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Abstract

How cancer affects the immune system of children, which is different to adults, is unclear
and has not been described systematically. Immune-modulating therapies are proving
promising novel therapeutic options in adult cancers but their use in paediatric cancers
remains limited. A better understanding of the immune system is needed in order to target

the right pathways and optimise immunotherapeutic approaches.

Furthermore, the new virus (SARS-CoV2) has led to the development of a novel disease
occurring only in children, called multisystem inflammatory syndrome in children (MIS-C).
This disease shares many similarities with different inflammatory paediatric conditions (such
as Kawasaki Disease (KD) but also many differences. Identifying the immunological changes
occurring in MIS-C patients and how these relate to other paediatric inflammatory
conditions is important both to understand the pathogenesis of this new disease and inform

rational treatment selection.

Through this study, novel NK pathways have been identified in paediatric cancer patients
that can potentially be targeted as well as potential new biomarkers. In MIS-C patients a
hyper-inflammation state, with activation of both innate and adaptive immunity, was
identified. Treatment with intravenous immunoglobulin (IVIG, standard care)
administration led to multiple anti-inflammatory changes including the expansion of CD163+

monocytes and production of arginase.
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CHAPTER 1- Introduction

1.1 Paediatric Immune System

1.1.1 Background

The human immune system has evolved to provide an efficient rapid respond to acute
infections and adapt to changes (Simon, Hollander and McMichael, 2015). The adult
immune system is relatively stable over time but varies among individuals (Carr et al., 2016).
Conversely, the paediatric immune system undergoes several changes over time, adapting
regularly to vaccines and pathogens exposure, with the most significant changes occurring
during the first two years of life, followed by more subtle changes later on in

childhood(Dowling and Levy, 2014; Yu et al., 2018).

The paediatricimmune system transitions from an environment of immune tolerance during
the foetal period to a sudden exposure to environmental factors at birth (Dowling and Levy,
2014; Yu et al., 2018). This transition renders new born babies more susceptible to
infections, particularly bacterial, due to their immature innate immune system (Dowling and
Levy, 2014; Yu et al., 2018) and impaired neutrophil functions (Filias et al., 2011). In
addition, impaired T helper 17 (Th17) and T helper 1 (Th1) responses also increases
susceptibility to pathogens such as Escherichia coli, Listeria monocytogenes and herpes
simplex virus (Adkins, 2007; Kollmann et al., 2012). Moreover, the infant’s immune system
lacks “antigen experience,” where in both the T and B cells compartments there are high
numbers of naive and low numbers of memory and effector cells. Therefore, an antigen
driven response will take longer to develop (Adkins, 2007) further contributing to a young

infant’s susceptibility to bacterial and viral infections. During the first 3 months of life, the
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infant is dependent on circulating maternal antibodies for immune protection while their

immune system matures (Olin et al., 2018).

Young children remain at risk of acute infections from viruses and bacteria, as their immune
system continues to develop over time (‘Infections in child care centres’, 2000). Vaccination
programmes have dramatically reduced mortality in children (Allen and Hicks, 2021) as they
provide protective immune responses against serious diseases. In addition, encountering
different pathogens, results in immunological memory which is considered to be an evolving
feature of our immune system providing long lasting protection towards future reinfections
(Simon, Hollander and McMichael, 2015; Aranburu et al., 2017). Studies have shown that
these immune responses in childhood are relatively uniform but environmental factors are
mostly responsible for the person’s intra-variability observed (Brodin et al., 2015). Thus, the
paediatric immune system has a unique feature, being able to react to novelty, a function

that becomes ineffective later in life and particularly in elderly individuals.

The 10,000 Immunomes project (Zalocusky et al., 2018) is a reference dataset for human
immunology and provides evidence- based immune references, derived from 10,000
controls, according to age, sex and race. With the incorporation of available datasets from
flow and mass cytometry repositories, this study is the largest and most comprehensive
study to date for immunome references. However, the paediatric studies included in their
analysis were mostly of individuals aged over 10 years of age and therefore not taking into

account the first decade of life.
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Understanding the developing paediatric immune system is crucial not only for vaccine
development but also for understanding the mechanisms underpinning different responses
to viruses such as in the case of SARS-CoV-2 (Carsetti et al., 2020) and the development of
childhood cancer (Greaves, 2018; Greaves, Cazzaniga and Ford, 2021).To date, undertaking
these studies in children has been limited by the small volume of blood and access to these
limited samples. In addition, studies have mainly focused on the neonatal period and
infancy (Dowling and Levy, 2014; Olin et al., 2018; Lakshmikanth et al., 2020) ignoring the
first decade of a child’s life, a milestone for the developing immune system. Nevertheless,
knowledge of the cellular immune systems, predominantly T, B, Natural Killer (NK) cells and
monocytes are important due to their role in tumour surveillance, tumour elimination and

defence against infection.
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1.1.2 T-Cells

T-cells are part of the adaptive immune system, and their main role is to regulate and
orchestrate the immune response (Alberts et al., 2002). Their progenitors, hematopoietic
stem cells (HSC) are found in the bone marrow. They give rise to T-cells which then migrate
to thymus for further maturation. In the thymus they undergo a differentiation process
where mature self-tolerance T-cells are released to the circulation (Alberts et al., 2002).
There are two major subsets of T-cells; CD8 and CD4 T cells. CD8 T-cells have mainly a
cytotoxic capacity by mediating direct killing whereas the CD4 T-cells act as helper cells,

indirectly killing foreign targets and regulating immune responses (Alberts et al., 2002).

T-cell development is not static, but changes with age (Simon, Hollander and McMichael,
2015; Pinti et al., 2016; Zalocusky et al., 2018). T-cell output in the peripheral blood reduces
with age as the thymus involute (Salam et al., 2013). Current evidence suggests that the
absolute CD8+ and CD4+ T-cell count increases at birth and up to the age of 9-15 months,
after which they gradually decrease to adult levels (Schatorjé et al., 2012). In the elderly, the
CDA4 to CDS8 ratio is less than one as CD4+ T-cells reduce in numbers (Pinti et al., 2016).
Human CD4+ and CD8+ T-cells have been divided into four differentiation states based on
the expression of cell surface proteins CD45RA and chemokine receptor CCR7 (Sallusto et
al., 1999): 1) naive CD45RA+CCR7+,2) central memory CD45RA-CCR7+ (Tcm), 3) effector
memory CD45RA-CCR7 (Tem) and 4) terminally differentiated CD45RA+CCR7- (TEMRA).

CD27 instead of CCR7 has also been used for this subdivision (Hamann et al., 1997).
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Phenotypic T-cells changes also occur with age as the immune system encounters different
foreign challenges. The main effect of aging in the T-cell compartment is the expansion of
the T-cell memory pool and the decreased production of naive T-cells due to thymic
involution (Pinti et al., 2016). More specifically, during the neonatal period, circulating T-
cells are mainly naive recent thymus migrants (Simon, Hollander and McMichael, 2015).
Over time the naive T-cells decrease in frequency and give rise to memory T-cells. In
particular, the CD8+ Tem subset increases with age and remains stable once it reaches adult
levels (Schatorjé et al., 2012). Furthermore, CD8 Tcm and TEMRA subsets double during the
first months of life and then decrease gradually to adult levels(Schatorjé et al., 2012) but,
significantly increase again in the elderly (Pinti et al., 2016). The CD4+ Tcm subset has been
reported either to remain stable through the years(Schatorjé et al., 2012) or increase with
age (Koch et al., 2008; Zalocusky et al., 2018). The CD4 Tem and TEMRA subsets remain very
low in numbers throughout life (Schatorjé et al., 2012) however, in cases of cytomegalovirus
(CMV) infection an expansion of CD4+ TEMRA has been reported in the elderly (Libri et al.,

2011).

These studies have mainly used flow cytometry as a tool to investigate the developing
immune system. Flow cytometry is a powerful tool and has evolved to analyse up to 50
markers (Hunka, Riley and Debes, 2020), however these studies were limited by the number
of markers measured. As different subsets of T-cells emerge the need for additional markers
increases. For example, cytotoxic CD8 T cells are defined by CXCR3 expression and secretion
of perforin and granzymes (Charles A Janeway et al., 2001; Oghumu et al., 2015). Moreover,
CD4+ T helper cells 1 (Th1) are also defined by CXCR3 expression and secretion of

interleukin(IL)-2, tumour necrosis factor alpha (TNFa) and Interferon (IFN-y) (Mosmann and
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Coffman, 1989; Mosmann, 1992; Raphael et al., 2015). T-helper cells 2 (Th2) are defined as
CCR4+CCR6- and secretion of IL-4, IL-5 and IL-13 (Mosmann and Coffman, 1989; Mosmann,
1992; Raphael et al., 2015). T-helper cells 17 (Th17) and T-helper cells 22 (Th22) are defined
as CCR4+CCR6+ and secrete IL-17 and IL-22 respectively (Aggarwal et al., 2003; Raphael et
al., 2015) while T-follicular helper cells (Tfh) are defined as CXCR5+ (Mosmann, 1992). Other
T-cell subtypes like mucosal-associated invariant T- (MAIT) cells are defined based on the
TCR-va 7.2 expression and are of increasing importance in cancer immunology (Huang et al.,
2019). Given the number of markers required to investigate all these different subsets it is
now evident scientists are required to harness the power of tools that can provide deeper

insights and deep immune phenotype to study the immune system in more detail.
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1.1.3 B-cell compartment

B-cells are part of adaptive immunity, and their main role is to produce antibodies against
bacterial proteins, polysaccharides and vaccines (Alberts et al., 2002). B-cells are derived
from HSCs and develop in the bone marrow where they undergo positive and negative
selection for elimination of autoreactive cells (Shlomchik, 2008). They then migrate to the
peripheral lymphoid tissues for further development and maturation(LeBien and Tedder,
2008). More specifically, transitional B-cells, having recently exited the bone marrow,
migrate to the secondary lymphoid organs for further maturation to naive B-cells (Sims et
al., 2005). Here, naive B-cells receive a continuous supply of antigen through the circulating
lymph(Harwood and Batista, 2010). Once exposed to an antigen, naive B-cells undergo
activation in two ways. The first is a T-cell independent antigen activation (Murphy and
Weaver, 2016). This leads to the differentiation of B-cells into short-lived plasmablasts
producing IgM antibodies, providing an early antibody response to acute infections
(Bromage et al., 2004). The second, is the T-cells dependent activation. In this process the
B-cells bind an antigen through their B-cell receptor (BCR), which is then internalised,
degraded and re-expressed on the cell surface as peptide bound to major histocompatibility
complex (MHC) class Il (Blum, Wearsch and Cresswell, 2013). CD4 T-cells and Tfh, bind the
MHC-class Il and peptide complex through their T-cell receptor (TCR) causing cytokine
release and B-cell activation and proliferation(Crotty, 2015). This process is essential for
creating both memory B-cells and long-lived plasma cells (Fink, 2012). Memory B-cells
remain dormant in the periphery until they encounter the same antigen again (LeBien and
Tedder, 2008) while plasma cells are long-lived and produce IgG antibodies for

years(Bromage et al., 2004).
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The B-cell compartment similarly matures and changes considerably with age and according
to the immune status of the host (Pigtosa et al., 2010). Overall, absolute numbers of B-cells
double during the first month of life and gradually decrease to adult values, whereas in the
elderly total B-cells are substantially reduced (Pigtosa et al., 2010). In addition, children have
a higher proportion of transitional B cells which gradually decreases with age (Pigtosa et al.,
2010). Based on the expression of cell surface proteins CD27 and IgD, B-cells are divided
into four major subsets(Blomberg and Frasca, 2013): naive (IlgD+CD27-), non-switched
memory (IgD-CD27+), switched memory (IgD+CD27+) and double negative B-cells (IgD-
CD27-). Throughout life, naive B cells comprise the majority of the B-cell compartment, but
this gradually decreases with age. The elderly have a higher proportion of double negative
B-cells and less switched memory B-cells compared to children and adults (Pinti et al., 2016).
Finally, the population of non-switched and class switched memory B-cells increases during

the first decade of life and as children are exposed to more antigens (Pigtosa et al., 2010).
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1.1.4 Natural Killer (NK) cells

NK cells represent 5-20% of circulating lymphocytes and are part of the innate immune
system(Abel et al., 2018). Their role is to kill virally infected cells and malignant cells (Vivier
et al., 2008). In addition, they produce key cytokines such as interferon gamma (IFNy) and
tumour necrosis factor alpha (TNFa), mediating immune responses through macrophages
and dendritic cells (Abel et al., 2018). NK cells mature in the bone marrow and secondary
lymphoid organs (Abel et al., 2018). NK cells undergo education as their inhibitory receptors,
such as the killer immunoglobulin-like receptor (KIR) and NKG2A, interact with the major
histocompatibility complex MHC-I (He and Tian, 2017). These cells are now deemed self-

tolerant and functionally competent.

Little is known about how NK cells change over time. Absolute numbers of NK cells decrease
during the first two months of life to reach adult levels (Simon, Hollander and McMichael,
2015). In the neonatal period NK cells ability to elicit cytolytic effect is reduced; this
gradually changes with time (lvarsson et al., 2013; Simon, Hollander and McMichael, 2015)
and by 5 months of age it reaches adult levels (Yabuhara, Kawai and Komiyama, 1990).

NK cells can be subdivided into three subsets in order of maturation: CD56°8"CD16-,
CD569MCD16- and CD569™CD16+ (Cooper, Fehniger and Caligiuri, 2001; Fehniger et al.,
2003). The CD56bright NK cell subset is immature, has the capacity to produce cytokines
and has low cytotoxic potential ( Cooper, Fehniger and Caligiuri, 2001). In the elderly, the
CD56bright NK cell subset reduces in frequency, reflecting their decreased production from

the bone marrow (Le Garff-Tavernier et al., 2010; Gayoso et al., 2011).
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On the other hand, the CD56dim NK cell subset is more cytotoxic and represents the

majority of the circulating NK cells (Cooper, Fehniger and Caligiuri, 2001).

The NK maturation process begins in the bone marrow and can be divided into three
different stages (figure 1.1). First, the precursor NK cells undergo development processes in
the bone marrow until they are ready to exit to the peripheral circulation. During this stage,
the NK cells are CD56bright, express high levels of inhibitory receptor NKG2A and activating
receptors NKp30, NKp46, NKp80 and do not express killer immunoglobulins-like receptors
(KIR) or CD57 (Hamann et al., 2011; Abel et al., 2018). Downregulation of CD56 and
expression of CD16 marks the second stage and the transition of the precursor NKs to
immature NK cells. The downregulation of CD56 is associated with increased cytotoxic
activity and particularly increased anti-tumour cytotoxicity (Abel et al., 2018). Finally, the
acquisition of CD57 marks the terminal differentiation stage of NK cells. These cells have the
highest cytotoxic potential and sensitivity to stimulation via the Fc receptor CD16 however,

possess decreased capacity to proliferate (Lopez-Verges et al., 2010).
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Figure 1-1 NK Cells Maturation process

Human NK cell maturation process is shown with their receptor expression profile. pNK stands
for precursor NK cells, iNK stands for immature NK cells and mNK stands for mature NK cells.
Figure adapted from Chanvillard et al., 2013 using BioRender.

26



1.1.5 Monocytes

Monocytes are the largest circulating lymphocytes, represent around 5-10% of the
peripheral leukocytes and are part of the innate immune system. They develop from the
monoblasts in the bone marrow and are released to the circulation for one to two days after
which they migrate to different tissues and differentiate into macrophages (Ziegler-
Heitbrock et al., 2010a). They contribute to immune defence and tissue repair through
phagocytosis, antigen presentation and cytokine production (Ziegler-Heitbrock et al.,
2010a). There are three main circulating subsets based on the expression of CD14 and CD16:
classical monocytes are defined as CD14+CD16-, non-classical monocytes are defined as
CD14'°*CD16+ and intermediate monocytes are defined as CD14+CD16+ (Ziegler-Heitbrock

etal., 2010a).

In general, a newborn’s monocytes are immature and exhibit diminished cytokine
responses, poor tissue repair and impaired phagocytosis (Simon, Hollander and McMichael,
2015). In addition, there is a paucity of lung macrophages in newborns which resolves a few
days after birth (Simon, Hollander and McMichael, 2015). Little is known about how
monocytes mature through childhood. However, studies of adults report several dynamic
changes in monocytes, particularly for non-classical monocytes which expand in the elderly

(Hamann et al., 1997; Sadeghi et al., 1999).
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1.2 Paediatric Cancer and Immunotherapies

1.2.1 Paediatric Cancer

Paediatric cancers differ dramatically from adult cancers especially in terms of the
epidemiology, biology, cellular origin and response to treatment. Childhood cancers are rare
and it is estimated that approximately 1 in 500 children are diagnosed with cancer each year
in the developed countries and this figure is expected to rise (Mosmann, 1992). In addition,
cancer is the leading cause of death among children aged 1-14 in the UK (“Why children die
- research and recommendations,2014,” RCPCH). Incidence patterns of these cancers shows
a bimodal age-specific pattern with peaks between 1-5 years and 10-14 years of age (figure
1.2,Board et al., 2003). Symptoms vary according to the tumour type, can be non-specific

and often resemble those of other common childhood disorders.

The aetiology of cancer in children has puzzled scientists. lonizing radiation and
chemotherapy agents have been associated with a very small number of cases. In addition,
several viruses are associated with oncogenesis such as Epstein-barr virus (EBV) with
Hodgkin lymphoma(Massini, Siemer and Hohaus, 2009) and polyomaviruses with brain
cancer(White et al., 2005). Furthermore, different genetically-driven syndromes predispose
to cancer such as Li-Fraumeni syndrome, neurofibromatosis, Bloom Syndrome, Fanconi
anaemia and many more(Kliegman RM, S. Geme J, 2019). Overall, paediatric cancer
aetiology is thought to be multifactorial with both genetics and environmental factors

contributing to cancer development (Greaves, 2018).
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An international classification system has been adopted to assign the different types of
paediatric tumours into different groups. The 3rd edition of International classification of
Childhood cancer (ICCC-3) is now an established classification system used by paediatric
pathologists, oncologists and epidemiologists (Steliarova-Foucher et al., 2005). A simplified

table has been extrapolated by the ICCC-3 classification and is shown in table 1.

The most common malignancies in children up to the age of 14 in order of prevalence are
leukaemia, central nervous system (CNS) tumours, lymphoma, neuroblastoma, Wilms
tumour, bone tumours, soft tissue sarcomas, germ cell and gonadal tumours, hepatic
tumours and retinoblastoma (figure 1.2, Steliarova-Foucher et al., 2017). On the other hand,
for children between 15-19 years old the most common malignancy is lymphoma followed
by epithelial tumours and melanoma, leukaemias, germ cell and gonadal tumours, CNS

tumours, bone tumours and soft tissue sarcomas(figure 1.2, Steliarova-Foucher et al., 2017).

Acute lymphoid

i\ leukemia
| \ Non-Hodgkin _///Sarcomas
Neuroblastoma | \ lymphoma Osteosarcoma
Wilms tumor ' \ ~ Glioma _~ Ewing sarcoma
Retinoblastoma : Soft-tissue sarcoma
Primitive Hodgkin disease
neuroeclqdermai Testicular cancer
tumor (PNET) Ovarian cancer
Birth 5 10 18
Age (yr)

Figure 1-2 General incidence of the most common types of cancer in children by age.

Cumulative incidence of all cancers is shown in dashed line demonstrating the bimodal
distribution of the disease. Figure reproduced from the Nelson Textbook of Pediatrics 21°t
edition.
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ICCC-3 Code

VL.

VILI.

VIIL.

Xl.

XIl.

Site

Leukaemias, myeloproliferative diseases, and myelodysplastic diseases

Lymphomas and reticuloendothelial neoplasms

CNS and miscellaneous intracranial and intraspinal neoplasms
Neuroblastoma and other peripheral nervous cell tumours
Retinoblastoma

Renal tumours

Hepatic tumours

Malignant Bone tumours

Soft tissue and other extraosseous sarcomas

Germ cell tumours, trophoblastic tumours, and neoplasms of gonads
Other malignant epithelial neoplasms and malignant melanomas

Other and unspecified malignant neoplasm

Table 1-1 ICCC-3 Code classification for paediatric cancers.

Adapted from the 3rd edition of International classification of Childhood cancer.
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1.2.2 Embryonal tumours and paediatric sarcomas

Embryonal tumours occur almost exclusively in young children and arise from
undifferentiated cells similar to the ones observed in embryos (Tulla et al., 2015). However,
there is no established definition for embryonal tumours and they are mainly divided into
non-CNS and CNS tumours. The non-CNS embryonal tumours consist of neuroblastoma,
ganglioneuroblastomas, nephroblastoma (Wilm’s tumour), retinoblastoma,
hepatoblastoma, rhabdoid and some other rare tumours (Willis RA, 1962). The CNS
embryonal tumours include medulloblastoma, primitive neuroectodermal tumours (PNETSs),

medulloepithelioma, and atypical teratoid/rhabdoid tumours (AT/RTs) (Louis et al., 2007).

Survival for embryonal tumours varies according to age of presentation and type of tumour
(Tulla et al., 2015). For example, neuroblastoma stage MS spontaneously regress in infants
<1 years of age (Brodeur and Bagatell, 2014). On the other hand, survival of patients
presenting with neuroblastoma at the age >1 years of age declines significantly(Tulla et al.,
2015). In general, the worse prognosis is for patients diagnosed with PNETs and AT/RT and

the best prognosis is for patients diagnosed with retinoblastoma (Tulla et al., 2015).
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1.2.2.1 Neuroblastoma

Neuroblastoma originates from primitive neural crest cells of the sympathetic nervous
system and typically arises in the adrenal medulla or paraspinal ganglia (Aygun, 2018). It
occurs mostly in young children <5 years of age and the median age of diagnosis is 22
months of age(Kliegman RM, 2019). Neuroblastoma represents a type of disease that
highlights the complexity of the embryonal tumours. Patients presenting with disseminated
disease during the first year of age (Stage MS, previously known as 4S) can be treated with
observation alone whereas older patients presenting with the same disease burden have
poor outcomes despite aggressive multimodal treatment (Maris and Denny, 2002). N-MYC
gene amplification occurs in 18-38% of cases and correlates with higher risk for metastatic
disease and poor prognosis (Aygun, 2018). Other poor prognostic factors are the loss of
1p,11q,14 q, gain of 17q and DNA ploidy (Bagatell and Cohn, 2016). In addition,
neuroblastoma’s complex tumour microenvironment further complicates patients’
therapeutic response due to its immunosuppressive nature. Several immune escape
mechanisms have been described including: downregulation of human leukocyte antigen
(HLA) class | and therefore impaired T-cell and NK recognition, secretion of
immunosuppressive molecules and recruitment of immunosuppressive cells (Pinto et al.,

2015).

Treatment regimens are guided by risk groups and high-risk groups’ treatment incorporate
high dose chemotherapy with stem cell rescue, surgery, radiotherapy, immune-modulatory
therapy and other biological agents(McGinty and Kolesar, 2017). A revolutionary step

towards improving outcomes for high risk neuroblastoma patients was the incorporation of
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the monoclonal antibody dinutuximab targeting a diasialoganglioside (GD2) to the current
conventional treatment regimen and this has increased survival for high-risk patients from
46.5% to 66.5% (McGinty and Kolesar, 2017). Furthermore, early studies suggest that
adoptive NK cell therapy in combination with dinutiximab results in meaningful clinical
responses in patients with refractory/recurrent neuroblastoma (Federico et al., 2017),

suggesting NK therapy should be further explored in neuroblastoma treatment.

1.2.2.2 Nephroblastoma- Wilms tumour

Nephroblastoma (Wilms tumour) originates from the nephrogenic rests, undifferentiated
renal mesenchyme, that does not regress and persists postnatally becoming malignant. It
occurs mostly in children <5 years old with a peak incident at 2-3 years. It can be unilateral

or bilateral in 7% of the cases.

There are several syndromes associated with Wilms tumour such as WAGR syndrome
(Wilms tumour, aniridia, genitourinary abnormalities, mental retardation), Denys-Drash
syndrome and hemihypertrophy syndrome Beckwith-Wiedemann. A common characteristic
of WAGR and Denys-Drash syndromes is loss WT1 gene located at 11p13, which is the first
identified Wilms tumour gene. Since then, many other genetic alterations have been
described in Wilms tumour such as CTNNB1 mutation affecting the WNT signaling pathway,

mutation of p53 and many more.
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Treatment involves chemotherapy, surgery and radiotherapy and is risk-adapted. The main
aim of treatment is to cure the patient while preserving as much of the renal function as
possible. Experimental dendritic cell vaccines targeting WT1 have shown promising results
(Shimodaira et al., 2016) however, these results require validation in larger cohorts. Overall,
survival for children with Wilms tumour is around 90% and is generally thought to be one

the tumours with favourable outcome.

1.2.2.3 Paediatric Sarcomas

Paediatric sarcomas are rare and heterogeneous bone and soft tissue tumours that arise
from mesenchymal cells in bones or soft tissues(Anderson et al., 2012). Their prognosis
depends on age, stage, tumour site, histology and any underlying molecular events such as
chromosomal translocations (Kliegman RM, S. Geme J, 2019). Overall, 5 year survival for
paediatric sarcomas has reached a plateau around 60% (Anderson et al., 2012). Due to their

rarity, they are understudied cancers.

Rhabdomyosarcoma is the most common soft tissue sarcoma and can be found at any
anatomic site (Kliegman RM, S. Geme J, 2019). It occurs in increased frequency in patients
with neurofibromatosis and Li-Fraumeni syndrome(McDowell, 2003). It is thought to arise
from striated muscle and there are three histological types: the embryonal, botryoid and
alveolar. Treatment strategies include surgery, chemotherapy and radiotherapy. Immune
checkpoint inhibitors such as CTLA-4 and PD-1 inhibitors are currently being trialled in
metastatic rhabdomyosarcoma but preliminary results are not as encouraging (Chen et al.,

2019). Other immunotherapies currently being investigated in rhabdomyosarcoma are CAR
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T-cells and monoclonal antibody targeting the B7-H3 protein, which has been shown to be
present on the surface of many paediatric tumours, however with limited clinical efficacy

(Chen et al., 2019).

Osteosarcoma is a bone sarcoma derived from mesenchymal cells and the pathological
findings consist of malignant spindle cells associated with malignant formation of osteoid
and bone. There are several predisposition syndromes associated with osteosarcoma such
as Li-Fraumeni syndrome and Rothmund-Thomson syndrome (Kliegman RM, S. Geme J,
2019). Treatment strategies include chemotherapy and surgery. Immunotherapies such as
PD-L1 inhibitors have been used in osteosarcomas but with limited effect (Chen et al.,

2021).

Finally, Ewing sarcoma (ES) is an undifferentiated bone sarcoma, arising from mesenchymal
cells and is categorized with the primitive neuroectodermal tumours(Kliegman RM, S. Geme
J, 2019). Treatment strategies include chemotherapy, surgery and radiotherapy.
Immunotherapies have been trialled in ES with limited clinical effect. More specifically, PD-1
or PD-L1 inhibitors have been used in ES but the low mutational burden and the
downregulation of HLA class | molecule on the tumour renders these checkpoints ineffective
(Morales et al., 2020). Finally, CAR T-cells are currently being trialled in ES however, early
phase clinical studies do not show a clinical response perhaps because no specific surface

antigen has been identified in ES (Morales et al., 2020).
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1.2.2.4 Lymphomas

Lymphoma is the third most common malignancy in children under the age of 14 years and
the most common malignancy in adolescents. Lymphomas are categorised as Hodgkin or

Non-Hodgkin lymphoma.

Hodgkin lymphoma (HL) is the most common malignancy in adolescents and has been
associated with Epstein-Barr virus(Massini, Siemer and Hohaus, 2009). The histological
findings are the identification of the Reed-Sternberg cell, a large cell arising from the
germinal centre B-cells, surrounded by inflammatory infiltrate cells (Wang et al., 2019).
Overall, prognosis is good with an overall survival at 5 years of more than 90% with the
current treatment strategies which include chemotherapy and radiotherapy(Kliegman RM,
S. Geme J, 2019. Immunotherapy has been used in HL patients with promising results. PD-1
and PD-L1 inhibitors have been used in patients who relapsed with promising results and
current studies are investigating introducing this agent as a frontline treatment( Ansell et

al., 2015).

Non-Hodgkin lymphoma (NHL) can be divided in three main subtypes: lymphoblastic
lymphoma (LBL), mature B-cell lymphoma (Burkitt Lymphoma and diffuse large B-cell
lymphoma) and anaplastic large cell lymphoma (ALCL). Most cases of LBL and ALCL cases are
T-cell in origin. Treatment and prognosis vary according to the diagnosis and staging.
However, the overall survival rate is around 90% (Kliegman RM, S. Geme J, 2019).

Immunotherapies are being successfully used in NHL including the monoclonal antibodies
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against CD20 (rituximab), CD30 (brentuximab) and CAR T-cells specific for each lymphoma

subtype (Neelapu et al., 2020)

1.3 Cancer Immunotherapies in the paediatric oncology setting

We are at the dawn of a new age in cancer treatment with the rapid evolution of
immunotherapeutics that exploit the immune system to kill cancer cells. These therapies
target the host immune system to either amplify a natural antitumor response or initiate a
new immune response (Majzner, Heitzeneder and Mackall, 2017). In adult cancers, the use
of immunotherapy is rapidly gaining ground as a more effective and less cytotoxic
alternative (Brahmer et al., 2015; Postow et al., 2015; Robert et al., 2015; Brown et al.,

2016).

In paediatric oncology, the combination of cytotoxic chemotherapies has improved survival
rates over the years, yet significant issues remain. First, for high risk and metastatic disease
cure is often unachievable despite aggressive surgical, chemotherapy and radiotherapy
combinations (Erdmann et al., 2021). Such patients inevitably relapse and are usually
refractory to further treatment. Second, the toxic effects of these treatments remain a
significant challenge in the short to medium term despite advances in supportive care.
Third, the late effects of cytotoxic treatments, which include secondary cancers,
cardiovascular events, and higher risk of infection, remain a significant cause of morbidity
and mortality (Lancashire et al., 2010; Reulen et al., 2010; Fidler et al., 2016). It is therefore
clear that future research in paediatric oncology should address these issues by identifying
novel therapeutics approaches that are more effective, especially in relapse/refractory

disease, with less treatment related side-effects and improvement in the long-term
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survivor’s quality of life. Immunotherapy is an attractive alternative as it offers, in principle,
a targeted potent anti-tumour response with less side-effects (Mellman, Coukos and

Dranoff, 2011; Majzner, Heitzeneder and Mackall, 2017).

As illustrated previously numerous immunotherapies are being used or investigated in
paediatric cancers however, the successes for immune-modulatory therapies observed in
adult cancers have not translated into the paediatric setting (Hutzen, Paudel, et al., 2019).
The reason behind this is poorly understood, though the fundamental differences of
paediatric tumours compared to adult counterparts and their corresponding immune
systems are thought to be the cause (Hutzen, Ghonime, et al., 2019). First, paediatric
tumours are embryonal in origin with less genetic mutations and therefore lack actionable
neoantigens (Marshall et al., 2014; Campbell et al., 2017). Second, the paediatric tumours
are thought to be “cold” with little tumour immune infiltrates rendering them unable to
respond to immunotherapies (Terry et al., 2020). Lastly, additional complexity stems from

the intricacies of the paediatric immune system as stated above.

While there are still significant challenges to address when it comes to immunotherapies in
the paediatric cancers, the future of these treatments should be viewed with hope. Novel
immunomodulatory drugs are rapidly emerging and rational drug combinations are needed
to increase survival and improve the quality of life (Hutzen, Paudel, et al., 2019). This can
only be achieved by understanding the molecular processes leading to cancer development

and the interplay of the tumour microenvironment with the immune system.
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1.4 Multisystem inflammatory syndrome in children associated with Coronavirus Disease
2019 (COVID-19)

1.4.1 Background of SARS-CoV-2

The World Health Organization (WHQO) declared coronavirus disease 2019 caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as a public health emergency of
international concern on the 30™ of January 2020 and as a pandemic on the 11t of March
2020 (WHO Director-General’s opening remarks at the media briefing on COVID-19 - 11
March 2020, 2020; Statement on the second meeting of the International Health Regulations
(2005) Emergency Committee regarding the outbreak of novel coronavirus (2019-nCoV),
2020). This novel virus first identified in Wuhan, China rapidly spread around the world

affecting millions of people(COVID-19 Map, accessed 26 July 2021).

Coronaviruses are single-stranded ribonucleic acid (RNA) viruses that can be transmitted by
mammals and birds. The spike (S) protein facilitates viral entry to the host cell via a range of
different cellular receptors. Like SARS-CoV, SARS-CoV-2 uses the angiotensin-converting
enzyme 2 (ACE2) receptor to infect cells (Wan et al., 2020). The nucleocapsid (N) protein
attaches to the viral genome and is involved in the RNA replication while the membrane (M)
protein interacts with the N protein to promoting the assembly and exit of the virus from
the host cells (Voss et al., 2009; Astuti and Ysrafil, 2020). Finally, the envelope protein
facilitates the production, maturation and release of virions(Mohamadian et al., 2021). In
humans, several coronaviruses cause mild illness however, over the past decade two newly
identified coronaviruses have infected humans causing severe acute respiratory syndrome

(SARS) and middle east respiratory syndrome (MERS,Mohamadian et al., 2021).
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SARS-CoV-2, as is the case for all human coronaviruses, is transmitted via the respiratory

route through droplets that enter the human respiratory epithelial cells (figure

1.3,Nakagawa, Lokugamage and Makino, 2016). The virus then fuses with the endocytotic

vesicle and releases its RNA (figure 1.3). Next, virus replication and assembly occur, and

infectious virus particles are then released via exocytosis (figure 1.3). In severe cases SARS-

CoV-2 migrates to the lower airways causing pneumonia.
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Figure 1-3 SARS-CoV-2 structure, transmission and life cycle.
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The spike (S) protein facilitates viral entry to host cell through the angiotensin-converting
enzyme 2 (ACE2) receptor. The virus then fuses with vesicle and the SARS-CoV-2 RNA is
released intracellularly for replication. Finally, viral assembly occurs and virus is released via

exocytosis. Figure produced in BioRENDER.
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1.4.2 SARS-CoV-2 in children and research redirection

At the beginning of the COVID-19 pandemic, the general consensus was that SARS-CoV-2
infection in children did not lead to severe disease and in most cases acute infection was
either asymptomatic or resulted in mild respiratory symptoms(Castagnoli et al., 2020;
Hoang et al., 2020; P.-I. Lee et al., 2020). Many theories emerged as to why this could be the
case, including the fact that children have a more active innate immune response, healthier
respiratory tracts, are less exposed to environmental factors such as smoking and less
vulnerable from co-morbidities such as hypertension (Carsetti et al., 2020; P.-Il. Lee et al.,
2020). Furthermore, children’s ability to produce natural IgM antibodies with broad
reactivity and variable affinity has also been suggested as a potential protective mechanism

against SARS-CoV-2 (Carsetti et al., 2020).

Subsequently, a rare novel disease in children was reported that was suspected of being
linked to SARS-CoV-2 infection. This was called multisystem inflammatory syndrome in
children (MIS-C) by WHO (Multisystem inflammatory syndrome in children and adolescents
temporally related to COVID-19, 2020) or paediatric inflammatory multisystem syndrome
temporarily associated with COVID-19 (PIMS-TS) by the Royal College of Paediatrics and
Child Health in the UK (Riphagen et al., 2020; Paediatric multisystem inflammatory
syndrome temporally associated with COVID-19 (PIMS) - guidance for clinicians, 2020).
These children presented to hospital several weeks after known exposure to COVID-19

and/or had antibodies against COVID-19 (Riphagen et al., 2020).
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During the global pandemic, the research focus was redirected towards COVID-19 research.
This resulted in pauses of any non-COVID-19 research activity including cancer research.
We, therefore, also re-directed our research towards MIS-C for practical, medical, and
intellectual reasons. MIS-C is a rare but dangerous complication of COVID-19. It affects
school-aged children and can be life-threatening. It was, therefore, our clinical obligation to
offer these patients evidence-based treatments. Using the expertise gained from high-
dimensional analysis of paediatric cancer and healthy children, we were well equipped to
interrogate the pathogenic processes involved in MIS-C and provide the scientific evidence
needed for rational therapy selection. In addition, paediatric cancer and MIS-C lie on the
opposite ends of a spectrum of immune functionality. In MIS-C the immune system
overcomes numerous tolerance mechanisms to exert inappropriate effector function and
causes damage to self-tissue. On the other hand, in cancer the immune system exhibits
insufficient effector function and is unable to eliminate the malignant cells. Investigating
these two diseases in more detail will therefore provide additional insights on the paediatric

immune system and how it responds to these two extremes.
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1.4.3 MIS-C and its similarities to Kawasaki Disease

Clinical manifestations of MIS-C resemble other paediatric inflammatory syndromes such as
Kawasaki disease (KD), Kawasaki disease shock syndrome (KDSS) and Toxic shock syndrome
(TSS) as demonstrated by many studies (Feldstein et al., 2020; Flood et al., 2021). In fact,
initial case series reports labelled these children as severe KD (Verdoni et al., 2020). KD is an
acute systemic vasculitis affecting medium-size arteries and occurs predominantly in
children less than 5 years old (McCrindle Brian W. et al., 2017). Diagnosis is made based on
certain diagnostic criteria and must include fever along with the presence of four out of the
five following features: rash, peripheral oedema/erythema, non-suppurative conjunctivitis,
lymphadenopathy and mucosal change(Kliegman RM, S. Geme J, 2019). KD is the most
common cause of acquired heart disease in children due to the cardiac involvement
associated with the disease and in particular the risk of formation of large or giant coronary
artery aneurysms (CAA, McCrindle Brian W. et al., 2017). This risk is substantially reduced
with prompt initiation of treatment with intravenous immunoglobulin (IVIG, McCrindle

Brian W. et al., 2017).

MIS-C clinical features vary and include fever, lymphadenopathy, rash, mucosal changes,
non-suppurative conjunctivitis, peripheral oedema or erythema, diarrhoea, vomiting,
hypotension, cardiac involvement, acute kidney injury and respiratory failure (Ahmed et al.,
2020; Castagnoli et al., 2020; Hoang et al., 2020; Hoste, Van Paemel and Haerynck, 2021) .
MIS-C is therefore diagnosed in patients presenting with fever, inflammation (based on their
laboratory findings), multi-organ failure and clinical features fulfilling full or partial criteria

for Kawasaki disease(Paediatric multisystem inflammatory syndrome temporally associated
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with COVID-19 (PIMS-TS) - guidance for clinicians, 2020) . Clinicians are also asked to exclude
other causes that can mimic this condition such as staphylococcal or streptococcal shock
syndrome and confirm past SARS-CoV-2 infection with antibody testing. The optimal
treatment strategy for MIS-C is unknown and there are no widely accepted guidelines on
patient management. Intravenous immunoglobulin (IVIG) is the most commonly used anti-
inflammatory agent followed by systemic corticosteroids(Ahmed et al., 2020; Hoste, Van
Paemel and Haerynck, 2021) and targeted agents that selectively inhibit the interleukin (IL)
IL-6, IL1-b or Tumour Necrosis Factor alpha (TNF-a) pathways in a smaller number of cases
(Ahmed et al., 2020; Carter et al., 2020; Consiglio et al., 2020; Diorio et al., 2020; C. Gruber
etal.,, 2020; P.Y. Lee et al., 2020; Henderson and Yeung, 2021; Hoste, Van Paemel and

Haerynck, 2021; Rodriguez-Rubio et al., 2021).

Laboratory findings of patients presenting with MIS-C include elevated inflammatory
markers (such as C-reactive protein, CRP, erythrocyte sedimentation rate, ESR), high ferritin,
lymphopaenia, neutrophilia, hypoalbuminaemia, transaminitis, elevated D-dimers and
fibrinogen. In some cases, there is also evidence of acute kidney injury or cardiac
involvement through elevated Creatinine kinase (CK), troponin and N-terminal pro-brain
natriuretic peptide (NT-proBNP,Ahmed et al., 2020; Castagnoli et al., 2020; Feldstein et al.,
2020; Hoang et al., 2020; Hoste, Van Paemel and Haerynck, 2021). MIS-C and KD share
similar laboratory findings, but some differences do exist such as lymphopenia being a
feature of MIS-C and lymphocytosis for KD. A comparison of the clinical and laboratory

findings of MIS-C and KD is shown on table 1.2.
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MIS-C

KD

Clinical Characteristics

Mean age 10-11 years
Fever >38°C

Gastrointestinal involvement : Diarrhea

and Vomiting or signs of Acute abdomen

Myocardial dysfunction/myocarditis

Respiratory Failure

Rash

Non-suppurative conjunctivitis
Lymphadenopathy

Peripheral oedema or erythema with
desquamation

Mucosal changes

Mean age 2 years
Fever >38°C for more than 5 days

Milder gastrointestinal symptoms

Coronary artery aneurysms (more severe

cardiac features seen in KDSS)
Respiratory involvement is rare
Rash

Non-suppurative conjunctivitis
Lymphadenopathy

Peripheral oedema or erythema with
desquamation

Mucosal changes

Laboratory findings

High CRP and ESR
High Ferritin

High D-Dimers
Hypoalbuminemia
Lymphopenia
Neutrophilia

High CK, LDH, troponin, NT-pro-BNP
Thrombocytopenia

Evidence of acute kidney injury
Transaminitis

SARS-CoV-2 serology positive

Table 1-2 Comparison of MIS-C and KD.

Same but not as marked

Not a feature

Only in cases with coronary aneurysms
Same

Leukocytosis

Same

Normal or mildly elevated
Thrombocytosis

Only in severe cases
Same

SARS-CoV-2 serology negative

Clinical and laboratory findings are shown for both diseases. In red are the officially

diagnostic criteria for KD which includes fever with the presence of at least four out of the

five principal features. MIS-C : Multisystem inflammatory syndrome in children, KD:
Kawasaki disease, KDSS: Kawasaki disease shock syndrome References used for making the
table: Masuzawa et al., 2015; Kliegman RM, S. Geme J, 2019; Paediatric multisystem

inflammatory syndrome temporally associated with COVID-19 (PIMS-TS) - guidance for

clinicians, 2020.
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1.4.4 Immunology of MIS-C

1.4.4.1 Cytokine profile of MIS-C patients

Several studies evaluated the cytokine profile of MIS-C and KD patients in an attempt to
unravel the hyperinflammation immune state of the disease(Carter et al., 2020; Consiglio et
al., 2020; C. Gruber et al., 2020; Esteve-Sole et al., 2021). All studies reported an increase in
pro- and anti- inflammatory cytokines in both MIS-C and KD patients however, inter-study
differences were observed. For example, interferon-gamma (INFy) and inflammatory
cytokines such as interleukin-1 (IL-1) , Interleukin-10 (IL-10), Interleukin-6 (IL-6), Interleukin-
8 (IL-8), C-X-C motif chemokine ligand 10 (CXCL10), Macrophage inflammatory protein-1a
(MIP-1a), MIP-1b, tumour necrosis factor-a (TNFa) and IL-17 were found to be increased in
MIS-C and KD patients by Esteve-Sole et al. These findings mainly agree with Gruber et al.,
Diorio et al. and Carter et al., but disagree with Consiglio et al., who reported raised IL-17
as a feature of KD disease alone and normal levels of IL-6 in MIS-C. In addition, interleukin-2
receptor agonist was found to be elevated (Carter et al., 2020; P. Y. Lee et al., 2020) as well
chemokines recruiting NK and T cells such as Chemokine ligand-19 (CCL19) and CUB
domain-containing protein 1 (CDCP1, Gruber et al., 2020). Likewise, neutrophils and
monocytes chemokine ligands (CCL2 and CCL4) as well as EN-RAGE (extracellular newly
identified receptor for advanced glycation end-products binding protein) and colony
stimulator factor 1 (CSF1) were also raised in MIS-C (C. N. Gruber et al., 2020). Finally, the
immunosuppressive soluble molecules such as the programmed death-ligand 1 (PD-L1),
leukaemia inhibitory factor receptor (LIF-R), hepatocyte growth factor (HGF) and
interleukin-18 receptor 1 (IL-18R1) were also increased in MIS-C probably as a

compensation response to inflammation (C. N. Gruber et al., 2020). In summary, studies
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reported a consistent upregulation of both pro- and anti-inflammatory cytokines in MIS-C

cases which resembles KD disease in some studies but differs in others.

1.4.4.2 Adaptive and innate immunity of MIS-C patients

A smaller number of studies assessed cellular immunity in MIS-C patients and two compared
MIS-C patients to KD. Using flow cytometry Carter et al., 2020, demonstrated that MIS-C
patients compared to healthy counterparts, had decreased frequencies of CD4, CD8, y6 T-
cells and B-cells but increased plasmablasts. Similar results were also identified by other
groups (C. N. Gruber et al., 2020; P. Y. Lee et al., 2020; Vella et al., 2021). Carter et al., 2020,
has also described innate and adaptive immune activation in MIS-C patients and in
particular for the CD4+CCR7+ and y6 T-cells, neutrophils and monocytes. Moreover,
Consiglio et al. using also flow cytometry, identified high frequencies of CD4 central and
effector memory T-cells and low frequencies of T follicular helper (Tfh) in MIS-C patients but
not in KD (n=3). Vella et al. also using flow cytometry, identified increased proliferation and
activation of both CD4 and CDS8 T-cells subsets, and particular the CX3CR1+CD8+ T-cells, but
interestingly did not report any changes in the Tfh cells in MIS-C patients when compared to
COVID-19 paediatric patients. Lastly, performing mass cytometry on nine MIS-C patients
Gruber et al. reported activation of non-classical monocytes and neutrophils in both MIS-C
and KD but did not observe any phenotypic changes in T-cells or B-cells. Overall, the
immune analysis of MIS-C patients showed a marked immune activation of both adaptive
and innate immunity however, the heterogeneity of patients, the small numbers of patients
and conflicting data make it difficult to draw firm conclusions regarding the immunological

processes of MIS-C.
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1.5 Advances in immune-monitoring technology

Flow cytometry is a powerful immunological tool that analyses single cells as they flow past
single or multiple lasers (McKinnon, 2018). Each cell is analysed for their light scatter and
one or more fluorescence parameters(McKinnon, 2018). Light scatter measured in the
forward or side directions relative to the lasers can assess the size of the cell and its
granularity (McKinnon, 2018). Measuring fluorescence parameters requires staining of cells
with fluorescence conjugated antibodies either on the surface of the cells or intracellularly.
A great challenge with multiple fluorescence parameters is the need for compensation
between fluorochromes. This is required because when fluorochromes are excited they emit
photons within a range of wavelengths that overlap with the wavelengths emitted by other
fluorophores causing cells to falsely appear double positive (‘An Introduction to Spectral
Overlap and Compensation Protocols in Flow Cytometry’, 2016). This technology
undoubtedly helped advance the immunological field and has evolved over the last decades
leading to experiments with the possibility of assessing 50 markers on a single cell (Hunka,
Riley and Debes, 2020). However, a downside of this advancement is the amount of

compensation controls that are needed to correct for spectral overlap (McKinnon, 2018).

Our tools for probing the immune system have now improved dramatically and have
advanced to the recent development of Cytometry by Time of Flight (CyTOF) which can
analyse millions of cells and measure over 50 immune markers per cell and the amount of
markers are increasing with metal isotopes availability (Bandura et al., 2009). Cells are

labelled with heavy metal ion-conjugated antibodies and detected using time-of-flight mass
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spectrometry(McKinnon, 2018). A key advantage of CyTOF is that it enables a large numbers
of markers to be measured using only a single low-volume sample, such as the small blood
samples available from paediatric patients(Lai et al., 2015). Another emerging method
allowing unlimited amount of markers to be measured on a single cell is the cellular
indexing of transcriptomes and epitopes by sequencing (CITE-seq, Stoeckius et al., 2017).
Using oligonucleotide-labelled antibodies, this method integrates measurements of both
cellular proteins and transcriptomes into a sequencing based readout of single cells

achieving a more detailed characterization of cellular phenotypes(Stoeckius et al., 2017).

Despite the increase in the number of parameters there are many challenges to address
including identifying the optimal way to visualize and interpret the high-dimensional data
generated (Kimball et al., 2018). Therefore, computational approaches, such as
dimensionality reduction and clustering algorithms are needed to allow the true power of
the technique to be harnessed. Accordingly, several analysis pipelines have been developed,
moving away from Boolean gating strategies traditionally used to analyse flow cytometry

data, to gain new biological insights (Kimball et al., 2018).

The first step of high-dimensional data analysis is dimensionality reduction and visualisation
of the data in a two-dimension space. In the case of mass cytometry data, nonlinear
dimensionality reduction techniques are needed to avoid overrepresentation of the data
(Becht et al., 2019) that might be caused with linear dimensionality reduction tools such as
principal component analysis (PCA). A commonly used tool is ViSNE, an algorithm that uses a
t-distributed stochastic neighbour embedding (t-SNE) to distribute the high-dimensional

data into a two-dimension map(Maaten and Hinton, 2008; Kimball et al., 2018). The
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resulting t-SNE plots consist of two axis tSNE1 and tSNE2 where cells are distributed based
on a continuum of their marker expression and phenotypically similar cells are often located
close to each other forming “islands”. Users can identify cellular phenotypes by colouring
the maps with different markers, look for variations between individuals and gain a quick
overview of the cellular differences between experimental groups(Kimball et al., 2018). t-
SNE has the ability to expand low density areas and ignore global relationships (Becht et al.,
2019) making it easier to gate on less abundant populations. However, disadvantages of
using t-SNE include the slow computational time and inability to represent large datasets
(van Unen et al., 2016). A new algorithm called uniform manifold approximation and
projection (UMAP), has emerged to try and address these issues as the run time for this tool
is much shorter while preserving the global structure of the data (Mclnnes et al., 2018;
Mclnnes, Healy and Melville, 2020). UMAP also produces two-dimension plots consisting of

two axis, UMAP1 and UMAP2, enabling users to interpret the data much easier.

The next step involves clustering populations of interest through unsupervised learning
algorithms. Clustering on the original data is not ideal due to the curse of dimensionality,
instead clustering on reduced dimensions is preferred (Bjorklund et al., 2016). Commonly
used algorithms include SPADE and FlowSOM (Bruggner et al., 2014; Van Gassen et al.,
2015). FlowSOM is an unsupervised technique organizing the data in self-organising maps
(SOMs) followed by hierarchical clustering of cells into meta-clusters(Van Gassen et al.,
2015). The investigator defines the number of clusters (k) required for meta-clustering.
FlowSOM can reveal how markers behave on cells ensuring that all subsets in the dataset
are identified correctly(Van Gassen et al., 2015). SPADE is different, as it partitions all the

data into many hierarchically organized clusters, reflecting all dimensions, into a branched
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tree structure (Levine et al., 2015). This structure recapitulates the cellular hierarchy that
links related cell types, making this algorithm superior for identifying rare populations
(Levine et al., 2015). However, SPADE is much slower especially when dealing with larger
dataset and therefore, FlowSOM has been the preferred clustering tool for many CyTOF

users.

In summary, a pipeline of analyses are required for mass cytometry data analysis which
includes a dimensionality reduction tool and a clustering algorithm, chosen by the

investigators based on their computational skills, the ability to extract data for testing

different hypotheses and the speed by which figures can be generated(Kimball et al., 2018).
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1.6 Hypothesis and Aims

Hypothesis: The paediatric immune signatures in paediatric cancer and MIS-C have not been
described systematically previously and they are important as they could be therapeutically
targeted.
My overarching aim is to investigate how cancer and MIS-C affects the paediatricimmune
system.
The specific aims of this thesis are:
1. Describe the differences in key immune subsets in the blood of paediatic cancer
patients compared to healthy children.
2. Investigate the function of specific immune cells that are shown to be affected in
cancer patients.
3. Describe the differences in key immune subsets in the blood of patients presenting
with a new paediatric inflammatory disease (MIS-C) compared to healthy children.
4. Describe the differences in key immune subsets following the standard of care for

MIS-C patients.

To achieve this, | will apply high dimensional immune characterisation of the peripheral
blood of cancer patients before standard of care therapy, comparing them to age and sex
matched healthy volunteers. Blood samples from MIS-C patients before and after treatment
will be similarly assessed and compared to healthy children. Therefore, my work will provide
the data needed for the rational incorporation of new immunotherapies into current
treatment protocols for both cancer and MIS-C patients. Graphical abstracts for the results

chapters are provided in figures 1.4 and 1.5.
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Figure 1-4 Graphical abstract for chapters three and four.

FFPE: Formalin fixed paraffine embedded, PBMC: Peripheral mononuclear blood cells, NK:
Natural killer, IHC: Immunohistochemistry, TILs: Tumour infiltrate lymphocytes, MMP9:

Matrix metalloproteinase 9, IL: Interleukin, sCD40L: soluble CD40 ligand, TARC: thymus and
activation regulated cytokine, IP10: Interferon y-induced protein 10, IL-12p40: Inteleukin-12

p40 monomer, CAR-NK: Chimeric antigen receptors NK. Figure produced in BioRENDER.
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Figure 1-5 Graphical abstract for chapter five.

IVIG: Intravenous Immunoglobulin, IL: Inteleukin. Figure produced in BioRENDER.
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CHAPTER 2 - Material and Methods

2.1 Tissue culture media and reagents

- RPMI-1640- Roswell Park Memorial Institute- 1640 medium supplemented with 2mM L-
glutamine (Sigma)

- Phosphate-Buffered Saline (PBS)-Sigma

- Interleukin-2- IL-2 (Peprotech)

- Penicillin-streptomycin solution (Gibco)

- Lymphoprep (Stemcell Technologies)

- Foetal calf serum- FCS (Gibco)

- Dimethyl suplhoxide- DMSO (Sigma)

- Freezing medium A: RPMI 1640 containing 60% FCS

- Freezing medium B: 80% FCS and 20% DMSO

- Cell Stain Media (CSM) buffer: PBS and 0.5% of FCS and 0.02% of sodium azide

- Iridium Intercalator: 2,5ul of Fluidigm stock solution into 10ml of CSM-S (CSM + 0.02% of
saponin)

- MACS buffer: 0.5% BSA and 2mM EDTA in PBS

- Culture media: RPMI, 10% Foetal Bovine Serum, Penicillin 50U/ ml and streptomycin

50U/ml
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2.2 Processing of samples from patients and healthy children

2.2.1 Sample preparation and cryopreservation

Peripheral blood from patients and healthy children were collected in vacutainer tubes
containing Ethylenediaminetetraacetic acid (EDTA). Blood volumes sampled varied
according to age and followed the World Health Organisation (WHO) guidance for safe
sampling in child health research (Howie, 2011). For a single blood draw the following limits
were kept: up to max 5 ml (age 0—4 yr); 10 ml (age 5-9 yr); 15 ml (age 10-14 yr); 30 ml (age
> 15 yr). Samples were delivered at the University of Birmingham within 24 hours of

collection.

Cancer patients and healthy children

Samples were transferred to the University of Birmingham laboratories for processing.
Blood was diluted 1:1 with warm RPMI media and then added into a 50ml SepMate tube
(Stem Cell Technologies) containing 15ml of Lymphoprep. For smaller samples (blood
volume less than 5 ml) 15ml SepMate tubes were used with 4ml of Lymphoprep. Samples
were centrifuged for 10 minutes at 1200 g with the brake on. Plasma (2.5mls) was carefully
removed from the top of the tube, being careful not to disturb the peripheral blood
mononuclear cell (PBMC) layer and transferred into a new 15ml tube for further processing

and storage.

PBMCs were poured off (in no longer than 2 seconds) into a new 50ml tube and counted

using a haemocytometer. RPMI media was added (5-10ml) and a low-speed centrigugation
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at 300g was performed for 8 minutes to isolate the PBMCs and remove platements. After
discarding the platelets, the PBMC pellet was resuspended and a number of aliquots
cryopreserved according to the ealier PBMC count. Cryopreservation was performed by
resuspending the PBMCs with equal volumes of freezing media A and B, transferring the
cells into 1ml cryovials, placing these into a room temperature Mr Frosty freezing container
(Nalgene) to allow slow cooling at a rate of 1 degree per minute placing the Mr Frosty
chamber into a -80°C freezer for at least four hours. PBMC samples were transferred to
liquid nitrogen for long-term storage, typically the day after processing but within a

maximum of one week.

After PBMC processing was completed, the plasma that had been collected earlier was

centrifuged at 1200g for 10 minutes with brake on. Four 500ul aliquots were immediately

transferred into 1ml cryovials and stored at -80 °C.

MIS-C patients and healthy children

In addition to the PBMC and plasma isolation protocol mentioned above, whole blood was
also frozen using Cytodelics whole blood stabiliser. Equal amount of blood and Cytodelics
stabiliser were added to a cryogenic vial and mixed well by inverting the vial 10-15 times.
The sample was incubated in room temperature for 10 minutes and then transferred to -80
°C. The numbers of aliquots were determined according to the total blood volume received

at the laboratory.
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2.2.2 Recovery of cryopreserved cells

PBMC recovery

Cryovials were placed from liquid nitrogen storage into a 37°C water bath. Once thawed the
cells were transferred into a 15ml tube and RPMI-1640 + 10% FCS added. PBMCs were
collected by centrifugation at 350 g for 5 minut4s with brake on. The supernatant was
discarded, and cells were resuspended with 5-10 ml of appropriate media. Cells were then

counted using a haemocytometer and used for experiments.

Cydotelics whole blood sample recovery

The manufacturer’s cell recovery protocol was followed. Samples were first thawed in a
37°C water bath and fixed using Cytodelics fixation buffer for 15 minutes. Then 2 ml of the
Cytodelics red blood cell lysis buffer was added for a further 10-20 minutes until the
solution was no longer turbid. The samples were then centrifuged at 400 g with brake on for
5 minutes. The supernatant was aspirated, 2 ml of Cytodelics wash buffer was added and
the sample was centrifuged for 5 minutes at 400 g with brake on. Finally, the supernatant

was aspirated, and cells were resuspended in appropriate media for further experiments.
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2.3 Mass cytometry panel design and optimisation

The initial goal from the immune analysis of the paediatric cancer discovery cohort was to
characterise the immune signatures of children with cancer. We therefore developed a
broad immunophenotyping panel capturing the majority of the immune subsets. Supporting
information of this panel is provided in Table 2.1 containing an array of immune cell lineage
markers. Following the results from the paediatric cancer discovery cohort further two
panels were developed and applied in the paediatric cancer discovery cohort (Table 2.2) and
validation cohort (Table 2.3) for in-depth immunophenotyping of the NK cells. Finally, for
the MIS-C patients we used the scRNAseq data (Syrimi et al., 2021) as a guide to develop a
focused mass cytometry panel interrogating both the innate and adaptive immunity (Table
2.4). The paediatric cancer panels were applied to patients PBMCs while the MIS-C panel

was applied to Cydotelics preserved blood.

Optimal panel design maximises signal and minimizes interference by carefully pairing mass
antibody markers with mass channels based on the marker intensity, the sensitivity of
channel and crosstalk between mass channels(Takahashi et al., 2017). Taking that into
account we carefully assigned markers for low- and high- abundance antigens as per the
Fluidigm panel design guidance. The majority of these antibodies were obtained in a
conjugate format from Fluidigm while the remaining antibodies were conjugated manually.
Antibody titration was performed using 0.5ul or 1ul antibody per 100l of cell suspension
containing 1,5x10° cells. The optimal titre for each antibody was assessed by the ability to

securely detect positive from negative cells against signal spill-over into other mass channels
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(Gullaksen et al., 2019). Antibody titration was performed at the same conditions as the

final experiment to ensure proper signal intensity allowing population definition.

To avoid batch effects, all the samples were thawed and stained together, using the same
antibody master mix and running all the samples on the CyTOF within 48 hours (as per
Fluidigm guidance). In addition, using a barcoding approach (this step was used only for the
Paediatric Cancer cohorts and not for the MIS-C) multiple samples were stained together in
one tube optimizing data acquisition speed and efficiency as it constitutes a single sample
run on the CyTOF (Schuyler et al., 2019). To further avoid batch effects, we randomised
patients’ samples to different barcodes avoiding inter-barcoding variability. To facilitate
comparison across batches and when able to we included a technical replicate in each
barcode set as a biologically constant reference or an anchor sample from a single donor

processed the same way (Schuyler et al., 2019).
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Metal Marker Clone Source
89y CD45 (BC) HI30 Fluidigm
114 Qdot CD45 (BC) HI30 Biolegend
115In CD45 (BC) HI30 Biolegend
141Pr CD31 WM59 Biolegend
142Nd cD57 HCDS57 Fluidigm
143Nd CcD38 HIT2 Biolegend
144Nd cp8 SK1 Biolegend
145Nd cD4 RPA-T4 Fluidigm
146Nd IgD 1A6-2 Fluidigm
1475m CXCR3 GO25H7 Biolegend
1485m CD16 3G8 Fluidigm
1495m cD127 AO19D5 Fluidigm
150Nd 0OX40 ACT35 Fluidigm
151Eu CCR6 GO34E3 Biolegend
1525m TCR-gd 11F2 Fluidigm
153Eu CCR4 L291H4 Biolegend
1545m CD73 AD2 Biolegend
155Gd PD1 EH12.2H7 Fluidigm
156Gd CD45RA HI100 Biolegend
158Eu cD33 WM53 Fluidigm
159Tb cD161 HP-3G10 Fluidigm
160Gd cD39 Al Fluidigm
161Dy ICOS C398.4A Biolegend
162Dy cD27 L128 Fluidigm
163Dy CD56 NCAM16.2 Fluidigm
164Dy CD95 DX2 Fluidigm
165Ho cD19 HB19 Fluidigm
166Er cD24 MLS Fluidigm
167Er CCR7 GO43H7 Biolegend
168Er CXCRS 125204 Biolegend
169Tm cD25 2A3 Fluidigm
170Er CcD123 6H6 Biolegend
171Yb cD5 UCHTZ Biolegend
172Yb CD11c 3.9. Biolegend
173Yb cD3 UCHT1 Biolegend
174Yb HLA-DR L243 Fluidigm
175Lu CD14 MSE2 Fluidigm
176Yb TCR va7.2 3C10 Biolegend
194-198Pt CD45 (BC) HI30 Biolegend
2098i CD11b ICRF44 Fluidigm

Table 2-1 Generic panel one used for the paediatric cancer patients and healthy children.

Barcodes are indicated as BC.
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Metal Marker Clone Source
115In CD4s (80) HI30 Biolegend
141pr Gamma-delta 2 123R3 Milteny
142Nd cD57 HCD57 Fluidigm
144Nd cD8 SK1 Biolegend
145Nd cpa RPA-T4 Fluidigm
147Sm CXCR3 GO25H7 Biolegend
1485m D16 3G8 Fluidigm
1495m cD127 A019D5 Fluidigm
151Eu CCR6 GO34E3 Biolegend
1525m cD27 M-T271
153Eu CX3CR1 2A91 Biolegend
1545m TIGIT A15153G Biolegend
1556Gd PD1 EH12.2H7 Fluidigm
156Gd CD45RA HI100 Biolegend
159Tb NKp30 725 Fluidigm
160Gd Gamma-delta 1 REA173 Milteny
162Dy NKp46 BAB281 Fluidigm
163Dy CD56 NCAM16.2 Fluidigm
164Dy cD95 DX2 Fluidigm
165Ho

10 NKG2C-PE 134591, R&D Biosystems &

20 Anti-PE PE2 Fluidigm
166Er NKG2D ON72 Fluidigm
167Er CCR7 GO043H7 Biolegend
168Er CXCR5 1252D4 Biolegend
169Tm NKG2A 7199 Fluidigm
170Er cD161 HP3610 Biolegend
171Yb DNAM DX11 Fluidigm
173Yb cD3 UCHT1 Biolegend
175Lu cD14 MSE2 Fluidigm
176Yb TCRva 7.2 3¢10 Biolegend
194Pt CD45 (BC) HI30 Biolegend
198Pt CD45 (BC) HI30 Biolegend
2098 CD11b ICRF44 Fluidigm

Table 2-2Mass cytometry panel used to characterise the NK cells phenotype in the first

paediatric patient cohort.

Barcodes are indicated as BC.
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Metal Marker Clone Source Metal Marker Clone Source
89Y CD45 (BC) HI30 Fluidigm 161Dy ILT3 ZIM4.1 Biolegend
106Cd CD45 (BC) HI30 Biolegend 161Dy ILTS 222821 R&D
Systems
110Cd  CD45(BC)  HI30 Biolegend | 161Dy ILT4 4201 Fluidigm
111Cd  CD38 HIT2 Biolegend | 162Dy NKp44 P44-8 Biolegend
112Cd  CCR2 K036C2 Biolegend | 162Dy NKp46 BAB281 Fluidigm
114Cd CD8a SK1 Biolegend | 163Dy CXCR4 12G5 Biolegend
115In CD57 HNK-1 Biolegend 163Dy CXCR3 GO25H7 Fluidigm
116Cd CD36 5-271 Biolegend 164Dy CD161 HP3G10 Fluidigm
141Pr CcD3 UCHT1 Fluidigm 165Ho KIR2DS4 179315 R&D
Systems
142Nd  CD19 HIB19 Fluidigm 166Er NKG2D ON72 Biolegend
143Nd  CD45RA HI100 Fluidigm 167Er KIR3DL1 DX9 Fluidigm
144Nd CD69 FNS0 Fluidigm 167Er KIR3DL2 539304 R&D
Systems
145Nd cD4 RPA-T4 Fluidigm 168Er CcD127 A019D5 Fluidigm
146Nd KIR2DL1/S1/ HP-MA4 Biolegend 169Tm NKG2A Z199 Fluidigm
$3/55
147Sm CXCR1 42705 R&D 170Er CcD122 Tu2?7 Fluidigm
Systems
147Sm  CXCR2 SE8/CXCR2  Fluidigm 171Yb CD226 DX11 Fluidigm
148Nd CD14 RMO52 Fluidigm 172Yb CX3CR1 2A9-1 Fluidigm
149Sm CD25 2A3 Fluidigm 173Yb KIR2DL2/L3 DX27 Fluidigm
150Nd  CD27 LG.3A10 Fluidigm 173Yb KIR2DL5 UP-R1 Miltenyi
Biotec
151Eu KIR2DL1/SS 143211 R&D 174Yb CD94 HP-3D9 Fluidigm
Systems
152Sm  ILT1 337902 Biolegend | 175Lu PD-1 EH12.2H7 Fluidigm
153Eu CXCR5 RF8B2 Fluidigm 176Yb KIR2DL4 181703 R&D
Systems
154Sm TIGIT MBSA43 Fluidigm 194Pt CD45 (BC) HI30 Biolegend
1545m TIM3 F38-2E2 Fluidigm 195Pt CD45 (BC) HI30 Biolegend
155Gd  CD56 B159 Fluidigm 196Pt CD45 (BC)  HI30 Biolegend
156Gd  ILT2 GHI/75 Fluidigm 198Pt KIR2DL2/L3 180704 R&D
152/54 Systems
158Gd  ILT2/LIR6 586326 R&D 209Bi cD16 3G8 Fluidigm
Systems
159Tb  NKp80 239127 R&D
Systems
160Gd  CXCR6 KO41ES5 Fluidigm

Table 2-3 Mass cytometry panel used to characterise the NK cells phenotype in the second
paediatric patient cohort.

Barcodes are indicated as BC.
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Table 2-4 Mass cytometry panel used to immune characterise the MIS-C patients and

healthy children.

Metal Marker Clone Source
89Y CD41/42a61 A2A9/6 &  Biolegend & Miltenyi
REA209
106Cd CD16 3G8 Biolegend
110Cd CD14 RMO52 Beckman Coulter
113Cd CD2 T51/8 Biolegend
114Cd CcD8 SK1 Biolegend
115In CD57 HCD57 Biolegend
116Cd CD36 5-271 Biolegend
139La FCeR1 AER-37 Biolegend
141Pr CD45 HI30 Fluidigm
142Nd CD19 HIB19 Fluidigm
144Nd CD32 FUN-2 Biolegend
145Nd cD4 RPA-T4 Fluidigm
146Nd lgb IA6-2 Fluidigm
1475m CD11c 5-HCL-3 Biolegend
148Nd CDe9 REA824 Miltenyi
1495m CD64 10.1 Biolegend
150Nd CD62L DREG56 Biolegend
151Eu CcD123 6H6 Biolegend
155Gd CD45RA HI100 Fluidigm
156Gd CD177 MEM-166  Biolegend
159Th CD86 IT2.2 Biolegend
160Gd CD39 Al Fluidigm
161Dy CD163 GHI/61 Biolegend
162Dy CD55 1511 Biolegend
163Dy CD56 NCAM16.2 Fluidigm
164Dy CD95 DX2 Biolegend
166Er CD35 E11 Biolegend
167Er CcD27 L128 Fluidigm
168Er CD10 H10a Biolegend
169Tm CD25 2A3 Fluidigm
173Yb CD3 UCHT1 Biolegend
174Yb CD40 HB14 Biolegend
175Lu CXCR4 12G5 Fluidigm
176Yb CD63 H5C6 Biolegend
194Pt CD66b 6/40c Biolegend
195Pt CD235 HI264 Biolegend
196Pt CD38 HIT2 Biolegend
198Pt HLA-DR L243 Biolegend
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2.4 Mass cytometry staining protocol

Metal conjugated antibodies were either purchased from Fluidigm or were prepared in
house using Maxpar antibody labelling reagents according to the manufacturer’s protocol
(Fluidigm). An equal number of cells from each individual were stained. Two broad
approaches were used. Experiments analysing samples from cancer patients (and the
appropriate healthy controls) used barcoding to allow samples from multiple individuals to
be stained in a single tube. Cells from each individual were transferred into separate FACS
tubes and staiend with a CD45 specific antibody conjugated with one of a range of different
metals. PBMCs from cancer patients and paediatric healthy children were barcoded using a
batch randomisation scheme to avoid bias. Cells were washed twice with cell-stained media
(CSM) buffer at 350G. Different CD45-specific metal conjugated antibodies were added to
the different tubes and incubated for 20 minutes at room temperature. Cells were then
washed in CSM and combined together for phenotypic staining. Experiments analysing
samples from MIS-C patients did not use barcoding and cells from a single individual were

stained in separate tubes.

Staining for phenotypic markers was performed as follows. A master-mix of antibodies was
prepared by adding the appropriate pre-tested and titrated quantities of antibodies into
filtered CSM buffer. Fc receptors were blocked by adding 5ul FcX block (Biolegend) to cells
for 10 minutes followed by 50l of the surface staining antibody cocktail for 30 minutes at
room temperature. For experiments analysing PBMCs, live dead rhodium stain was added
for a further 10 minutes. Live dead stain was not used in experiments analysing Cytodelics

preserved whole blood samples, as recommended by the manufacturer. Finally, cells were
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washed twice with CSM at 350 g then resuspended in 1ml of freshly prepared 1.6%
paraformaldehyde (PFA) and left overnight. The following day, cells were centrifuged at
1000g for 5min then incubated with 500ul of iridium intercalator (Fluidigm) solution for a
minimum of one hour. Cells were analysed using a Fluidigm Helios mass cytometer at an
acquisition rate less than 500 events per second. Immediately prior to acquisition cells were
washed once in CSM and twice in deionised water then filtered through a 70um cell
strainer. Four element calibration beads (Fluidigm) were added to the cells for data
normalisation using the Helios data acquisition software. Normalised data were uploaded to

Cytobank for further analysis including de-barcoding, manual and automated analysis.
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2.5 Data quality control

The aim of data quality assessment was to detect whether the intrasample variations were
due to instrument variations rather than biological causes. Changes in instrument
performance could lead to gradual loss of detector sensitivity, built up of debris or changes
in the ionization efficiency (Lee and Rahman, 2019). It is therefore crucial to monitor the
changes during sample acquisition and perform data quality control before proceeding to
any further data analysis. First, EQ bead normalisation was performed as recommended to
correct for both short- and long- term signal fluctuations (Lee and Rahman, 2019). Then
multiple acquisitions of single samples were combined through concatenation process.
Normalization and concatenation of the FCS files were performed by the UOB mass
cytometry technical specialist using the Fluidigm CyTOF software.

Second, the signal stability was assessed for each FCS file. The EQ bead and non-EQ beads
populations were identified and for each of these populations time vs any measured
parameter was plotted, and the slope was calculated. In general, a slight negative slope was
generally accepted as it reflects the gradual loss of instrument sensitivity over time(Lee and
Rahman, 2019). A steeper slow for both beads and cells can indicate a rapid loss of
instrument sensitivity while a stepper slope for the cells alone could indicate sample
degradation(Lee and Rahman, 2019). These samples should be flagged for quality issues but,
in our study no sample with an abnormal slope was identified (figure 2.1). Transient spikes
in signal intensity indicates micro-clogs during acquisition and these time windows were
excluded from the analysis (figure 2.2) and could be misinterpreted as false positive signals
(Lee and Rahman, 2019). Lastly, Samples with less than 100,000 cells were excluded from

any further analysis as they were considered blank or of poor quality.
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Figure 2-1 Data quality control of mass cytometry assessing the slope using time vs any
parameter.

This is an example of assessing the time slope during the quality control step. It is evident
there is no drop of the signal throughout this acquisition.
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Figure 2-2 Data quality control of mass cytometry assessing the slope using time vs any
parameter.

This is an example of assessing the time slope during the quality control. There is a transient
spike in signal intensity for both beads and non-beads. This time window annotated with a
red box was excluded from the analysis.
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2.6 Data analysis pipeline

Bead normalised data were analysed using mainly the Cytotbank software. Singlet cells were
identified using the gaussian parameters- residual, offset, centre and width- as per the
“Recommendations for use of gaussian discrimination parameters” publication by Fluidigm.
Samples were then debarcoded, down sampled to equal number of cells per sample and FCS
files from patients or healthy donors concatenated on separated FCS files for illustration

purposes.

Dimensionality reduction was then performed in Cytobank using the viSNE implementation
of t-distributed stochastic neighbour embedding (t-SNE, Maaten and Hinton, 2008). It is a
well-established tool utilized for analysis and display of high-dimensional data into a two-
dimensional space (Kimball et al., 2018). Identifying where the different cell types and
phenotypes are located on the plot relies on the user’s biological knowledge and is
facilitated by colouring the t-SNE plots with different parameters. This is particular useful for
gaining an overview of different cellular phenotypes across different islands, identifying
inter-individual variation and gaining insights into cellular changes between groups(Kimball
et al., 2018). Due to the stochastic nature of the algorithm, two independent runs on the
same dataset will give two different plots which vary in terms of island location and
therefore, it is not possible to directly compare two VviSNE plots that were performed
separately. In cases where the user wishes to validate workflows, replicate their work in
different dataset or analyse larger dataset with limited computer power then setting the
same number of seed for each viSNE run will generate similar plots with the islands kept in

relatively similar locations. An alternative tool used for dimensionality reduction is UMAP
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(Becht et al., 2019). UMAP works similarly to t-SNE, with the difference that it preserves the
topological structure of the high-dimensional representation (Becht et al., 2019). UMAP was
performed using the UWOT package and robust linear modelling performed using the MASS

package in R version 3.5.3.

Manual gating of high-dimensional data can be very subjective and suffers from the
potential of operational bias. In addition, to interrogate a dataset of a 40-marker mass
cytometry panel a user would require 780 biaxial plots (Nx(N-1))/2, N=number of markers).
It is evident that applying traditional biaxial plots in these datasets is insufficient and efforts
to reduce such burdens have given rise to unsupervised approaches that partition cell
population according to the natural structure of the dataset (Liu et al., 2019). Therefore, a
clustering tool was then utilised to identify different cellular clusters within the datasets. In
this study FlowSOM (Gassen et al., 2015) or Spade (Qiu et al., 2011) were the chosen
unsupervised tools. FlowSOM has been assessed as the top-performing unsupervised tool
in terms of stability, precision, coherency of clustering results and speed (Liu et al., 2019).
Heatmaps can be generated to assess the phenotype of each cluster. SPADE on the other
hand, preserves cellular progression and hierarchies thus, it can facilitate biological
discoveries including the identification of rare cell types (Qiu et al., 2011). Lastly, marker
enrichment modelling (MEM) is an algorithm that objectively describes cells by generating a
machine-readable quantitative label (Diggins et al., 2017). MEM is useful for identifying
cellular phenotypic differences between health and disease. It was performed in R using

v3.0 of the code downloaded from GitHub.
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Despite the disadvantages of manual gating, 2D biaxial plots were utilized alongside
unsupervised techniques to further interrogate the data and analysing specific

immunological populations of interest.

In summary, a high-dimensional data analysis pipeline include: 1) data quality control, 2)
identification of live singlet cells and when applicable debarcoding and concatenation, 3) a
dimensionality reduction tool, 4) a clustering tool and 5) 2D biaxial plot to interrogate
specific immune subsets. Overall, the choice of tool will depend on the question a user

would like to answer. A graphical illustration of the data analysis pipeline is shown in figure

2.3.
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Figure 2-3 Graphical illustration of the data analysis pipeline
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2.7 Fluorescent flow cytometry staining protocol and panels used

Fluoescent flow cytometry was used to characterise NK cells and y& T-cell in a subset of
paediatric cancer patients and healthy children using panels of antibodies shown in Table 2.5
and 2.6. Cell surface staining was performed by adding pre-tested and titrated antibodies and
incubating for 30 minutes in the dark at 4°C. The cells were then washed once with MACS
buffer and intracellular fixation reagent (eBioscience) added as per manufacturer protocol for
an hour in the dark at 4°C. Cells were then washed twice with permeabilization buffer and
pre-tested and titrated intracellular antibodies were added and incubated for further 30
minutes in the dark at 4°C. Finally, cells were washed twice with permeabilization buffer and
resuspended in MACS buffer. BD CompBead anti-mouse (BD Biosciences) were used for
compensation according to the manufacturer’s recommendation. Samples were analysed on

a BD LSRII flow cytometer and data analysed in Cytobank or BD FACS DIVA software.

Fluorochrome Antibody Clone Source
e450 CD3 SK7 eBioscience
APC CD56 CMSSB eBioscience
PeCyC7 CD16 eBioCB16 eBioscience
Percpcy5.5 CD57 QA17A04 Biolegend
FITC CD107a H4A3 Biolegend
AF700 TNF-a Mab11 Biolegend
PE INF-g 45.B3 Biolegend
APC-Cy7 CD19 HIB19 eBioscience
APC-Cy7 CD14 61D3 eBioscience
APC-Cy7* Live-Dead Biolegend
PeCy7 perforin dG9 eBioscience
PE-texas red granzyme b GB11 Invitrogen

Table 2-5 Fluorescent flow cytometry antibody panel used for further NK cell
characterisation in paediatric cancer and paediatric healthy.
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*e-Fluor 780 live dead stain was detected on the APC-Cy7 detector.

Fluorocrome Antibody Clone Source
BV510 live/dead Zombie Aqua Biolegend
Bv421 CD3 UCHT1 BioLegend
BV650 CD8 SK1 BD Biosciences
FITC Vdil REA173 Miltenyi
PE vd2 123R3 Miltenyi
PE-Cy5 Vg9 IMMU 360 Beckman Coulter
PE Dazzle 594 CD27 M-T271 BiolLegend
BV711 CD45RA HI100 BD Biosciences
BV605 CD45R0O UCHL1 BioLegend
APC Fire 750 CD161 HP-3G10 BiolLegend
Sanquin-
AF647 Hobit Hobit/1 BD Biosciences
PE-Cy7 Perforin B-D48 BiolLegend
BV786 Thet 04-46 BD Biosciences

Table 2-6 Fluorescent flow cytometry antibody panel used for yé T-cell characterisation of
paediatric cancer patients and paediatric healthy.

This panel was created by Dr Carrie Willcox.
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2.8 NK functional assays

NK cytotoxicity assay

The cytotoxicity of NK cells was determined by measuring their capacity to kill the
erythroleukemia cell line K562. PBMCs were recovered and incubated overnight in culture
media with 2001U/ml IL-2 (Peprotech). K562 cells were CFSE labelled (CFSE tacking
kit,Biolegend) following the manufacturer’s instructions. Cells from each donor were co-
cultured with CFSE labelled K562 correcting for the NK frequency differences observed for
each donor and the effector to target ratios were defined. Cells were cultured at 37°C in cell
culture media overnight. The following day, cells were recovered, washed once with PBS
and incubated for 10 minutes with efluor 780 live dead stain (ebioscience) in the fridge.
Cells were then washed once and resuspended in MACS buffer. Counting beads
(ebioscience) were added to the sample and data acquired using a BD LSR-II flow cytometer.
Cytotoxicity was calculated using the formula cytotoxicity= [(expected live target cells - live

target cells)/ expected live target cells] x100.

NK cell degranulation assay

NK cell degranulation was measured similarly to NK cytotoxicity. PBMCs were recovered and
incubated overnight in culture media containing IL-2. The following day cells were co-cultured
with K562 cells with defined NK:K562 cell ratios. Anti-CD107a-FITC antibody (Biolegend) was
added at the beginning of the assay at 1lul/well for an hour. Monensin and brefeldin A
(Biolegend) were then added to the assay as per manufacturer’s instructions. At the end of
the incubation cells were stained with fluorescent labelled antibodies (table 2.7). Cells were

then fixed and permeabilized using the eBioscience fixation and permeabilization kit and
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intracellular staining for INF-g and TNF-a performed as per manufacturer’s instructions.

Samples were then acquired on an LSR-1l flow cytometer and data analysed in Cytobank.

Fluorochrome Antibody Clone Source

APC CD3 SK7 eBioscience
BV510 CD56 NCAM16.2 BD Bioscience
Percpcy5.5 CD57 QA17A04 Biolegend
PE-Cy7 CD16 eBioCB16 eBioscience
APC-Cy7 Live-Dead Biolegend
APC-Cy7 CDh14 61D3 Invitrogen
APC-Cy7 CD19 HIB19 BD Biosciences
PE INF-y 4S.B3 Biolegend
AF700 TNF-a MAb11 BD Biosciences

Table 2-7 NK cells degranulation assay fluorescent panel.

NK expansion assay

A minimum of 500,000 PBMCs were resuspended in culture media consisted of RPMI/5%
human albumin serum/ 1000IU/ml IL-2 /1% Penicillin-streptomycin solution. Cells were
placed in a 48 wells plate at 500,000 cells per well. Culture media was replaced every three
days. NK cells were cultured in vitro for 12-14 days. Cytotoxic capacity of the cultured NK cells

was then assessed as per the NK cytotoxicity protocol above.
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2.9 Cytomegalovirus (CMV) IgM and IgG Elisa

Plasma was tested for CMV IgM and IgG antibodies via a semiquantitative ELISA following the
manufacturer’s protocol (Table 2.8). Photometric measurement of the colour intensity was
determined using a microplate reader at a wavelength of 450nm and data were analysed in

Microsoft Excel.

Elisa Catalogue Number Source
CMV IgG Elisa El 2570-9601 G EUROIMMUN
CMV IgM Elisa El 2570-9601M EUROIMMUN

Table 2-8 CMV IgM and IgG ELISA assays

2.10 MHC class | chain-related gene A (MICA) and UL16 binding portien-2 (ULBP2) ELISA

The concentration of MICA, ULBP-2 or MMP9 (Table 2.9) was measured in plasma samples
using sandwich ELISAs following the manufacturer’s protocol. Photometric measurement of
the colour intensity was determined using a microplate reader at a wavelength of 450nm and

data were analysed in Microsoft Excel.

ELISA Catalogue Number Source

Human MICA DY1298 R&D Systems
Human ULBP-2 DY1300 R&D Systems
Human MMP9 A668 Antibodies.com

Table 2-9 MICA, ULBP2 and MMP9 ELISA
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2.11 Human myeloperoxidase (MPO) instant ELISA

The concentration of MPO (Table 2.10) was measured in plasma samples using an instant
sandwich ELISA following the manufacturer’s protocol. Photometric measurement of the
colour intensity was determined using a microplate reader at a wavelength of 450nm and

data were analysed in Microsoft Excel.

Elisa Catalogue Number Source

Human MPO BMS2038INST ThermoFisher Scientific

Table 2-10 MPO Elisa
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2.12 Arginase activity assay

The enzymatic activity of arginase in plasma samples was measured using an arginase activity
assay kit (Table 2.11) following the manufacturer’s protocol. Photometric measurement of
the colour intensity was determined using a microplate reader at a wavelength of 430nm and
data were analysed in Microsoft Excel. The arginase activity of a sample was determined using
the following equation:

(A430)sample-(A430)blank (1mMx50x103)

Arginase= X

(A430)standard —(A430)water (VxT)

T= Reaction time

V= Sample volume (ul) added to well
ImM= Concentration of urea standard
50= reaction volume (ul)

103= mM to uM conversion factor

Assay Catalogue Number Source

Arginase enzymatic activity = MAK112 Sigma-Aldrich

Table 2-11 Arginase activity assay
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2.13 Cytokine Array

Plasma cytokine levels were measured using the human XL Cytokine array kit and the
human soluble receptor array hematopoietic panel (both R&D Systems) following the
manufacturer’s instructions. This assay was used for explorative purposes. In order to
identify as many altered molecules as possible, samples from three patients were combined
together to produce pooled samples for two age groups: children with cancer <3 years old
(C12,C16 and C21) and children with cancer >10 years of age (C06,C10 and C15). Similarly,
healthy paediatric children were used as controls: children <3 years old (HV06,HV11,HV18
and HV26) and children >10 years of age (HV13,HV20,HV30 and HV34). ChemiDoc MP
imaging system (BioRad) was used to acquire images of the arrays for quantification. The

images were analysed using Imagelab software (BIO-RAD).
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2.14 Cytokine bead assays

The concentration of cytokines in plasma samples was measured using the LEGENDplex
multi-analyte flow assay kits from Biolegend (Table 2.12). The manufacturer’s instructions
were followed. Samples were acquired using a BD LSR FORTESSA X-20 cytometer and data

analysis performed using BioLegend LEGENDplex data analysis software.

Assay kit Catalogue Number Source

Human Inflammation panel 1 740809 BioLegend
Human Inflammation panel 2 740776 BioLegend
Human Macrophage/Microglia 740503 BiolLegend

Table 2-12 LEGENDplex assay panels

2.15 Immunohistochemistry

FFPE sections of patients with available written legal guardian consent were stained at
Birmingham Children’s Hospital pathology department for CD45, CD56 and CD57. Slides

were scanned and analysed using the Aperio eSlide manager software.

2.16 Further data analysis and statistical testing

For the paediatric cancer cohorts GraphPad Prism v9 was used for statistical testing for all
experiments. The detail of each statistical test is provided in each figure legend. For the MIS-
C study the data and statistical analysis was performed in R using the Im, PCAtools,
marixStats and matrixTests packages. The detail of each statistical test is provided in each

figure legend. The correlation matrix was produced in R using publicly available code
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downloaded from GitHub (Wherry research group, University of Pennsylvania). All graphs
were prepared using ggplot2 in R v.4.0.3 or Prism v9 (GraphPad Software).
P values were considered as significant if <0.05 and false discovery rate (FDR) was set at

<0.05.
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CHAPTER 3- Immune perturbations of children with cancer

3.1 Introduction

It has been suggested that the immune system regulates cancer development through a
process called “cancer immunoediting” (Dunn, Old and Schreiber, 2004). During this
dynamic process the immune system has three key immunological features. First during the
elimination phase, also known as cancer immunosurveillance, NK and T-cell responses
eradicate the developing cancer cells (Dunn, Old and Schreiber, 2004). It has been suggested
that the release of cytokines by the growing tumour cells activates the innate and adaptive
immune system which then triggers a cascade of events leading to tumour
elimination(Mittal et al., 2014). If this process is successful, then there is no progression to
the second phase. However, if some cancer cells do survive then they enter into equilibrium.
During this phase, the immune system exerts persistent selection pressure on the cancer
cells and they have to undergo through genetic changes to adapt. The end result of this
phase is a new formation of malignant cells with reduced immunogenicity that allows them
to move on to the final phase. In the escape phase, cancer cells can outgrow the immune
system, allowing them to expand into tumours and become clinically detectable. This phase
is associated with the creation of an immunosuppressive tumour microenvironment further
enabling tumour growth, invasion and metastatic dissemination. Understanding the
immunological mechanisms that lead to immune escape gave rise to several
immunotherapies that harness the immune system to overcome the immunosuppressive
tumour microenvironment and eradicate cancerous cells (Zhao et al., 2019). These therapies

had very promising results in adults’ cancers(Zhao et al., 2019).
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Turning to paediatric cancers, despite advances in chemotherapy and radiotherapy,
paediatric malignancies remain one of the leading causes of death by disease in children and
younger adults(Cunningham, Walton and Carter, 2018). In addition, the late effects of
chemo- and radiotherapies can permanently impair the quality of life of the survivors in the
future(Grabow et al., 2018). It is therefore not surprising the increased interest in
incorporating immunotherapies in the landscape of paediatric cancer therapies, as they
offer an attractive more specific and less cytotoxic alternative. However, for immuno-
modifying agents, the clinical response observed in adults with cancer did not translate into
the paediatric cancer patients (Hutzen, Paudel, et al., 2019). The reason behind this is not
fully understood however, paediatric cancers are fundamentally different from those of
adults. For example, paediatric tumours have fewer somatic mutations and therefore are

less immunogenic due to the lack of actionable neoantigens(Campbell et al., 2017) .

Furthermore, the paediatric immune system is not fully functional and gradually matures to
that of an adult by encountering pathogens and vaccinations(Dowling and Levy, 2014).
These differences in both the paediatric immune system and paediatric cancer biology could
perhaps explain the difference in responses observed with immune-modulatory therapies.
Therefore, understanding the role of the paediatric immune system in cancer is crucial to
identify optimal immune-targeted treatment strategies for these patients.

The aim of this chapter was to characterise the immune system of children with cancer at
the time of diagnosis and before any treatment was administered and compare this to that

of healthy children.
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3.2 Cohort Demographics

3.2.1 Ethical statement and patient recruitment

All patient samples were obtained at Birmingham Children’s Hospital (BCH) as part of a
study (TrICICL) approved by the South of Birmingham Research Ethics Committee (REC:
17/WM/0453, IRAS: 233593). Samples from seven healthy children (aged 12 years) were
obtained via the Coronavirus Immunological Analysis study approved by North West -
Preston Research Ethics Committee (REC: 20/NW/0240, IRAS: 282164). Written informed
consent was obtained from all participants’ legal guardians. All laboratory experiments were

conducted at the University of Birmingham (UoB).

3.2.2 Patient Characteristics

Between April 2018 and March 2021, 51 children with a range of cancer diagnoses were
recruited from BCH. Research samples were obtained from paediatric cancer patients
before any disease modifying treatment was administered and processed at UOB within 24
hours. In addition, 33 aged-matched children without cancer were also recruited. These
patients were attending BCH for routine surgical procedures, for example orchidopexy or
endoscopy foreign body removal, and were screened through a questionnaire to ensure
they were healthy with no underlying conditions. The analyses were performed in two
different cohorts. The first one was used as a discovery cohort while the other one was used
as a validation cohort. Key demographic information is summarized in Tables 3.1 and 3.2.
There was no difference in the age distribution between paediatric healthy (PH) and

paediatric cancer (PC) cohorts (figure3.1).
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Paediatric Healthy Paediatric Cancer

Study Number Age Gender Study Number Age Gender Disease
HVO1 37m Female co1 79m Female Rhabdomyosarcoma
HV05 12m Male coz2 73m Male Burkitt's lymphoma
HV06 17m Female co3 36m Female Neuroblastoma
HV11 19m Male coa 167m Female Hodgkin's disease
HV12 72m Female Ccos 58m Male Wilms
HV13 170m Female co6 187m Female Rhabdomyosarcoma
HV14 20m Female co7 122m Male Hodgkin's disease
HV15 22m Male cos 20m Male Neuroblastoma
HV16 78m Male co9 17m Female Rhabdoid tumour
HV18 15m Male C10 145m Female Burkitt's lymphoma
HV20 110m Female c11 17m Male Neuroblastoma
Hv21 74m Female c12 22m Female Pilomyxoid astrocytoma
Hv22 42m Male c14 179m Female Ewing's sarcoma
HV25 77m Male L i
HV26 12m Female €15 187m Male :a?f_lki? s disease (non classical
HV28 35m Male
HV30 126m Male C16 12m Male Neuroblastoma
HV34 174m Female c18 36m Female Hepatoblastoma
HV37 S4m Female C19 12m Male Nephroblastomatosis
c20 73m Male Hodgkin's disease
c21 34m Male Burkitts lymphoma
Parameningeal
€22 L Female Rhabdomyisarcoma

Table 3-1 First cohort demographics.

Demographic data for the paediatric healthy donors and paediatric cancer patients. The
diagnosis for each patient is also shown. Age is provided in months.
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Paediatric Healthy

Paediatric Cancer

Study Number Age Gender
HVO4 16m Female
HVO07 7m Male
HvV11 19m Male
HV12 72m Female
HV13 170m Female
HV14 20m Female
HV15 22m Male
HV16 78m Male
HWV19 51m Male
Hv21 74m Female
Hv23 30m Male
HV24 137m Female
HWV25 77m Male
HV27 109m Male
HV30 126m Male
HWV31 11m Male
HV37 54m Female
HV38 153m Male
HWV39 147m Female
HV40 155m Male
Hv4l 154m Male
Hva2 150m Male
Hv43 155m Male
Hv44 124m Male

Study Number Age Gender Disease

c23 56m Female Wilms

c24 172m Female Hodgkins Disease
c25 29m Male Neuroblastoma

C26 167m Female Osteosarcoma

c27 179m Male Hodgkins Disease
c28 59m Male Rhabdomyosarcoma
c29 51m Male Rhabdomyosarcoma
c30 189m Female Ewings sarcoma

31 176m Male Hodgkins Disease
C32 118m Male Hodgkins Disease
c33 130m Female Ewings sarcoma
c34 47m Female Wilms

C35 183m Male Osteosarcoma

C36 19m Female Wilms

c37 38m Female Wilms

c3s 32m Male Embryonal supratentorial tumour
C39 143m Male Osteosarcoma

Cc40 163m Female Hodgkins Disease
Cc41 162m Male Mixed Germ Cell Tumour
caz2 149m Male Rhabdomyosarcoma
ca4 87m Male B-cell Lymphoma
cas 189m Male Hodgkins Disease
(o153 86m Male Rhabdomyosarcoma
ca7 am Female Rhabdoid tumour
ca8 170m Male Hodgkins disease
c49 188m Female Rhabdoid tumour
cs50 B88m Female Hepatoblastoma
Cc51 65m Male Rhabdomyosarcoma
C52 152m Male Rhabdomyosarcoma
53 158m Female Osteosarcoma

Cc54 169m Female Ewings sarcoma

Table 3-2 Second cohort demographics.

Demographic data for the paediatric healthy donors and paediatric cancer patients. The

diagnosis for each patient is also shown. Age is provided in months.
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Figure 3-1 Age distribution for paediatric healthy (PH) and paediatric cancer (PC).

The age distribution is shown for the 2 cohorts. Error bars show mean +/-1 standard
deviation. There was no significant difference in age between the two groups (unpaired t-
test).



3.3 Clinical laboratory data of paediatric cancer patients

3.3.1 Anaemia is the presenting feature of paediatric cancer patients

Pre-treatment full blood count (FBC) data taken at the time of diagnosis were collected for
all cancer patients, with the exception of patient C26 for whom data were not available. The
most important parameters are shown in figure 3.2A. Haemoglobin was low in 76% of the
cancer patients. This is consistent with adult cancer studies that reported cancer-related
anaemia at the time of diagnosis reported to be secondary to cytokines released by the
tumour causing bone marrow suppression (Bokemeyer, Oechsle and Hartmann, 2005). In
contrast, total white blood cells (WBC) were abnormal in 14% of the cancer patients, with
the majority presenting with higher rather than lower WBC values. Platelet counts were
abnormal in 38% of patients and were always higher than reference values. This
phenomenon has also been described in adult cancers as a paraneoplastic abnormality that
promotes tumour growth and metastasis through a variety of cytokine release (Lin, Afshar-
Kharghan and Schafer, 2014). Focusing on WBC subsets, 26% of the patients presented with
neutrophilia. Lymphocytes on the other hand, were either normal (74%) or low (26%).
Finally, monocytes were increased in 30% of the patients. Interestingly, there was no
distinct pattern regarding these alterations, which were present in both solid tumours and
lymphomas. However, when we tracked the different parameters at the level of individuals
it was evident that patients tended to have either lower or higher values in all parameters

(figure 3.2 B).
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Figure 3-2 Clinical laboratory data for cancer patients.

(A) Haemoglobin (Hb), White Blood Cells (WBC), Platelets (PLT), Neutrophils, lymphocytes
and monocytes values are shown for each individual and the mean with SD is also shown.
The red lines represent the lowest and highest values within the normal range for each
parameter. Individuals outside of these lines are considered to have an abnormal value. (B)
All values taken together and mapped for each individual.
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3.3.2 Increased reticulocyte indices in paediatric cancer patients indicates release of
immature reticulocyte by the bone marrow

Paediatric cancer samples arrived and were processed at our lab within 24 hours of sample
collection. During peripheral blood mononuclear cells (PBMC) isolation some paediatric
patients’ samples had marked differences in appearances compared to the healthy ones.
(figure 3.3). In particular, the lymphocyte layer of samples from paediatric cancer patients
was blood stained suggesting red blood cells (RBC) contamination. This made us postulate
that these RBCs were of low density for them to float on the density layer with lymphocytes.

We, therefore, hypothesized that they could be immature RBCs.

To investigate this further, we performed reticulocyte indices analysis (Wollmann et al.,
2014) on a subset of patients and healthy children (figure 3.4). Standard reticulocyte count
was not different between healthy and cancer patients however a trend towards higher
reticulocyte count was observed in cancer patients. Using the Sysmex technology
reticulocytes were further analysed based on their RNA content and classified into three
groups according to their fluorescence intensity: low fluorescence ratio (LFR), medium
fluorescence ratio (MFR), and high fluorescence ratio (HFR). The fluorescence intensity is
proportional to the amount of RNA contained in the reticulocytes and their degree of
maturation therefore, higher fluorescence ratio correlates with more immature
reticulocytes (Wollmann et al., 2014). MFR and HFR were significantly increased while LFR
significantly decreased in paediatric cancer patients suggesting these cells were more
immature. In summary, higher counts of immature reticulocytes were released into the

periphery of paediatric cancer patients. These results require validation in larger cohorts.
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Figure 3-3 Lymhoprep preparation for paediatric cancer and paediatric healthy children.
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Figure 3-4 Immature reticulocytes are increased in paediatric cancer patients.

Reticulocyte percentage (RET), low fluorescence ratio (LFR), medium fluorescence ratio
(MFR), and high fluorescence ratio (HFR) are shown for paediatric healthy and paediatric
cancer patients. Error bars show the mean +/- 1 standard deviation. P values were
calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction
using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05, **
p<0.01, *** p<0.001.
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3.4 Mass Cytometry Analysis show marked NK deficit in paediatric cancer patients

3.4.1 NK cells are decreased in paediatric cancer patients

To explore in more detail the immune changes in children with cancer, peripheral blood
mononuclear cells (PBMCs) from 20 children diagnosed with a variety of childhood cancers
(Table 3.1) and 19 age-matched healthy children were analysed using a 38-marker mass
cytometry panel. Samples from paediatric cancer patients were taken at the time of
diagnosis and before any treatment was administered. For visualisation purposes flow
cytometry standard (fcs) files from patients and healthy children were concatenated into

two separate files using equal numbers of cells from each individual (4751 cells).

To get an overview of the dataset, manual gating of CD3-CD19- and CD3+CD19+ populations
were performed (figure 3.5A). These populations were then configured using the UMAP
dimensionality reduction package(Mclnnes et al., 2018). Based on their linear marker
expression we were able to identify the main immune subsets: Monocytes, NK cells, CD4,
CDS8, y6, MAIT and B-cells (figure 3.6). The UMAP plots of paediatric healthy and cancer
showed clear differences in the distributions of innate immune cells with monocytes

increased and NK cells decreased in paediatric cancer patients (figure 3.5B).

Next, the frequency of the main immune subsets for each individual were examined. Equal
numbers of CD45+ cells (4.751 cells) from paediatric cancer patients, healthy children and
concatenated fcs files were configured using the ViSNE implementation in Cytobank. Gating

on the tSNE projection of the data was preferred as this produced better separation of low
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abundance cell populations like y6 and Mait T-cells (Becht et al., 2019). The main immune

subsets were therefore, identified on the t-SNE maps using their linear markers as follows:

CD3+CD4+ T-cells, CD3+CD8+ T-cells, CD3+TCRy&+ T-cells, CD3+TCRVa7.2 MAIT T-cells,

CD19+ B-cells, CD56+ NKs cells and CD14+ Monocytes (figure 3.7).

Analysing the cell frequency for each individual revealed that patients had a significantly

lower frequency of NK cells (p=0.0035) and a trend for increased monocytes (figure 3.8). The

frequency of T and B cell subsets were not significantly different (figure 3.8).
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Figure 3-5 UMAP plots of both innate and adaptive immune cells in paediatric healthy and
cancer.

(A) Manual gating strategy used to split immune cells into CD3-CD19- and
CD3+Cd19+subsets. (B) Concatenated fcs files for both paediatric healthy (n=19) and
paediatric cancer patients (n=20) were analysed by UMAP dimensionality reduction. The
frequency and identify of main immune subsets is shown.

95



PH

PC

CD14

CD3-CD19-

¢ 3

CD16
S
ST

¢ i

UMAP] ——
Ey g i

T T T T

UMAP2

PC

UMAP1L —p

]
1 I_ ik
2 4 &
SRR
6 S
5
o I e
UMAP2
1100
] e 890
- % 800
= @ 300
B N O 9
1190
1. e 890
4 B 500
1w |l
T T T T T 9

UMAP2

PH

PC

PH

PC

UMAPL ————»
L

UMAP] —p
I T N T |

Figure 3-6 Linear marker expression shown for the main immune subsets.

Marker expression of the main immune subsets is shown for Peadiatric Healthy (PH) and

Paediatric Cancer (PC) on the UMAP plots.

CD3+CD19+
CD19 CD4
O, |17 Bing

P 350 1 &
N S
UMAP2 T JUN:APIQ T
CD8 yo
Ol | 1 67 m
» 210 : PO
ﬁ Fomy 420 T- ﬁ -3“
T ||.‘| T zm %E ’ '
mar ! IUM‘AF'Iz l
TCRVa7.2

| ﬁ Fumy 1j
rH 1 K

. »>

%i > . i

s IUM‘APIQ I

38
28
18

08

3.8
2.8
18

0.8

96



CD56+ NK Cells

CD14+ Monocytes

299

73 90

23 27

4
1328 7
277 185 191
n 10
330 23 9

tSNE2

Figure 3-7 Gating strategy for data analysis.

Gating strategy used to separate total immune cells into subsets for analysis. Each subset is
determined by the indicated marker. Intensity of staining is represented by colour, with
levels shown on the right-hand side of each plot. This illustration was performed using the
paediatric healthy concatenated files.
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Figure 3-8 Frequency of the main immune subsets at the level of individual.

Frequency of the main immune subsets for all healthy children (open symbols) and cancer
patients (closed symbols) expressed as a percentage of total CD45+ cells. Error bars show
the mean +/- 1 standard deviation. P values were calculated using Wilcoxon ranked sum
tests with false discovery rate at 5% and correction using the Benjamini-Hochberg method.
Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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3.4.2 Analysis of NK subsets show an increase of CD569"t CD16- NK cells and decrease of
CD57+ NK cells in paediatric cancer patients

Having demonstrated the decrease in frequency of the NK cells in the paediatric cancer
patients, NK phenotypic changes were next examined. Classical NK differentiation markers
CD56 and CD16 (Cooper, Fehniger and Caligiuri, 2001) were used to separate NK cells into
three distinct subsets: CD56°8"CD16-, CD569™CD16- and CD56+CD16+(figure 3.9A).
Analysis of these subsets for individuals showed that cancer patients possessed higher
frequencies of the CD56P"8"CD16- NK cells, a subset that is considered to be immature
(Caligiuri, 2008, figure 3.9C). Particularly, this was 1.4-fold higher in cancer patients
compared to healthy children. Assessing the subset overlay on the t-SNE map created from
the CD56+ NK cells, it was evident this subset was more prominent in the paediatric cancer

patients (figure 3.9B).

Next, a range of NK phenotypic markers expression was examined on total NK cells.
Paediatric cancer patients had higher proportions of NK cells expressing markers associated
with NK immaturity CD25, CD27, CD127 and HLA-DR (Lee, Fragoso and Biron, 2012, 2012;
Scoville, Freud and Caligiuri, 2017; Erokhina et al., 2018, p. , figure 3.9D). Accordingly,
markers of maturity CD45RA and CD57(Lopez-Verges et al., 2010; Krzywinska et al., 2016)
were lower in paediatric cancer patients (figure 3.9D). There were no differences in the
proportion of NK cells bearing the adhesion molecule CD11b(Somersalo et al., 1992), the
adhesion molecule and ectoenzyme CD38 nor CD161(Kurioka et al., 2018; Le Gars et al.,
2019), markers expressed by pro-inflammatory NK cells. There was also no difference in the
expression of CXCR3 which is required for NK tumour recruitment(Wendel et al., 2008).

Interestingly, cancer patients possessed higher levels of NK cells expressing CCR7, a

99



chemokine receptor that is thought to be acquired in response to IL-18 rich environment
and it is thought to promote NK migration to lymphoid tissues (Pesce et al., 2016). Finally,
the expression of the immune checkpoint inhibitor PD-1 was examined(Barrow and
Colonna, 2019). PD-1 is expressed on a minority of mature NK cells and in adult cancer
patients was found to be increased(Niu et al., 2020, p. 1). In contrast, our data showed that
paediatric cancer patients had a significant lower frequency of PD-1 positive NK cells

compared to healthy children.

We then examined whether the expression of each phenotypic marker was similar or
different in all three NK subsets (figure 3.10). CXCR3 expression was significantly lower in
the first subset (CD56°"8"CD16-) of cancer patients. In the second subset (CD569™CD16-),
markers of maturity CD45RA and CD57 as well as CD38 and CD161 were also significantly
lower in paediatric cancer, while in the third and most mature subset (CD56+CD16+), CD57
expression was also noted to be significantly lower in disease. In summary, these results
indicate that the increased expression of the immature receptors noted in the total NK cells
of paediatric cancer patients, was driven by the expansion of the CD56°"8" NK subset. On
the other hand, the decreased expression of the NK mature receptors was driven primarily

by the NK subsets 2 and 3.
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Figure 3-9 Immature NK cells are increased in frequency in paediatric cancer patients.

(A) Biaxial plots of concatenated FCS files from healthy children (n=19) and cancer patients
(n=20). Total NK cells were manually gated using CD16 and CD56 expression to delineate NK
cells into four canonical differentiation subsets. In order of maturity: subset 1
(CD56P8MtCD167), 2 (CD569™CD167), 3 (CD56*CD16*. The proportion of NK cells in each
subset is shown on each plot. B) Heat plots of cell density from subset 1 were overlaid on
black and white contour tSNE plots of total NK cells from paediatric healthy donors (left
panel) and cancer patients (right panel). C) Frequency of each NK subset, expressed as a
percentage of total NK cells per individual. (D) Mass cytometry analysis of paediatric cancer
patients and paediatric healthy showing percentage of total NK cells positive for the
indicated markers. The mean +/- 1 standard deviation is shown. P values were calculated
using Wilcoxon ranked sum tests with false discovery rate at 5% and correction using the
Benjamini-Hochberg method. Significant results are indicated: * p<0.05, ** p<0.01, ***
p<0.001.
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Figure 3-10 Phenotypic markers shown in all 3 NK subsets.

Frequency of NK cells within each of the four NK subsets (defined using CD16 and CD56)
showing the percentage of cells positive for each of the indicated markers. The error bars
show the mean +/- one standard deviation. P values were calculated using Wilcoxon ranked
sum tests with false discovery rate at 5% and correction using the Benjamini-Hochberg
method. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.

3.4.3 HLA-DR expression is decreased in paediatric cancer patients’ monocytes.

Turning now to monocytes, a trend towards increased abundance of monocytes in
paediatric cancer patients, was seen in both mass cytometry data (figure 3.8) and absolute
counts data (figure 3.2). Using CD14 and CD16 to delineate the main monocyte
subsets(Ziegler-Heitbrock et al., 2010a) —classical monocytes (CM, CD14+ CD16-),
transitional monocytes (TM, CD14+CD16+ and non-classical monocytes (NCM, CD14-CD16+)
—we found patients’ monocytes contained a significant higher proportion of TM (3.11A and

B).

Next, Marker Enrichment Modelling (MEM) (Diggins et al., 2018), an algorithm that
guantifies the enriched features of a cell population was applied in order to determine
whether the monocytes were also altered in phenotype. This analysis showed monocytes
from healthy children were positively enriched for HLA-DR ( A HLA-DR*®) whereas
monocytes from paediatric cancer patients were negatively enriched ( W HLA-DR™, figure
3.12A). Differences in monocyte HLA-DR levels were confirmed by measuring the HLA-DR
median mass intensity on total monocytes gated from each individual (Figure 3.12B). Finally,

comparing HLA-DR levels on each monocyte subset, we observed HLA-DR levels on CM to be
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significantly lower for paediatric cancer patients compared to healthy children (Figure
3.12B). In summary, monocytes alterations were observed in paediatric cancer patients with
the expansion of TM and overall decreased HLA-DR expression in total monocytes and more

specifically CM.
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Figure 3-11 Transitional Monocytes are expanding in paediatric cancer patients.

(A) Manual gating strategy for monocytes subsets shown for paediatric healthy and
paediatric cancer patients. (B) Frequency of each monocyte subset shown at the level of
each individual. The error bars show the mean +/- one standard deviation. P values were
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calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction

using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05, **

p<0.01, *** p<0.001.
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Figure 3-12 Monocytes in paediatric cancer patients have decreased expression of HLA-DR.

(A) Results of Marker enrichment modelling (MEM) of total monocytes. (B) Median mass
intensity (MMI) of HLA-DR on total monocytes, classical monocytes, transitional monocytes
and non-classical monocytes shown for each individual. Note for some donors the MMI
could not be calculated due to the absence of some subsets. The error bars show the mean
+/- one standard deviation. P values were calculated using Wilcoxon ranked sum tests with
false discovery rate at 5% and correction using the Benjamini-Hochberg method. Significant

results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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3.4.4 Phenotypical changes are observed in B-cells of paediatric cancer patients

Moving on to B-cells, there was no significant difference in the frequency of total B-cells
between paediatric cancer patients and paediatric healthy (figure 3.8). To investigate
whether differences existed in the B-cell subsets(Blomberg and Frasca, 2013; Cossarizza et
al., 2019) manual gating of the main subsets was performed as follows: Plasmablasts
(CD27"ehcD38Meh), Non-switch memory B-cells (IgD+CD27+), Class-switch memory B-cells (
IGD-CD27+), Naive B-cells (IgD+Cd27) and double negative B-cells (IgD-CD27-, figure 3.13A).
No difference in frequency was observed in the B-cell subsets between paediatric cancer

patients and paediatric healthy children (figure 3.13B).

Next, heatmaps were generated of B-cells and their subsets, in order to investigate the
phenotypical differences of B-cells in paediatric cancer patients and paediatric healthy
children (figure 3.14A). Overall, several B-cells markers were decreased in paediatric cancer
patients including: CXCR5, CD73, CD39 and CCR6. This decrease of marker expression was
only significant for CXCR5 and CCR6 and was not driven by one particular B-cell subset, as it

was seen in both memory and the naive B-cells subsets (figure 3.14B).
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Figure 3-13 B-cells are not altered in frequency in paediatric cancer patients.

(A) Gating strategy for the main B-cells subsets. (B) Frequencies of main B-cells subsets
shown at the level of individual. The error bars show the mean +/- one standard deviation. P
values were calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and
correction using the Benjamini-Hochberg method. No significant results are not indicated.
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Figure 3-14 B-cells of cancer patients have decreased expression of CXCR5 and CCR6.

(A) Heatmaps of total B-cells and main B-cells subsets are shown. Each row is a marker, and
each column is the concatenated fcs files for paediatric healthy (PH) and paediatric cancer
(PC) for the relevant population. The median marker intensity for each marker is shown
from 0 to 75. (B) Median marker intensity calculated for each B-cell subset at the level of
each individual. The error bars show the mean +/- one standard deviation. P values were
calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction
using the Benjamini-Hochberg method. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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3.4.5 CD4+ T-cells are more differentiated in paediatric cancer patients

Next, T-cells were explored in more detail. First, manual gating was performed using the
canonical markers CD45RA and CCR7 (Sallusto et al., 1999)to divide CD4 and CD8 T-cells into
naive (CCR7+CD45RA+), central memory (Tcm, CCR7+CD45RA-), effector memory (Tem,
CCR7-CD45RA-) and terminally differentiated effector memory (TEMRA, CCR7-CD45RA+,
figure 3.15A). Marked differences were observed in the CD4+ subpopulations. Paediatric
cancer patients had lower frequencies of naive CD4 with concomitant increases in Tcm, Tem
and TEMRA T-cells compared to healthy children (figure 3.15B). Assessing next the
remaining T-cells subsets no differences were observed in Tregs, NK T-cells or activated T-
cells (figure 3.15B). We did, however, identify differences in the Tregs subsets A
(CD45RA+CCR4-) and B (CD45RA-CCR4+,Kordasti et al., 2016), with subset A decrease and
subset B increase in paediatric cancer patients (3.15C). Furthermore, increased T-cell
differentiation is known to be associated with prior cytomegalovirus (CMV) infection in
adults and particularly elderly (Khan et al., 2002). To investigate whether this increase in
cancer patients was due to prior CMV infection, CMV IgG and IgM Elisa was performed from
plasma of both paediatric healthy and paediatric cancer patients. There was no association

of prior CMV infection and increased T-cell differentiation (figure 3.16).

To further evaluate differences in T-cell phenotype, t-SNE dimensionality reduction was
performed on all CD3+ cells using equal numbers of cells from each individual (3100 cells
per individual). Marked differences in the spatial cell distributions were observed between
paediatric cancer patients and healthy children (Figure 3.17A). Next, unsupervised FlowSOM

clustering was used to assign T-cells into 40 meta-clusters (Figure 3.17B). Expression levels
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of key phenotypic markers on each meta-cluster are presented in Figure 3.17C as separate
heatmaps for the 19 healthy control children (left panel) and 20 paediatric cancer patients
(right panel) alongside fold difference of meta-cluster frequencies (middle panel). Visually
comparing the two heatmaps, there was little difference in the marker expression for each
meta-cluster apart from the low CXCR3 expression noted on the memory CD4 and CD8 T-
cells subsets of paediatric cancer patients. This was confirmed when the median marker
intensity expression was extracted for the CD4 and CD8 subsets for each individual (figure
3.18). This unsupervised approached confirmed the manual gated data as naive CD4 were
present at higher frequency in healthy children while Tem and TEMRA CD4 were present at
higher frequency in paediatric cancer patients. Furthermore, FlowSOM analysis provided
additional insights. The most important differences in T-cell frequency between patients and
controls were for metacluster 35 (Th1l CD4+ T-cells based on CXCR3 expression),
metacluster 22 (Th2 CD4+ T-cells based on CCR4+ CCR6-) and metacluster 30 (Th17 CD4+ T-
cells based on CCR4+CCR6+). Frequencies of both were increased in patients. To confirm
these results manual gating of Th1, Th2 and TH17/22 T-cells was performed (figure 3.19A).
Assessing the frequency of each subset at the level of individuals showed that paediatric
cancer patients had increased frequencies of Th17/22 T-cells(Mosmann et al., 1986; Peck

and Mellins, 2010) but no changes were observed in Thl or Th2 T-cell subset (figure 3.19B).

Finally, patients had an increased frequency of gamma delta (y6) T-cells (meta-clusters 8
and 9). In collaboration with Dr Carrie Willcox and using a fluorescent cytometry panel, we
found this increase was solely due to effector V61 y6 T-cell cells (figure 3.20A-C) a subset

with adaptive immunobiological properties(Davey et al., 2017). In addition, the innate-like

112



V62 y8 T cells were of similar frequency in patients and controls although there was a clear

difference in phenotype, with levels of perforin lower in patients’ cells (figure 3.20D).
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Figure 3-15 CD4 T-cell differentiation is observed in paediatric cancer patients.

A) Gating strategy for the main CD4 and CD8 subsets. (B) The frequency of each subset
gated in (A) is shown at the level of each individual for both paediatric healthy and
paediatric cancer. The error bars show the mean +/- one standard deviation. P values were
calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction
using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05, **
p<0.01, *** p<0.001.
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Figure 3-16 CMV is not associated with the increase CD4 differentiation observed in
paediatric cancer patients.

The frequency of CD4+ and CD8+ T cells subsets (Naive; CM, Central Memory; EM, Effector
Memory and TEMRA, T effector memory CD45RA revertant) is shown for individuals as a
percentage of total CD4+ or CD8+ T cells. Donors that tested positive for cytomegalovirus
IgM or IgG antibodies are coloured red.
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Figure 3-17 Unsupervised FlowSOM analysis of CD3+ T-cells reveals marked differences in
the frequencies of T cell subsets in paediatric cancer patients relative to age matched
controls.

A) Results of tSNE dimensionality reduction performed on CD3+ cells from concatenated fcs
files from patients and healthy children assessing the differences on the spatial cell
distributions in the two-dimensional space. (B) Unsupervised clustering (FlowSOM) of T-
cells was performed based on their spatial orientation on the tSNE axis, generating 40 meta-
clusters. C) The expression of markers for each meta-cluster is shown on heatmaps
generated for paediatric healthy donors (left panel) and paediatric cancer patients(right
panel). The fold difference of the meta-clusters abundance between healthy donors and
cancer patients is shown in the centre panel.
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Figure 3-18 CXCR3 expression is decreased in CD4 and CD8 memory subsets.

Median marker intensity is shown for each CD4 and CD8 subset at the level of each
individual. The error bars show the mean +/- one standard deviation. P values were
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calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction
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using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05, **
p<0.01, *** p<0.001.
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Figure 3-19 Th17/Th22 expand in paediatric cancer patients.

(A) Gating strategy for Th1, Th2, Th17/22. (B) Frequency of subsets gated in (A) show at the
level of individual for paediatric healthy (PH) and paediatric cancer (PC). The error bars show
the mean +/- one standard deviation. P values were calculated using Wilcoxon ranked sum
tests with false discovery rate at 5% and correction using the Benjamini-Hochberg method.
Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3-20 Effector V61 yé T-cell cells expanding in paediatric cancer patietns.

(A)Gating strategy used to investigate gamma delta T cells and naive and effector delta 1
(Vd1) T cells using a fluorescent flow cytometry antibody panel. B) Frequencies of Vd1 and
Vd2 (gamma delta 2) T-cells for individuals expressed as a percentage of CD3+ T cells. C)
Frequency of effector Vd1 T-cells (CD45RA+CD27-) is shown for individuals and is expressed
as a percentage of total Vd1 T-cells. D) Frequency of perforin positive Vy9V62 T-cells is
shown at the level of individuals and is expressed as a percentage of total Vy9V&2. The error
bars show the mean +/- one SD. P values were calculated using Wilcoxon ranked sum tests
with false discovery rate at 5% and correction using the Benjamini-Hochberg method.
Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.

119



3.5 Mass cytometry from further 30 paediatric cancer patients confirms the immune
perturbations identified from the initial discovery cohort

3.5.1 Main immune cell analysis confirms the NK changes observed in paediatric cancer
patients

To validate the immune changes observed previously in the discovery cohort of the 20
paediatric cancer patients, we analysed a further 30 patients and compared them to age
matched healthy children (table 3.2, figure 3.1). To do this, a new mass cytometry panel was
designed in order to validate the results and further analyse the NK cells in more detail.
Samples from paediatric cancer patients were similarly taken at the time of diagnosis and
before any treatment was administered. For visualisation purposes flow cytometry standard
(fcs) files from patients and healthy children were concatenated into two separate files and
t-SNE dimensionality reduction was performed on all CD45+ cells using equal numbers of
cells from each individual (11,549 cells). Manual gating of major subsets was then
performed as demonstrated in figure 3.21A. Immune analysis of the main cells from
paediatric cancer patients and heathy children confirmed the NK findings identified in the
discovery cohort, with NK cells being significantly decreased in paediatric cancer patients

(figure 3.21B).
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Figure 3-21 NK cells are reduced in frequency in paediatric cancer patients (validation
cohort)

(A) T-sne maps of concatenated fcs files from paediatric healthy and paediatric cancer
patients shown with the gating strategy for the main immune subsets. (B) Frequencies of
the main immune cell subsets shown at the level of each individual for both paediatric
healthy and paediatric cancer patients. The error bars show the mean +/- one SD. P values
were calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and
correction using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05,
** p<0.01, *** p<0.001.
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3.5.2 NK subsets analysis confirms the increase of CD56°9" CD16- NK cells and decrease of
CD57+ NK cells in paediatric cancer patients

Next, we investigated the NK subsets in more detail. Manual gating of the three main
subsets was performed using the canonical NK markers CD56 and CD16 (figure 3.22A).
Analysis of the frequencies of the three NK subsets at the level of each individual confirmed
the expansion of the CD56°"8"CD16- NK subset in the paediatric cancer cohort.
Furthermore, similar analysis for a range of NK phenotypic markers was performed (figure
3.23). Paediatric cancer patients had higher proportions of NK cells expressing markers
associated with immature NK cells (CD27 and CD127) and lower proportions of NK cells
expressing markers associated with mature NK cells (CD45RA and CD57, figure 3.23). There
were no differences in the proportion of NK cells expressing CD38, CD161 or CXCR3/4. There

was also no difference in the expression of PD-1.

We then sought to examine the expression of each phenotypic marker for each NK subset
(figure 3.24). In the first subset (CD56""8""CD16-) CXCR3/4 expression was significantly lower
in the paediatric cancer patients. In the second subset (CD569™CD16-) and third subset
(CD56+CD16+) only CD57 was significantly lower in paediatric cancer. Collectively, these
results confirm the findings identified in the discovery cohort with NK cells not only being
decreased in frequency but also more immature. This is supported by the expansion of
CD56M8"'CD16- subset in paediatric cancer patients, the increased expression on total NK
cells of markers associated with immaturity and decreased expression of markers associated
with mature NK cells predominantly in subsets two (CD569™CD16-) and three

(CD56+CD16+).
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Figure 3-22 CD56brightCD16- NK subset expands in paediatric cancer patients.

(A) Gating strategy for the three NK subsets in paediatric healthy and paediatric cancer
patients. (B) Frequency of each NK subset shown on the level of individual for paediatric
healthy and paediatric cancer patients. The error bars show the mean +/- one SD. P values
were calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and
correction using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05,
** p<0.01, *** p<0.001.
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Figure 3-23 NK cells in paediatric cancer are more immature.

(A) Mass cytometry analysis of paediatric cancer patients and paediatric healthy showing
percentage of total NK cells positive for the indicated markers. The mean +/- 1 standard
deviation is shown. P values were calculated using Wilcoxon ranked sum tests with false
discovery rate at 5% and correction using the Benjamini-Hochberg method. Significant
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results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3-24 Phenotypic markers shown in all 3 NK subsets.

Frequency of NK cells within each of the four NK subsets (defined using CD16 and CD56)
showing the percentage of cells positive for each of the indicated markers. The error bars
show the mean +/- one standard deviation. P values were calculated using Wilcoxon ranked
sum tests with false discovery rate at 5% and correction using the Benjamini-Hochberg
method. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.

3.5.3 Non-classical monocytes are decreased in paediatric cancer patients

Turning now to monocytes, a trend towards higher monocyte counts was identified when
the full blood count data were investigated however, the mass cytometry analysis on the
discovery cohort revealed no differences in the total monocyte frequency between
paediatric cancer patients and healthy children. Furthermore, analysis of the monocyte
subsets in the discovery cohort revealed the expansion of transitional monocytes in the
paediatric cancer patients. To validate these results manual gating of the three monocytes
subsets was performed in the validation cohort using the canonical monocytes markers
CD14 and CD16 (figure 3.25A). Non-Classical monocytes were significantly decreased in
paediatric cancer patients and no differences were observed in the frequencies of classical
or transitional monocytes (figure 3.25B). These results differ from the findings observed in
the discovery cohort suggesting further investigation of monocytes subsets is needed in

larger cohorts.
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Figure 3-25 Non-classical monocytes are reduced in frequency in paediatric cancer
patients.

(A) Gating strategy for three main monocytes subsets in paediatric healthy and paediatric
cancer patients. (B) Frequencies of the three monocytes subsets shown at the level of each
individual. The error bars show the mean +/- one standard deviation. P values were
calculated using Wilcoxon ranked sum tests with false discovery rate at 5% and correction
using the Benjamini-Hochberg method. Significant results are indicated: * p<0.05, **
p<0.01, *** p<0.001.
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3.5.4 T-cells analysis of the validation cohort confirms the CD4 T-cells differentiation
observed in paediatric cancer patients.

Finally, as demonstrated in the discovery cohort, CD4 T-cells were more differentiated in the
paediatric cancer patients. To validate these results, manual gating of the main CD4 and CD8
T-cell subsets was performed as demonstrated in figure 3.26. Using the canonical markers
CD45RA and CD27, CD4 and CD8 T-cell subsets were gated as: Naive (CD45RA+CD27+), Tcm
(CD45RA-CD27+), Tem (CD45RA-CD27-) and TEMRA (CD45RA+CD27-). Moreover, Tregs (Liu
et al., 2006)were gated as CD25"8"CD127'°% while NK T-cells(Chan et al., 2013) were gated
as CD8+CD56+ and CD4+CD56+. Analysis of the CD8+ T-cell subsets at the level of each
individual showed no differences between paediatric healthy and paediatric cancer patients.
On the other hand, within the CD4+ T-cells subsets, Tcm were expanded in paediatric cancer
patients with concomitant decrease of CD4+ Naive T-cells (figure 3.27). Lastly, heatmaps
were generated to investigate whether the CXCR3 expression was similarly decreased on
the T-cells of paediatric cancer patients (figure 3.28). Indeed, the CXCR3/4 marker intensity
was decreased in both CD4 and CD8 memory subsets as well as the NK T-cells of the
paediatric cancer patients (figure 3.28). Collectively, the analysis of T-cells in the validation
cohort confirms the results identified in the paediatric discovery cohort with CD4+ T-cells

being differentiated and CXCR3 expression decreased in memory CD4 and CD8 subsets.
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Figure 3-26 Gating strategy for T-cells.

Gating strategy shown for the main CD4+ and CD8+ T-cells subsets.
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Figure 3-27 CD4+ central memory expansion with concomitant decrease of CD4+ Naive T-
cells is seen in paediatric cancer patients.

Freguencies of the main CD4 and CD8 T-cells subsets (as gated in figure 3.23) is seen at the
level of each individual for paediatric healthy and paediatric cancer patients. The error bars
show the mean +/- one standard deviation. P values were calculated using Wilcoxon ranked
sum tests with false discovery rate at 5% and correction using the Benjamini-Hochberg
method. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3-28 CXCR3/4 expression is decreased in the T-cells of paediatric cancer patients.

(A)Heatmaps of total CD4, CD8 and their main subsets are shown. Each row is a marker, and
each column is a population. These heatmaps have been generated from the concatenated
fcs files of paediatric healthy (PH) and paediatric cancer (PC) patients. The median marker
intensity for each marker is shown from 0 to 50. (B) CXCR3/4 marker intensity is shown at
the level of individual for each CD4 and CDS8 subsets. The error bars show the mean +/- one
standard deviation. P values were calculated using Wilcoxon ranked sum tests with false
discovery rate at 5% and correction using the Benjamini-Hochberg method. Significant
results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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3.6 Subgroup analysis of paediatric cancer patient’s explorative data

Deep immune profiling of 51 paediatric cancer patients identified important differences in
NK and T-cells. The most important results identified in this study were the decreased
frequency of total NK cells, the expansion of the CD568" CD16- NK subset and also the
expansion of the CD4+ Tcm subset. To explore whether these abnormalities were associated
to a particular disease, we analysed separately the patients with the six most frequent
paediatric malignancies: Hodgkin Lymphoma, Osteosarcoma, Neuroblastoma, Wilms
tumour, Rhabdomyosarcoma and Ewing’s sarcoma (figure 3.29). Even though this analysis is
explorative due to the small number of patients with each malignancy, it was evident that
these results were not driven by a certain disease or certain individuals. Overall, the
sarcomas had the most significant decrease of total NK cells and expansion of the CD56"i8ht
NK subset and the CD4+ Tcm subset. In summary, these results suggest a pan-cancer effect
in the paediatric immune system rather than a disease specific response however, further

studies are needed to validate these findings.
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Figure 3-29 Subgroup analysis of the most important results in the six most common
paediatric cancers.

Total NK cells, CD56P"8"*CD16- NK cells and CD4 Tcms were analysed for each individual for
the six most common paediatric cancers as shown. The error bars show the mean +/- one
standard deviation. P values were calculated using Wilcoxon ranked sum tests with false
discovery rate at 5% and correction using the Benjamini-Hochberg method. Significant
results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
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3.7 Conclusions

Immunotherapies can harness the immune system to overcome the immunosuppressive
tumour microenvironment and eradicate the malignant cells(Lin and Okada, 2016).
Numerous immunotherapeutic agents have shown promising results in adult cancers as
these treatments are more effective and less cytotoxic than chemotherapy (Hodi et al.,
2010; Sundar et al., 2015). Therefore, immunotherapy could be a great therapeutic
candidate for paediatric cancer patients but how to apply them effectively in this patient
population requires further exploration. The field is still in its infancy however, preliminary
data suggest that the success seen in adults has not translated into paediatric cancers and
the reason behind this is not fully understood(Hutzen, Paudel, et al., 2019). We do know
that paediatric tumours are fundamentally different from those of adults. For example,
most paediatric tumours are embryonal in origin with low mutational burden and therefore
lack actionable neoantigens (Wedekind et al., 2018) . In addition, the developing paediatric
immune system differs dramatically from that of adults (Dowling and Levy, 2014) and these
aberrations could also explain the differences seen in the immune responses to
immunotherapies. Thus, understanding the paediatric immune system in both health and
cancer could provide useful insights into the immune system of children with cancer and

identify key pathways that can potentially be targeted.

In this study we performed a deep immune analysis of 51 cancer patients and 33 age
matched healthy children in order to characterise the paediatricimmune system of children
with cancer. First, using a discovery cohort of 20 cancer patients and 19 age matched

healthy children, the main immune cells (NK, monocytes, B-cells and T-cells) were analysed.
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Notable differences were identified in the paediatric cancer patients’ NK cell and T-cell
populations. More specifically, the NK cells of paediatric cancer patients were reduced in
frequency and more immature. In addition, T-cells (and particular CD8+ T-cells) had
decreased CXCR3 expression and CD4+ T-cells were more differentiated in the paediatric
cancer cohort. These results were subsequently confirmed by performing a deep immune
analysis in a discovery cohort of an additional 31 cancer patients and 24 age matched
healthy children. NK and T-cell responses are crucial in the elimination phase of cancer
development as they are involved in eradication of malignant cells (Dunn, Old and
Schreiber, 2004). In addition, in tumour bearing mice, CD4+ T-cells were rapidly induced
after tumour growth and suppressed anti-tumour CD8+ T-cell responses (Boer et al., 2005).
Therefore, even if these cells are indeed tumour specific this does not imply they will
generate an effective immune response. In contrary, these cells could contribute to
uncontrolled tumour growth. Our results are consistent with the dogma of cancer
immunoediting and indicate that that these aberrations seen in paediatric cancer patients
are perhaps a way of cancer escaping the defence mechanisms provided by the paediatric

immune system.

Embryonal tumours are the most common paediatric tumours and frequently lack HLA-I
expression rendering them effective targets for NK cells(Bernards, Dessain and Weinberg,
1986; Borthwick et al., 1988; Raffaghello et al., 2007; Pfeiffer et al., 2011). Indeed, many
studies have shown that these tumours can be effectively targeted and eradicated in vitro
by NK cells(Bernards, Dessain and Weinberg, 1986; Borthwick et al., 1988; Castriconi et al.,
2004; Raffaghello et al., 2007; Pfeiffer et al., 2011). It is, therefore, crucial to understand the

role of NKs cells in the context of paediatric tumours. We observed a decrease in frequency
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of the NK cells in the periphery that was not disease specific. This could be due to NK
migration in the tumour sites however, there was no difference in the expression of the
CXCR3 receptor which has been shown to be responsible for NK migration in the tumour
sites(Wendel et al., 2008). Given that the NK cells lifespan is two weeks(Zhang et al., 2007),
An alternative explanation is that the NK homeostasis is affected. This is supported by the
increase of the proportion of the CD56"&"t NK cells seen in paediatric cancer patients. This
subset is considered to be immature and is usually found in the bone marrow where it
matures to CD56%™ prior to its release to the circulation(Michel et al., 2016). However,
occasionally this subset can be found in the periphery as they migrate to secondary
lymphoid organs for complete maturation(Michel et al., 2016). Furthermore, several studies
reported expression of CCR7, CXCR3 and CXCR4 on this particular subset indicating tropism
to the lymphoid tissues(Martin-Fontecha et al., 2004; Pesce et al., 2016, p. 7). Interestingly
CCR7, CXCR3 and CXCR4 were all decreased in the CD56 &'t population of paediatric cancer
patients. It is therefore possible that these cells are migrating to secondary lymphoid
organs for maturation however they are lacking receptors crucial for lymphoid tissue entry.
In addition, several adult cancers have identified increased circulating CD56°"&"t NK cells,
and this has been linked to poor prognosis(de Jonge et al., 2019). Nevertheless, the fact that
the majority of patients present with anaemia accompanied by immature reticulocytes (high
reticulocyte indices- MFR, HFR) along with the abundance of the immature NK subset
(CD56P18"CD16-) in their periphery, suggest that the bone marrow is under stress through
perhaps the cancer itself. It has been suggested that cancer can regulate the bone marrow
microenvironment through different cytokines and catecholamines in order to promote pro-
tumorigenic effects such as growth and therapy resistance (Hanns et al., 2019). Further

studies investigating the role and the function of the bone marrow microenvironment in the
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context of paediatric solid tumours are needed as this could provide a rationale for more

targeted therapies.

CD4+ T-cells play a pivotal role in development and sustainment of effective anti-tumour
immunity as they are the orchestrators for several immune responses either directly
through providing help to CD8 cytotoxic cells or mediating responses indirectly through
cytokines release and antibody production (Tay, Richardson and Toh, 2021). Interestingly,
CD4+ Tcm were expanded in paediatric cancer patients. We were not able to demonstrate
whether these were antigen specific and future studies are needed to identify their
specificity. If these cells are indeed tumour specific and are not able to enter the tumour
sites perhaps due to the decreased expression of CXCR3 observed in several subsets of T-
cells, then identifying ways to increase their accessibility in the tumour could be beneficial.
This however needs to be addressed with caution. As mentioned earlier the expansion of
CD4+ in tumour bearing mice was associated with a suppressor phenotype that prevented
effective cytotoxic lymphocyte mediated antitumour immunity(Boer et al., 2005). The effect
of these suppressive CD4+ T-cells was reversed after treatment with antigen presenting
cells- activating agents such as anti-CD40 signalling(Boer et al., 2005). Therefore, further
functional studies are needed to interrogate the role of the expanded CD4+ Tcm in
paediatric cancer and identify ways to therapeutically target them. In addition, even though
no differences in the total Tregs were observed, there were obvious phenotypic Treg
differences, with the expansion of Tregs subset B (CCR4hi) and the reduction of Tregs subset
A(CD45RANhi) in paediatric cancer patients. Interestingly, the Treg subset B has been
suggested to be more suppressive and proliferating when investigated in the context of

aplastic anaemia(Kordasti et al., 2016; Lim et al., 2020). If we were to use the Tregs
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phenotype as a barometer of immunosuppression, then the expansion of Treg subset B in
paediatric cancer could indicate the presence of a more suppressive immune environment
further attributing to the argument that the CD4 Tcm expansion could also bear a
suppressive phenotype. Furthermore, CXCR3 expression on T-cells of cancer patients has
been linked with better outcome as CXCR3 is mediating the recruitment of activated Th1l
cells to areas of inflammation as well as the migration of cytotoxic CD8+ to tumour sites
(Winter et al., 2007; Kuo et al., 2018). Interestingly, in our cohort the decreased CXCR3
expression was more prominent in the CD8+ T-cells rather than CD4+ T-cells suggesting that
CD8+ T-cells are more likely to be excluded from tumour entry. Overall, the role of CXCR3 in
tumour recruitment of effector T-cells, the CD4+ Tcm and the Treg subset B expansion in
paediatric cancer requires further investigation in larger studies as they could be potentially

therapeutically targeted or utilized for disease monitoring.

Our mass cytometry panels were not designed to investigate B-cells or monocytes in detail
however, we did identify some interesting phenotypic changes in these two important
subsets. B-cells and their main subsets were not altered in frequency however, CXCR5 and
CCR6 expression were both decreased in naive and memory B-cells. B-cells migrate to
lymphoid tissues and bone marrow through several key ligands including CXCR5 and CCR6
(Stein and Nombela-Arrieta, 2005; Okada and Cyster, 2006). CXCR5 has been extensively
studied in B-cells and is thought to play a crucial role in humoral responses by directing B-
cell to the germinal centres light zone and facilitating B-cell activation (Allen et al., 2004;
Sédez de Guinoa et al., 2011, p. 13). On the other hand, CCR6 expression has been linked to
B-cell migration in areas of inflammation (Geherin et al., 2012). In paediatric cancer

patients, both CXCR5 and CCR6 expression were found to be decreased in naive and
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memory B-cells subsets. The reduced expression of CXCR5 could prevent the B-cells, and
particularly the naive B-cells, from entering the light germinal centre zone and therefore
affecting the development of memory specific B-cells. Furthermore, the lack of CCR6 could
prevent B-cells, and particularly memory B-cells from entering areas of inflammation such as
the tumour microenvironment, thus further preventing effective tumour immune
responses. These results require validation in larger cohorts, however identifying ways to
target CXCR5 and CCR6 could enhance immune responses by developing memory specific B-
cells and facilitating tumour entry. Lastly, no differences in the frequencies of monocytes or
their subsets were observed however, paediatric cancer patients showed a trend towards
increased total monocytes. Investigating the HLA-DR expression in the monocytes of
paediatric cancer patients, it was evident that total monocytes and in particular classical
monocytes were less enriched for HLA-DR. The HLA-DR!° monocytes are thought to be
immunosuppressive and negatively affect cancer immunotherapies (Mengos, Gastineau and
Gustafson, 2019). Further studies are needed to investigate the role of HLA-DR"® monocytes
in paediatric cancer as this could be therapeutically targeted and perhaps a potential

biomarker candidate.

In summary, high dimensional single cell analysis of pediatric cancer patients revealed
important immune changes and particular in NK and T-cell subsets. Overall, these results
could provide a rational basis for developing and selecting immunotherapies for pediatric
cancer patients and improving strategies for future trials. Our patient cohorts included a
range of different solid tumours and patients with a broad age range and within these

cohorts our results did not appear to be disease or age specific.
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CHAPTER 4- NK characterisation in children with cancer

4.1 Introduction

In the previous chapter, high dimensional analysis of the immune system of paediatric
cancer patients revealed important changes in the NK cells. More specifically, the paediatric
cancer patients had decreased frequency of total NK cells and expansion of the CD56°"8" NK
subset. Cancer associated changes in NK cells have been previously reported in adult cancer
patients (Carrega et al., 2008; Mamessier et al., 2013). First, even though no changes were
observed in the NK cell frequency, these studies also noted an expansion of the CD56"ght
NK subset in patients (Carrega et al., 2008; Mamessier et al., 2013). Second,

NK cells isolated from these patients had less cytotoxic potential against malignant cells
(Mamessier et al., 2013). Third, NK cells from the tumour microenvironment had an
imbalance of activating and inhibitory NK receptors and this could perhaps explain their
inability to exert direct cytotoxicity against primary tumour cells (Mamessier et al., 2013).
Furthermore, tumours can evade the immune system by secreting immunosuppressive
cytokines (Hasmim et al., 2015). It has been shown that cytokines play a crucial role in the
immune evasion phase (Dunn, Old and Schreiber, 2004) and further understanding of the
interactions between cells and cytokines is crucial for future immune-therapeutic

approaches.

Lastly, systemic immunity is important, but understanding the tumour is also highly

relevant. In contrast to adult cancers, paediatric cancers are thought to be poorly infiltrated

by immune cells. It is therefore important to investigate the paediatric tumour

140



microenvironment and more specifically the immune infiltrates to better understand the
tumour’s immune evasion strategies and further inform future therapeutic strategies. Given
the decrease observed in the NK frequency at the periphery of paediatric cancer patients an

intriguing question raised is whether these NK cells have migrated into the tumour sites.

Therefore, the aims of this chapter are a) to perform a detailed characterisation of the NK
cell receptors of NK cells isolated from the peripheral blood of paediatric cancer patients
and compare this to healthy children, b) investigate the cytotoxic potential of NK cells
isolated from the peripheral blood of paediatric cancer patients and compare this to healthy
children, c) perform cytokine analysis of plasma from paediatric cancer patients and healthy
children and finally, d) perform immunohistochemistry analysis of immune infiltrates in

paediatric tumours.
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4.2 Characterising NK receptor expression in paediatric cancer patients

4.2.1 Exploratory analysis of the discovery cohort reveals increased NKG2A expression on
NK cells from paediatric cancer patients

To explore the NK cell phenotype in more detail a separate NK-focused mass cytometry
panel was used to describe the NK receptors on NK cells from six paediatric cancer patients
and six healthy children (all selected from the initial discovery cohort from whom surplus
cells were available). The expression of the inhibitory receptor NKG2A (Pegram et al., 2011)
was significantly increased on total NK cells from paediatric cancer patients (figure4.1 A and
B). No difference in the frequency of cells positive for the activating receptors NKG2D,
NKp46, NKp30 or DNAM1 was observed (Pegram et al., 2011, Figure 4.1 B). Examining each
NK subset described in chapter 3 in turn, the expression of NKG2A was interestingly

increased on the mature cytotoxic NK subset 3 (CD56+CD16+, figure 4.1C).
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Figure 4-1 The expression of the inhibitory receptor NKG2A increased in mature NK cells of
paediatric cancer patients.

(A) Total NK cells were clustered using the SPADE algorithm in Cytobank. Spade nodes are
coloured by the level of NKG2A expression. Size of each node reflects the numbers of cells.
The concatenated fcs files are shown for the 6 healthy children and the 6 cancer patients(B)
Additional mass cytometry analysis investigating activating and inhibitory NK receptors.
Paediatric healthy (PH, n=6); paediatric cancer (PC, n=6). (C) Frequency of NK cells within
each of the three NK cell subsets (subset 1: CD568"CD16-, subset 2: CD569™CD16-, subset
3: CD56+CD16+) showing the percentage of cells positive for each NK receptor analysed. The
mean +/- SD is shown. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
The results of Wilcoxon ranked sum tests with false discovery rate correction using the
Benjamini-Hochberg method are shown.

4.2.2 Detailed NK receptor analysis in the validation cohort confirms the increase of
NKG2A expression and further reveals a decreased expression of activating KIRs and
NKp30/80 on NK cells of paediatric cancer patients.

Next, NK cells from paediatric cancer patients (n=31) and healthy children(n=24) of the
validation cohort, were analysed using a NK focussed panel. Dimensionality reduction was
performed to characterise total NK cells manually gated as per Figure 3.21A. Performing t-
SNE on NK cells from 31 patients and 24 controls (1000 NK cells per individual) showed
distinct distributions of cells in the contour plots (Figure 4.2A). This difference was driven by
the increased frequency of the CD56"8" NK cells (figure 4.2B) and the decreased frequency
of the CD57+ NK cells in paediatric cancer patients (figure 4.2B). Unsupervised clustering
was then performed using FlowSOM (figure 4.2C). Analysis of clusters generated showed
that the frequency of cluster 7 (CD56°"8"CD16-) was significantly increased and cluster 5
(CD57+) was significantly decreased in paediatric cancer patients (figure 4.2D and 4.2E).
Finally, heatmaps of the NK clusters were generated and comparison of paediatric cancer

patients and healthy children revealed that the expression of killer cell immunoglobulin-like
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(KIR) receptors was lower in clusters 4,6 and 8 in paediatric cancer patients and NKG2A

increased in metacluster 10 (figure 4.2D).

To explore these changes in more detail, total NK cells were manually gated (using a square
gate drawn on biaxial plots of CD56 versus markers shown in 4.4) and surface expression of
inhibitory and activating NK receptors was measured for each donor (figure 4.4).
Interestingly, the activating receptors NKp30 and NKp80 (Moretta et al., 2001) were
decreased while the inhibitory receptor NKG2A (Pegram et al., 2011) was increased on the
NK cells of paediatric cancer patients (figure 4.3). The median marker intensity (MMI) of
NKG2A was extracted and assessed in all NK metaclusters, total NK and the three NK subsets
(figure 4.3). The NKG2A MM for Metaclusters 10 and 8 (CD56+CD16-) was higher in
paediatric cancer patients (figure 4.3B). Similar results were observed when the NKG2A
MMI was assessed in the three NK subsets, as patients had higher NKG2A MMI on the

mature NK subsets CD569™CD16- and CD56+CD16+(figure 4.3C).

Furthermore, a detailed analysis of the killer cell immunoglobulin-like receptors (KIR) was
performed. This was challenging as some of the commercially available antibodies can bind
to more than one molecule nevertheless, important changes were identified. The
KIR2DL1/KIR2DS1/KIR2DS3/KIR2DS5 expression was significantly decreased on the NK cells
of paediatric cancer patients (figure 4.4). This decrease did not appear to be due to the
inhibitory KIR2DL1(Hilton et al., 2015) or activating KIR2DS5(Della Chiesa et al., 2008), as
their expression was similar to healthy children (figure 4.4), but due to the decrease of the
activating KIR2DS1 and/or KIR2DS3(Ivarsson, Michaélsson and Fauriat, 2014). Furthermore,

a significant decrease of the expression of the KIR2DL2/KIR2DL3/KIR2DS2/KIR2DS4 was also
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seen on the NK cells of paediatric cancer patients (figure 4.4). Again, this decrease was not
due to the inhibitory KIR2DL2 and KIR2DL3 (figure 4.4) but due to the activating KIR2DS2
and KIR2DS4(lvarsson, Michaélsson and Fauriat, 2014). Finally, investigating the NK
receptors in each NK subset (figure 4.5) the increase of NKG2A and decrease of
KIR2DL2/KIR2DL3/KIR2DS2/KIR2DS4 were significant for the CD569™CD16- subset but not
for the other two subsets. Overall, the deep immune NK analysis of paediatric cancer
patients from the validation cohort, confirmed the increased frequency of CD56"8" NK
subset in paediatric cancer patients described in chapter 3 and further revealed an altered

balance of NK receptors.
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Figure 4-2 Phenotypic changes identified in paediatric cancer patients.

(A) t-SNE contour plots of total NK cells from concatenated fcs files of paediatric healthy
(PH, n=24) and paediatric cancer (PC, n=31) individuals. (B) CD56 and CD57 expression on
total NK cells demonstrated on the t-sne maps for PH and PC. (C) FlowSOM analysis of total
NK cells using 10 metaclusters. (D) Heatmaps generated for all 10 metaclusters (columns)
for PH and PC using the median metal intensity from 0 to 10 of each marker (rows). (E)
Frequency of each metacluster identified in C now shown at the level of each individual. The
mean +/- SD is shown. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001.
The results of Wilcoxon ranked sum tests with false discovery rate correction using the
Benjamini-Hochberg method are shown.
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Figure 4-3 NKG2A expression is increased in paediatric cancer patients.

(A)Histograms of concatenated fcs files showing the expression of NKG2A for the
metaclusters in figure 4.2. (B+C) Median Marker intensity of NKG2A is shown at the level of
each individual for paediatric healthy and paediatric cancer. In (B) the metaclusters in figure
4.2 and in (C) the three NK cells subsets were investigated. The mean +/- SD is shown.
Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001. The results of Wilcoxon
ranked sum tests with false discovery rate correction using the Benjamini-Hochberg method
are shown. In grey are statistical significant results with FDR >5%.
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Figure 4-4 NK receptors analysis reveals an imbalance of activating and inhibitory
receptors in paediatric cancer patients.

Manual gated data from total NK cells shown at the level of individual for each NK receptor.
The mean +/- SD is shown. Significant results are indicated: * p<0.05, ** p<0.01, ***
p<0.001. The results of Wilcoxon ranked sum tests with false discovery rate correction using
the Benjamini-Hochberg method are shown. For KIR receptors activating receptors are
shown in blue while inhibitory receptors are shown in red.
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Figure 4-5 NK receptors analysis for each NK subset separately at the level of individual.

The mean +/- SD is shown. Significant results are indicated: * p<0.05, ** p<0.01, ***
p<0.001. The results of Wilcoxon ranked sum tests with false discovery rate correction using
the Benjamini-Hochberg method are shown.

4.3 NK cells functional assays

4.3.1 NK cells from paediatric cancer patients have fewer cytotoxic granules

The ability of NK cells to kill tumour cells is mainly dependent upon their cytotoxic potential
(Bassani et al., 2019) and can be divided in to three main stages . First, the NK cells
recognise the target cell and the signal from activating receptors shifts the balance towards
activation (Topham and Hewitt, 2009). NK cells then form an immune synapse with the
target cell, followed by secretion of perforin and granzyme B into the target cell cytoplasm
(Ambrose et al., 2020). This leads to cleavage of different targets by granzymes inducing cell
death (Lieberman, 2003; Trapani and Bird, 2008). Given the significant role of perforin and
granzyme in mediating NK cytotoxicity, fluorescent flow cytometry was used to measure
levels of the intracellular cytotoxic effector molecules perforin and Granzyme-B in NK cells

of paediatric cancer patients and healthy children.

Data obtained using mass cytometry and fluorescent cytometry has previously been shown
to be comparable (Gadalla et al., 2019). Nevertheless, | validated the NK gating strategy of
the three main NK subsets described in chapter 3 (Cd56°"&"CD16-, CD569™CD16- and
CD56+CD16+) and compared the two technologies with no differences identified (figure 4.6
A and B). Flow cytometry was then used to measure the intracellular quantity of perforin

and granzyme B in NK cells from six cancer patients and five healthy children (all selected
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from the discovery cohort, figure 4.6 C and D). Paediatric cancer patients had a significantly
lower proportion of total NK cells positive for perforin or granzyme B (Figure 4.6C).
Examining each subset in turn provided two important insights. First, the proportion of cells
positive for perforin and granzyme varied markedly for each subset: low for subset 1, higher
for subset 2 and highest for subset 3, finding consistent with the NK maturation
process(Krzewski and Coligan, 2012). Second, for each subset there was no difference in the
percentage of NK cells positive for perforin or granzyme B between patients and controls.
Therefore, the difference observed in the total NK cells is due to the different proportion of
NK subsets present in patients and controls rather than differences for each subset (Figure

4.6 D).
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Figure 4-6 Paediatric cancer patients’ NK cells have fewer cytotoxic granules compared to
healthy children.

(A) Comparison of NK subsets using mass cytometry and flow cytometry. (B) Correlation of
NK cells between mass cytometry and flow cytometry. (C) The percentage of total NK cells
positive for perforin and Granzyme B is shown for paediatric healthy (PH). and paediatric
cancer (PC) patients. (D) The percentage of NK subsets 1 (CD56brightCD16-), 2
(CD56dimCD16-) and 3 (CD56+CD16+) positive for perforin and Granzyme B is shown for
paediatric healthy (PH) and paediatric cancer (PC). The mean +/- SD is shown. Significant
results are indicated: * p<0.05, ** p<0.01, *** p<0.001. The results of Wilcoxon ranked sum
tests with false discovery rate correction using the Benjamini-Hochberg method are shown.
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4.3.2 NK cytotoxicity against K562 cells is decreased in paediatric cancer patients

Next, the cytotoxicity of total NK cells against the standard K562 cancer cell line (Nagel,
Collins and Adler, 1981) was evaluated. NK cells from five paediatric cancer patients and five
age-matched healthy children were assessed at different effector to target ratios (figure
4.7A). Ratios were adjusted to correct for the lower frequency of NK cells observed in
paediatric cancer patients. Results from these assays showed that, consistent with their
lower levels of perforin and granzyme B, NK cells from paediatric cancer patients were less
cytotoxic (Figure 4.7A). The exception was patient C19, who showed similar levels of
cytotoxicity to their age-matched control (Figure 4.7B). Interestingly, this patient had a pre-

malignant diagnosis of nephroblastomatosis rather than an established malignancy.

An alternative explanation could be that NK cells in patients are less able to recognise K562
cells or are less capable of being activated. To exclude these possibilities the ability of NK
cells to degranulate, determined by CD107a surface display, was evaluated. CD107a
(lysosomal-associated membrane protein-1) is a lysosomal membrane protein that, in
cytotoxic immune cells such as CD8 T-cells and NK cells, is also present in the membrane of
cytotoxic granules. When triggered to induce cytotoxicity, CD107a is transported with the
cytotoxic granule and displayed on the surface to protect the NK cell from self-lysis (Cohnen
et al., 2013). Display of CD107a on the surface of immune cells is therefore used to measure
degranulation as a surrogate of cytotoxicity (Penack et al., 2005). Following co-culture with
K562 cells, NK cells from patients and controls showed equivalent levels of CD107a positivity

(Figure 4.7C). Furthermore, production of interferon-gamma and TNF-a were equivalent
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(Figure 4.7C). Collectively, these data show that NK cells from patients were not impaired in

their ability to recognise and respond to K562 cells.

Therefore, the impairment of K562 killing by NK cells from patients likely reflects the lower
levels of mature cytotoxic NK cells present in paediatric cancer patients’ blood. If this was
the case, then restoring natural levels of mature NK cells should reverse the defect. To test
this hypothesis, NK cells from patient CO8 and their age-matched counterpart, healthy
donor HV11, were cultured with IL-2 for 14 days then tested for K562 cytotoxicity.
Following culture NK cells from the patient exhibited greater cytotoxicity than the control
cells, showing that the reduced NK cell cytotoxicity common in paediatric cancer patients is

reversible (Figure 4.7D).

Finally, we examined whether soluble NKG2D ligands MICA and ULBP2 in the plasma of
paediatric cancer patients might inhibit NK function, as has been reported for adult cancer
patients (Molfetta et al., 2017).Unexpectedly, paediatric cancer patients had significantly
lower plasma concentrations of MICA and ULBP2 compared to healthy children (figure 4.8).
In summary, our results demonstrate that NK cells from paediatric cancer patients had less
cytotoxic potential against K562 cells and this was due to the decreased expression of
perforin and granzyme in the total NK cell population of paediatric cancer patients that
arises due to the decreased proportion of mature cytotoxic NK cells in their blood.
Importantly, this deficit in NK cytotoxicity was reversible when NK cells are cultured in vitro

with a clinically validated IL-2 protocol (Fernandez et al., 2021).
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Figure 4-7 NK cells from cancer patients showed decreased cytotoxicity but not decreased

recognition of K562 target cells.

(A) Combined results of K562 cytotoxicity assays for five patients and five age matched
control donors performed at the indicated NK effector to K562 target ratio. Mean
cytotoxicity +/- 1 standard deviation is shown. 9B) Results from panel A now showing each
patient and their age matched control. (C) Flow cytometry analysis of NK cells from seven
paediatric healthy donors (PH) and seven paediatric cancer patients (PC), which include
patients analysed in A and B, measuring degranulation by CD107a as well cytokine
production. Error bars shown mean +/- 1 standard deviation. (D) K562 cytotoxicity assay
performed using NK cells from patient CO8 and their age matched control HV11 using NK
cells expanded in vitro with IL-2 for 14 days. E:T indicates the effector: target ration used.
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Figure 4-8 ULBP-2 and MICA are decreased in the plasma of paediatric cancer patients.

Results of ELISAs measuring NKG2D ligands ULBP-2 or MICA is shown for paediatric healthy
(PH) and paediatric cancer (PC) patients. The mean +/- SD is shown. Significant results are
indicated: * p<0.05, ** p<0.01, *** p<0.001. Mann-Whitney tests were used to compare
paediatric healthy and paediatric cancer patients.
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4.4 Cytokines profile analysis of paediatric cancer patients reveals elevated concentration

of cytokines linked to tumour progression and metastasis.
Next, analysis of the cytokine profile of paediatric cancer patients and healthy children was
performed. First, explorative cytokine analysis was performed on a subset of paediatric
cancer patients (n=6) and healthy children (n=8) using a cytokine array capable of detecting
200 cytokines. The strategy here was to perform an initial broad survey of cytokines to
identify key molecules altered in patients for subsequent analysis. As the array can only
measure a small number of samples plasma was pooled together into four groups: i) three
younger paediatric cancer patients <5 years old, ii) three older paediatric cancer patients >5
years old, iii) four younger healthy children <5 years old and iv) four older healthy children >5
years old. The assay was performed as per manufacture’s protocol for each group and pixel
density was determined. Figure 4.9 shows scans of the cytokine arrays, with molecules that
were significantly increased in abundance in cancer patients relative to healthy children.
These include the plasminogen activator inhibitor-1(PAI-1) which is associated with tumour
progression(Li et al., 2018), the retinol binding protein 4 (RBP4) which has been linked to
tumour development (Berry, Levi and Noy, 2014) and matrix metallopeptidase 9 (MMP9)
which is linked to tumour progression(Huang, 2018). Interestingly, dipeptidyl peptidase IV
(DPPIV), which is associated with advanced disease in adults with colorectal cancer (De la
Haba-Rodriguez et al., 2002), was decreased in paediatric cancer patients. A detailed
breakdown of cytokines that were differentially abundant is provided in Appendix 1 and 2.
To validate these results, key molecules of interest were then measured in unpooled plasma

samples from 43 paediatric cancer patients and 19 healthy children.
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Direct comparison of cytokine levels between paediatric cancer patients and healthy children
showed statistically significant differences for 7 out of the 29 soluble plasma proteins (figure
4.10A). Specifically, the paediatric cancer patients had statistically significant raised levels of
cytokines linked to tumour progression and metastasis such as MMP9 (Huang, 2018 ),
Interleukin 8 (Bakouny and Choueiri, 2020,IL-8), Interleukin 23 (Yan, Smyth and Teng, 2018,
IL-23) and soluble CD40 ligand (Chung and Lim, 2014, sCD40L). Moreover, cytokines reported
to exert anti-tumour effects, such as-interferon gamma inducible protein 10 (IP-10, Enderlin
et al., 2009, IP-10) and human interleukin 12 p40 subunit (IL-12p40, Lasek, Zagozdzon and
Jakobisiak, 2014, IL12p40) were significantly decreased in paediatric cancer patients (Figure
4.10). Finally, tumour promoting cytokines interleukin 6 (Kumari et al., 2016, IL-6), Arginase
(Grzywa et al., 2020) and thymus- and activation-regulated chemokine also known as CC
chemokine ligand 17 (TARC, Korbecki et al., 2020,TARC) were also elevated in paediatric
cancer patients however, when corrected for multiple comparisons, this increase was no

longer significant.
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Figure 4-9 Cytokine array analysis for paediatric cancer patients (younger group <5 years)

and healthy children.

The pixel density arrays are shown for paediatric healthy and paediatric cancer patients
annotating in boxes the four most significant cytokines. The table shows the mean value

intesity of each cytokine for healthy and cancer patients as well as the fold changes.

Statistical analysis was performed using unpaired t-test correcting for multiple comparisons.

P values are provided.
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Figure 4-10 Cytokine profile of paediatric cancer patients.
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(A) Levels of cytokines in plasma of 43 paediatric cancer patients and 19 healthy children.
Results of Wilcoxon rank-sum tests comparing the frequency of each cluster in healthy
children and cancer patients are indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-
significant results are not shown, and black p value symbols indicate significant results after
5% false discovery rate correction using the Benjamini-Hochberg method. Purple line
indicates the mean of the results. (B) Volcano plot generated for all the cytokines analysed.
The values plotted on the x axis represent the difference between the means of paediatric
healthy and paediatric cancer patients’ values (x=0, no difference). The values plotted on
the Y axis represent the minus logarithm of the g value generated by the multiple
comparison analysis.

4.5 Analysis of tumour infiltrating lymphocytes revealed that low NK cell abundance in the
periphery was not due to NK migration in the tumour sites.

Finally, to investigate whether the decreased frequency of total NK cells in the periphery
was due to their migration to the tumour site we accessed our patients’ diagnostic biopsies
and determined the intratumoral expression of CD45, CD56 and CD57 by performing
immunohistochemistry staining analysis. We were able to access samples for only a limited
number of patients (n=4) due to constraints of ethical consent. Three patients had
malignancy (neuroblastoma and Wilm’s tumour) and one had WAGR syndrome and was
diagnosed with premalignant nephroblastomatosis, a precursor for the development of
Wilm’s tumour (Grattan-Smith, 2011). Paediatric cancers frequently express NCAM1 protein
(CD56) that is the standard marker to identify NK cells in the blood (Sebire et al., 2005).
Therefore, while we stained tissues for CD56, we also used CD45 to identify all lymphoid
cells and CD57 to identify cytotoxic NK cells. The percentage of the tumour infiltrate
lymphocytes (TIL) and NK cells was assessed by the consultant pathologist at Birmingham

Women’s and Children’s hospital who reviewed and reported all the slides.

As expected, tumour cells showed positive CD56 staining (figure 4.11). CD45 staining varied

between patients and was used to measure the percentage of TIL. Neuroblastoma patient
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C11 had the highest percentage of TILs (45%), WAGR patient C19 had 10%, Wilm’s patient
C05 had 5% and Wilm'’s patient C16 had <1% (figure 4.12). Although the neuroblastoma
sample contained a high frequency of CD45+ lymphoid cells only 1% of these were CD57
positive. These results indicate that the TILs in the tumour microenviroment of these four
paediatric cancer patients were not NK cells. Finally, correlation analysis was performed
comparing the total percentage of CD56 from the PBMCs (total % of NK cells) and the CD45
percentage in the tumour (% of TILs) for the same four patients (figure 4.12). This analysis
showed that the number of TILs was linearly correlated with the number of total NK cells in
the periphery suggesting that the highest number of circulating NK cells in the periphery the
higher the number of TILs. In summary, immunohistochemistry analysis of TILs showed that
these cells were not NK in origin suggesting the decrease of total NK cells seen in the
periphery of paediatric cancer patients was most likely not due to their migration in the
tumour sites. These results should be interpreted with caution given the small number of

patients and validation is needed in larger cohorts.
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Neuroblastoma-
c1
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Figure 4-11 Immunohistochemistry analysis of paediatric tumours staining for CD56, CD45
and CD57.

Antibody staining was validated by the consultant pathologist using healthy lymphoid tissue.
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Figure 4-12 TiLs percentage at the level of each individual.

Graphs one and two indicate the percentage of CD45+ and CD57+ in the tumour
microenviroment as determined by the consultant pathologist at the BWCH. The third graph
shows the correlation of the CD56% cells in the periphery and the intratumoural CD45%. In
black dots the CD56% for healthy children is shown. R? has been calculated using the simple
linear regression model, p value= 0.05.
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4.6 Conclusions

The main aim of this chapter was to perform a detailed characterisation of the NK cells in
paediatric cancer patients. First, an unsupervised analysis of total NK cells in the discovery
cohort, confirmed the findings described in chapter 3 with paediatric cancer patients having
an increased frequency of CD56°"8" NK cells compared to age matched counterparts. Next,
we investigated whether the decrease in NK cell frequency noted in the periphery of
paediatric cancer patients was due to them migrating to the tumour site. Few NK cells (1% of
TILs) were identified in the tumour of one patient. This suggests that NK cell entrapment in
the tumour site is unlikely to explain the deficit in the periphery. There was also a positive
correlation between total NK cells in the periphery with non-NK TILs in the tumour. This
could perhaps indicate that a higher percentage of total NK cells reflect a more functional
immune system with cells able to migrate to tumour sites and TILs could perhaps be used in
future studies for patient stratification. However, as this was only investigated in four
patients, larger studies are needed to compare both tumour microenvironment and

peripheral blood and validate these results.

Whether an NK cell activates depends on competing signalling from a large range of
activating and inhibitory receptors. We therefore characterized the NK receptors in more
detail. Interestingly, a significant imbalance was identified for both activating and inhibitory
NK receptors in paediatric cancer patients. More specifically, the inhibitory NK receptor
NKG2A (Pegram et al., 2011) was increased, and the activating NK receptors NKp30/80
(Moretta et al., 2001), KIR2DS1/3 and KIR2DS2/4(lvarsson, Michaélsson and Fauriat, 2014)

were decreased in cancer patients. This imbalance of receptors was similar for all NK subsets
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with the exception of the the expression of NKG2A and KIR2DS2/4 on the CD569™ NK subset.
This imbalance could perhaps reflect a failure in NK cell development and education. It has
been described that NK cells undergo education in order for them to be licensed as fully
functional cells that are inhibited from killing human leukocyte antigen (HLA) positive healthy
cells therefore, acquiring self-tolerance (Yokoyama and Kim, 2006). The self-specific inhibitory
KIRs recognize the HLA class | and render the NK cells hyporesponsive, avoiding potential
autoreactivity (Karre, 2002). In addition, NKG2A recognizes the non-classical HLA-E molecule
and inhibits the function of NK cells (Le Dréan et al., 1998). Therefore, a prerequisite for NK
cells to become fully licensed and functional is to express self-specific inhibitory receptors (He
and Tian, 2017). This process is followed by several maturation stages (figure 1.9 from intro)
which includes gradual loss of the NKG2A receptor and acquiring CD57 and KIRs (Goodridge,
Onfelt and Malmberg, 2015). Interestingly, our results indicate that the NK cells of paediatric
cancer patients are licensed given the increased expression of inhibitory receptor NKG2A
however, are not mature yet given their decreased expression of certain activating KIRs and
CD57. On the other hand NK cells cytotoxicity is controlled by a combination of inhibitory and
activating receptors (Kumar, 2018). Therefore, the imbalance of NK receptors seen in
paediatric cancer patients could be a mechanism of which the cancer cells evade the immune
responses by NK cells or could reflect the increased frequency of the immature NK subset

CD56P"8"t seen in the cancer patients.

Given that NKG2A plays a central role in limiting NK cell function, blocking this molecule
would be expected to increase the NK cell activity. It has been successfully targeted in adult
cancer patients with a monoclonal antibody called monalizumab(Creelan and Antonia, 2019).

The antibody binds on the NKG2A receptor blocking its interaction with HLA-E which then
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leads to NK activation and secretion of granzymes and perforins to the target cell(Haanen and
Cerundolo, 2018). Therefore, a prerequisite for the antibody to work is the expression of
NKG2A on the NK cells and HLA-E on the tumours. Our data show NK cells in paediatric cancer
patients express more NKG2A and HLA-E has been described to be present in some
embryonal tumours such as neuroblastomas (Zhen et al., 2016). However, the majority of NK
cells in paediatric cancer patients are immature therefore adding this blockade by itself might
not be the answer if they lack molecules such as perforin and granzyme B. Nevertheless,
NKG2A was found to be higher in the mature NK subsets of patients thus, future studies
including monalizumab as a monotherapy or combination therapy could be beneficial for

paediatric cancer patients.

Next, lysis of K562 cells by NK cells from four of the five patients tested was significantly
reduced with no difference in the NK degranulation or cytokine production. Interestingly,
patient C19 had a pre-malignant condition, and their NK cytotoxicity was not altered.
Furthermore, this was also associated with decreased NK levels of perforin and granzyme B in
paediatric cancer patients. In adult cancer patients, tumour cells have been shown to secrete
NK ligands that bind to NK cell receptors inhibiting their function (Haanen and Cerundolo,
2018). We explored whether this mechanism might also occur in paediatric patients, focusing
on soluble ULBP2 and soluble MICA. We detected both ligands, but concentrations were
lower in paediatric cancer patients suggesting this was not the mechanism of decreased NK
cytotoxicity. Therefore, the decrease in NK cytotoxicity observed for patients is likely to be
due to the lower NK levels of perforin and granzyme-B and the decreased proportion of
mature NK cells, particularly CD57+ cells that are the strongest mediators of cytotoxicity. We

cannot rule out that the alterations seen in the activating and inhibitory NK receptors could
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also attribute to the reduced NK cytotoxicity. However, K562 cells lack the HLA-E molecule
that inhibits NK function via NKG2A (Monaco et al., 2011) suggesting the increased expression
of NKG2A seen in paediatric cancer patients is unlikely to be the cause of decreased K562
killing. Finally, the observation that the one patient with normal NK cytotoxicity had
nehproblastomatosis, a pre-malignant disease, rather than cancer suggests compromised NK
cytotoxicity may not occur until later in the disease process. This finding requires validation in

larger cohort studies.

Finally, moving on to cytokine profile analysis several key alterations were identified. First, IL-
23 was found to be increased in paediatric cancer patients. This cytokine has been described
to suppress innate immunity, promoting tumour development and metastases (Teng et al.,
2010). Second, IL-8 was found to be increased in paediatric cancer patients. IL-8 is thought to
act as a chemoattractant molecule for neutrophils and myeloid derived stem cells (MDSCs)
promoting an immunosuppressive tumour microenvironment and favouring tumour
progression(David et al., 2016). In addition, increased levels of IL-6 and IL-8 have been
implicated in reduced NK cytotoxicity through STAT3 signalling which suppressed NKp30 on
NK cells, and has been associated with poor overall survival (Wu et al., 2019). Interestingly,
both of these cytokines were increased in the periphery of paediatric cancer patients, and we
also detected decreased expression of the activating receptor NKp30 as well as reduced NK
cytotoxicity. Further studies investigating the link of IL-6 and IL-8 with the NK cells are needed
as this could be potentially therapeutically targeted. Currently there are two IL-8 neutralising
antibodies which in preclinical studies have proven to reduce invasion, angiogenesis and

increase tumour cell apoptosis in melanoma bearing mice (Huang et al., 2002).
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The cytokine analysis provided additional insights into paediatric cancer biology. We
identified sCD40L to be increased in paediatric cancer patients. Elevated levels of sCD40L may
have an immunosuppressive role in cancer patients by decrease of tumour cell apoptosis,
increase tumour cell proliferation, inducing angiogenesis, immunosuppressive cytokines and
increasing the frequency of immunosuppressive cells (Huang et al., 2012). Therefore, this can
also be a novel therapeutic target for paediatric cancer patients. Similarly, MMP9 has also
been linked to tumour progression, migration and angiogenesis and has been used as a
cancer biomarker in several types of cancer (Huang, 2018). MMP9 could therefore be used as
potential novel cancer biomarker and future studies could investigate whether MMP9

inhibitors can be used in paediatric cancer patients.

In summary, the NK cells isolated from the periphery of paediatric cancer patients are
decreased in frequency, more immature, less cytotoxic and have an imbalance of activating
and inhibitory receptors. The decreased NK cytotoxicity observed was reversible in one
patient whose their NK cells were expanded in a clinically validated IL-2 protocol indicating
that this could be therapeutically targeted perhaps through expanded NK cells, chimeric
antigen receptor (CAR)- engineered NK cells or anti-NKG2A antibody. Furthermore, IL-8 could
also be potentially targeted in paediatric cancer patients as this could also reverse the NK
cytotoxicity. Finally, sCD40L and MMP9 could be used as potential cancer biomarkers in

paediatric cancer patients.
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CHAPTER 5- The immune landscape of multisystem inflammatory syndrome in children

5.1 Introduction

The analysis of the immune perturbations in children with cancer as described in chapter 3
and 4, provided us with the expertise to investigate a novel paediatric hyperinflammatory
syndrome, called Multisystem Inflammatory Syndrome in Children (MIS-C, (Riphagen et al.,
2020). This syndrome occurs in children after primary infection with SARS-CoV-2, the viral
cause of coronavirus disease 2019. New MIS-C cases usually present 4-6 weeks after primary
SARS-Cov-2 infection in the community(Feldstein et al., 2020; Godfred-Cato et al., 2020).
Children with MIS-C present with fever and/or mucocutaneous, cardiac, gastrointestinal,
and respiratory system involvement(Ahmed et al., 2020; Riphagen et al., 2020; Whittaker et
al., 2020; Hoste, Van Paemel and Haerynck, 2021). In severe cases patients can present with
evidence of single or multi-organ failure manifesting with hypotension, cardiac dysfunction
and life-threatening shock (Ahmed et al., 2020; Riphagen et al., 2020; Whittaker et al., 2020;
Hoste, Van Paemel and Haerynck, 2021). MIS-C shares clinical characteristics with several
other paediatric inflammatory conditions such as toxic shock syndrome (TSS), macrophage
activation syndrome (MAS) and Kawasaki disease (KD,Consiglio et al., 2020; Lee et al., 2020).
The optimal treatment strategy of MIS-C is yet to be established and currently children are
being treated with a range of anti-inflammatory medications that have been deployed from
KD or adult COVID protocols(Paediatric multisystem inflammatory syndrome temporally

associated with COVID-19 (PIMS) - guidance for clinicians, no date).
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The aims of this chapter were to: 1) characterise the immune alterations occurring acutely
in children with MIS-C and compare these to KD and healthy children and 2) describe the

immune responses occurring with current MIS-C treatment strategies.

5.2 Cohort Demographics

5.2.1 Ethics statement and patient recruitment

All patient samples were obtained at Birmingham Children’s Hospital as part of an ethical
approved study (TrICICL) by the South of Birmingham Research Ethics Committee (REC:
17/WM/0453, IRAS: 233593). Samples from seven healthy children (aged 12 years) were
obtained via the Coronavirus Immunological Analysis study approved by North West -
Preston Research Ethics Committee (REC: 20/NW/0240, IRAS: 282164). Written informed
consent was obtained from all participants’ legal guardians. All experiments were conducted

at the University of Birmingham.

5.2.2 Patient characteristics

Due to the complexity of the disease and the input required from the multidisciplinary team,
patients from the West Midlands region were transferred to Birmingham Women and
Children’s hospital, a tertiary level paediatric hospital. Between April and October 2020, 16
children meeting the MIS-C diagnostic criteria established by the Royal College of
Paediatrics and Child Healthy (RCPCH) and 2 children meeting the criteria for KD were
recruited to the TrICICL study (Table 5.1). Half of the MIS-C cases occurred four weeks after
SARS-CoV-2 cases were detected in the local community while the rest of the cases

accumulated over the next few months (Figure 5.1A). All MIS-C patients were over 5 years
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of age (Figure 5.1B), from an ethnic minority and tested positive for the combined anti-IgG,
IgA and IgM SARS-CoV-2 antibodies (Table 5.1). In contrast, the two KD patients were under
5 years of age and tested negative for the combined anti-IgG, IgA and IgM SARS-CoV-2

antibodies (Table 5.1).

Treatment strategies were determined by the multidisciplinary team assembled at
Birmingham Women and Children’s hospital and in accordance with the RCPCH
guidance(Paediatric multisystem inflammatory syndrome temporally associated with COVID-
19 (PIMS) - guidance for clinicians, no date). Intravenous immunoglobulin (IVIG) was given
to both KD patients as standard of care(McCrindle Brian W. et al., 2017) and to 12 out of 16
patients (81%) of the MIS-C patients (Figure 5.1C and 5.2). Second IVIG was offered to one
KD patient and to three MIS-C patients due to persistent inflammation (Figure 5.1C and 5.2).
IV methylprednisolone was administered over the course of three days, in eight MIS-C
patients who exhibited signs of relapse or persistent inflammation. In one case (patient 13),
anti-IL6 therapy (tocilizumab) was offered due to refractory disease. The majority of
patients (88%) required admission to paediatric intensive care unit (PICU) to manage their
disease (Figure 5.1C and 5.2). The overall hospital length of stay ranged between five to 16
days (Figure 5.2). All 18 patients survived without long term health complications at the

time of last clinical follow up.

Research samples were taken pre-1VIG administration from eight patients (seven MIS-C and

one KD) with the exception of patient 14 where the first sample was taken a few hours post-

IVIG administration (Figure 5.2). Subsequent research samples post IVIG were taken in

175



seven patients (six MIS-C and one KD) and at the time of discharge in three patients (two

MIS-C and one KD) in order to assess the immune responses to treatment (Figure 5.2).

[[+] Age Ethnicity Fever Rash Lymph- Conjunctivitis Mucosal Peripheral Gl features  Cardiac PCRfor  Serologyfor Diagnosis
(years) adenopathy  non-exudated changes changes involvement SARS- SARS-CoV-2
CoV-2
ak 0-4 Asian British Yes Yes No No No No No NO Neg x3 Not done KD
2 0-4 White British  Yes Yes Yes Yes Yes Yes Yes, V NO Neg x1 Negative KD
3 5-10 Black British-  Yes No No No No No Yes, V YES Neg x3 Positive MiIs-C
African
4 5-10 Asian British-  Yes Yes No Yes Yes Yes Yes, NO Neg x1 Positive MIS-C
Pakistani abdominal
pain, V
5 5-10 Asian British-  Yes Yes Yes Yes Yes No Yes, acute Neg x3 Positive MIS-C
Pakistani abdomen, Yes
pain, V
6 5-10 Black British ~ Yes Yes No Yes Yes No Yes, Pos x1 Positive MIs-C
amdominal Yes Neg x2
pain, D
7 5-10 Asian British-  Yes Yes No No No No Yes, NO Pos x2 Positive MiIs-C
Indian abdominal
pain, V
8 5-10 Asian British-  Yes No No No No No Yes, acute YES Neg x3 Positive MIS-C
Indian abdomen,
pain, D&V
9 5-10 Asian British-  Yes Yes No No No No Yes, pain, YES Negx2 Positive MIS-C
Pakistani D&V
10 5-10 Black British-  Yes Yes No Yes Yes Yes Yes, D&V YES Neg x2 Positive MIS-C
African
11 5-10 Black British-  Yes Yes No Yes Yes Yes Yes, YES Neg x2 Pasitive MIS-C
Carribean abdominal
pain, D&V
12 5-10 Asian British-  Yes No No Yes No Yes Yes, YES Neg x2 Positive MIS-C
Baghladeshi abdominal
pain, D&V
13 5-10 Black British-  Yes Yes Yes No Yes No Yes, acute YES Neg x2 Positive MIS-C
African abdomen,
D&V
14 11-15 Mixed White Yes No No No No No Yes, YES Neg x3 Positive MIS-C
Black- admominal
Caribbean pain, D
15 11-15 Mixed White  Yes No No No No No Yes, YES Neg x2 Positive MIS-C
Black- Afro abdominal
Caribbean pain, D&V
16 11-15 White- Yes Yes Yes Yes No No Yes, YES Neg x2 Positive MiIs-C
Romanian abdominal
pain, V
17 11-15 Black British-  Yes Yes No No No No Yes, D&V YES Neg x3 Positive MIS-C
Caribbean
18 11-15 Asian British-  Yes Yes No Yes No No Yes, NO Neg x3 Positive MIS-C
Pakistani abdominal
pain

Table 5-1 Clinical characteristics of MIS-C and KD cohort.

Demographic and clinical data for the 16 patients with MIS-C and 2 patients with Kawasaki

disease (KD) recruited to the study. KD patients are indicated by grey background. PCR:

polymerase chain reaction. D=Diarrhoea, V=Vomiting, Neg= Negative, Pos= Positive, M=Male,
F=Female. Cardiac involvement includes abnormal ECG and/or echocardiography findings.
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Figure 5-1 Cohort characteristics and disease severity indicators

(A) Cumulative SARS-CoV-2 positive cases identified by PCR testing within the Birmingham
area compared to MIS-C cases admitted to Birmingham Children’s Hospital PICU. (B)Age of
KD and MIS-C patients recruited to this study. (C) Disease severity indicators shown as days

hospitalised, days in PICU and treatment cycles of IVIG, intravenous steroids and
Tocilizumab
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Figure 5-2 Key hospital events shown for each individual in the form of swimmer plot.

Length of stay in hospital is shown in days. Treatments received and sample collection
timings are annotated accordingly. Hospital events are coloured in each patient’s bar.
Patients 1 and 2 represent the KD patients while 3-18 the MIS-C patients.
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5.3 Clinical laboratory data of MIS-C and KD patients show patients present with
hyperinflammation

5.3.1 Antibody responses suggest MIS-C develops weeks after primary SARS-CoV-2
infection

To confirm reports that MIS-C occurs several weeks after primary SARS-CoV-2
infection(Feldstein et al., 2020; Godfred-Cato et al., 2020) antibodies against the spike
glycoprotein S of the virus were measured by ELISA from the plasma of eight MIS-C patients.
Analysing the individual anti-SARS-CoV-2 antibodies showed that all eight MIS-C patients
had raised I1gG and IgA antibodies but lacked IgM antibodies (figure 5.3). Since antibody
responses can reflect recent infection (with the presence of IgM antibodies) or past
infection (with the presence of IgG and IgA antibodies), these data confirm that MIS-C

develops weeks after primary virus infection occurred.

SARS-CoV-2 antibody
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Figure 5-3 SARS-CoV-2 antibody responses for IgM, IgA and IgG.
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5.3.2 Clinical laboratory data of MIS-C patients

Multiple reports have described the clinical laboratory characteristics of MIS-C patients
(Ahmed et al., 2020; Hoste, Van Paemel and Haerynck, 2021). Affected children have
elevated markers of inflammation such as erythrocyte sedimentation rate (ESR), C-reactive
protein (CRP) and ferritin, elevated neutrophils and reduced lymphocytes. To investigate
whether our cohort also had elevated markers of inflammation the clinical laboratory profile

of 16 MIS-C and two KD patients was investigated.

Confirming the findings of previous reports, elevated ESR, CRP and ferritin were detected in
both KD and MIS-C children (figure 5.4A). AlImost all MIS-C patients had high troponin and
pro-B-type natriuretic peptide (NT pro-BNP), suggesting cardiac involvement (figure 5.4B).
Interestingly, all MIS-C patients were deficient in Vitamin D but not the KD patients (figure
5.4B). In addition, both KD and all MIS-C patients acutely presented with lymphopaenia and
neutrophilia (figure 5.4C). The absolute numbers of monocytes were normal for the KD
patients but at the lower limit of normal for almost all MIS-C patients (figure 5.4C). KD
patients had normal or high platelets but MIS-C patients had normal or low platelets (figure
5.4C). Finally, additional clinical laboratory assays were performed in a subset of patients,
using the BD Trucount™ tubes. In accordance with low lymphocytes the absolute counts of
CD4, CDS8 T-cells and B-cells were decreased however, the relative proportion of these
within the lymphocyte pool were generally unaltered (Figure 5.5). All of these clinical
laboratory findings are consistent with other clinical MIS-C cohorts published by other

groups(Ahmed et al., 2020; Feldstein et al., 2020; Hoste, Van Paemel and Haerynck, 2021).
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Figure 5-4 Clinical laboratory data for acute MIS-C and KD.

(A) Clinical laboratory results shown for C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR) and ferritin. (B) Clinical laboratory results shown for pro-B-type natriuretic
peptide (NTproBNP), troponin and vitamin D. (C) Pre-treatment absolute count of different
immune cell subsets expressed as 10° cells/L, White Blood Cell (WBC). Grey bars represent
the normal values range for each patient’s age and sex.
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Figure 5-5 Trucount data for acute MIS-C and KD

Pre-treatment frequency of lymphocyte subsets expressed as the absolute number of cells
x10%/L (left column) or percentage of total lymphocytes (right column). Grey bars represent
the normal values range for each patient’s age and sex.
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5.3.3 Neutrophilia is associated with more severe disease in MIS-C

To further explore the clinical laboratory data principal component analysis was performed
to reduce the dimensionality of the data and to gain a better overview of the clinical
dataset. For healthy controls synthetic data were generated using values from normal
ranges widely available for each parameter. For each patient ten controls were used by
randomly selecting the values taking into account patient’s age and sex. Neutrophil count,
CRP and ESR correlated with each other while monocyte and lymphocyte counts were
linearly uncorrelated (Figure 5.6A- Right panel). All patients fell outside the normal region
consisting of the synthetic healthy values, to varying degrees and consistent with laboratory
results this was driven by the ESR, CRP, neutrophils and WBC (Figure 5.6A- Left panel). These
results indicate that elevated ESR, CRP, neutrohpils and WBC differentiate MIS-C patients

from healthy children.

To investigate the relationships between clinical features, absolute immune cell counts and
demographics for the MIS-C patients a correlation matrix was constructed (Figure 5.6B). As
expected, clinical markers of cardiac and kidney dysfunction (troponin, pericardial effusion,
urea and creatinine) positively correlated with the need for inotrope support suggesting
these patients presented with cardiogenic shock. The most striking result emerging from
this analysis was the positive correlations between absolute neutrophil count and markers
of inflammation (CRP), cardiac dysfunction (presence of pericardial effusion, levels of
troponin, creatinine kinase and NTpro-BNP) but also the overall length of hospital stay,

suggesting neutrophilia can be a predictive factor of severe disease.
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Figure 5-6 Unsupervised analysis of acute clinical data.

(A) Left: Principal component analysis biplot of clinical laboratory features for patients with
MIS-C or KD and synthetic healthy controls derived from normal range data. Right: Loading
plot showing the top 7 features contributing to principal components one and two. (B)
Correlation matrix of clinical features, immune parameters and demographics for the 16
MIS-C patients. The strength of each correlation is indicated by colour and statistical
significance by asterisks: *p<0.05, **P<0.01, ***P<0.001. Black outline indicates a
significant result after 5% false discovery rate correction using the Benjamini-Hochberg

method.
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5.4 Mass cytometry shows that both innate and adaptive immune cells are activated in
acute MIS-C

To explore in more detail the immune changes occurring in MIS-C patients, high-
dimensional approaches were deployed. Preliminary single cell RNA (scRNA) sequencing
data of pre-treatment samples from two MIS-C patients (P13 and P14) and one KD patient
(KD2), showed monocytes were profoundly altered in both diseases (Syrimi, Fennell,
Richter, Vrljicak, Stark, Ott, Murray, Al-Abadi, Chikermane, Dawson, Hackett, Jyothish,
Kanthimathinathan, Monaghan, Nagakumar, Scholefield, Welch, Khan, Faustini, Kearns, et
al., 2021). These data were exploited to inform a 38 marker mass cytometry panel (Table
2.4) that was used to investigate fixed whole blood samples from seven patients (six MIS-C

and one KD) and seven healthy children.

5.4.1. Manual gated data show CD8 T cell activation with concomitant phenotypic changes

in B-cells, NK and monocytes.
Agranulocytes were manually gated by first excluding the platelets using the marker
CD41/42a61 and then granulocytes using the marker CD66b (figure 5.7). Next, the CD3+CD4+
T-cells, CD3+CD8+ T-cells and CD19+ B-cells were identified (figure 5.7). Further manual
gating was performed for the main T- and B-cells subsets. Based on CD45RA and CD27
expression (Sallusto et al., 1999), CD4+ and CD8+ T-cells were divided into naive (Tn,
CD45RA+CD27+), central memory (Tcm, CD45RA-CD27+), effector memory (Tem, CD45RA-
CD27-) and terminally differentiated effector memory (TEMRA, CD45RA+CD27-). Activated
CD4+ and CD8+T cells were defined by their HLA-DR+ expression(Maecker, McCoy and

Nussenblatt, 2012). B-cell main subsets were also identified by gating plasmablasts as CD19+
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CD38Me"CD27+ (Cossarizza et al., 2019) and based on their IgD and CD27 expression non-
plasmablasts were divided into four subsets: IgD-CD27+ class-switch B-cells, IgD+CD27+ Non-
Switch memory B-cells, IgD+CD27- naive B-Cells and IgD-CD27- B-cells (Blomberg and Frasca,

2013).

Furthermore, monocytes were identified from the CD3-CD19-HLA-DR+ population (figure
5.7). Based on the canonical monocyte markers CD14 and CD16 the three circulating
monocyte(Ziegler-Heitbrock et al., 2010b) subsets were gated as: classical monocytes (CM,
CD14+Cd16-), transitional monocytes (TM, CD14+CD16+) and non-classical monocytes (NCM,
CD14-CD16+). Natural Killer (NK) cells were identified from the CD3-CD19-HLA-DR- population
based on their CD56 expression and CD57+ NK cells(Lopez-Vergeés et al., 2010) were
subsequently identified. Finally, plasmacytoid and myeloid dendritic cells (pDCs and mDCs)
were identified from the CD3-CD19-HLA-DR+CD14-CD16- population and gated as
CD123+CD11c- for pDCs and CD11C+CD123+ for mDCs (Della Bella et al., 2008)(figure 5.7).

No statistically significant difference was observed within the main subsets of MIS-C and

healthy children with the exception of pDCs (figure 5.8).
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Figure 5-7 Manual gating strategy of non-granulocytes.
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Figure 5-8 Frequencies of immune cell subsets in acute MIS-C and KD.

Frequency of the main immune subsets for healthy children and MIS-C patients expressed
as a percentage of total CD45+ cells. The mean +/- SD is shown. Significant results are
indicated: * p<0.05, ** p<0.01, *** p<0.001P values that are not significant are not shown.
The results of Wilcoxon ranked sum tests with false discovery rate correction using the
Benjamini-Hochberg method are shown.
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Turning now to T- cells, there was no significant difference in the distribution of the four
main subsets of CD4+ and CD8+ T-cells between MIS-C and healthy children (figure 5.9 A
and B). The KD patient had the highest proportion of CD4+ and CD8+ naive T-cells likely due
to their younger age (Taylor et al., 2019; Lakshmikanth et al., 2020) (figure 5.9 A and B).
Next, manual gating of HLA-DR+ cells was performed, to investigate whether these cells
were activated (figure 5.9C). Only a small proportion of the Tcm CD4+ T-cells had evidence
of activation in MIS-C patients (figure 5.9D). In contrast, within the CD8+ T-cells, MIS-C
patients had a significantly higher proportion of HLA-DR+ CD8+ T-cells at their pre-treatment
samples. More specifically, 2% of the naive, 35% of Tcm and 30% of Tem CD8+ T-cells were
HLA-DR positive (Figure 5.9D). Similarly, the KD patient showed the same pattern of CD8 T-
cell activation (Figure 5.9D). Finally, manual gating of Tregs, CD8+CD57+, NK T-cells showed
no significant differences between MIS-C patients and healthy children (figure 5.9E).
Moving on to B-cells even though there was no significant difference in the frequencies of
total B-cells (figure 5.8), when B-cells subsets were analysed, marked differences were
identified between the MIS-C and healthy children (figure 5.10). More specifically, the MIS-C
patients had higher plasmablasts and IgD-CD27- B- cells compared to healthy children and
had significantly lower abundance of non-switch and class-switch memory B-cells. These
results are in agreement with previous reports of plasmablast expansion in MIS-C but also
provided additional insights into the abnormalities of B-cell subsets in MIS-C disease.
Finally, monocytes and NK cells subsets were explored in more detail. MIS-C patients had
significant lower abundance of classical monocytes (figure 5.11) with a similar pattern

observed for CD57+ NK cells (figure 5.12).
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Figure 5-9 T-cells analysis in acute MIS-C and KD.

(A)Frequency of CD4+ and CD8+ T-cells within each of the four subsets for each individual
healthy control and MIS-C acute patient. Statistical significance was determined by Wilcoxon
test between healthy children and MIS-C patients at the acute stage of disease. ns: no
significant difference. (B) Percentage of CD8+ and CD4+ T-cells in each of the four canonical
T-cell sub-populations for healthy children, and patients at the acute stage of their disease.
(C) Gating strategy for HLA-DR+ cells in the four subsets of CD4+ and CD8+ T-cells. (D)
Percentage of each T-cell subpopulation from the same donors that were positive for HLA-
DR. (E) Frequency of other CD4 and CD8 subpopulations. The results of Wilcoxon ranked
sum tests comparing the frequency of each cluster in healthy children to acute MIS-C
patients are shown. For all panels the data were from seven healthy children, a single KD
patient or six acute MIS-C patients. Significant results are indicated: * p<0.05, ** p<0.01,
*** p<0.001. Emboldened p value symbols indicate significant results after 5% false
discovery rate correction using the Benjamini-Hochberg method. No significant results are
not shown.
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Figure 5-0-10 B-cells analysis in acute MIS-C and KD.

Frequency of the main B-Cells subsets for healthy children, MIS-C and KD patients expressed
as a percentage from their parent gate as shown in figure 5.6. The mean +/- SD is shown.
Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001. The results of Wilcoxon
ranked sum tests with false discovery rate correction using the Benjamini-Hochberg method
are shown.
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Figure 5-0-11 Monocytes analysis in acute MIS-C and KD.

Frequency of the main monocyte’s subsets for healthy children, MIS-C and KD patients
expressed as a percentage from their parent gate as shown in figure 5.6. The mean +/-SD is
shown. Significant results are indicated: * p<0.05, ** p<0.01, *** p<0.001. The results of
Wilcoxon ranked sum tests with false discovery rate correction using the Benjamini-

Hochberg method are shown.
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Figure 5-12 CD57 NK cells analysis in acute MIS-C and KD.

Frequency of the CD56+CD57+ NK cells for healthy children and MIS-C patients expressed as a
percentage from their parent gate as shown in figure 5.6. The mean +/- SD is shown.

Significant results are indicated:
ranked sum tests.

* p<0.05, ** p<0.01, *** p<0.001. The results of Wilcoxon
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5.4.2 Unsupervised clustering of mass cytometry data corroborates the manual gated

findings and further demonstrates monocyte activation.
In order to aid data visualisation, flow cytometry standard (fcs) files from MIS-C patients and
healthy children were concatenated (using an equal number of cells from each individual) and
analysed in parallel with the individuals’ fcs files. Next, to analyse and display these high-
dimensional data on a two-dimensional space, 224,000 agranulocytes as gated in figure 5.7
(16,000 from each of the seven healthy children, six MIS-C patients and one KD patient) were
configured using the viSNE algorithm in Cytobank and were plotted onto the two t-distributed
stochastic neighbour embedding (t-SNE) axis. Unsupervised clustering on the t-SNE projected
cells was then performed using the FlowSOM algorithm and 24 clusters were revealed
constituting of T-cells, B-cells, NK-cells, monocytes plasmacytoid dendritic cells (pDCs, Figure
5.13A). Perhaps the most striking result observed when the two-dimensional map of MIS-C
patients was compared to those of healthy children, was the marked difference of the

monocyte cellular distribution on the tsne axis (figure 5.13A).

Next, the data for each individual were assessed and seven clusters were significantly
different in frequency between MIS-C patients and healthy children (Figure 5.13B). The KD
patient is not included in this statistical analysis but results are shown on the plot as a
representative of the disease. Based on marker expression reviewed on heatmaps generated
for each cluster (figure 5.13C), the frequency of activated CM (cluster 20) defined as CD64+
and CD36+ was significantly increased in MIS-C accompanied by a decrease of non-activated
CM (cluster 17). Exploring the rest of the immune cell types, MIS-C patients showed a small

but significant increase in CD19* CD38" CD27" B-cell plasmablasts (cluster 5) and a larger
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increase in IgD-CD27- double negative (DN) B-cells (cluster 2) confirming the manual gated
data in figure 5.10. These DN B-cells were CD11c negative consistent with them being the
recently proposed DN1 B-cell subset in patients with inactive systemic lupus erythematosus
(SLE, Sanz et al., 2019). Furthermore, B-cell cluster 3 also noted to be increased in MIS-C
patients. This subset was IgD +CD27- for the healthy children and KD patient suggesting this
could represent the non-switch memory B-cells, however, was IgD-CD27- for the MIS-C
patients. Turning to T-cells, CD8 naive cluster 8, was noted to be reduced in MIS-C patients
relative to healthy children. It is worth noting that even though there was not a specific
cluster assigned for CD8 activated T-cells, cluster 13 expressed HLA-DR only in MIS-C and KD
patients. Cluster 13 had a varied expression of CD45RA between the compared groups and
therefore for healthy children cluster 13 was defined as CD8 TEMRA while in MIS-C and KD
CD8 Tem:. Lastly, pDCs (cluster 11) were reduced in MIS-C patients compared to healthy

children.

To confirm whether the phenotypic changes of monocytes activation existed in the manual
gated data as well, the expression of CD64 was used to manually gate activated monocytes in
total monocytes, CM, TM and NCM (figure 5.14). MIS-C patients had significantly increased
activation in all subsets of monocytes when compared to the healthy children (figure 5.14B).
The KD patient exhibited the same phenotypes as the MIS-C patients however this patient
was not included in the statistical analysis. Similarly, IgD-CD27-CD11c - and IgD-CD27-CD11c +
B-cells were manually gated and confirmed the findings of mass cytometry data with DN1
CD11c- B-cells increased in MIS-C patients. In contrary, the DN2 CD11c+ B-cells population

was found to be decreased in MIS-C patients (figure 5.15).
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In summary, unsupervised analysis of the multidimensional data corroborated the manual
gated data and further highlighted important phenotypical changes in monocytes, CD8 T-cells

and B-cells.
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Figure 5-13 Unsupervised analysis of agranulocytes in acute MIS-C and KD

(A) tSNE plots of concatenated flow cytometry data from six MIS-C patients or one KD
patient at the acute stage of their disease alongside seven healthy children (HC). Each
meta-cluster is represented by a different colour and key populations are indicated on the
plots. Results from these concatenated datafiles are shown throughout this figure. (B) The
frequency of each FlowSOM metacluster in the same donors expressed as a percentage of
total non-granulocyte mononuclear cells are shown as box and whisker plots (healthy
volunteer children and MIS-C) or a blue diamond (KD). Results of Wilcoxon rank-sum tests
comparing the frequency of each cluster in healthy children and MIS-C patients are
indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown and
emboldened p value symbols indicate significant results after 5% false discovery rate
correction using the Benjamini-Hochberg method. (C) Heatmaps of the concatenated fcs
files shown in (A) for healthy children, MIS-C and KD patients. Each column is a FlowSOM
meta-cluster shown in (A) and each row is a marker. The median intensity of each marker is
shown from 0 to 40.
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Figure 5-14 Activated monocytes in acute MIS-C and KD

(A) Manual gated data of CD64+ (activated) monocytes in total monocytes, classical
monocytes (CM), transitional monocytes (TM) and non-classical monocytes (NCM).

(B) The frequency of CD64+ cells within total monocytes, CM, TM and NCM is shown for
each individual for healthy, MIS-C and KD. Results of Wilcoxon rank-sum tests after 5% false
discovery rate correction using the Benjamini-Hochberg method are indicated by: * p<0.05,
** p<0.01, *** p<0.001.
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Figure 5-15 Double negative B-cells and CD11c expression in acute MIS-C and KD.

Manual gated data of IgD-CD27-CD11c- and IgD-CD27-CD11c+ B-cells are shown for healthy,
MIS-C and KD. Results of Wilcoxon rank-sum tests after 5% false discovery rate correction
using the Benjamini-Hochberg method are indicated by: * p<0.05, ** p<0.01, *** p<0.001.
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5.5 Mass cytometry show granulocytes are immature and activated in acute MIS-C

5.5.1 Manual gating data show both activated and immature neutrophils are increased in
acute MIS-C

Having defined the perturbations occurring in the agranulocytes of the acute MIS-C
patients, next the granulocytes were investigated. Platelets were gated using the platelet
marker CD41/42a/61 and subsequently activated platelets were gated based on their CD63
expression (Gerdsen et al., 2005)figure 5.16). Granulocytes were then identified from the
platelet negative population (CD41/42a/61-) by gating on the CD66b positive cells (figure
5.16A). Neutrophils were then gated as CD16+ and CD66b+(Lakschevitz et al., 2016) figure
5.16A). Activated neutrophils were gated based on their CD64 expression (Hoffmann,
2009)figure 5.16A). Then, from the CD16- granulocytes, basophils were gated as
CD45+CD11c+HLA-DR-CD38+CD123+ (Han et al., 2008) and eosinophils were gated
CD45+CD11c+HLA-DR-CD62L+CD11b+(Hassani et al., 2020)figure 5.16A). The frequency of
these subsets is shown in figure 5.16B. MIS-C and KD patients had a significantly increased
frequency of activated neutrophils, eosinophils and a significant decreased frequency of

basophils (figure 5.16B).

Heatmaps of median metal intensity were next generated for neutrophils, basophils and
eosinophils for healthy children, acute MIS-C and KD patients (figure 5.17). Neutrophils
displayed higher CD64 expression and decreased CD10 and CD16 expression in both MIS-C
and KD patients (figure 5.16A and 5.17). For neutrophils, CD64 is a marker of activation
(Hoffmann, 2009) while CD16 and CD10 are markers of maturity (Dransfield et al., 1994;

Marini et al., 2017). Similar phenotypic changes were evident for the eosinophils where
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CD64 expression was increased in MIS-C and KD patients. CD64 has also been reported to be
a marker of activation in eosinophils. In summary, manual gated data show that both MIS-C
and KD patients possessed higher frequencies of activated immature neutrophils and

activated eosinophils.
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Figure 5-16 Gating strategy for non-granulocytes and frequency of main subsets in acute
MIS-C and KD.

A) Gating strategy for the main granulocytes subsets including neutrophils, activated
neutrophils, basophils and eosinophils. (B) Frequency of granulocytes subsets gated in A is
shown. Results of Wilcoxon rank-sum tests after 5% false discovery rate correction using the
Benjamini-Hochberg method are indicated by: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 5-17 Heatmaps showing median metal intensity (MMI) for the main granulocytes

subsets

Markers expressed for neutrophils, basophils and eosinophils. As KD acute had zero

basophils no marker expression is shown for this patient and therefore is blank.
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5.5.2 Unsupervised analysis of mass cytometry data confirms the manual gated data

To investigate granulocytes in more depth, unsupervised analysis of total CD66b+ cells was
performed using the phenotypical and lineage markers for granulocytes. Equal numbers of
cells (22,000) were sampled from fcs files of seven healthy children and seven patients (six
MIS-C and one KD). First, dimensionality reduction was performed using the ViSNE
implementation of t-SNE in Cytobank and high-dimensional data were plotted onto the two
t-SNE axes. This was then followed by unsupervised clustering using the FLowSOM algorithm
which generated nine clusters (figure 5.18A). Cluster one represented eosinophils and
basophils, based on the expression of the high-affinity IgE receptor (FceR1), CD38 and lack
of CD16 and CD10 as shown in the heatmaps generated (figure 5.18C). The other eight
clusters were all CD16 positive and therefore assigned to neutrophils (figure 5.18C). These
clusters appeared to be dramatically different in cellular abundance in healthy children and
MIS-C patients (figure 5.18B). More specifically, clusters 4,5,8 and 9 were mostly present in
acute MIS-C and KD patients whereas clusters 2,6 and 7 were largely present in healthy
children. The neutrophil distribution in MIS-C was driven by a marked decrease in CD10 and
an increase in CD64 expression on patients’ neutrophils (figure 5.18 A). This finding was also
confirmed when heatmaps from the same clusters were analysed (figure 5.18C). MIS-C and
KD patients’ clusters 4,5,8 and 9 had increased expression of CD64 as well as reduced
expression of CD10 and CD16, assigning these cells to immature activated neutrophils. In
contrary, clusters 2,6 and 7 were mature resting neutrophils as they expressed CD10 and
CD16 and lacked CD64. In summary, unsupervised analysis of granulocytes demonstrated an
increase of immature activated neutrophils in MIS-C and KD patients but failed to identify

differences in eosinophils and basophils.
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Figure 5-18 Unsupervised analysis of granulocytes in acute MIS-C and KD.

(A) tSNE plots of granulocytes from the same donors analysed by unsupervised clustering.
Top row: FlowSom metaclusters. Middle row: CD64 expression. Bottom row: CD10
expression. (B) Frequency of granulocytes clusters shown in A. Results of Wilcoxon rank-sum
tests after 5% false discovery rate correction using the Benjamini-Hochberg method are
indicated by: * p<0.05, ** p<0.01, *** p<0.001. (C) Heatmaps showing expression level of
different markers in each metacluster for healthy children, MIS-C and KD patients.
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5.6 Pro- and anti- inflammatory cytokines are elevated in MIS-C and KD patients

Having demonstrated the hyperinflammatory immune state in acute MIS-C, the cytokine
profile of acute MIS-C patients was next examined. Using the LEGENDplex multiplex kit,
analysis of 32 cytokines and chemokines in plasma samples from nine patients (eight MIS-C,
one KD) and seven healthy children was performed. These plasma proteins were selected
based on the immune changes identified by the mass cytometry data, as well as published
studies in KD and MIS-C (Carter et al., 2020; C. Gruber et al., 2020; Consiglio et al., 2020;

Diorio et al., 2020; Esteve-Sole et al., 2021; Rodriguez-Rubio et al., 2021).

Comparison of cytokine levels between MIS-C and healthy children showed statistically
significant differences for 16 out of the 32 soluble plasma proteins (figure 5.18). More
specifically, MIS-C patients had statistically significantly raised levels of the monocyte
chemoattractant protein 1 (MCP-1/CCL2), interferon gamma-induced protein 10
(IP10/CXCL10), pro-inflammatory cytokines IL-6 and IL-18 but also, higher levels of anti-
inflammatory cytokine IL-10 (figure 5.18). Moreover, soluble receptors of tumour necrosis
factor alpha (sTNF-R1 and sTNFR2), soluble CD40 ligand (sCD40L) and IL-2 (sCD25), and
Interleukin-1 receptor antagonist (IL-1RA), a member of the IL1 family that binds the IL1-
receptor to inhibit this pathway, were also elevated in MIS-C patients (figure 5.18). Finally,
plasminogen activator inhibitor 1 (PAI-1), pentraxin-3 (PTX3), myeloperoxidase (MPO) and
IL-18 were also found to be higher in MIS-C patients. Surprisingly no difference was
observed among these groups for several key pro-inflammatory cytokines and chemokines,

including: IL1-B, IL-8 (CXCL8), IL-17A, interferon-alpha2 (IFN-a2) interferon-gamma (IFN-y)
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and TNFa. The KD patient was not included in the statistical analysis, but their acute sample

had the same cytokine profile as the acute MIS-C patients (figure 5.18).
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Figure 5-19 Cytokines profile of acute MIS-C and KD

Levels of cytokines in plasma from seven healthy children or six MIS-C patients at the acute
stage of disease are shown as box and whisker alongside a blue diamond indicating results
from a single KD patient also at the acute stage. Results of Wilcoxon rank-sum tests
comparing the frequency of each cluster in healthy children and MIS-C patients are
indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown and
emboldened p value symbols indicate significant results after 5% false discovery rate
correction using the Benjamini-Hochberg method.
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5.7 Longitudinal immune analysis of MIS-C patients

5.7.1 Analysis of the longitudinal clinical data in MIS-C patients show that the acute
hyperinflammatory state normalises following treatment administration.

Next, the effects of MIS-C treatment in the immune system were investigated. The clinical
parameters available for both MIS-C and KD patients were examined during the course of
the hospital stay. Monocyte, lymphocyte, granulocyte absolute counts and CRP were
plotted for each patient over time (figure 5.20). Following IVIG administration, inflammation
was resolved in the majority of patients, and this was evident by the marked reduction of
their CRP (figure 5.20). Although at the time of discharge all markers returned back to
normal, interestingly granulocytes were the slowest to recover. Another interesting
observation was the fact that for some patients their granulocytes did not follow the CRP
trend. More specifically, for patient P13 despite the gradual drop of their CRP, the
granulocytes continued to rise until day four. This was despite the patient receiving two IVIG
cycles and a course of high dose methylprednisolone. In this patient, granulocyte recovery
was only noted following tocilizumab administration. The persistent granulocytosis in this
patient who had severe MIS-C disease refractory to conventional treatment, could further
support our observation that granulocytes correlate with severe disease. To determine
whether this can be used as a marker of MIS-C disease severity and resistance to

conventional treatment strategies, future larger studies will need to be undertaken.
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Figure 5-20 Longitudinal analysis of clinical laboratory data.
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each parameter taking into account normal ranges for each patient’s age. Treatment is

indicated as follows: ivig= Intravenous Immunoglobulin, S= IV Methylprednisolone and
Toc=Tocilizumab. The x axis represents time in the hospital in days.
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5.7.2 Mass cytometry analysis of longitudinal manual gated data reveals that activation of
the innate and adaptive immune system resolves with treatment

Having characterised the immune system during acute MIS-C, we next sought to investigate
the immune status of patients over the course of disease. We were particularly interested at
the timepoint when IVIG was administered as this agent is known to offer rapid resolution
of symptoms in inflammatory conditions. To do this samples collected from three key
disease stages, acute, post IVIG administration and at hospital discharge, were analysed.
More specifically, four patients samples were received post IVIG administration, and for two
of these patients’ further samples were collected at the time of discharge. Post IVIG and
discharge samples were also received for the KD patient. The same pipeline of analysis used
earlier to define the acute MIS-C perturbations was applied.

First the main lymphocyte subsets were analysed (figure 5.21). Post IVIG administration the
frequencies of mDCs, pDCs and NK cells in MIS-C were significantly lower when compared to
healthy children. At the time of discharge several significant changes occurred. MIS-C
patients had lower frequencies of CD4+ T-cells and monocytes. In addition, the frequencies
of mDCs and pDCs remained low at discharge for MIS-C patients even though a trend
towards recovery was noted for the mDCs. The KD patient mostly followed the trends of

MIS-C patients at all three timepoints (figure 5.21).

Moving on to T-cells, the four main CD4+ and CD8+ subsets were analysed. These remained
relatively unchanged throughout the three different timepoints, with the exception of
patient P7 for whom the naive subsets decreased and memory subsets expanded for both
the CD4 and CD8 compartment (figure 5.22A). Next, the activation of CD4 and CD8 T-cell

subsets were investigated using once again HLA-DR as a hallmark of activation. Interestingly,
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the proportion of HLA-DR positive CD8 T-cells remained high post IVIG, and, for patient P7,
this proportion increased markedly in keeping with the expansion seen in their memory
subsets (figure 5.22 A and B). The HLA-DR positivity was mainly observed in the Tcm, Tem
and TEMRA CD8 subsets (figure 5.22B). At discharge the proportion of activated cells had
declined dramatically but were still higher than healthy children. In contrast, only a small
proportion of Tcm CD4 T-cells expressed HLA-DR at the acute stage and post IVIG. A similar
pattern of HLA-DR expression was also observed with the KD patient. Finally, manual gated
data on Tregs, CD8+CD57+, NK T-cell showed no significant differences between MIS-C
patients and healthy children at any disease stage(figure 5.23). However, it’s worth noting
that Tregs increased in frequency at discharge for the two MIS-C patients (P6 and P13) but
not for the KD patient. It is also worth mentioning that patient P7 showed a dramatic
increase of the CD8+CD57+ population post IVIG administration (figure 5.23).

Turning to B-cells, the five main subsets were investigated at different timepoints. The
changes seen acutely in plasmablasts, non-switch memory, class-switch memory and IgD-
CD27- persisted post IVIG for all the MIC-S and KD patients. In addition, the naive B-cells
significantly decreased, potentially contributing to the recovery of the other B-cells subsets.
At discharge all of the B-cells subsets recovered however levels were still different from
those observed in healthy children (figure 5.24A). The IgD-CD27-CD11c+ and CD11c-
populations were also investigated at the different timepoints. Post IVIG the significant
decrease of the IgD-CD27-CD11c+ and significant increase of IgD-CD27-CD11c- populations
persisted when compared to healthy children (figure 5.24B). At the time of discharge both
frequencies were similar to those of healthy children with the exception of the KD patient

(figure 5.24B).
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Next, monocyte subsets were investigated at the three key disease stages. The decrease in
the CM abundance seen in acute MIS-C was no longer present post IVIG or at discharge
(figure 5.25A). Similarly, the TM and NCM subset frequencies also returned to levels
comparable of those of healthy children (figure 5.25A). As described in acute MIS-C, the
majority of monocytes were CD64+ indicating activation. To investigate whether this
activation persisted throughout the course of illness the CD64+ monocytes were manually
gated at different timepoints (figure 5.25B). The percentage of CD64+ monocytes gradually
decreased in numbers for all the subsets post IVIG and returned to normal levels at the time

of discharge (figure 5.25B).

Finally, CD57+ NK cells were investigated. This population was decreased in acute MIS-C

when compared to healthy children. Interestingly, this decrease persisted and did not

recover neither post IVIG nor at the time of discharge (figure 5.26).
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Figure 5-21 Longitudinal analysis of main immune subsets.

The frequencies of the main lymphocytes subsets are shown for MIS-C (red) and KD (Blue) at
different timepoints. Healthy children are also shown. Results of Wilcoxon rank-sum tests

comparing the frequency of each cluster in healthy children and MIS-C patients are

indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown and p

values in black indicate significant results after 5% false discovery rate correction using the

Benjamini-Hochberg method while p values in grey indicated a greater than 5% false

discovery rate.
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Figure 5-22 Longitudinal T-cells analysis (main subsets).

(A) The frequencies of the main CD4 and CD8 subsets are shown for MIS-C (red) and KD
(Blue) at different timepoints. Healthy children are also shown. (B) Percentage of each T-cell
sub-population positive for HLA-DR over the course of disease. Results of Wilcoxon rank-
sum tests comparing the frequency of each cluster in healthy children and MIS-C patients
are indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown
and p values in black indicate significant results after 5% false discovery rate correction
using the Benjamini-Hochberg method while p values in grey indicated a greater than 5%
false discovery rate.
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Figure 5-23 Longitudinal T-cells analysis (CD4/CD8 Subsets).

The frequencies of the CD4 and CD8 subsets are shown for MIS-C (red) and KD (Blue) at
different timepoints. Healthy children are also shown. Results of Wilcoxon rank-sum tests
comparing the frequency of each cluster in healthy children and MIS-C patients. Non-
significant results are not shown.
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Figure 5-24 Longitudinal B-cells analysis
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(A) The frequencies of the B-cell subsets are shown for MIS-C (red) and KD (Blue) at different

timepoints. Healthy children are also shown. (B) The frequencies of the IgD-CD27-CD11c+
and CD11c- subsets are shown for MIS-C (red) and KD (Blue) at different timepoints. Healthy
children are also shown. Results of Wilcoxon rank-sum tests comparing the frequency of
each cluster in healthy children and MIS-C patients are indicated by: * p<0.05, ** p<0.01,

*** p<0.001. Non-significant results are not shown and p values in black indicate significant
results after 5% false discovery rate correction using the Benjamini-Hochberg method while

p values in grey indicated a greater than 5% false discovery rate.
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Figure 5-25 Longitudinal Monocytes analysis.

(A) The frequencies of the monocytes subsets are shown for MIS-C (red) and KD (Blue) at
different timepoints. Healthy children are also shown. (B) The frequencies of CD64+
Monocytes and their subsets are show for MIS-C (red) and KD (blue) at different timepoints.
Healthy children are also shown. Results of Wilcoxon rank-sum tests comparing the
frequency of each cluster in healthy children and MIS-C patients are indicated by: * p<0.05,
** p<0.01, *** p<0.001. Non-significant results are not shown and p values in black indicate
significant results after 5% false discovery rate correction using the Benjamini-Hochberg
method while p values in grey indicated a greater than 5% false discovery rate.
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Figure 5-26 Longitudinal CD57 NK cells analysis.

The frequencies of the CD57+ NK cells is shown for MIS-C (red) and KD (Blue) at different
timepoints. Healthy children are also shown. Results of Wilcoxon rank-sum tests comparing
the frequency of each cluster in healthy children and MIS-C patients are indicated by: *
p<0.05, ** p<0.01, *** p<0.001. P values in black indicate significant results after 5% false
discovery rate correction using the Benjamini-Hochberg method while p values in grey
indicated a greater than 5% false discovery rate.
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5.7.3 Unsupervised analysis of the agranulocytes mass cytometry longitudinal data
confirms the manual gated data and further reveals an anti-inflammatory monocyte
population

Next, unsupervised analysis of the longitudinal data was also performed to further
investigate the longitudinal immune perturbations in MIS-C. Investigating the 25 lymphocyte
clusters reported in acute MIS-C (figure 5.27A), most of the differences observed acutely
persisted post IVIG with the exceptions of monocytes clusters 20, 17 and T-cell cluster 8, the
levels of which were now comparable to those of healthy children (figure 5.27B). At the time

of discharge the changes in frequencies observed in acute MIS-C were no longer present

and clusters frequencies were similar to those of healthy children (figure 5.27B).

Turning our focus to monocytes, we noted that the CM cells started to normalise in the post
IVIG samples (figure 5.28A). More specifically the activated CM cluster 20 that expanded in
acute MIS-C, reduced in frequency post IVIG with a concomitant increase in the CM cluster
17 seen in healthy children (figure 5.28 A and C). This reversion to normality continued
further to discharge, at which point the patients’ classical monocyte cluster t-SNE
distributions resembled those of healthy children (figure 5.28 A and C). Reversion
proceeded rapidly for patient P13, who had the highest frequency of activated CM (cluster
20) at the acute stage. Examining the phenotype of each monocyte cluster over time,
increased CD64 and CD163 co-expression on non-activated CM (cluster 17) after IVIG was
observed (figure 5.28B and D). These dual positive cells were present in 3 of the 4 MIS-C
patients who received IVIG and from whom we obtained post-IVIG samples (figure 5.28E).
At discharge these changes persisted for the 2 MIS-C patients however, not as profound

(figure 5.28E). Once again the KD patient followed the same pattern as the MIS-C patients
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(figure 5.28D). In summary, unsupervised analysis of the mass cytometry data confirmed the
immune recovery observed with the manual gated data and further revealed the presence

of CD64+CD163+ CM post IVIG and discharge in both MIS-C and KD.
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Figure 5-27 Unsupervised longitudinal

analysis of agranulocytes.

© Healthy
o MIS-C
oKD

(A) tSNE plots of concatenated fcs files from MIS-C patients or one KD patient at the acute
stage of their disease, post IVIG and at discharge alongside seven healthy children. Each
meta-cluster is represented by a different colour and key populations are indicated on the
plots. (B) The frequency of each FlowSOM metacluster in the same donors expressed as a
percentage of total non-granulocyte mononuclear cells are shown as box and whisker plots
(healthy volunteer children and MIS-C) or a blue diamond (KD). Results of Wilcoxon rank-
sum tests after 5% false discovery rate correction using the Benjamini-Hochberg method
comparing the frequency of each cluster in healthy children and MIS-C patients are

indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown.
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Figure 5-28 Unsupervised longitudinal analysis of monocytes.

(A) tSNE plots showing cells within monocyte clusters 17, 20 and 12 for MIS-C patients at the
acute stage (n=6), post IVIG (n=4) and at discharge (n=2) alongside a single KD patient and
healthy children (n=7). (B) Heatmaps showing the median metal intensity (MMI) of markers
expressed on monocyte clusters 17, 20 and 12. (C) Trajectory of each of the three monocyte
clusters over time in seven healthy children or patients over time (acute stage, post IVIG and
discharge). Data from patient P13 is indicated on the plots. (D) Biaxial plots of CD64 and
CD163 expression on cluster 17 monocytes cells in concatenated fcs files form healthy
children or patients with MIS-C or KD at the acute, post-IVIG or discharge stages of disease.
(E) Biaxial plots of CD64 and CD163 expression on cluster 17 monocytes cells showed at the
level of individual for healthy and MIS-C patient at the acute, post IVIG or discharge stages of
disease.
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5.7.4 Mass cytometry analysis of longitudinal data reveals that immature activated
granulocytes resolve with treatment

In acute MIS-C granulocytes appeared to be immature and activated. To investigate whether
this also persisted at the different key stages of the disease the same manual gating strategy
as described previously (figure 5.16A ) was applied at samples received from MIS-C and KD
post IVIG and discharge. Following the pattern seen in the adaptive immune system,
neutrophil activation also persisted post IVIG however at discharge this reverted to normal
(figure 5.29). Basophils recovered post IVIG and interestingly for P14 the basophils
increased dramatically, while eosinophils normalised at discharge (figure 5.29). No changes

were observed in platelets at any stage of disease (figure 5.29).

Next, unsupervised analysis of granulocytes was also performed as described earlier, and
the nine granulocytes identified in acute MIS-C analysis were explored during the different
stages of MIS-C. Focusing on the neutrophils (clusters 2-9), it was evident that the
redistribution of maturity marker CD10 and activation marker CD64 begun to decrease
towards healthy children’s levels after IVIG administration and further decreased at
discharge (figure 5.30A). Interestingly, the frequencies of all four activated clusters (clusters
4,5, 8, 9) were still significantly higher at the time of discharge in MIS-C patients (figure 5.30
B). However, when marker expression analysis was performed on the relevant heatmaps a
marked reduction of their CD64 expression and a marked increase of the CD10 expression
was seen, suggesting these cells have reverted to a more mature non-activated phenotype
(figure 5.30 B).

Finally, granulocyte cluster 3 was present at very low frequency in healthy children (0.16%

of granulocytes), in acutely MIS-C (0.11%) and KD (0.04%) patients. However, post IVIG the
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frequency of this cluster increased 5 to 12-fold over pre-treatment values in MIS-C patients
(median frequency 0.81% range 0.30-2.7%) and 30-fold (frequency 1.6%) in the KD patient.
These cells continued to increase in frequency and at discharge their frequency was 70-fold
to 204-fold higher than at the acute stage, comprising 2.79% and 29.05% of total
granulocytes in P6 and P13 respectively. Similar results were also observed in the KD
patient with the frequency of cluster 3 cells being 280-fold higher in the discharge sample
compared to the acute sample, comprising 14.0% of this patient’s granulocytes at the time
of discharge. Cluster 3 cells also possessed an unusual phenotype. Based on the strong
expression of the canonical marker CD66b and the lack of CD16 and CD10, cluster 3 can be
assigned to an immature granulocyte phenotype. This puzzling cluster differed from other
immature granulocytes clusters as they lacked expression of CD11c, CD35 and CD55 but

expressed CD64 indicating activation (figure 5.30).
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Figure 5-29 Longitudinal analysis of granulocytes subsets.

The frequency of each platelets, CD63+ platelets, neutrophils, CD64+ neutrophils, basophils
and eosinophils is shown for MIS-C (red), KD (blue) and healthy children. Results of Wilcoxon
rank-sum tests after 5% false discovery rate correction using the Benjamini-Hochberg
method comparing the frequency of each cluster in healthy children and MIS-C patients are
indicated by: * p<0.05, ** p<0.01, *** p<0.001. Non-significant results are not shown.
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Figure 5-30 Unsupervised longitudinal analysis of granulocytes.

(A) tSNE plots of granulocytes from the healthy children, MIS-C and KD patients at different
stages of the disease. Top row: FlowSom metaclusters. Middle row: CD64 expression.
Bottom row: CD10 expression. (B) Upper panels: heatmaps showing expression level of
different markers in each metacluster for the same donors. Lower panels: Trajectory of each
metacluster over time, expressed as a percentage of total granulocytes, for each of the
healthy children and patients. The results of Wilcoxon ranked sum tests comparing the
frequency of each cluster in healthy children to all patients (six MIS-C and one KD patient) at
the acute, post-1VIG and discharge timepoints as indicated: * p<0.05, ** p<0.01, ***
p<0.001. Non-significant results are not shown and emboldened p value symbols indicate
significant results after 5% false discovery rate correction using the Benjamini-Hochberg
method.
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5.7.6 Longitudinal analysis of cytokine profile of MIS-C patients noted an increase in
arginase post IVIG administration

Finally, analysis of the cytokine profile of MIS-C and KD at different stages of disease was
performed. In order to compare the cytokine profile across the different groups principal
component analysis was performed and patients were divided into two groups (figure
5.31A). Acute MIS-C samples were the most distant from healthy children and almost all
patients shifted towards the healthy post IVIG, with the exception of P13, a patient with
particularly severe disease. The main features contributing to the principal components and
therefore explaining the differences among the groups were investigated (figure 5.31A).
IP10, IL1RA, sCD25 and sTNF-R2 contributed to the first group while MPO and PAI-1

contributed to the second group.

Next, each soluble protein over the disease course was examined. It was evident many
decreased following treatment and all returned to normal at the time of discharge (figure
5.31B). These included both proinflammatory (IL-6, IP-10, MCP-1) and anti-inflammatory
(IL-10, IL-1Ra) molecules. A notable exception was arginase, levels of which in the acute
phase of disease were comparable to those of healthy children but increased dramatically
post IVIG for KD and MIS-C P13 patients. Patient P13 received IVIG and then steroids before
this sample was taken but patient KD2 received IVIG alone. The increased quantity of
arginase in these patients’ plasma was confirmed to be enzymatically active in an
independent assay (figure 5.31C). Finally, across all patients a significant positive correlation
between post-IVIG arginase levels and pre-treatment absolute number of neutrophils
(r=0.91, R?=0.822, p=0.008) was noted (figure 5.31 D). Arginase levels were not correlated

with lymphocytes or monocytes (figure 5.31 D). It has been reported that arginase can be
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released by activated neutrophils(Munder et al., 2005). Therefore, increased arginase in
high granulocyte patients is consistent with granulocytes being the main source although
this would need experimental validation. In summary, longitudinal cytokine profile analysis
of MIS-C and KD patients, showed a reduction of the hyperinflammation state seen in the
acute stage and also revealed that this immune tapering could have been assisted by the

post IVIG transient production of the immunosuppressive molecule arginase.
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Figure 5-31 Longitudinal analysis of cytokines.

(A) Upper panel: principal component analysis biplot of cytokines. Lower panel: loading plot
showing the top 13 features contributing to principal components one and two. (B) Trajectory
of cytokines over time for the same healthy children and patients shown in panel A at the
acute, post-1VIG and discharge timepoints. (C)Plots showing the concentration (upper panel)
and enzyme activity (lower panel) of arginase over time in plasma samples from seven
healthy children, MIS-C patient P13 and KD patient. (D) Results of linear regression analysis of
the acute disease stage absolute counts of lymphocytes, monocytes or neutrophils against
the plasma arginase concentration after IVIG treatment. The R? and statistical significance of
each regression model is shown on the plot with the shaded area indicating the 95%
confidence interval.
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5.8 Conclusions

Reports of children presenting with a rare severe hyperinflammatory syndrome that shares
clinical characteristics with KD, were raised a few months after the declaration of the global
pandemic of coronavirus disease 2019, COVID-19 (Cabrero-Hernandez et al., 2020; Chiotos
et al., 2020; Feldstein et al., 2020; Riphagen et al., 2020; Verdoni et al., 2020; Whittaker et
al., 2020). Several studies have since emerged describing the immunological changes of
MIS-C, however the mixed results and conclusions provided made it difficult to decipher the
immunopathology of MIS-C. Clinically all the studies agree that hyperinflammatory shock is
a common feature of MIS-C. On the other hand, while most of the studies reported positive
IgG antibodies against SARS-CoV-2 in their cohorts, others described cohorts of MIS-C

patients lacking SARS-CoV-2 specific antibodies(Carter et al., 2020; C. Gruber et al., 2020).

Furthermore, the immunological responses described by several studies are contradictory.
Some groups reported activation of the adaptive immune system (Consiglio et al., 2020)
whereas others reported both innate and T-cell activation in acute MIS-C (Carter et al.,
2020; C. Gruber et al., 2020). In addition, the cytokine profile of MIS-C evaluated by several
studies also generated conflicting results. For example, (Consiglio et al., 2020)reported
normal levels of IL-6 while(Carter et al., 2020)reported elevated levels of IL-6. In general,
these previous studies failed to achieve comprehensive immune characterisation of MIS-C

and to address whether MIS-C lies along a spectrum of KD or whether it is a distinct disease.

To elucidate the immunological processes characterising MIS-C, we studied a cohort of 16

MIS-C and 2 KD patients. Using high-dimensional approaches we performed deep immune
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profiling and combined this with clinical data to better understand the relationships
between the immune responses and disease clinical characteristics. This approach has
identified several key findings. First, when we evaluated the clinical characteristics we
identified that increased neutrophil count was positively correlated with cardiac
dysfunction, inflammation, and disease severity in MIS-C. It has been previously suggested
that neutrophilia can be used as a predictor of IVIG resistance in KD(Cho et al., 2017) and
neutrophilia has been associated with more severe disease in adult COVID-19 studies(Guan
et al., 2020). Therefore, our data suggest that neutrophils could be used as a potential
marker of severe or refractory MIS-C disease. Neutrophils can be measured simply in every
hospital laboratory as part of the full blood count result. Therefore, a simple bedside test
can provide an insight of disease severity and perhaps can help stratify patients in the
future. In addition, MIS-C patients were deficient for vitamin D. Vitamin D modulates both
the innate and adaptive immune responses and in severe infections intracellular
consumption of Vitamin D has been described(Shirvani et al., 2019). Based on observational
studies performed in adult COVID-19 patients, it has been hypothesised that Vitamin D can
be used as a potential biomarker of severe MIS-C and correction of Vitamin D levels could

contribute to reducing the severity of MIS-C (Yilmaz and Sen, 2020; Feketea et al., 2021).

This result should be interpreted with caution since in the UK, vitamin D deficiency is
common in the black and ethnic minority groups (Uday et al., 2018), who are also at risk of
developing MIS-C disease (E. H. Lee et al., 2020). Whether low Vitamin D is a cause or effect
of MIS-C disease and whether neutrophils and Vitamin D could be used as a biomarker of

severe or refractory disease, remains to be determined in larger prospective studies.
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Second, high dimensional immune analysis revealed that the acute stage of the disease is
characterised by activation of monocytes, CD8+ memory T-cells and neutrophils. In acute
MIS-C, both monocytes and neutrophils strongly expressed CD64, a marker of activation but
also a known Fc receptor binding IgG antibody with high affinity(Nimmerjahn and Ravetch,
2008). Two studies reported the presence of autoantibodies in MIS-C patients (C. Gruber et
al., 2020; Consiglio et al., 2020). Thus, it can be postulate that these cells could be activated
by autoantibodies binding to Fc Receptors and play a pivotal role to the pathogenesis of
MIS-C. Furthermore, the reduction of the CD57+ NK cells throughout all stages of the
disease was interesting, considering that this subset is highly mature with potent cytotoxic
potential and play a crucial role in viral clearance. In a recent study investigating dengue
virus infection in children, the authors reported increased CD57 expression on NK cells as an
immediate response to the virus(McKechnie et al., 2020), a result opposite to that observed
in MIS-C. Given that primary SARS-CoV2 infection occurred several weeks prior to MIS-C
disease, depletion of these cells could be a result of their role in viral clearance at the time
of primary infection. In keeping with findings from other groups including adult covid
studies(Carter et al., 2020; Mathew et al., 2020), acute MIS-C patients had lower levels of
class-switch and non-class switch memory B-cells with a concomitant increase of
plasmablasts and DN B-cells. The marked expansion of plasmablasts has been described in
adult COVID-19 cases as well as in acute Ebola(McElroy et al., 2015). Plasmablasts are short-
lived antibody-secreting cells produced by activated B-cells in the germinal centres and

provide the initial humoral immune response to an infection(Balagué and Martinez, 2015).

As all of the patients made SARS-CoV-2 specific antibodies, this finding suggests that at least

the plasmablasts’ response was antigen specific. Furthermore, given the timing of MIS-C
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development, the lack of memory B-cells in the periphery was striking. This could perhaps
reflect the lack of robust B-cell activation in germinal centres (Wang et al., 2017). Finally, the
expansion of the DN B-cells subsets has been described in chronic viral infections such as
HIV(Rinaldi et al., 2017), malaria(Weiss et al., 2009) and Hepatitis C (Chang, Li and Kaplan,
2017)and they have been associated with an impaired B-cell phenotype. Whether these
cells also carry the same phenotype in MIS-C remains unclear and further functional studies

are needed to address this issue.

Moreover, acute MIS-C patients had elevated circulating levels of both pro- and anti-
inflammatory cytokines. As expected all patients had raised IL-6, an important mediator of
fever and one that plays an important role in the acute phase response (Heinrich, Castell
and Andus, 1990). Furthermore, the chemokines IP10 (Devaraj and Jialal, 2009), MCP1
(Deshmane et al., 2009) and IL-18 (Ruth et al., 2010) all of which are secreted mainly by
monocytes and the pro-inflammatory cytokines PTX-3 another acute phase protein that
activates the innate immune system(Ching et al., 2020) were all significantly elevated.
Interestingly, anti-inflammatory cytokines regulating inflammatory responses such as IL-
10(Sabat et al., 2010), sTNF-R1(Vandenabeele et al., 1995), sTNFR2(Vandenabeele et al.,
1995) and IL-1RA (Seckinger et al., 1987) were also raised. The increased level of MPO, a
cytotoxic enzyme expressed both by neutrophils and monocytes (Strzepa, Pritchard and
Dittel, 2017) was consistent with the strong activation seen in these subsets. PAI-1, a
protein that has been linked to endothelium dysfunction(Ren et al., 2015) was also found to
be elevated in MIS-C. Raised PAI-1 levels have been seen in multiple inflammatory
conditions and it has been reported to amplify neutrophil-mediated inflammation via

multiple mechanisms (Zmijewski et al., 2011). Levels of IL-17A, TNFa, IFNy or IL1-B were not
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increased, results that differ from some groups(Carter et al., 2020; C. Gruber et al., 2020;
Diorio et al., 2020; Esteve-Sole et al., 2021) but agree with others (Consiglio et al., 2020; P.
Y. Lee et al., 2020). These differences may be due to differences in patient cohorts or assay
sensitivity. Collectively, these results indicate that cytokines related to inflammatory

monocytes and neutrophils were the main contributors of acute MIS-C inflammation.

In this study we were able to investigate the disease trajectory with samples collected over
three key stages of MIS-C. The post IVIG stage of disease was characterised by the presence
of classical monocytes expressing decreased levels of CD64 and high levels of CD163, a
phenotype marker of monocytes with anti-inflammatory potential (Etzerodt et al., 2010;
West et al., 2012). Similar changes were also observed in neutrophils and CD8 T-cells post
IVIG with a progressive decrease of their activation state. The decreases in immune cell
activation post IVIG were accompanied by decreases in levels of both proinflammatory and
anti-inflammatory cytokines. An exception was the immunosuppressive enzyme arginase,
with levels and enzymatic activity increasing substantially in MIS-C patient 13 and KD patient
2 after treatment. Although these patients had different diseases both presented with
profound neutrophilia and received IVIG as part of their treatment. Although the source of
arginase in these patients cannot be identified, neutrophils are known to produce arginase
in different inflammatory situations(Pillay et al., 2012; Tak et al., 2017) and are therefore
the main suspect. The arginase increase seen shortly after IVIG administration could suggest
a potential new mode of action for this widely used drug however, further validation in

larger cohorts is needed.
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Furthermore, a direct comparison was made between MIS-C and KD to identify similarities
and key differences. Our KD patient had classic features reported in multiple KD
studies(Weng et al., 2013; Ko et al., 2015; Hokibara et al., 2016; Stagi et al., 2016; Takeshita
et al., 2017; Ching et al., 2020) allowing them to be used as a direct comparison. MIS-C
patients shared many features in common with KD. More specifically both MIS-C and KD
presented with hyperinflammation, lymphopaenia, neutrophilia, innate and adaptive
activation and elevated circulating pro-and anti-inflammatory cytokines. Disease recovery
was associated with resolution of hyperinflammation through similar mechanisms including
the presence of CD163+ classical monocytes and progressive decrease of activation in
neutrophils and CD8 memory T-cells. Despite all the similarities, they did however have
some notable differences. The B-cell changes observed in MIS-C were not present in KD.
Furthermore, the expansion of intermediate and non-classical monocytes, a hallmark of
KD(Katayama et al., 2000; Hokibara et al., 2016), was not as profound in MIS-C. The function
of these monocyte subsets, is still being defined but they are generally considered to be
involved in tissue repair(Olingy et al., 2017), interact with the vasculature(Auffray et al.,
2007) and perhaps play a role into the pathogenesis of KD vasculitis. Finally, IL-18 was not
raised in KD, a pro-inflammatory cytokine produced mainly by macrophages able to induce
severe inflammatory reactions(Ruth et al., 2010). Whether the differences observed in MIS-
Cis the reason why these patients present with shock, which is rare in KD, requires further

investigation.

Lastly, treatment strategies for MIS-C have been adapted from protocols used to treat KD
and include IVIG as well as targeted therapies that inhibit IL-1beta (Anakinra), TNF- a

(Infliximab) or IL-6 (Tocilizumab)(Ahmed et al., 2020; Consiglio et al., 2020; Hoste, Van
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Paemel and Haerynck, 2021). In this cohort, MIS-C patients presented with low levels of IL1-
b and TNF-a but high levels of their antagonists, IL1-RA and sTNF-R1 and R2. Therefore,
targeting these pathways may have limited benefit and perhaps IL-6 inhibition should be
preferred. Although results from observational studies should be interpreted with caution,
the immune changes seen in both MIS-C and KD post IVIG were striking, supporting the use

of IVIG in MIS-C.

In summary, this study showed that acute MIS-C was characterised by activation of both
innate and adaptive immunity as well as raised levels of pro- and anti-inflammatory
cytokines. Almost all of these features were also present in the KD patient and have been
previously reported in KD studies. In addition, the differences seen between MIS-C and KD
could explain the differences in the clinical presentation, with cardiac dysfunction and life-
threatening shock being a hallmark of MIS-C. Occasionally KD can present atypically with
shock (Kawasaki Disease Shock Syndrome -- KDSS) and more severe laboratory markers,
similar to MIS-C patients. Therefore, our data suggest that MIS-C falls across the severe end

of the KD spectrum, resembling KDSS.
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CHAPTER 6 - Final Conclusions and future directions

Investigating the paediatricimmune system in the context of paediatric cancer, MIS-C and
healthy physiology has provided novel insights regarding the immune responses present in
each condition. Importantly, these insights are relevant to the clinical management of these
diseases. For paediatric cancer patients the marked NK cell alterations that are presentin a
large number of patients with a range of cancers provides an overarching mechanism by
which cancer escapes the developing paediatric immune system. This could explain why
therapies such as checkpoint inhibition have had limited benefit in paediatric cancer

patients.

Furthermore, it identifies new avenues for future research into paediatric oncology. Firstly,
my data suggest that NK cell alterations in paediatric cancer could arise from systemic
effects upon bone marrow microenvironment. Thus, future studies investigating the
interplay between paediatric tumours and the bone marrow are urgently needed to further
understand the cancer biology and identify novel pathways that could potentially be
targeted. Secondly, deep immune analysis of paediatric cancer patients’ immune systems
identified an additional potential therapeutic target. The inhibitory NK receptor NKG2A was
increased in cancer patients and this can be targeted with monalizumab, which is currently
being trialled in adult cancers (Creelan and Antonia, 2019). Thirdly, the enhanced NK cell
cytotoxicity that occurred after in vitro expansion of NK cells from a paediatric cancer
patient provides another route by which NK function could be enhanced. Notably, the
protocol | used has already been validated in adult cancer patients. Fourthly, this study

identified several potential cancer biomarkers for paediatric cancers such as sCD40L and
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MMP9. These could be used for disease monitoring and assessment of treatment response.
Going forward, further analysis of the tumour microenvironment (TME) in direct comparison
with the same patient’s immune system is needed to identify ways to enhance the presence
of TILs and their immune responses in the TME. Fifthly, the fact that CD4 Tcm were
expanded in paediatric cancer patients may indicate an anti-tumour response in a subgroup
of patients. Although | was unable to investigate whether these cells were indeed tumour
specific, further analysis of these cells is crucial as could lead to the discovery of novel
tumour antigens that could be therapeutically targeted through adoptive immune therapies
such as CAR T-cells. If on the other hand these cells are suppressing anti-tumour CD8 T-cell

responses then this could be overcome via anti-CD40 antibodies or CpG (Boer et al., 2005)

Future studies should monitor how the above immune perturbations, ocurring in the acute
phase of paediatric cancer, change longitudinally in response to treatment. This will provide
further insights of the effects of chemotherapy and immune modulating agents in the
immune system of children with cancer throughout the disease trajectory. In addition, this
could provide further insights as to why some patients respond to treatment and others do
not, potentially identifying treatment pathways that can be targeted in patients that relapse

or who become refractory to treatment.

Turning to MIS-C, multidimensional immune analysis of patients and healthy children
provided novel insights into the immunopathology of MIS-C. Overall, adaptive and innate
immune activation, particularly in the case of neutrophils and monocytes, associated with
an increase in both pro- and anti- inflammatory cytokines, were the main features of acute

MIS-C. Furthermore, the positive correlation of neutrophil count with disease severity was a
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novel finding that could be further explored in future studies as a potential biomarker of
both disease severity and treatment response. Clinical and immunological parameters could
be further explored in larger cohorts through computational approaches and machine
learning methods to identify distinct clusters of clinical phenotypes and disease severity
patterns among MIS-C patients. Furthermore, investigating the disease trajectory, we
identified that IVIG resulted in decrease inflammation. This was associated with the
presence of monocytes with anti-inflammatory potential, appearance of a novel population
of granulocytes and increased plasma arginase activity. Further investigation of the
granulocytes and identifying the phenotype of this novel granulocyte population is crucial in
understanding the immune mechanisms underpinning MIS-C. In addition, investigating the
role of arginase post IVIG administration in larger cohorts could identify the mode of action
of this commonly used drug. Finally, MIS-C shares many similarities with KD in clinical
presentation, laboratory markers and immune profile. Published studies have been
conflicting when it comes to whether MIS-C is a different disease or a spectrum of KD
(Carter et al., 2020; C. N. Gruber et al., 2020; Consiglio et al., 2020). Our findings suggest
that MIS-C is immunologically similar to KD with some differences for example the lack of
non-classical monocyte expansion in MIS-C (a hallmark of KD) and the normal levels of IL-18
observed in KD. The differences | observed could be responsible for the differences seen in
the clinical pictures of MIS-C and KD. Nevertheless, the question remains as to whether
MIS-C falls into the severe end of the spectrum of KD or is a different disease. Future multi-
centre studies recruiting both MIS-C and KD to directly compare the two diseases are

needed to answer this question.
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For future work in the paediatric cancer area, | propose the following:

1.

Investigate the interplay between the tumour and the bone marrow
microenvironment. In particular, analysis of cytokines and chemokines that might be
involved in bone marrow dysfunction such as IL-12 (Schett, 2011).

Investigating the expanded population of CD4 Tcm that are present in patients by
sorting these cells and performing TCR receptor sequence analysis comparing these
sequences to those identified in the VDJDB and MCPAS databases could potentially
identify novel tumour antigens. In addition, the functional role of CD4 Tcm of
paediatric cancer patient should be further explored.

Investigate the cytotoxic potential of in vitro expanded NK cells in larger cohorts and
assess whether the anti-NKG2A antibody monalizumab could enhance the activity of
NK cells from paediatric cancers. The latter approach is more scalable and therefore
potentially more impactful.

Deep immune analysis of paediatric cancer patients’ peripheral blood with high-plex
analysis of their tumour microenvironment. This will allow a direct comparison of the
immune cells in the periphery and the tumour infiltrating lymphocytes, identifying

novel pathways that can potentially be therapeutically targeted.

For future work in MIS-C, | propose the following:

Explore the role of neutrophils as a biomarker of disease severity and treatment
response in a larger cohort.
Using computational approaches and machine learning methods to correlate

immunological and clinical parameters from data collected in larger cohorts to
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identify distinct clusters of clinical phenotypes and disease severity patterns among
patients with MIS-C.

Identify the mode of action of IVIG by sampling pre- and post-treatment blood from
patients receiving IVIG in different settings.

Directly compare the immune profile of MIS-C with KD in larger numbers of patients
to determine the generalisability of the observations made in my study by recruiting

patients with both MIS-C and KD especially KDSS.
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Appendix 1

Mean values

Cytokine intensity healthy
Vitamin D BP 80.14
PAI-1 117.5
IL-1R1 5.03
RBP-4 93.07
mmp-9 22.77
IGFBP-2 19.13
ENDOGLIN 41.05
COMPEMENT FACTROR D 43.87
CRP 196.5
DPPIV 86.95
ADIPONECTIN 88.18
APOPOLIPOPROTEIN A-1 58.77

Paediatric Cancer Old >5 years

Mean values

intensity
Cytokine healthy
PAI-1 54.42
RBP-4 80.81
mmp-9 31.53
CRP 149.2
DPPIV 74.97
EGF 46.67
ANGIOGENIN 144.8

Paediatric Cancer Young <5 years

Mean values
intensity cancer

62.61
124.8

12.8
74.07
29.72
36.06
30.54

38.89
165.3
59.46
71.49

53.47

Mean values

Fold Change

-0.2187422
0.06212766
1.54473161

-0.2041474
0.30522617
0.88499739

-0.2560292

-0.1135172
-0.1384224
-0.3161587
-0.1892719

-0.0901821

intensity cancer Fold Change

153.1
98.18
47.37
186.7
46.57
3.995
123.8

1.81330393
0.21494864
0.50237869
0.25134048
-0.3788182

-0.914399
-0.1450276

<0.000001
0.000042
0.000013
<0.000001
0.000091
<0.000001
<0.000001

0.004605
<0.000001
<0.000001
<0.000001

0.002593

<0.000001
0.000657
0.001833
<0.000001
<0.000001
<0.000001
0.000044

Human XL Cytokine array results shown for both paediatric cancer young group (n=3,< 5 years
old) and old group (n=3, >5 years old). Young healthy (n=4, <5 years) and older healthy
children (n=4,>5 years) were used as controls. Mean values of intensity and fold changes are

shown. Statistical analysis was performed using unpaired t-test and correcting for multiple
comparisons. Only statistically significant results are shown.
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Appendix 2

Paediatric Cancer Young <5 years

Mean values Mean values
Cytokine intensity healthy intensity cancer Fold Change p value
ADAM 10 6.175 0.8891 -0.8560162 0.000002
ALCAM/CD166 3.491 0.8485 -0.7569464 0.01283
AMPHIREGULIN 4.515 0.3582 -0.9206645 0.000121
APP 2.704 0 -1 0.010934
BACE-1 2961 0 -1 0.00544
CD58/LFA-3 5.727 9.079 0.58529771 0.001731
ENDOGLIN/CD105 4.087 1.343 -0.6713971 0.009825
IL-15 RA 3.657 0.07584 -0.9792617 0.000845
INTEGRIN B1/CD29 11.07 14.23 0.28545619 0.003078
INTEGRIN B3/ CD61 0.7927 3.419 3.3131071 0.013379
INTEGRIN B4/ CD104 0.7406 39 4.26600054 0.003085
NCAM-L1 8.886 11.48 0.29191587 0.014546
OSTEOPONTIN 21.8 26.15 0.19954128 0.000059
RECK 15.06 22.61 0.50132802 <0.000001
TIMP-1 18.24 22.18 0.21600877 0.000256
TIMP-2 27.59 32.4 0.17433853 0.00001
IGM 34.32 37.9 0.10431235 0.000843
A2-MACROGLOBULIN 36.16 40.1 0.10896018 0.000253
Mean values Mean values

Cytokine intensity healthy intensity cancer Fold Change p value
CD30/TNFRSF8 10.38 5.566 -0.4637765 0.011085
CD40/TNFRSF5 11.4 3.167 -0.722193 0.000024
CDh43 12.54 4.086 -0.6741627 0.000015
CD48/SLAMF2 13 5.162 -0.6029231 0.000055
CD59 16.67 8.357 -0.4986803 0.00002
CD84/SLAMF5 10.68 2.145 -0.7991573 0.000013
CD97 8.258 3.12 -0.6221845 0.006868
CRTAM 9.83 4.863 -0.5052899 0.008894
CXCL1e 7.751 1.44 -0.8142175 0.000996
DNAM-1 5.592 1.099 -0.8034692 0.017643
DPPIV/CD26 107.2 86.58 -0.1923507 <0.000001
INTEGRIN A4/CD49D 8.215 1.774 -0.7840536 0.000752
INTEGRIN A4/CD49E 9.771 0 -1 <0.000001
INTEGRIN AE/ CD103 5.512 0.7775 -0.8589441 0.01252
INTEGRIN AL/CD11A 8.687 217 -0.7502015 0.000652
MMR 16.69 26.12 0.56500899 0.000002
RESISTIN 8.943 1.693 -0.8106899 0.000176
L-SELECTIN 79.78 63.89 -0.1991727 <0.000001
TLR4 4.333 0 -1 0.02198
TRANCE/TNFS11 5.889 1.6 -0.728307 0.0233

Human Soluble receptor array heamotopoietic panel performed only in the paediatric

cancer young group (n=3, < 5 years old) and healthy children (n=4, <5 years). Mean values of
intensity and fold changes are shown. Statistical analysis was performed using unpaired t-
test and correcting for multiple comparisons. Only statistically significant results are shown.
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