown to disrupt protein kinase
C-mediated signaling (65), which is activated by differentiating agent NGF (88), and n-Myc
correlated with resistance to differentiation (86).

We and others have shown that neuroblastoma cells can be recognized by CTLs when MHC
1 expression is restored (39, 41, 93, This thesis: chapter 6 and 7). Using CTL clone BK289
which is specific for an EBV nuclear antigen 4-derived peptide, recognition of peptide-pulsed
neuroblastoma cells could be observed (93). Different from peptide-pulsing, Lorenzi and
colleagues used effector cells recognizing neuroblastoma endogenous antigen MAGE-A3 and
showed T cell reactivity when neuroblastoma cells were transfected with NFkB subunit RelA
(39). We were able to show T cell recognition of neuroblastoma cells when 1) transfected with
HLA-A2 gene construct, 2) treated with IFNy or 3) pre-exposed to activated natural killer cells (41,
This thesis: chapter 6). All three conditions resulted in enhanced MHC 1 surface expression and
subsequent presentation of endogenous tumor antigen PRAME. Furthermore, we were able to
identify two genes that regulate NFkB activity in neuroblastoma (This thesis: chapter 7). Through
deletion of these genes, TNIP1 and N4BP1, we generated NFkB-active neuroblastoma cells which
show enhanced MHC 1 antigen presentation capacity and can now be recognized by CTLs.
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Different from tumors in adults that usually have actively mutated to avoid T cell reactivity,
neuroblastoma tumors seem to lack their full immunogenic potential as a consequence of
arrested development. Thus, neuroblastoma cells can remain unseen by T cells due to the fact
that they are stuck in development.

T cell-based immunotherapy against neuroblastoma

Lots of strategies exist in the immunotherapy field that focus on T cell-mediated killing of tumor
cells. With regard to neuroblastoma, | will now discuss immune checkpoint inhibitors, adoptive
cell transfers and dendritic-cell vaccination.

Immune-checkpoint inhibitors

Immune-checkpoint inhibitors are used to give tumor-infiltrated T cells more power to overcome
the inhibitory micro-environment of the tumor. Most important immune checkpoints inhibitors
include anti-CTLA-4, anti-PDL1 and anti-PD1 antibodies. CTLA-4 and PD1 receptors are expressed
on CD8" T cells and function as switch-off receptors that gradually inhibit T cell reactivity and
ultimately shut down the immune reaction. PDL1, the ligand to the PD1 receptor, is expressed
on antigen-presenting cells and target cells, and is often upregulated in the cancer micro-
environment.

Immunohistochemical analysis of neuroblastoma tumor sections revealed the presence of
tumor-infiltrated CD8* T cells (94, 95). Although an immunosuppressive micro-environment of
neuroblastomatumors has been reported (96-99), these CD8* T cells displayed an effector memory
phenotype, expressed IL-2 receptor CD25 and showed intra-tumoral proliferative capacity (95).
In corroboration, pediatric tumors including neuroblastoma were shown to have low expression
of PDL1 (100) indicating that T cells are not actively silenced by neuroblastoma tumors. Indeed,
PD1 blockade showed no beneficial effects in a murine tumor model of neuroblastoma (101)
(Figure 3).

Adoptive T cell transfer

In adoptive T cell therapy, patient-derived T cells are isolated, selected and expanded ex vivo
followed by re-infusion into the patient. This strategy is focused on increasing the number of
tumor-specific T cells in the patient’s body. Prerequisite to this approach is knowledge about the
antigen specificity of the immunodominant T cells. The mutational burden of neuroblastoma
tumors is usually low, which makes the use of potential neo-antigens unfeasible. Instead, antigens
that are expressed in neuroblastoma include the cancer/testis antigens, such as NY-ESO1, MAGE
and PRAME (37, 102-104). The recognition of neuroblastoma cells by antigen-specific T cell
clones has been observed, however only in conditions of MHC 1 upregulation (39, 41, 105, This
thesis: chapter 6). Patient-derived lymphocytes transgenically engineered to express aBTCRs
directed against neuroblastoma antigens may indeed offer a powerful treatment option for high-
risk neuroblastoma patients, if at least antigen specificity is known (Figure 3).

Infusion of NY-ESO1 transgenic T cells significantly delayed tumor progression in neuroblastoma-
bearing mice but did not eliminate all tumor cells (105). The efficacy of T cell therapies in high-
risk neuroblastoma could possibly benefit from a combination with strategies to increase MHC 1
expression on the tumor cells, thereby increasing their immunogenicity as a whole.
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Figure 3. T cell-based immunotherapies in neuroblastoma. Anti-PD1 antibodies block
the inhibitory receptor PD1 on the T cell membrane (1). Isolated T cells are transgenically
engineered to express the afSTCR recognizing neuroblastoma-specific tumor antigens, such
as NY-ESO1, MAGE or PRAME, presented in MHC 1 molecules (2). Isolated dendritic cells are
loaded with neuroblastoma material as to present its antigens towards T cells as peptide/
MHC 1 complexes. Then, the activated T cells recognize and eliminate the neuroblastoma
cells (3). Decitabine treatment or NFkB activation will increase MHC 1 expression and antigen
presentation by neuroblastoma cells. Indicated therapies were tested in either patients or
mouse models. Therapies with (partial) beneficial results are depicted in green, therapies with
no beneficial results or depicted in red.

Vaccination strategies

A third option is the activation of tumor-specific T cells in vivo. This strategy will elicit endogenous
T cell reactivity against specific tumor antigen(s) and induce memory T cells that can re-activate
in case of tumor relapses. There are several options when it comes to vaccination. Particulate
vaccines can consist of whole tumor cells, DNA, RNA, peptide or protein; possibly targeted
towards a specific receptor. Cellular vaccines often include a type of antigen-presenting cell, pre-
treated ex vivo to specifically stimulate tumor-directed T cells in vivo.

In a phase 1 trial of subcutaneous vaccination with patient-derived neuroblastoma cells that
were genetically modified to secrete IL2 and XCL1 chemokine, in vivo anti-tumor T cell activation
was measured (106). In this setting, T cell reactivity was however insufficient as all patients
progressed and were unable to overcome the recurrent neuroblastoma. As opposed to a direct
injection, whole tumor cells or lysates thereof can be fed to patient-derived dendritic cells (DCs)
ex vivo for vaccination with antigen-presenting DCs, an approach that may work better. Geiger and
colleagues prepared monocyte-derived dendritic cells (moDC) from patient-isolated monocytes
and pulsed them with syngeneic tumor freeze-thaw lysates prior to administration of the moDC
vaccine (107). Here, tumor-specific T cell activation after vaccination was detected in 1 of 3
neuroblastoma patients. Similar to this study, induction of cytolytic T cells was monitored using
moDCs pulsed with UVB-irradiated tumor lysates (108). Here, amongst the isolated lymphocytes
from 7 out of 9 patients tumor-specific CTLs could be activated which subsequently were able to
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kill the tumor target cells in vitro.

Instead of feeding whole tumor lysates to DCs, some studies opt for extracting RNA out of tumor
cells to feed to DCs. Unfortunately, no objective tumor responses were observed in 11 high-risk
neuroblastoma patients vaccinated with tumor RNA-pulsed moDCs (109). In vitro, RNA-loaded
DCs were able to generate CTLs recognizing neuroblastoma antigens (110). Of note, the tumor
RNA in this study was transfected into rather than phagocytosed by moDCs.

Evidence of in vivo anti-neuroblastoma immunity induced by dendritic cell vaccines comes from
two studies using murine models of neuroblastoma. Intra-tumoral injection of IL12-secreting
DCs resulted in effective anti-tumor CTL responses and neuroblastoma clearance within 3 weeks
(111). Also, targeting antigen to activating Fc-gamma receptors on DCs increased the induction
of anti-tumor immunity and protected against neuroblastoma tumor challenge after vaccination
(112). In human patients, however, the efficacy of DC vaccination against cancer has been
limited. In a recent peptide-pulsed DC vaccination trial with relapsed neuroblastoma patients,
T cell responses were measured in 3 out of 8 patients (113). Of these 3 patients, 1 relapsed
10 months after therapy, 1 remained disease-free 2 years after therapy and 1 is in complete
remission already 3,5 years after therapy. Patients who failed to mount an immune response
after vaccination also underwent disease progression (Figure 3). It is noteworthy to mention that
the DC vaccination was combined with administration of decitabine, an epigenetic drug shown to
increase MHC 1 expression in tumor cells (114, 115). Though the results of this trial are modest,
they illustrate the potential of T cell-mediated therapy against neuroblastoma whether or not
induced by a DC vaccine or via adoptive transfer of T cells and combined with MHC 1-increasing
agents.

Concluding remarks

The embryonic status of neuroblastoma tumors helps us understand how immunogenicity of this
type of cancer is regulated. Given that an embryonic status associates with underdevelopment,
lack of differentiation and absence of immunogenic features, it stands to reason that the
immunogenic potential of neuroblastoma tumor cells is a direct results of its embryonic origin.
Correlating with neural precursor cells going awry is the suppression of the NFkB transcription
factor, which also regulates MHC 1 expression. Active NFkB not only sensitizes neuroblastoma
for differentiation, but also makes neuroblastoma receptive for T cell-mediated anti-tumor
immunity. Insights into neuroblastoma immunogenic regulations will further the development
of immunotherapy against neuroblastoma.
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CHAPTER 9

In this thesis | have explored the process of MHC-1-mediated antigen presentation in two
distinctive cell types. In the first chapters | describe mechanisms in dendritic cells that affect
antigen (cross)-presentation and its application for vaccination. In the later chapters | focus
on neuroblastoma tumor cells and possible ways to increase their antigen presentation levels
towards cytotoxic T-cells.

Dendritic cells are pivotal players that bridge innate and adaptive immunity. As sessile sentinels in
barrier tissues, they scan their local environment using the receptors on their cell surface. When
sensing inflammatory or danger signals, DCs engulf the receptor-bound material and process it
for antigen presentation to T-cells. This process of antigen presentation has great therapeutic
potential in the cancer field, driving the development of innovative immunotherapies.

DCs are able to engulf tumor-derived material and cross-present tumor-derived antigen
fragments to CD8* T-cells. In Chapter 2, | give an overview of recent literature about cross-
presenting tumor cell material by dendritic cells. Especially necrotic or apoptotic tumor cells
are recognized by dendritic cells and processed for antigen cross-presentation. Signals on or
secreted by the dying cells are important for the intracellular routing of antigens towards the
cross-presentation pathway. Within this pathway, a balanced play between antigen degradation
and antigen preservation serves to maximize cross-presentation of the phagocytosed cargo and
thereby the elicitation of an anti-tumor T-cell response.

Tipping the scale towards antigen preservation causes a complete stop of antigenic peptide
production and subsequent loss of antigen cross-presentation, as described in Chapter 3. Here,
cowpox virus-derived protein CPXV012 inhibits direct MHC-1 antigen presentation in infected
cells. In this chapter CPXV012 is delivered into the endosomal pathway of dendritic cells as a
soluble protein. In this endosomal environment, soluble CPXV012 colocalizes with endocytosed
antigen. By blocking endosomal acidification, it prevents the degradation of antigen, a process
that is required to liberate antigenic peptide to be cross-presented by MHC-1.

Peptides that are produced by endosomal processing of antigen do not only reach MHC-1 for
presentation, but also MHC 2. MHC 2 presents antigen to helper CD4* T-cells that aid in the
priming of CD8* T-cells. The benefit of reaching both CD4* and CD8"* T-cells when initiating an
immune response is investigated in Chapter 4. Antigen-specific CD4* T-cells stimulate DC-
mediated priming of antigen-specific CD8* T-cells recognizing an epitope of the same antigen.
This is accomplished by the production of IFNy upon binding peptide/MHC 2-complexes on the
DC cell surface. These findings are relevant, as after stem cell transplantation, when a newly
infused immune system is in development, patients may suffer from viral reactivations such as
CMV. In these patients, the presence of CMV-specific CD4* T-cells precedes the induction of CMV-
specific CD8* T-cells. After viral clearance, only the CMV-specific CD8* T-cells are still detected.
Given the pivotal role of dendritic cells in eliciting cellular immunity, they may be useful for
therapeutic purposes. In Chapter 5, | explore this option using a viral vector that targets dendritic
cells in vitro and in vivo. This viral vector is a derivative from the bunyavirus Rift Valley Fever virus
and genetically engineered to express either pp65 (human) or OVA (mouse) antigen. Using the
RVFV vector we detected antigen-specific CD8* T-cell activation, both using in vitro cultures and
using in vivo mouse models. Furthermore, in prophylactic and therapeutic settings of vaccination
this viral vector was able to confer protection against a lymphoma tumor challenge.
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SUMMARY

Neuroblastoma is the most deadly pediatric solid tumor and currently lacks a cellular
immunotherapeutic treatment strategy. Tumor-specific CD8* T-cells may be effective to destroy
neuroblastoma tumor cells. However, neuroblastoma tumors were shown not to be immunogenic
due to low MHC-1 expression levels and lack of broadly- expressed antigens. How to increase
neuroblastoma immunogenicity is discussed in Chapter 6. Cells with no/low MHC-1 levels can
become targets for natural killer (NK) cells. Indeed, part of the neuroblastoma cells could be
killed by NK cells in vitro. Those cells surviving the NK cell attack showed upregulation of MHC-1
and could therefore become targets for CD8* T-cells. This hypothesis required the identification
of a neuroblastoma-expressed antigen. | show that the preferred antigen in melanoma (PRAME)
is expressed in >90% of high-risk neuroblastoma tumors and PRAME-specific T-cells are able to
recognize neuroblastoma cells, but only when MHC-1 levels are upregulated e.g. by previous NK
cell attack.

The regulation of MHC-1 expression in neuroblastoma is further investigated in Chapter 7. MHC-
1 expression, and thus T-cell recognition of neuroblastoma, appears to depend on the activation
of the transcription factor NFkB. Through systematic gene deletions, | have identified factors that
suppress NFkB activity in neuroblastoma cells. TNIP1 limits NFkB activity in neuroblastoma by
destabilizing the canonical IKK-complex. N4BP1 on the other hand shows an inhibitory effect on
NFkB that is independent of the canonical IKK-complex. N4BP1 aids OTUD7B to de-ubiquinate
TRAF3, thereby stabilizing TRAF3 protein and ensuring blockage of both canonical and non-
canonical NFkB pathways. Depletion of N4BP1 results in degradation of TRAF3 and subsequent
accumulation of NIK, which initiates activation of non-canonical NFkB. Both TNIP1 and N4BP1
tumor expression levels are correlated with worse survival of neuroblastoma patients, suggesting
they could be relevant targets for the development of future (immuno)therapies against
neuroblastoma.

Finally, the role of NFkB suppression in neuroblastoma development, immunogenicity and
immunotherapy is reviewed and discussed in Chapter 8.
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In dit proefschrift heb ik het proces van antigeen presentatie onderzocht in twee verschillende
type cellen, namelijk dendritische cellen en neuroblastoom tumorcellen.

Het eerste hoofdstuk geeft een introductie over antigeen presentatie en beschrijft de focus van
dit proefschrift. Een antigeen is een stukje eiwit dat wordt herkend als lichaamsvreemd, zoals
bijvoorbeeld afkomstig van een virus of bacterie. Tegen een antigeen kan een immuunreactie
worden gestart. Deze immuunreactie kan bestaan uit het maken van antilichamen die het
antigeen, en daarmee het virus of de bacterie, vangen of uit het uitgroeien van “killer”
immuuncellen die geinfecteerde lichaamscellen kunnen vernietigen.

Antigenen worden in het lichaam door dendritische cellen (DC) opgespoord; zij patrouilleren
door de weefsels en komen in actie wanneer ze gevaar tegen komen. In een dergelijke situatie
slokt de DC het antigeen op en gaat vervolgens op weg naar de dichtstbijzijnde lymfeklier om
het aan het immuunsysteem te presenteren. Het opgeslokte antigeen wordt binnenin de DC
afgebroken tot kleine stukjes, ofwel peptiden. In de cel is ook het presentatiemolecuul MHC-1
aanwezig. MHC-1 is in staat om zich te verbinden met dergelijke peptiden. Het peptide/MHC-1-
complex baant vervolgens zijn weg naar het celoppervlak waar het zich presenteert aan “killer”
immuuncellen. Het proces waarin een antigeen wordt opgeslokt en afgebroken om te worden
gepresenteerd in MHC-1, is uitermate belangrijk voor de activatie van de juiste immuunreactie. In
hoofdstukken 2,3,4 en 5 heb ik onderzocht hoe dit proces geremd kan worden, hoe het bijdraagt
in het groeiende immuunsysteem na stamceltransplantatie en hoe we het kunnen benutten voor
een DC vaccin (tegen kanker).

Niet alleen DCs, maar iedere kernhoudende cel van het lichaam brengt MHC-1 tot expressie
waarmee het peptiden presenteert afkomstig uit eigen cel. Het presenteren via de MHC-1
receptor, isvoor al deze lichaamscellen de manier om aan hetimmuumsysteem te laten zien wat er
zich afspeelt binnenin de cel. Presentatie van lichaamseigen peptiden zal er geen immuunreactie
opwekken. Echter, geinfecteerde cellen of tumorcellen zullen afwijkende peptiden presenteren
en zijn dus in staat het immuunsysteem te alarmeren.

Het type immuuncellen dat peptide/MHC-1-complexen op het celoppervlak van cellen kan lezen
zijn de zogeheten T-cellen (hiervoor “killer” cellen genoemd). ledere T-cel draagt één unieke
T-cel receptor (TCR) en kan daarmee één peptide/MHC-1-combinatie herkennen. Zo is er voor
ieder antigeen wel een reagerende T-cel te vinden. Het gebruik van T-cellen die specifiek tumor
antigenen kunnen herkennen, is een groeiend veld binnen de kankertherapie en heeft ook al enige
successen behaald. Voor neuroblastoomkanker is er tot op heden nog geen gestandaardiseerde
immuuntherapie ontwikkeld die gebaseerd is op T-celherkenning. Neuroblastoom is een
type kinderkanker dat zich uit in de sympathische zenuwcellen, vaak in de bijnier of langs de
wervelkolom. Neuroblastoom tumorcellen weten het immuunsysteem te ontwijken door
geen MHC-1 tot expressie te brengen. Zonder MHC-1 is er geen antigeen presentatie en dus
geen herkenning door T-cellen. In hoofdstukken 6, 7 en 8 onderzoek ik de regulatie van zowel
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MHC-1 expressie als MHC-1 presentatie in neuroblastoom. Dit is van belang om een effectieve
T-celgemedieerde immuuntherapie tegen neuroblastoom te kunnen ontwikkelen.
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